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STATISTICAL INDICATORS OF CYBERSECURITY
DEVELOPMENT IN THE CONTEXT OF DIGITAL
TRANSFORMATION OF ECONOMY AND SOCIETY

Introduction. The scale and destructive consequences of the unlawful impact on cyberspace is a key problem of
modern geopolitics, and cyber reliability is recognized as one of the most important security priorities by the sub-
Jjects of international relations.

Problem Statement. Monitoring of cyber incidents and anomalies in information and communication systems
and prompt response to risks determined by cyber threats require the development of a system of indicators and
criteria for cybersecurity assessment.

Purpose. Summarize the international experience of assessing the cybersecurity, to position countries by their
level of development in the global space, to identify strengths and weaknesses in cybersecurity management, and
to ensure effective protection of cyberspace at the national level.

Materials and Methods. Used the component indices of the international rankings characterizing the poten-
tial of the digital economy (ICT IDI, NRI, EGDI) and the participation of countries in the field of cybersecurity
(GCI and NCSI).

Results. It has been argued that cybersecurity ratings play the role of a kind of identifier of the relative ad-
vantages and vulnerabilities of the national cyber strategies, and indicate the need for their review in order to
strengthen protection against cyber-attacks and improve the cyber risk management system.

In countries with a high level of economic development, which is largely based on the contribution of IT tech-
nologies to the national production, the cybersecurity potential is significantly higher, regardless of geolocation.
The discovered correlation between GCI, information society development indices (IDI, NRI, EGDI) and GDP
per capita confirms that the digital transformation of the economy and society acts as a key driver of economic
development if the information- and cyber-security are assured only. The best practices are highlighted, and
critically weak segments of the national cybersecurity are identified.

Conclusions. Using the NCSI indicators, the preparedness of Georgia and Ukraine to prevent the implementa-
tion of fundamental cyber threats and to manage cyber incidents and large-scale cyber crises is assessed.

Keywords: cybersecurity, cyber threats, cybercrime, global cybersecurity index, national cybersecurity index,
and security management.
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Information and communication technologies
(ICT), having become an integral component of
the modern world, contribute to the emergence
and intensive dissemination of fundamentally new
models of communication, social integration, life-
style, education, etc. However, the technological
advances in informatization of society have crea-
ted not only progressive opportunities, but also
new challenges and threats in the field of cyber se-
curity: (i) unauthorized access to information and
telecommunication systems and networks; (ii)
targeted cyber-attacks on infrastructure facilities
that ensure the life of society; (iii) breach of con-
fidentiality of information stored, transmitted
and processed in the information and telecommu-
nication systems (state, commercial, banking sec-
rets, personal data, intellectual property objects).
The illegal actions of subjects of informational le-
gal relations that create a danger to the vital in-
terests of a person, society and the state as a who-
le, are defined by the term “cyber threats” [1, 2].
The sources or initiators of cyber threats can be
international criminal groups of hackers, certain
specialized groups trained in the field of infor-
mation technology that operate in the interests
of foreign states, terrorist and extremist groups,
transnational corporations and financial and in-
dustrial groups.

The current global landscape of cyber threats
is rather complicated, as evidenced by Cisco and
Cybersecurity Ventures’ researches [3]. Cyberth-
reats have various forms, scales and are constant-
ly evolving. From the point of view of legal regula-
tion of the problems of protecting the cyberspace,
the whole range of illegal cybernetic influences
can conditionally be combined into the following
blocks: “classic” crimes; crimes specific to geopo-
litical struggle and cyber-attacks as components
of military operations [4].

“Classic” cybercrimes are types of fraudulent ac-
tivities aimed at unlawful access to confidential
user information and automated databases: fis-
hing, carding, hacking, malware and piracy. The
object of cybercrime is personal data, bank ac-
counts, logins and passwords, other personal in-
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formation of both individuals and business and
the public sector. A type of cybercrime is content
cyberthreats (child pornography, Internet violen-
ce, drug trafficking, the dissemination of infor-
mation of extremist content, etc.).

Cyber espionage. This is a criminal activity
aimed at unauthorized access to information con-
taining the state secrets in the field of defense,
science and technology, economics, finance, fo-
reign relations. Cyber espionage is most often an
element of special information operations of spe-
cial services of foreign states and an instrument
of influence on the geopolitical environment.

Cyber diversions and cyber terrorism are po-
litically motivated hacker attacks on critical infra-
structure or any technological processes through
a computer network, in particular, the Internet.
Cyber diversions are mainly aimed at the destruc-
tion of industrial equipment, automated control
systems, and military infrastructure facilities.

During unlawful interference in the work of in-
formation and telecommunication systems and
networks, several interrelated threats can be reali-
zed at the same time, and radically different sub-
jects of information legal relations, say, hacker
groups and private I'T companies controlled by
special services, can be involved in their imple-
mentation. This indicates a rather complex nature
of modern cyber incidents. In the political confron-
tation of countries, in order to achieve certain
military and political goals, cyberspace is used as an
arena of military operations — cyber warfare [5].

The steady increase in the number and power
of cyber-attacks, motivated by the interests of
individual states, groups and individuals, is one
of the modern global trends [3; 6]. From year to
year, cybercrimes are becoming more organized,
technically advanced and psychologically elegant,
and the consequences of using cyberspace for
illegal purposes are becoming ever more wide-
spread and destructive. According to the Allianz
Risk Barometer yearbook, global losses from cy-
bercrimes reach USD 600 billion per year, which
is almost three times the average annual loss from
natural disasters [7].

ISSN 2409-9066. Sci. innov. 2021. 17 (3)
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Large-scale targeted cyber-attacks and the as-
sociated risks to the national security have be-
come a key problem of modern geopolitics, and
the protection of the cyber environment is in-
creasingly seen by the subjects of international
relations as one of the most important security
priorities. Under these circumstances, the deve-
lopment of effective nationwide cybersecurity sys-
tems that can timely identify real and potential
threats, adequately respond to them and elimina-
te the consequences with minimal losses is of ut-
most importance.

Nowadays, almost all the leading countries ex-
perience cyber-attacks and form and constantly
modernize the national cyber security systems to
protect the national cyberspace. However, given
the high technical capabilities of cybercriminals,
the latent and transnational nature of cyber-at-
tacks, no country is able to fight them on its own.
Expert claims are true that cybersecurity should
therefore become a collective responsibility [8].
It is possible to prevent and counteract all sorts
of crimes with the use of information and com-
munication technologies, subject to coordinated
international cooperation in the field of cyberse-
curity. At the same time, it is important to com-
bine the efforts and experience of various count-
ries in the fight against cybercrime both at the
state level and at the level of the commercial,
public and private sectors. The creation of such a
holistic international system of cooperation al-
lows for the rapid exchange of the necessary in-
formation and to consolidate the efforts of count-
ries to prevent the latest cyber threats.

1. INTERNATIONAL CYBERSECURITY
RESEARCH EXPERIENCE

The Global Cybersecurity Agenda (GCA ITU)
has become the basis for international coopera-
tion and coordination of countries’ confidence-
building and security activities in the informa-
tion society. According to GCA requirements, eve-
ry ITU partner country must have a Computer
Emergency Response Team (CERT), which is re-
sponsible for protecting state information resour-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

ces and information and telecommunication sys-
tems from unauthorized access and misuse, as
well as breaches of their privacy, integrity and ac-
cessibility.

At the global level, cybersecurity is the subject
of consideration by the UN General Assembly,
as well as a number of international organiza-
tions: G7 Group, Council of Europe, the Euro-
pean Union (EU), North Atlantic Treaty Organi-
zation (NATO), Organizations for Economic Coo-
peration and Development (OECD), Asia-Pacific
Economic Cooperation (APEC), World Economic
Forum (WEF), etc. They work in the following
areas: creating a single database on cyberthreats
and a system for the constant exchange of infor-
mation, improvement of technical standards and
rules, attention is paid to security issues on the
Internet.

A single cybersecurity certification for IT pro-
ducts, services and processes is being introduced
in the EU, which will undoubtedly enhance the
security of online services and consumer devices
and will facilitate the smooth functioning of the
Digital Single Market. A key role in cybersecuri-
ty certification rests with the European Network
and Information Security Agency (ENISA) [9].

NATO plays an important role in developing a
unified approach to cybersecurity as a component
of the national security. Within the organization,
there are several specialized units that focus on the
development of strategies and mechanisms for cy-
ber-threat detection and counteraction to cyber-
attacks, as well as offering a wide range of educa-
tional, training and training opportunities. The EU-
NATO interaction is the cornerstone of Euro-At-
lantic cybersecurity in the military field, and cyber
defense is one of NATO’s priorities [10; 11]. The
role of NATO in providing cybersecurity not only
to Allies but also to Partner countries is increasing.

Cybersecurity is not just a set of strategies and
principles for protecting cyberspace from threats.
It is an ongoing process, the active component of
which is monitoring incidents and anomalies in
network systems and responding promptly to the
risks caused by cyber threats. The balanced use of
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forces and means of ensuring cybersecurity requi-
res appropriate methodological tools, first of all,
the formation of a system of indicators and crite-
ria for assessing the development of cybersecuri-
ty at the global and local levels.

At present, the main developers of theoretical
and methodological foundations and applied as-
pects of statistical assessment of cybersecurity are
mainly information and analytical teams of ex-
perts in international organizations specializing
in information- and cyber-security: International
Telecommunication Union (ITU), Centre for Euro-
pean Policy Studies (CEPS), e-Governance Aca-
demy (eGA) of Estonia, Potomac Institute for
Policy Studies, EY Global Information Security
Survey (GISS), world leaders in the field of net-
work technologies and the cybersecurity indust-
ry Cisco Security and Cybersecurity Ventures, etc.
Analytical reviews and reports from these organi-
zations have been published by, among others, Ker-
ry Nelson, Lorenzo Pupillo, Raul Rikk, Melissa
Hathaway, Paul van Kessel, Andra Zaharia, Steve
Morgan, Martin Lee and others. Among domestic
scientists, V. Buryachok, A. Voytsikhovkyy, I. Vo-
ronenko, Yu. Danyk, I. Diorditsa, D. Dubov, V. Lip-
kan, R. Lukianchuk, G. Piskorska, V. Petrov and
others devoted their scientific works to the issue
of cybersecurity.

2. METHODOLOGY FOR ASSESSING
THE CYBERSECURITY AS A COMPLEX
MULTIDIMENSIONAL PHENOMENON

The purpose of this research is to summarize the
international experience of assessing the cyberse-
curity, to position countries by their level of deve-
lopment in the global space, to identify strengths
and weaknesses in cybersecurity management, and
to ensure effective protection of cyberspace at the
national level.

The subject of research is the current state of
the global cybersecurity and specifics of cyberse-
curity in the NATO Member States and Aspirant
countries Ukraine and Georgia.

In accordance with the ISO/IEC 27032 — SIS
international standard, cybersecurity integrates

6

network security, security of critical information
infrastructure and Internet security [12]. Like any
complex phenomenon, cybersecurity cannot be di-
rectly measured as it turns out to be a certain set
of various signs and symptoms. Therefore, it is pos-
sible to measure/evaluate such phenomena only
indirectly by aggregating the sets of these signs
into one integral assessment. It is the integrated
estimates (composite indices), formed on the ba-
sis of a unique data set, that are the basis for posi-
tioning countries in the world coordinate system.
The study uses international rating systems
that characterize the level of the digital economy
development and the country’s involvement in
cybersecurity: ICT Development index (IDT), Net-
worked Readiness Index (NRI) [13][, the UN Glo-
bal E-Government Development Index (EGDI),
Global Cybersecurity Index (GCI), National Cy-
ber Security Index (NCSI). Each rating, in addi-
tion to the function of a comparative analysis of
the potential of individual countries in the field
of digital transformations or cybersecurity, ser-
ves as a kind of identifier of the relative advan-
tages and vulnerabilities of national cyber strate-
gies, indicates the need for their review in order
to strengthen protection against cyber-attacks
and improve the cyber crisis management system.

3. INDICATORS OF DIGITAL
ECONOMY DEVELOPMENT

The ICT Development Index is used to measure
the level of development and to monitor changes
in information and communication technologies.
Its calculation is based on 11 indicators, which
are combined into three sub-indices: access to ICT,
ICT usage intensity and ICT level of practical
skills [14].

The Network Readiness Index NRI measures
the propensity of countries to leverage ICT capa-
bilities. The index aggregates 53 indicators com-
bined into four basic sub-indices. Three of them
characterize the role of government, business and
society in shaping the prerequisites for the deve-
lopment of ICT, and the fourth one describes the
socio-economic effects of using the ICT: availabi-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)
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lity of conditions for the development of ICT (re-
gulatory, business and innovation environment);
readiness of citizens, business and government to
use ICT (infrastructure and digital content, ac-
cessibility of ICTs, population skills); the level of
use of ICT at public, business and private levels;
the impact of ICT on the economy and society [15].
The NRI is considered to be the most comprehen-
sive source for assessing the quality of the inter-
nal environment of ICT development and the abi-
lity of society and its institutions to make effec-
tive use of existing and new knowledge. The index
identifies drivers and barriers to network readi-
ness and widespread adoption of ICT in the count-
ry. This assumes the equal role and responsibility
of all the “players” of the society: government, bu-
siness, and citizens.

The rapid spread of the Internet and the global
network has become the basis for the transforma-
tion of public administration in the direction of
its adaptation to the requirements of the informa-
tion society. The level of willingness and ability of
the national government agencies to provide on-
line government services using the ICT is indica-
ted by the rating of countries based on the Elect-
ronic Government Development Index (EGDI).
The index aggregates 13 indicators, which, from
the point of view of international experts, embody
the country’s ability to participate in the informa-
tion society [16]. These indicators are combined
into three sub-indices: the Online Service Index
(OSI), the Telecommunication Infrastructure In-
dex (TII), and the Human Capital Index (HCI).

4. CYBERSECURITY INDICATORS
4.1. Global Cybersecurity Index (GCI)

The monitoring of the status of the global net-
work space of the UN member countries is car-
ried out by ITU. To assess the countries’ involve-
ment in cybersecurity, ITU experts annually de-
termine the Global Cybersecurity Index (GCI),
which relies on the country’s legal, technical, ma-
nagerial institutions, their educational and re-
search capabilities, the availability of coopera-
tion mechanisms and information exchange sys-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

| Global Cybersecurity Index, GCI |

- v,

Legal | |Technical| | Organiza-
3) (6) tional (3)

Fig. 1. The pillars of the Global Cybersecurity Index
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tion (6)

Capacity
Building (6)

tems in networks. Accordingly, the level of deve-
lopment of cybersecurity at the national level is
analyzed by five pillars: legislative framework,
technical implementation, organizational measu-
res, capacity building, national and international
cooperation. Each pillar is represented by a cer-
tain number of indicators based on binary answer
options that confirm the presence or absence of
certain, predefined solutions for cybersecurity
(24 indicators in total). The structure of the GCI
by pillars is illustrated in Fig. 1, the number of
indicators is indicated in parentheses.

According to GCI data, in 2018, 9 out of 10
countries had cybersecurity legislation: the vast
majority of countries had a national cybersecuri-
ty strategy (58%) and an active national CERT
(56%) that helped detect attacks on government
computer systems and databases, as well as criti-
cal infrastructure facilities [17].

The purpose of the GCI is to enable the UN
member states to identify potential ways to
strengthen the protection of the global network
space against cyber threats. The results of the
2018 global cybersecurity survey at a planetary
level indicate a significant digital divide between
countries in the context of awareness of cyber
threats and their ability to prevent them. Based
on the GCI, countries are divided into three clas-
ses by their level of commitment: the high class
has the highest level of global cybersecurity com-
mitments (GCI > 0.670); the medium one has de-
veloped complex commitments and is involved in
cybersecurity programs and initiatives (0.340 <
< GCI£0.669); and the low one has initiated a cy-
bersecurity commitment (GCI < 0.339). 53 count-
ries are assigned to the high class, 54 ones to the
medium class, and 87 ones to the low class. The
shares of these classes by the world regions are
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Fig. 2. Regional groupings of countries of the world by GCI in 2018, place
Source: created by the authors on the basis of [17].

shown in Fig. 2. The largest number of countries
with a high cybersecurity development is con-
centrated in Europe (30): 20 countries are NATO
members; their GCI ranges from 0.931 (the Unit-
ed Kingdom) to 0.527 (Greece). Georgia takes
the 18 place (GCI = 0.857, high class), and Uk-
raine is ranked 54" (GCI = 0.661, medium class).
Most often, cyberattacks are experienced by
countries with high levels of economic develop-
ment, which are largely based on the contribution
of IT technologies to national production (main-
ly OECD member countries, which account for
more than two-thirds of global GDP). In terms of
the volume and scale of IT technology, the level
of cybersecurity in all highly developed countries,
regardless of geolocation, is much higher. Table 1
shows the ratings for all five pillars of cybersecu-
rity among the leading countries of the world’s
regions: the United Kingdom, in Europe; the USA,
in the American continent; Singapore, in the Asia-

Pacific region; Saudi Arabia, in the Middle East;
Mauritius, in Africa; and Russia, in the Central
Eurasia.

Almost all of the leading countries have reached
peak values (0.200) in the Legal, Technical and Or-
ganization areas. Much lower values in the Co-
operation area (interagency and international
cooperation, public-private partnership). In Rus-
sia, the GCI values are the lowest in all cyberse-
curity areas compared to other regional leaders.

The sample of NATO member countries in terms
of cybersecurity development should be recog-
nized as statistically homogeneous, which with pro-
bability of 0.95 confirms the Grubbs’ test (G =
=2.26 <G1-0.05=2.73). In this sample, one can
also trace the relationship between the Global
Cybersecurity Index (GCI), the information so-
ciety development indexes (IDI, NRI, EGDI) and
the indicator of economic development of count-
ries (GDP per capita). All coefficients of the cor-

Table 1. Global Cybersecurity Index (GCI) of the Regional Leaders in Terms of the GCI Pillars in 2018

Index pillars United Kingdom USA Singapore Saudi Arabia Mauritius Russia
Legal 0.200 0.200 0.200 0.187 0.182 0.197
Technical 0.191 0.184 0.186 0.179 0.168 0.162
Organizational 0.200 0.200 0.192 0.158 0.200 0.177
Capacity building 0.189 0.191 0.195 0.198 0.186 0.166
Cooperation 0.151 0.151 0.125 0.160 0.144 0.135
Global Index 0.931 0.926 0.898 0.881 0.880 0.836

Source: created by the authors on the basis of [17].
8
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relation matrix (Table 2) are significant with a
probability of 0.95: that is, the digital transfor-
mation of the economy and society depends on
the economic development of the country and, in
turn, plays the role of a key driver of economic
development only if information- and cyber se-
curity are ensured.

Thus, GCI is a unique and easy-to-use tool for
assessing the countries’ preparedness for a parti-
cular type of cyber threats, forcing them to iden-
tify areas where cybersecurity can be streng-
thened and protect the economic interests of the
country: by improving legislation, standards, mar-
ket leverage or other initiatives.

4.2. National Cyber Security Index (NCSI)

The preparedness of countries to prevent the re-
alization of fundamental cyber threats, manage
cyber incidents and large-scale cyber crises is
measured by the National Cyber Security Index
(NCSI). Considering the principles of cybersecu-
rity developed by the European Union, this index
includes the most important aspects of network
and information security, electronic identifica-
tion, trust services, protection of personal data
and many other aspects [18]. By statistical na-
ture, the NCSI is a relative value that, as a per-
centage, indicates the degree to which a country
meets cybersecurity criteria.

Table 2. Relationship of the Global Cybersecurity

Index (GCI) with the Information Society Development

Indices (IDI, NRI, EGDI) and the Level of Economic
Development (GDP per capita) of NATO Members

Correlation matrix
Number of observations N = 28
Variable (Casewise deletion of missing data)
GCI IDI NRI | EGDI | ODPper

capita
GCI 1.000 0.583 0.691 0.598 0.564
IDI 0.583 1.000 0.878 | 0.814 0.847
NRI 0.691 0.878 1.000 | 0.815 0.877
EGDI 0.598 0.814 0.815 1.000 0.787
GDP per
capita 0.564 0.847 0.877 | 0.787 1.000

Source: created by the authors on the basis of [17].
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In recent years, Estonia has become one of the
world centers in the field of protecting the na-
tional information cyberspace and preparedness
to confront online threats (the NATO Cyber De-
fense Center operates in the capital of Estonia).
In 2019, Estonia met 91% of the cybersecurity
criteria and was in the TOP-3 of the NCSI ra-
ting [18]. Fig. 3 shows the positions of Estonia,
Georgia, and Ukraine in the NCSI’s international
digital development and national cybersecurity
rankings. In Georgia, the share of fulfilled criteria
is 65%, in Ukraine, it accounts for 64%. At the
same time, in each of these countries, the develop-
ment of the national cybersecurity and informa-
tion and communication technologies is approxi-
mately at the same level, that is, the development
of cybersecurity to a certain extent corresponds
to the digital development of society.

The NCSI structure includes 3 components, 12
segments and 46 indicators. When drawing up
the scale, the NCSI project analysts considered
the existence of a national strategy in the field of
ensuring measures to protect systems, networks
and applications from digital attacks, their prac-
tical implementation, as well as legal responsibi-
lity. The value of each indicator depends on its
weight in the structure of the index: for the pre-
sence of a legal act that regulates a particular area,
experts score one point; 2—3 points for speciali-
zed unit; 2 points for official format of coopera-
tion; 1—3 points for result/product. The total
number of points for a certain segment ranges
from 5 to 9 points, the maximum possible score
(points) for all segments is 77. The NCSI index is
determined by comparing the amount of points
scored by the j-th country with the maximum pos-
sible score (points):

Country Points x 100

NCSI = Maximum Points

(1)

In Estonia in 2019, the total number of points
scored was 70, hence NCSI =70:77 = 0.9091.

Similarly, the level of fulfillment of cybersecu-
rity criteria for any NCSI segment is evaluated
by comparing the score provided by experts with

9
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Fig. 3. The level of development of information and communication techno-
logies and cybersecurity (NCSI version) in Estonia, Georgia, and Ukraine in

2019, point

Source: created by the authors on the basis of [18].

the maximum possible one. The shares of the cri-
teria met by the national cybersecurity segments
of Ukraine, Georgia, and Estonia are presented
in Table 3. Their values give grounds to identify
the strengths and weaknesses of national cyber-
strategies, in particular, regarding the country’s
ability to manage cyber incidents and large-scale
cyber crisis.

When analyzing the development of national
cybersecurity, NCSI values are also compared with
the Digital Development Level indicator (DDL).
The latter is calculated as the arithmetic average
percentage the country received from the maxi-
mum value of the ICT Development Index (IDT)
and the Networked Readiness Index (NRI):

IDI% + NRI%
A )

The difference (NCSI — DDL) indicates the
coherence (inconsistency) of the development of
the national cybersecurity and digital technology.
A positive result shows that the development of
cybersecurity in the country is in line with digital
development or is ahead of it; a negative one gives
grounds to conclude that the digital society in
the country is more developed than the scope of
national cybersecurity.

In Ukraine, IDI =56%, NRI = 60%, hence DDL =
=0.5 (56 + 60) = 58%, so NCSI > DDL. In Esto-
nia and Georgia, the development of national cy-
bersecurity is also in line with the digital develop-
ment of the information society.

10

DDL =

The analysis of compliance with the criteria of
individual segments of the national cybersecurity
of Ukraine and Georgia gives grounds to draw
the following conclusions.

Ukraine. In Ukraine, the positive segments of
the cybersecurity sphere include: development of
a cybersecurity concept; education and profes-
sional development in the field of cybersecurity;
protection of personal data and the fight against
cybercrime. In these segments, Ukraine received
80—100% of the maximum level. Less developed
segments of cybersecurity are: protection of basic
e-services; electronic identification and trust ser-
vices; reaction to computer incidents. The most
problematic cybersecurity segments in Ukraine
should be recognized as an analysis of cyber threats,
international cooperation in the field of cyberse-
curity; protection of digital services; ability to
manage large-scale cyber crisis and military cy-
ber operations.

Georgia. In Georgia, the level of cybersecurity is
slightly higher. Georgia received maximum NCSI
ratings (100%) in five segments of cybersecurity:
developing a cybersecurity policy and analysis of
cyber threats; protection of basic e-services; pro-
tection of personal data and the fight against cy-
bercrime. The following cybersecurity segments
require attention: the ability to manage cyber in-
cidents and large-scale cyber crisis, especially edu-
cation and professional development in the field
of cybersecurity; protection of digital services and
military cyber operations.

ISSN 2409-9066. Sci. innov. 2021. 17 (3)
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Thus, the cyberspace of both NATO aspirant
countries remains a weak component of the na-
tional security and retains a high degree of vul-
nerability to cyber threats. Cyber security issues
common to Ukraine and Georgia are the low le-
vel of development of the segment of the national
defense operations (military cyber operations).
Another equally important issue is the protec-
tion of digital services and the unpreparedness
to respond to cyber incidents. The mechanism of
public-private partnership in the field of cyber-
security with the owners and operators of priva-
te critical infrastructure facilities also requires
adjustment.

International cooperation significantly enhan-
ces the ability of these countries to counteract
all kinds of cyber influences. For example, the
CERT-UA team works with other CERT teams
in the Member States, as well as with the Cisco

Talos Intelligence Team, to address the impact of
cyberattacks on critical information infrastruc-
ture and identify the causes and circumstances
of cyber incidents. Within the framework of Uk-
raine-NATO cooperation, the Cybersecurity Trust
Fund has been set up to strengthen cyber poten-
tial, assist Ukraine in developing the defense ca-
pabilities for responding to cybersecurity inci-
dents and eliminating their consequences [19].
Such cooperation will help to ensure that count-
ries are prepared to prevent the realization of fun-
damental cyber threats and manage cyber inci-
dents and large-scale cyber crises.

A necessary condition for the successful digi-
tal transformation of the economy and society is
counteracting cyber threats and the fight against
cybercrime. Among the main obstacles to the pro-
motion of the basic principles of cyber defense,

information security experts point out: lack of

Table 3. Indicators of Cybersecurity Development in Some Countries as of 2019

S ¢ Ukraine, Georgia, Estonia,
egr;en NCSI components & segments Max score version as of version as of version as of
Jul 14,2018 Nov 21, 2017 Feb 18,2019
GENERAL CYBER SECURITY INDICATORS
1 Cyber security policy development 7 100 100 57
2 | Cyber threat analysis and information 5 20 100 80
3 Education and professional development 9 89 22 67
4 Contribution to global cyber security 6 33 50 50
BASELINE CYBER SECURITY INDICATORS
5 | Protection of digital services 5 20 0 20
6 | Protection of essential services 6 83 100 17
7 E-identification and trust services 9 78 78 67
8 Protection of personal data 4 100 100 100
INCIDENT AND CRISIS MANAGEMENT INDICATORS
9 Cyber incidents response 6 67 50 67
10 Cyber crisis management 5 0 60 60
1 Fight against cybercrime 9 100 100 100
12 Military cyber operations 6 17 17 83
Score (points) obtained 77 49 50 70
NCSI, % X 63.6 64.9 90.9
DDL 58.1 59.6 79.3
Difference 3.5 5.3 11.6
Source: created by the authors on the basis of [18].
ISSN 2409-9066. Sci. innov. 2021. 17 (3) 1
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resources, incompatibility of information securi-
ty systems, and a shortage of qualified cybersecu-
rity specialists. Nowadays, the staffing challenge
for the cybersecurity industry has become global
and is showing a tendency to deepen.

International cybersecurity ratings (GCI and
NCSI) are useful to make sound decisions about
addressing and preventing potential cybersecu-
rity challenges and choose the path to a more se-
cure and sustainable economy in an unstable, cy-
bernetic, and conflict-prone world.

The highest levels of digital transformation
and cybersecurity are observed in NATO mem-
ber countries. Ensuring cybersecurity in the con-
text of global threats, along with the joint efforts

of the international community, dictates the im-
portance of monitoring at the national level. Uk-
raine and Georgia, like all countries in the world,
are constantly threatened by cyber-attacks and
occasionally face cybersecurity challenges. The
main threats to the national cybersecurity of the-
se countries should be considered in the context
of Russian information and cyber aggression, in
particular, cyber-attacks on vital infrastructure.
Therefore, the issue of improving the cyberspa-
ce military security systems, which would meet
EU and NATO membership criteria and guaran-
tee reliable protection of the states from cyber-
crime, remains urgent for both NATO aspirant
countries.
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CTATUCTUYHI IHAMKATOPU PO3BUTKY KIBEPBE3IIEKI
B KOHTEKCTI IU®POBOI TPAHCO®OPMAIIIT EKOHOMIKU 11 CYCTIIJIBCTBA

Beryn. Maciurabu i pyiHiBHI HaC/iAKK IPOTUIIPABHOTO BILIMBY Ha KiGEPIIPOCTIpP € KII0U0BOIO IPOOJEMOIO CydacHOoi reo-
NOJITHKY, a KibepHaAiiHICTh BUSHAETHCS Cy0’€KTaMK MIKHAPOIHUX BIIHOCUH SIK OJIMH 3 HalBaKAUBIIINX GE311€KOBUX
TIPIOPUTETIB.

IIpoGremaruka. MoHITOPUHT KiGepiHIUMIEHTIB Ta aHOMAIiT B iH(OPMAIIHHO-KOMYHIKAIIIHHUX CUCTEMAX, OllePaTUBHE Pea-
ryBaHHs Ha JieTepMiHOBaHi Kibep3arposamMul pUsUKH TOTPeOYIOTH (hOPMYBAHHS CUCTEMM IHAMKATOPIB i KpUTEPIiB OLliHIOBaH-
Hs kibepOesnexu.

Mera. Y3araqbHeHHs MiyKHAPOIHOTO TOCBIY OIMIHIOBAHHS CTaHy KibepOesneKn, Mo3uIlioHyBaHHsI KpaiH 3a piBHEM ii po3-
BUTKY Y TJI06QIbHOMY TIPOCTOPI, BUSHAYEHHSI CUJILHUX 1 CTAOKUX JIAHOK B yIIPaBJIiHHI KiGepOe3nekoio Ta 3abe3nedeH st ie-
BOI'0 3aXKCTY KiGepIIPOCTOPY Ha HAI[IOHAJILHOMY PiBHI.

Marepiamm i MeToaH. BUKOPHCTAHO KOMIIOHEHTHI 1H/IEKCH MIKHAPOIHMX PEHTUHTIB, SKi XapaKTepU3yIOTh MOTEHITial
ugposoi exonomiku (ICT IDI, NRI, EGDI) Ta yuacts kpain y cdepi kibepbesnexku (GCI i NCSI).

PesyasraT. ApryMeHTOBaHO, IO PEHTHHTH Kibepbesnekn BUKOHYIOTh POJIb CBOEPIIHOTO imeHTH(dIKaTOpa BiIHOCHUX
nepesar i BpasJnBKX MO3UIIIN HaliOHAIbHUX KiGepceTpaTeriii, BKa3yoTh Ha HEOOXIJHICTD iX MEPEerisLy 3 METOK MOCHIEHHS
3aXHUCTY Bijl KibepaTak i BOCKOHAJIEHHSI CUCTEMU YIIPABJIHHS KiOeppUsUKaMu.

B kpainax 3 BHCOKMM PiBHEM eKOHOMIYHOTO PO3BUTKY, SIKMiT 3HAYHOIO Mipoto 6asyeThbest Ha BHecKy 1 T-TexmoJioriii y Ha-
IioHa/IbHe BUPOOHUIITBO, OTEHINAA KibepOe3ekn 3HaYHO BUIMIA, He3aJMesKHO Bijl reosokallii. Bussiena kopessiis Mix
GClI, ingexcamu po3Butky indopmariiitnoro cycmisberBa (IDI, NRI, EGDI) ta BBII na nxymry nacenenus miaTBepIKye, 1o
nudposa TpanchopMarisi EKOHOMIKH Ta CYCIIJIBCTBA Bilirpa€ poJib KJIOYOBOTO JpaliBepa €KOHOMIYHOTO PO3BUTKY JIHUIIIE 32
yMoBu 3a6estiederns iHdopmaliiiHoi Ta kibepOeseku. BucsitiieHo Halikpalili IIPakTHKY Ta 3a3HAY€HO KPUTHYHO c1abi cer-
MEHTH HalliOHAJIbHOI KibepOesnexu.

BucunoBku. 3a ingukaropamu NCSI oniteno rorosaicts [pysii ta Ykpainu 3anobiratu ciieHapisim peasisaiiii GpyHmameH-
TaJIbHUX KiGep3arpos, KepyBaTu KibepiHIUjeHTaMu Ta MacIITabHUMU KiGepKpU3aMu.

Kunwouosi crosa: xibepbesneka, kibepsarposa, KiGepsJounHHICTh, T100aIbHIH iHAEKC KiGepOeseku, HallioHaIbHIIT iHAEKC
KiGepOesieku, yipasJiHHs Ge3IeKO0.
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DIGITAL AND GREEN ECONOMY:
COMMON GROUNDS AND CONTRADICTIONS'

Introduction. The processes of digitalization of an economy, associated with the deployment of technologies of
the Fourth Industrial Revolution, are multifaceted and have a significant impact, including on the environment,
which affects the interests of future generations.

Problem Statement. Acceleration of digitalization is accompanied by contradictory positive and negative ef-
fects on the environment. In this regard, the identification of these effects at both the global and national levels
is an urgent problem.

Purpose. The purpose is to identify the relationship between the digital and green economy and to substantia-
te ways of environmentally safe development of digital technologies in Ukraine.

Materials and Methods. Clustering of world countries on the basis of economic, industrial, and digital deve-
lopment; econometric analysis of the relationships between the ICT development index and the environmental per-
formance index in the world countries and their groups (clusters) for 2017—2020.

Results. It has been established that at the global level, the introduction of state-of -the-art digital technologies
has a generally positive relationship with the state of environment: the higher the level of digitalization, the more
environment friendly national economies, other things being equal. It has been found that the environmental per-
Jormance of digitalization depends on the level of manufacturing (tangible) technologies and the overall econo-
mic development. In the clusters of less developed coun-tries, including Ukraine that has significant problems in
industry and innovation, the spread of digital technologies has less positive impact on the environment than in the
clusters of more advanced econ-omies. Therefore, the long-term positive effects of digitalization for Ukraine are
not obvious, while the negative ones may have serious negative consequences.

! The research has been made in the framework of Long-Term Factors and Trends in National Industry in the
Fourth Industrial Revolution project and The Impact of Digitalization on Sustainable Development in the Con-
ditions of Global Instability target research program of the NAS of Ukraine.

Citation: Vishnevsky, V. P, Harkushenko, O. M., Zanizdra, M. Yu., and Kniaziev, S. I. Digital and Green
Economy: Common Grounds and Contradictions. Sci. innov. 2021. V. 17, no. 3. P. 14—27. https://doi.org/
10.15407 /scine17.03.014
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Conclusions. 1o minimize the environmental risks of digitalization processes in Ukraine, it is necessary to de-
velop a national academic program for comprehensive assessment of effects of various aspects (abiotic, biotic,
anthropogenic) of digital technologies on environment, as well as to harmonize economic digitalization programs
with the overall strategy for innovation-driven national manufacture.

Keywords: digital technologies, digitalization of economy, industry, sustainable development, ecological foot-

print, and environmental performance.

In long-term strategies of innovation-oriented
industrial advanced economies and emerging
markets (USA, European Union, Scandinavian
countries, Japan, South Korea, etc.), digitaliza-
tion and greening of economy are considered
complementary and such that promote inclusive,
socially responsible and sustainable development.
In Communication of the EU Commission to the
European Parliament [1], the creation of digital
green industrial ecosystems and, consequently,
the achievement of climate-neutral digital lead-
ership in industry have been identified as priori-
ties for the upcoming decades to maintain the
overall competitive advantage and geopolitical
influence of the European Union.

The economy digitalization, like any new un-
derstudied phenomenon, is associated not only
with ample opportunities but also with challeng-
es, including environmental ones, and with quali-
tative transformations of the ecological footprint
structure. On the one hand, according to Euro-
pean experts, provided that the current trends
continue, by 2020 the share of the ICT sector in
global CO, emissions may increase from today’s
2% to 14% [2]. On the other hand, the target use
of “green” ICTs to decarbonize the world econo-
my may result in reducing greenhouse gas emis-
sions by 15%, i.e. decreasing the man-made bur-
den on the global ecosystem and achieving car-
bon neutrality of the ICT industry.

In addition, the ever-growing “digital divide”?
between the innovative leaders and the less tech-
nologically developed economies is contributing

2There are 5 key indicators (per capita), for which the digi-
tal inequality between countries is the most obvious: (1) co-
verage of users by mobile broadband networks; (2) the num-
ber of I'T professionals; (3) investment in ICT versus GDP;
(4) the number of downloaded applications; (5) the num-
ber of installed Internet of Things (IoT) databases [3].
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to the conservation of outdated environmentally
dangerous and resource-intensive technological
structures, which casts a role for the latter as raw
material colony and hazardous waste endpoint. A
clear evidence of such an “institutional-environ-
ment trap” is the map of e-waste emigration (Fig. 1).
The logistical flows of e-waste shown in the
figure indicate certain patterns in the geopoliti-
cal distribution of the links of global value chains.
Ecologically “clean” and economically prosper-
ous countries with a strict environment legisla-
tion and a high cost of legal disposal of electronic
waste, prefer to import them to less developed re-
gions with a relatively loyal attitude to environ-
mentally dangerous economic activities and cheap
manual labor. An exception is China, which is
both the largest producer of digital products and
a place for the accumulation of electronic waste.
The connection between ecology and digitali-
zation manifests itself in the fact that high envi-
ronment requirements in advanced economies
have created barriers to spreading digital tech-
nologies. Environment standardization of pro-
duct life cycle increases the transaction costs of
quality control, manufacturing and operating con-
ditions, after-sales environment friendly disposal
of electronic products and related infrastructure.
Failure (technical and/or financial) to meet the
established quality standards is one of the most
common market barriers in the international and
domestic markets. Influential environment lob-
bies in central and local government?, as well as
protest movements by environment organizations,
create a negative image of developers of poten-
tially dangerous innovations, hinder economic

3In France, 68 local authorities, including the mayors of 11
major cities, are demanding that the government ban 5G
communications.
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Fig. 1. Map of distribution of countries by income and e-waste emigration, according to [4, 14, 23]

development and R&D progress, and increase in-
vestment risks and tax burden on business. At the
same time, the environmental consequences of
digital innovation may be really difficult to pre-
dict. For example, increasing intensity of wave
radiation as a result of the development of digi-
tal communications provokes growing number
of congenital genetic mutations in living species
(birds, fish, insects, etc.), changes in their basic be-
havioral responses (especially in the species cha-
racterized by social way of life: ants, wasps, bees,
termites, bumblebees and etc.), changes in their
migration routes and habitats, which disrupts the
established food chains in ecosystems and leads
to a reduction in biodiversity and, in some cases,
to the collapse of ecosystems [29, 12—13, 18—21].
The mass extinction of bees causes a reduction in
the pollination of fruit crops and some plant spe-
cies, which can fatally affect the range and quan-
tity of food [5].

As the European experience has shown [2, 6],
combining the imperatives of Industry 4.0 with
the imperatives of climate and environment emer-
gencies requires radical reforms in the transport
and energy sectors of industry, and, accordingly,
huge capital investments. According to prelimi-

16

nary estimates, the European Union needs an in-
vestment of about EUR 3 trillion to achieve the
ambitious goals of climate-neutral digital indust-
ry leadership. For the period from 2021 to 2027,
the main financial burden is expected to be shared
between the European Investment Bank (about
EUR 600 billion), the private sector (about EUR
300 billion), governments of EU member states
(about 100 billion euros), and the EU budget
(about EUR 7.5 billion). Because of this, this ini-
tiative has been criticized in the context of unjus-
tified tax increase and uncontrolled use of bud-
get resources by officials under the pretext of en-
vironment goals.

These examples have shown that digital and
green economies have obvious points of contact,
which, on the one hand, may give a new impetus
to the sustainable development of national eco-
nomies and, on the other hand, may create new
problems associated with unpredictable conse-
quences that are different for different countries.
In this regard, the purpose of this research is to
identify the relationship between digital econo-
my and green economy and to substantiate the
ways of environmentally safe development of di-
gital technologies in Ukraine.
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Environment effects
of digitalization

The immediate positive environment effect of
digitalization is dematerialization. Transition to
electronic document control, digital services and
products in trade, banking, and administrative
spheres, replacement of physical logistics flows by

remote means of communication based on digital
technologies (e-mail and bulletin boards, video
conferencing, electronic exchanges, e-government
services, etc.) have caused a reduction in time, fi-
nancial, and material resources extracted from
the natural environment. As a result, the amount
of waste generated by enterprises, organizations,
and end users decreases, which consequently sig-

Table 1. Environment Advantages of Digitalization

Manifestations

Causal-related environment effects

Consequences
for ecosystems

tive digital services

nication

ry and everyday life

Transition to electronic document control
Expansion of commercial and administra-

Spread of digital remote means of commu-

Use of "smart" automatic systems in indust-

Dematerialization of goods and services

Reduction of physical logistics flows

Flexible response to changes in envi-
ronment conditions in real time to en-
sure the most efficient use of resources
and to minimize costs

Customization of production posal)

Improvement of production monitor-
ing systems, reduction of risks associa-
ted with equipment failures (due to un-
detected technical malfunc-tions, hu-
man factor, etc.)

Saving of renewable
and non-renewable na-
tural resources

Reduction of pollutant
emissions into the en-
vironment (emissions,
discharges, waste dis-

Reduction of risks of
manmade disasters

Reduction of
mancaused

load

Table 2. Environment Disadvantages of Digitalization

Manifestations

Causal-related environment effects

Consequences
for ecosystems

Expansion of the range of devices

Increase in the number of devices as a
result of growing demand

Increase in the duration of use of de-
vices during the day

Change / emergence of new technolo-
gies of in-formation signal transmis-
sion

Accelerated change of device genera-
tions (early termination of operation)
caused by manufacturers’ efforts to
gain a monopoly quasirent

Increasing energy consumption (industrial and domestic)
Increasing greenhouse gas emissions
Increasing industrial consumption of rare earth metals

Increasing electronic waste, including that containing to-
xic substances

Increasing risk of industrial accidents because of the im-
perfection of digital technologies and the accumulation of
errors and failures in the systems

Increasing intensity of wave radiation per unit area

Manifestation of understudied adverse ef-fects in the
structure of genomes, the opera-tion of reproductive sys-
tems and the behavioral reaction of living organisms

Growing consumption of natural resources as a result of
aggressive advertising and unfair competition (intentio-
nal technological incompatibility of software and hard-
ware, industrial espionage, trade wars)

Disruption of the cycle
of substances in eco-
systems

Disruption of food chains
and reduction of habi-
tats of organisms, reduc-
tion of biodiversity of
ecosystems

Distortion of the system
of social values
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nificantly reduces the anthropogenic burden on eco-
systems in certain areas of resource consumption
and pollutant emissions. On the other hand, expan-
ding range of and growing demand for devices, as
well as increasing time of their daily use signifi-
cantly affect (raise) energy consumption and, the-
refore, entail growth in greenhouse gas emissions.

A more purposeful and environment friendly
effect of digitalization is the “smartness” of auto-
mated (robotic) industrial systems, which im-
proves real-time monitoring and control systems,
increases the efficiency of business processes and
reduces costs. Smart power systems, ventilation
and climate control systems in smart buildings,
3D printing, automated product quality control
systems, industrial robotics, smart logistics, etc.,
contribute to the customization of production,
resource savings, inventory optimization, timely
troubleshooting, prevention of failures and emer-
gencies and, as a consequence, reduction in man-
caused load on ecosystems.

The most obvious advantages of digitization
are given in Table 1.

The environment disadvantages of digitaliza-
tion (Table 2) are caused by growing demand for
smart products and digital services, which pro-
vokes an increase in energy consumption and
greenhouse gas emissions and accumulation of
electronic waste. These negative consequences
are exacerbated by unfair competition and at-
tempts to maximize monopoly quasi-rent from
pseudo-innovation, when marketing policies that
stimulate excessive consumption for prestige rea-
son substitute for real research and development.
In addition, the risks to the ecosystem increase as
a result of the understudy * of the impact of digi-
tal technologies on flora and fauna [7].

“In particular, 5G technology that is critical to the spread of
the Internet of Things, including for households [8], be-
cause of the peculiarities of signal transmission (millimeter
waves and small signal reception / transmission centers),
requires a high coverage density (~ 250 m between cells),
which may lead to a critical growth of mutations in some
species of birds, as well as to mass death of bees [7], i.e.
there is a threat of the destruction of ecosystem food chain
and the extinction of species.
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Estimate of digitalization
effects on environmental
performance

The relevance of smart industrial development
based on the principles of digitalization and de-
carbonization of the economy through digital tech-
nologies leads to a strong research interest in
quantifying the impact of digitalization on the
environmental footprint. Depending on the me-
thodology and the approach to forecast, the fol-
lowing estimates have been obtained:

¢ the share of digital technologies in the total

world energy consumption may exceed 3%

[9, 10];
¢ carbon footprint of the ICT industry ranges

from 1.1 to 1.4 billion tons of CO, equivalent

[9, 11, 17,12, 13, 14, 15];
¢ potentially possible reduction of global green-

house gas emissions due to “green” digital tech-

nologies varies within 15%—16.5% of the total

projected emissions of all sectors [2, 12].

To confirm the hypothesis of the existence of
a direct relationship between digitalization and
sustainable development (in terms of its environ-
ment component), the authors have assessed the
strength of the relationship between the ICT De-
velopment Index that characterizes the world
achievements in terms of ICT development (Tab-
le 3) and the Environmental performance Index
(EPI) that reflects the combined effect of pre-
serving the quality of the natural environment
and natural resource management (Table 4).

For this purpose, different countries that have
different level of economic and R&D develop-
ment, the specifics of national production, and,
accordingly, size and structure of man-made load
on world ecosystems have been selected. At the
same time, to increase the objectivity of the re-
sults of the analysis, the countries with a popula-
tion of less than 1 million people, the countries
that are unable to ensure the regular submission
of the necessary statistical information, as well as
the countries with atypically high revenues from
sale of minerals (primarily, hydrocarbons) are ex-
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Table 3. Quality Structure of ICT Development Index

ICT access sub-index

ICT use sub-index

ICT skills sub-index

Share in the index composition

40%

40%

20%

Fixed telephone lines per 100
inhabitants access at home
Mobile cellular telephone sub-
scriptions per 100 inhabitants
International Internet band-
width (bit/s) per Internet user
Proportion of households with
a computer

20% | inhabitants

Proportion of households with
Internet access at home

Proportion of households with Internet

Proportion of house-holds with Inter-
net access at home per 100 inhabitants

Mobile broadband subscribers per 100

Adult literacy rate

Secondary gross enrolment
ratio

Tertiary gross enrolment ratio

33% 33%

cluded from the review. As a result, 106 world
economies are included in the final sample®.

The distribution of the countries by ICT de-
velopment and environmental performance, as
well as the dependence curve are presented in
Fig. 2, where Ukraine is ranked 48" among the
analyzed countries with the ICT Development
Index of 5.62 and the Environmental Perfor-
mance Index of 49.50.

The coefficient of determination (R? = 0.85)
indicates a significant weight of the positive lin-
ear relationship between the ICT development
(variable x) and the environmental performance

5 Sample composition: Australia, Austria, Albania, Algeria,
Argentina, Bangladesh, Belgium, Benin, Belarus, Bulgaria,
Bolivia, Bosnia and Herzegovina, Brazil, Burkina Faso,
Burundi, Great Britain, Gambia, Guatemala, Guinea, Gui-
nea Georgia, Denmark, Dominican Republic, Ecuador, Es-
tonia, Ethiopia, Egypt, Zambia, Zimbabwe, Israel, India,
Indonesia, Ireland, Spain, Italy, Jordan, Kazakhstan, Cambo-
dia, Cameroon, Canada, Kenya, Kyrgyzstan China, Cyprus,
Colombia, Costa Rica, Ivory Coast, Laos, Latvia, Lesotho,
Lithuania, Lebanon, Myanmar, Mauritius, Madagascar, Ma-
cedonia, Malaysia, Morocco, Mexico, Mozambique, Moldo-
va, Mongolia, Namibia, Nepal, Nigeria, Netherlands, Nica-
ragua, Germany, New Zealand, Norway, Pakistan, Panama,
Paraguay, Peru, South Africa, South Korea, Poland, Portu-
gal, Russian Federation, Romania, El Salvador, Senegal,
Serbia Slovak Republic, Slovenia, USA, Thailand, Tanza-
nia, Tunisia, Turkey, Uganda, Hungary, Ukraine, Uruguay,
Philippines, Finland, France, Croatia, the Czech Republic,
Chile, Switzerland, Sweden, Sri Lanka, Jamaica, and Japan.
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(variable y) of the analyzed countries. The Mean
Absolute Percentage Error for the environmental
performance is 11%, i.e. the equation may be con-
sidered satisfactory. The nonparametric Spear-
man rank correlation coefficient (0.93) also indi-
cates the presence of a statistically significant
relationship between the analyzed phenomena.

Thus, the most advanced and innovation-dri-
ven economies (Germany, Denmark, Finland, Fran-
ce, Switzerland, Japan, etc.) with a high level of
economy digitalization and, accordingly, a high
ICT development index, are generally characte-
rized by the best results in terms of ensuring en-
vironmental performance (less anthropogenic
burden on ecosystems and more effective environ-
mental policy).

Table 4. Quality Structure of Environmental Performance
Index

Environmental health Ecosystem vitality

Share in the index composition

40% 40%
Air quality 20% | Climate change 24%
Sanitation and drin- | 16% | Biodiversity and ha-| 15%
king water bitat
Ecosystem services
L 6%
Heavy metals Fisheries
Waste manage- 2% | Agriculture
ment Pollution emissions | 3%
Water resources
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Fig. 2. Relationship between ICT Development Index and EPI (106 world countries, ba-

sed on data of 2017—2020)
Source: [17,25].
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Fig. 3. The relationship between ICT development and en-
vironmental performance indices by clusters. A — The "lea-
ders" and the "chasers” (with a high level of digitalization);
B — The "catchers" (with a medium level of digitalization);
C — The "outsiders" (with a low level of digitalization)

At the same time, from the point of view of eco-
nomic and environmental policy formation, such
global dependence has limited value. The fact is
that economic institutions (formal and informal
rules and norms of conduct) that operate well in
some countries cannot be automatically trans-
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ferred to other countries. Similarly, the transition
from one dominant production technology to a
new one that determine, in particular, the level of
environmental performance, is not a “smooth”
process, but is described in terms of technological
gaps between countries [18]. Therefore, it is ad-
visable to divide these countries into relatively
homogeneous clusters (groups), within which
there are certain general patterns of socio-eco-
nomic and digital processes, on which environ-
mental processes depend.

The clusters have been formed in STATISTI-
CAS, The following variables are used: (1) income
per capita; (2) the share of manufacturing indust-
ry in GDP; (3) the Human Development Index
(HDI); (4) exports of ICT goods and services;
(5) the number of fixed broadband subscriptions
and mobile subscriptions; and (6) the number of
individual users of the Internet. The first three

SSTATISTICA: Data Mining, data analysis, quality control,
forecasting, training, and consulting. StatSoft Russia. 2020.
URL: http://statsoft.ru/ (last access 01.11.2020).
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BOX 1
BRIEF DESCRIPTION OF THE CLUSTERS

The first cluster includes traditional world leaders in economic development and such a relatively fresh EU member state
and former member of the socialist bloc (as part of Yugoslavia) as Slovenia. Accordingly, the countries of the "leaders"
cluster are characterized by the highest average values of the 6 studied indices, except for "exports of ICT goods (% of
total exports of goods)".

The second cluster (tentatively called "the outsiders") consists of the countries that demonstrate diametrically oppo-
site results: the average values of all indices are the worst among all clusters. The cluster of "outsiders” mainly includes
countries that gained independence from the leading countries of Europe (mostly Britain and France), as late as in the 20
century, and during the Cold War were considered the Third World countries.

The third cluster is the largest one in terms of the number of countries. It includes the countries that are characterized
by a high or an upper middle income and fall behind the "leaders" and the "chasers" in terms of the average indices, but
exceed the indices of the "outsiders". They are mainly the former countries of the socialist bloc, as well as the countries
belonging to the Third World, which have managed to improve their socio-economic situation since the Cold War. Some
of them are currently the EU member states (Cyprus, Greece, and Portugal), which during the period under review
(2009—2018) either failed to improve the socio-economic situation up to the level of the leading countries, or because of
the influence of various external and internal factors (in particular, the global financial crisis) have lost stability. Conven-
tionally, the countries of the third cluster are called the "catchers".

The fourth cluster includes the countries that in terms of 6 indices, in addition to "exports of ICT goods (% of total
exports of goods)" are as close as possible to the leading countries (cluster 1), with this index even exceeding that of the
leading countries. This cluster includes the countries that have been actively developing national industry for at least the
last 30 years (including through offshoring) and some new EU member states that were part of the USSR or the socialist
bloc. Conventionally, the countries of this cluster are called the "chasers".

REFERENCE

The "leaders": Switzerland, Ireland, Norway, Denmark, the Netherlands, Sweden, Japan, Germany, Finland, Austria, USA,
Great Britain, Belgium, Israel, France, Canada, Australia, Italy, New Zealand, Slovenia, and Spain (21 countries)

The “chasers": South Korea, Czech Republic, Malaysia, Estonia, Slovak Republic, Hungary, China, Philippines, Costa
Rica, Thailand, and Mexico (11 countries).

The "catchers": Cyprus, Lithuania, Poland, Latvia, Greece, Portugal, Uruguay, Russia, Croatia, Panama, Argentina,
Romania, Chile, Bulgaria, Belarus, Kazakhstan, Mauritius, Brazil, Turkey, Serbia, Tunisia, Georgia, Colombia, Ukraine,
Albania, South Africa, Bosnia and Herzegovina, Morocco, Jordan, Peru, Lebanon, Dominican Republic, El Salvador, Ec-
uador, Jamaica, Moldova, Algeria, Paraguay, Indonesia, Sri Lanka, Egypt Pet, Mongolia, Guatemala, and Kyrgyz Republic
(45 countries).

The "outsiders": Namibia, Bolivia, Nicaragua, Honduras, Cambodia, India, Ivory Coast, Laos, Senegal, Lesotho, Gam-
bia, Nepal, Zimbabwe, Bangladesh, Kenya, Nigeria, Zambia, Ben Uganda, Tanzania, Myanmar, Guinea, Burkina Faso,
Madagascar, Mozambique, Ethiopia, and Burundi (29 countries).

indices characterize the general level of national
economy and industrial sectors development. The
rest of them describe the level of development
and use of ICT technologies and the Internet. All
statistic data on world countries, in terms of digi-
tal technologies and digitization indices, are ta-
ken from the World Bank website [20].
According to the results of cluster analysis
with the use of the method of k-means, there have
been formed 4 relatively homogeneous clusters
of countries, which are called: “leaders” (typical
representatives are the Scandinavian countries,

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

Western EU, and USA), “chasers” (Asian emer-
ging markets such as China, South Korea, etc.),
“catchers” (Eastern European and the post-Sovi-
et countries, including Ukraine, etc.), and “out-
siders” (underdeveloped African and Asian count-
ries) (Box 1).

As shown by the estimates given in Fig. 3, the
global dependencies and trends cannot be direct-
ly extrapolated to underdeveloped national econ-
omies, as the relationship between ICT develop-
ment and environmental performance in the cat-
chers and the outsider countries is not strong
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Fig. 4. Comparative estimate of the economic development
indices of Ukraine and the reference countries

enough. Moreover, as one can see from Fig. 3 (ac-
cording to the angle of the trend lines), the digi-
talization of the economy in these clusters has a
much smaller positive impact on the environ-
ment. That is, digitalization itself, without refe-

rence to the general economic development as a
whole and particularly the technologies of the
real sector, does not provide environmentally sus-
tainable growth. Therefore, to address the prob-
lem it is important to take into account the spe-
cifics of national R&D development, as well as its
general strategic direction.

In particular, with regard to Ukraine, given its
strategic geo-economic priorities, individual EU
members, similar in size, climate, and population,
can be used as references for justifying national
policies in the field of environment friendly digi-
talization. These criteria are met by Germany and
France (the “leaders”), as well as by Poland (the
“catchers”).

As shown by the example presented in Table 5
and in Fig. 4, the largest gap between Ukraine
and these countries is observed in terms of GDP
per capita: the share of the economies of Germa-
ny and France (in comparative prices) exceeds
Ukraine almost 15 times. The gap with Poland is
slightly lower, 4.7 times. To correctly understand

Table 5. Digitalization and Environmental Performance Indices of Ukraine

and the Reference Countries (averaged for 2009—2018)

GDP Export .
Rank p
matr}ll o (ip compara- OSf};arr:_ of ICT gogds tell; g(li()jne Mobile Individual
internal tive prlcfs) cessing | HDI *, and Seﬁ/" - line subscribers qu ste s " EPI **,
Cluster | clus-ter per capita, | o it ces, % bscrib 100 | of Interne .
‘ C -~ y | points subscribers | (per o ~ | points
type rating oy in GDP, ol imizl (per 100 | inhabitants) & of.popu
in terms (2010 as o exports of inhabitants) lation)
of digita- reference goods
lization Indices
Leaders 8 Germany 44.4 20.0 0.93 4.7 36.1 121.7 84.1 77.2
15 France 41.7 10.3 0.88 4.1 39.2 100.1 79.4 80.0
3 Poland 14.1 16.7 0.85 7.6 17.8 136.1 67.0 60.9
Catchers .
25 | Ukraine 3.0 12.2 0.74 1.0 9.3 130.7 41.6 49.5
Ukraine, difference in the indices as compared with the reference countries
Leaders 8 Germany —41.4 -78 | -0.19 -3,7 26,8 +9.0 —42,5 —27,7
15 | France —38.7 +2.1 | —0.14 -3,1 -29,9 +30.6 -37,8 -30,5
Catchers 3 Poland —11.1 —45 | +0.11 -6,6 -8,5 -5.4 -25,4 -11,5
Average difference -30.4 -3.4 | -0.07 4.5 -21.7 +11.4 -35.2 -23.2
Ukraine, % of averaged indices 9.0% 77.9% |83.5% 18.3% 30.0% 109.6% 54.1% 68.1%

* HDI is Human Development Index; ** EPI is Environmental Performance Index.
Source: [19].
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Fig. 5. Comparative estimate of the digitalization indices of
Ukraine and the reference countries
Source: [19].

the situation, it is also important to take into ac-
count a large gap, especially from the “leaders”
cluster, in terms of the share of ICT exports,
which well characterizes national technological

level (Fig. 5). At the same time, in terms of the
number of mobile subscriptions per 100 inhabit-
ants, Ukraine is ahead of Germany and France,
which is typical for low-income countries, where
population actively uses mobile communications,
equipment, and technologies of more advanced
economies. As a consequence, there is a signifi-
cant gap between Ukraine and the countries un-
der review in terms of EPI.

If we analyze environmental indices more thor-
oughly (Table 6), it can be noted that Ukraine
has the worst air and water quality, including be-
cause of poor development of wastewater treat-
ment infrastructure, and the best ecological pu-
rity of agriculture, due to a relatively low use of
mineral fertilizers [20].

Consequences for Ukraine

In general, as the analysis has shown, the econo-
my digitalization cannot yet be considered as a

Table 6. EPIs of Ukraine and the Reference Countries, in 2020

“Leaders” “Catchers” Ukraine, di'fference in the indices as ‘
compared with the reference countries | Ukraine, %
Indices/ sub-indices of averaged

Germany | France | Poland | Ukraine | Germany | France | Poland (ﬁ\gfi' rriiec(:: indices
EPL. points 77.2 80.0 | 60.9 | 49.5 | —27.7 | -30.5 | -11.4| -23.2 68.1
Environmental health 89.6 91.5 | 58.9 49 -40.6 | -42.5| -9.9 | -31.0 61.3
Air quality 81.1 88.1 | 44.7 | 398 | —413 | -483 | —-49 -31.5 35.8
Sanitation and drinking water 99 96.2 | 71.7 | 55.1 | —439 | —41.1| -16.6 | -33.9 61.9
Heavy metals 90.7 84.0 | 653 | 693 | 214 | —14.7 | +4.0 -10.7 86.6
Yrpasiinus BizxonamMu 97.9 948 | 911 | 731 -248 | -21.7 | -180 | -21.5 77.3
Ecosystem vitality 68.9 72.3 | 623 | 49.9 | —-19.0 | -22.4 | -12.4| -17.9 73.6
Biodiversity and habitat 88.8 88.3 377 | =511 | =506 | -51.3 | —-51.0 42.5
Ecosystem services 39.7 36.1 | 271 | 30.2 -9.5 =59 | +31 —41 88.0
Fisheries (condition of reserves,
trophic index, environmental friend- 14 12.1 12.4 -1.6 +0.3 | +4.4 +1.0 109.1
liness of fishing methods)
Climate change (preventive measures) | 71.5 819 | 654 | 69.2 -23 | -12.7 | +38 -3.7 94.9
Pollution emissions (preventive mea- 96 100.0 | 89.6 | 76.6 | —194 | -234 | -13.0 | —-186 80.5
sures)
Agriculture (ecological purity) 61.9 652 | 57.4 | 795 | +17.6 | +14.3 | +22.1 | +18.0 129.3
Water resources (waste water treat- 97 88.0 | 609 | 141 -829 | =739 | -46.8 | —-67.9 17.2
ment)

Source: [17].
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reliable means of solving environmental problems
in Ukraine. First, digitalization itself has limited
transformational potential, unless in the country
there is innovation-driven development of natio-
nal production, with modern production process-
es and products designed and implemented [21].

Second, the possible environmental consequen-
ces of economy digitalization need further in-
depth analysis, as the long-term positive effects
of national economy digitalization are not obvi-
ous (as for many countries in the “catchers” clus-
ter), while the adverse ones can have a signifi-
cant impact. Ukraine, as part of Eastern Europe,
has been already part of the region that receives
e-waste [30, 14]. In addition, the introduction of
new digital technologies, including 5G (a critical
technology for the development of the Internet
of Things), may have negative consequences not
only for the advanced economies that have strict
environmental standards, but also for Ukraine,
given its present-day institutional realities (high
corruption risks, significant gaps in the field of
legal regulation of intellectual property, environ-
mental protection) and relevant infrastructure
[22,69—72]).

While solving this problem, one cannot rely so-
lely on private business, as it is subjectively mo-
tivated to maximize profits. In view of this, there
is a need for a special national academic program
to assess various aspects of the impact (abiotic,
biotic, man-made, anthropogenic) of the advan-
ced digital technologies on the environment.

Its important element can be the formation of a
representative database on the status and para-
meters of digitalization of Ukraine’s economy, in-
cluding: the intensity of R&D in the digital sec-
tor, the density of digital technologies in industry,
their productivity, environmental impact (energy
balance and energy saving), carbonization or de-
carbonization, dynamics of accumulation, move-
ment, and utilization of electronic waste, etc. It is
also appropriate to take into account the existing
approaches to assessing the economy digitaliza-
tion, in particular, the EU’s Digital Economy and
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Society Index (DESI)77 that integrates several
different indicators of digital Europe and moni-
tors the evolution of EU member states in terms
of their digital competitiveness.

Third, it is important to form a digitalization
program as part of the overall strategy of inno-
vation-driven sustainable development of natio-
nal production, which involves the formation of
strong development institutions, similar to those
already used successfully in other emerging mar-
kets [24].

In addition, it is necessary to adapt the Euro-
pean public-private partnership practices that
have proven viability and to finance projects that
are important to the national economy on a long-
term basis. According to [26], more than EUR 20
billion are expected to be invested in the EU’s
single digital market by 2020. The current EU
public-private partnership projects cover such im-
portant areas as: cybersecurity of energy and po-
wer engineering, transport, financial, and health
sectors; high-performance computing; robotics;
fifth generation mobile communication (5G); de-
velopment of electronic components and firmwa-
re. It should be emphasized that their strategic
goal is to help European industry meet the gro-
wing global consumer demand for greener, more
individualized and better products by ensuring
the necessary transition to demand-oriented in-
dustries with less waste and better use of resour-
ces [26]. Obviously, Ukraine’s industry also needs
similar support.

Conclusions

1. The introduction of state-of-the-art digital
technologies in various spheres of public life has a
profound and diverse impact (both positive and
negative) on the surrounding environment. The

"DESI was first calculated in 2014; in 2018, in addition to
the 28 EU member states, DESI was temporarily extended
to 17 non-European countries (within the Interstate Index
of Digital Economy and Society, I-DESTI), including the
United States, Canada, China, Japan, and Brazil., South
Korea, Turkey, and Russia.
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positive environmental effects of economy digita-
lization are associated with dematerialization of
goods and services, improvement of production
technologies, decrease in physical logistics flows,
reduction of pollutant emissions, etc. The adverse
effects are growing industrial and household en-
ergy consumption (and, consequently, increasing
greenhouse gas emissions), accumulating elect-
ronic waste, understudied negative effects on the
reproductive systems, genome structure, behavio-
ral responses of living organisms, and so on.

2. The studies made by influential internation-
al organizations (OECD, European Commission,
Asian Development Bank, etc.) have confirmed
the growing changes in the size and structure of
the ecological footprint caused by the introduc-
tion of digital technologies. In their assessments,
digitalization is a generally positive phenomenon,
as it may reduce global greenhouse gas emissions,
among others. At the same time, it should be borne
in mind that most of the estimates are predictive.
Despite the world’s prevailing desire to ensure cli-
mate neutrality and environmental loyalty of digi-
tal innovations, as a result of the lack of represen-
tative observations and because of delayed effects
of technological interference in the functioning of
ecosystems, the real environmental consequences
of digitalization may be underestimated.

3. The empirical estimates presented in the re-
search based on the economic analysis of ICT de-
velopment and environmental performance indi-
ces in 106 countries have also showed a generally
positive relationship between the introduction of
digital technologies and the state of the environ-
ment: the higher the level of digitalization, the
cleaner the economy. At the same time, from the
point of view of substantiation of national policy,
this general relationship is rather limited. This is
because of the fact that the environmental perfor-
mance of digitalization processes is determined
by local economic development and production

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

technologies, which in different countries (groups
of countries) are characterized by their own cha-
racteristics rather than by global patterns.

4. To identify the local relationship between
environmental performance and digitization, the
analyzed countries have been divided into the four
relatively homogeneous clusters (groups). Their
analysis has showed that in clusters of less deve-
loped countries (including Ukraine), the relation-
ship between ICT implementation and environ-
mental performance is not strong, and the develop-
ment of digital technologies has a much smaller
positive impact on the environment than in the
groups with advanced economies.

5. Based on this, the possible environmental con-
sequences of digitalization of Ukraine’s economy
require further analysis, as its long-term positive
effects in the specific conditions of the national
economy are not obvious, while the negative ones
can have a significant impact. Ukraine, as part of
Eastern Europe, has been already part of the re-
gion that hosts e-waste. In addition, the introduc-
tion of new digital technologies may have undesir-
able consequences in the context of biology, the
risks of man-made disasters, and so on. There-
fore, there is a need to develop and to implement
a national academic program to assess various as-
pects (abiotic, biotic, man-made, anthropogenic)
of the impact of new digital technologies on the
environment. In addition, it is critical to incorpo-
rate the digitalization of the economy into the
overall strategy of innovation-driven sustain-
able development of national production, because
being separated from the real sector, digitalization
loses its effectiveness. Consequently, this requi-
res the formation of national development institu-
tions similar to those already used successfully in
other emerging markets and the adaptation of best
European practices in public-private partnerships
for the selection and funding of the most impor-
tant digital projects on a long-term basis.
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IIM®POBA I 3EJTEHA EKOHOMIKU: TOYKU JJOTUKY 1 CYIEPEYHOCTI

Beryn. [Iponecn nudposizailii ekoHOMiKH, TOB'SI3aHi 3 PO3TOPTAHHSIM TEXHOJIOTiH YeTBepToi MPOMUCIOBOI PEeBOJIIOILT, €
6araToacleKTHUMU if YMHATH CYyTTEBUI BILUIUB, 30KPEMa il Ha HABKOJIUIIHE CEPEAOBHUIILE, 110 3a4ilae iHTepec Malby THIX
TOKOJIIHb.

IIpo6GaemaTuka. [IprckopeHHs 1udPOBI3aLLl CyNIPOBOIKYETHCS CYIIEPEUWINBUMU IIO3UTUBHUMM | HeTaTUBHUMU eheKTa-
MU JIJIS IOBKIJLIS. 3BAjKAOUU HA 11€, aKTYaJbHOIO MPOOJIEMOIO € BUSHAYEHHSI 11X e(heKTiB K Ha T100aIbHOMY, TaK i Ha Ha-
1IOHATBHOMY PiBHSIX.

Mera. BusiButu B3aeMo3B's13KH 1P POBOI Ta 3eJIeHOT €EKOHOMIKHU i OOIPYHTYBATH HIJISIXU €KOJIOTTYHO GE3IEYHOr0 PO3-
BUTKY IIU(PPOBUX TEXHOJIOTIH B YKpaiHi.

Marepiamm it Metoau. Kiactepusaitisi Kpaid cBiTy 3a 0O3HaKaMU CKOHOMIYHOTO, TIPOMUCJIOBOTO i I POBOTO PO3BUTKY;
€KOHOMETPUYHUI aHaJIi3 3AJIe;KHOCTEN MiK TTOKa3HUKAMU PO3BUTKY iH(MOPMaIilHO-KOMYHIKAI[ITHIX TEXHOJIOTIH i €KOJI0-
riyHoi e(heKTUBHOCTI B KpaiHaxX CBiTy Ta iX rpymnax (kiacrepax) 3a 2017—2020 pp.

Pesyabratu. BeranoBiieHo, 110 Ha 17106abHOMY PiBHI BIIPOBAKEHHS CydacHUX HU(BPOBUX TEXHOJIOTIH M€ 3arajioM o-
3UTUBHUIL 3B'SI30K 31 CTAHOM JIOBKIJLJISL: UMM BUIIMM € PiBeHb 1U(pPOBI3aLlii, TUM OiIbII €KOJOTIYHO YHCTUMU, 32 IHIINX PiB-
HUX YMOB, € HAIlIOHAJIbHI €KOHOMIKU. 3’SICOBAHO, 110 €KOJIOTTUHA e(heKTUBHICTD UG POBi3allii 3aeKUTh Bijl PiBHS BUPOOHMU-
yux ((pismuHUX) TEXHOJIOTIH Ta 3araJIbHOTO EKOHOMIYHOTO PO3BUTKY JIePKaBu. Y KJacTepaX MEHII PO3BMHEHUX KpaiH, 30K-
pema i B YkpaiHi, sika Mae cyTTeBi mpobiiemu y cepax mpoMECIOBOCTI il iHHOBAIIIH, HOMPeHHs IU(BPOBUX TEXHOJIOTTH Mae
MEHIIHIi TO3UTUBHUHN BILIMB HA €KOJIOTIHO, HIXK Y KJacTepax Oijiblil pO3BUHEHUX KPaiH. ToMy 0BroCcTPOKOBI 103UTHBHI eek-
T upoBizaILi At YKpaiHU He € OYEBUIHUMME, & HETATUBHI MOKYTh Oy TH CEPHO3HUMHU.

BucuoBku. /st MiHiMizalii ekoJoriyHuX pu3KKiB 1 posizailii B Yrpaiti moTpibHO po3poOUTH HALIOHAIBHY aKageMiu-
HY [IPOrpamMy KOMILJIEKCHOI OI[IHKU Pi3HUX acleKTiB (a0ioTHuHUX, H0THUHUX, TEXHOTCHHUX, AHTPOIIOTEHHUX ) BILJIUBY HOBIT-
HIiX 1IMGPOBUX TEXHOJIOTIH HA JTOBKIJJISA, @ TAKOXK Y3TOAUTH MporpaMu nudposisallii eKOHOMIKH i3 3arajJbHOIO CTPATErieo
PO3BUTKY HAI[IOHAIILHOTO BUPOOHUIITBA HA IHHOBAIIHIN OCHOBI.

Knwouoei croea: uudposi TexHosorii, iudposisallisi eKOHOMIKH, IIPOMUCTIOBICTb, CTAJINN PO3BUTOK, €KOJIOTTYHIE CJTi/I, eKOo-
siorivaa e(heKTUBHICTb.
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APPROACH TO STUDYING

THE STRENGTH AND DETERMINING

THE YIELD STRESS OF ROCKET

AND SPACE ENGINEERING STRUCTURES

Introduction. Designing rocket structures requires computer modeling of their mechanical behavior in operating
conditions. Based on the optimal design drawings obtained from computational experiments, a physical prototype
has been made and tested. Depending on how successful the prototype passes the tests, the serial production of
such structures is launched. The share of computer modeling in this process is constantly growing, since experi-
mental studies are quite limited and extremely expensives.

Problem Statement. Estimates of structural strength significantly depend on the accuracy and reliability of
data on their stress-strain state under operating conditions. Therefore, the development of software for assessing
the stress-strain state of structures based on adequate mathematical models is extremely relevant.

Purpose. The purpose is to develop a method for studying the strength of complex structures of rocketry under
intense loads and to determine ultimate breaking loads according to the results of computer modeling.

Materials and Methods. The problem is formulated within the framework of the geometrically nonlinear
theory of thermoelastic plasticity, assuming that displacements and strains are large and stresses exceed the ulti-
mate breaking load of materials. To solve the formulated problem, the finite element method has been used.

Results. A method for studying the stress-strain state of rocket complex structures under intense loads has
been developed to estimate the ultimate breaking loads of such structures according to the results of computer
modeling based on high-precision mathematical models. It has been successfully tested at the Yangel Pivdenne
Design Office while designing fuel tanks of a launch vehicle.

Conclusions. The developed method makes it possible to significantly reduce or to completely abandon ex-
periments during which the structure is carried to failure.

Keywords: mathematical and computer simulation, space rocket technology, strength, and failure.

Designing modern structures is associated with a complex multi-stage process of mathe-
matical and computer simulation of their mechanical behavior under operating condi-
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tions. In cyberspace, engineers and researchers
practically look for a rational or optimal design of
structure, study its mechanical behavior under
different load conditions, materials, and parame-
ters of its geometric shape by computer modeling.
Based on the drawings of the optimal design ob-
tained as a result of computational experiments, a
physical prototype is made and subjected to com-
prehensive trials. As a result of successful tests,
serial production is launched. The share of mathe-
matical and computer simulation in this process
is constantly growing, as experimental studies of
the mechanical behavior of complex structures
are quite limited and costly.

Estimates of the service life of structures sig-
nificantly depend on the accuracy and reliability
of data on their stress-strain state under operat-
ing conditions. Therefore, their mechanical be-
havior under operating conditions is studied with
the use of refined mathematical models that, in
addition to the conventional properties of elas-
ticity of materials, take into account their plastic
properties. This problem is especially relevant for
the design of structural elements of rocket and
space technology, in which contradictions between
the requirements for strength and minimum ma-
terial consumption are most striking. Designing
structural elements, when the task is to determi-
ne the ultimate breaking load, at which the mate-
rial of a significant part of the mentioned objects
is in an elastic-plastic state, with strains and dis-
placements reaching significant values, may be an
example. This state of the material, which does
not cause any failure of the functional purpose of
the structure and the operation of its equipment,
is allowed in some structural elements of dispos-
able rocket and space technology and in the case
of long-term operational load.

The study of structures given plastic strains
and large displacements and strains allows the
use of additional material resources, which makes
it possible to increase the operational load in the
design estimates.

Obtaining reliable results for the strength of real
structures of rocket and rocket-and-space tech-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

nology is associated with difficulties caused pri-
marily by their subtlety and the presence of diffe-
rent types of geometric concentrators in the form
of frames, stringers, and so on. In particular, the
reinforcing elements essentially complicate the
application of shell theories, because the stress-
strain state in their vicinity during loading is sig-
nificantly three-dimensional. The use in these
areas of the assumptions of the theory of shells
may lead to the difference of the obtained solu-
tions from the actual stresses and strains. On the
other hand, under intense loads, thin shells are
strongly displaced as a rigid whole. Most finite ele-
ments of the general type react to such a displa-
cement by the appearance of false shear and mem-
brane strains, which often leads to a slowdown in
convergence and “locking” of solutions [1]. The
situation worsens as ratio of the finite element
length to its thickness increases [2].

Many aspects of the behavior of complex me-
chanical structures are associated with the inte-
raction of their various components. Often, they
cannot be predicted or traced experimentally (eit-
her in computational or in field experiments) with
individual separated elements [3]. As a rule, ac-
tual stresses in real structures significantly differ
from those predicted by partial experiments with
individual structural elements (because of struc-
tural continuity and availability of alternative
load paths for individual elements).

The researchers of Pidstryhach Institute for App-
lied Problems of Mechanics and Mathematics
(TIAPMM) of the NAS of Ukraine have develo-
ped a method for studying the stress-strain state
of rocket and space technology structures under
the action of intense force load and for determi-
ning the ultimate breaking loads and zones from
which they may start breaking up, based on the
results of computer simulation within the gene-
ral model of a geometrically nonlinear elastic-plas-
tic body [3—8], with the use of the finite element
method. The obtained results have been tested in
operating conditions, in the course of tests of lar-
ge fuel tanks and introduced into production at
Yangel’s Pivdenne Design Office.
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Fig. 1. Strain curves of materials of the cylindrical part of
the tank (solid line) and bottoms (dash line)

The method for studying the strength of the
structure is as follows. The study begins with
simple 2D models. With the use of the documen-
tation, a finite element model of the structure is
built for chosen dimensions of its components and
amodel is designed from the bottom upwards, i.e.
from points, lines to areas.

In numerical modeling of deformation proces-
ses, we use, as a rule, finite elements with a quad-
ratic approximation of displacements [6]. While
building a discrete model, we check to be certain
that there are no strongly distorted or elongated
finite elements (with a height-to-width aspect
ratio that does not exceed 1: 2).

Experimental strain curves of the structure ma-
terials are used as input data as well. The strain cur-
ves are set pointwise, as interpolation splines [7, 8].

The conditions of fixing the structure are sim-
ulated and the load steps for the computational
experiment are set.

After the successful computational experiment,
we have analyzed the obtained values of displace-
ments, strains, and stresses in the nodes, deter-
mined the critical areas of the structure with the
highest stresses, strains, and strength criteria as
well as the places from which failure is likely to
start (where the corresponding strength criteria
reach maximum).

30

Having analyzed the results, we build a 3D
fragment of the structure in the area with maxi-
mum values of parameters (stresses, strains, and
criteria), for which we repeat the operations done
for the 2D models (build a 3D finite element mo-
del, starting from points, lines, surfaces to volu-
mes, set the conditions for fixing the fragment and
the load). Having completed the computational
experiment, we proceed to the analysis of the
stress-strain state of a 3D fragment of the struc-
ture (determined the critical local areas of the
structure with the largest deformations, stresses,
strength criteria).

After a series of computational experiments,
having determined the ultimate breaking load and
the most stressful areas of the structure by com-
puter simulation, we may perform a field experi-
ment on a physical prototype for loads that are
significantly less than the ultimate breaking ones.
While performing these experiments, to measure
deformations while applying loads, strain gages
shall be placed in the most stressful places of the
structure, as determined by computer simulation.
After this, the experimental values of strains and
stresses in these places shall be compared with
similar values of the computational experiment.
If the results of computational and field experi-
ments coincide for loads less than the ultimate
breaking ones, there is no need to increase the load
to the ultimate breaking one in the physical pro-
totype of the structure. This allows significant-
ly reducing the costs of studying the strength
problems of the elements of rocket and space tech-
nology.

To illustrate the proposed method, let us con-
sider a large rocket structure, an eighteen-meter
fuel tank of a space launch vehicle under the ac-
tion of internal pressure.

The fuel tank is designed as a 3.9 m diameter
cylindrical body closed by the upper and the lower
spherical bottoms, each having a radius of 2.5 m.
The body consists of eleven cylindrical shells of
different types, with intermediate thickened zo-
nes between them for welding. As a result of the
presence of circular frames and longitudinal strin-
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Fig. 2. Distribution of equivalent stresses in the tank as a
whole body at a pressure of 0.84 MPa

Fig. 3. Equivalent stresses in the vicinity of the most stres-
sed area

gers, the inner surface of the shells has a wafer
structure. The strain curves for the materials of
which the wafer cylindrical shells and bottoms
are made are shown in Fig. 1.

In order to quickly determine the strength and
ultimate breaking load in the lower part, the who-
le tank deformation processes have been simu-
lated based on the axisymmetric model, with the
stringers neglected. For this purpose, we have used
eight-node biquadratic finite elements [2].

Several computational experiments have been
performed for different values of internal pres-
sure. Fig. 2 shows the intensity of equivalent von
Mises stresses in the tank at an internal pressure
of 0.84 MPa. These stresses reach their absolute
maximum (379.7 MPa) at the front of the roun-
ded coupling of the first (immediately after the
transition zone from the adjacent shell) frame with
the inner surface (see Fig. 3) of the fifth shell (with
a base thickness of 3 mm).

The stress distribution on the inner surface of
the fifth shell is generally shown in Fig. 4. As one
can see, there are local surges in the vicinity of
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Fig. 4. Distribution of equivalent (solid line), axial (dash
line) and circular (dash-and-dot line) on the inner surface of

the fifth shell

each frame. The maximum stresses in the shell are
mainly the circular ones that are highest in the
middle of the shell. The axial stresses are gene-
rally lower, but in the vicinity of the extreme fra-
mes bordering the transitional thickened parts
for welding individual shells, one can see their
significant concentration. In the vicinity of the-
se areas, they exceed the maximum circular stres-
ses. In these places, equivalent von Mises stresses
reach their maximum (at the level of the ultimate
strength at a pressure of 0.84 MPa).

It should be noted that the absolute maximum
stress in the fifth shell is greater than other local
maxima in similar places of other shells of the
same type by values of the order of computatio-
nal error (maximum stresses in other shells range
from 378.2 to 379.7 MPa). Practically, almost all
these maxima can be considered equivalent, with
the general trend being as follows: the local stress
maxima are located in the vicinity of the extreme
frames adjacent to the transition areas for welding
individual shells. The stresses in the three lower
shells (4.4 mm thick) and in the bottoms are sig-
nificantly lower. The equivalent von Mises strain
at the places of maximum stresses is 5.987%.

It should be noted that with a thickness of the
upper bottom of 2.8 mm, the total displacement
of the top part of this bottom reaches a value that
is 73 times greater than the thickness of the bot-
tom. The stresses at this point also exceed the ulti-
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mate strength for the bottom material (320 MPa,
see Fig. 1). Increasing the thickness of the lower
bottom by 0.2 mm eliminates this problem (at a
thickness of 3 mm, the equivalent stresses in the
upper bottom are less than the ultimate strength).
The maximum deflections of the cylindrical shells
in the central part of the tank reach twenty mini-
mum thicknesses of these shells.

Therefore, having analyzed the results, we con-
clude that within the model of geometrically non-
linear, elastically and plastically deformable axi-
symmetric body (excluding longitudinal stringers)
at a pressure of 0.84 MPa the equivalent von Mises
stresses exceed the ultimate strength in the vi-
cinity of the extreme frames of 3 mm thick shells.
The axial stresses being highest at these local ma-
xima, the tank breaks up in the circular direction
(unlike in the case of conventional axial propaga-
tion of cracks in cylindrical shell-type bodies, when
fracture is caused by circular stresses).

The results of the computational experiment
based on the axisymmetric model have also shown
that the action of the spherical bottom on the cy-
lindrical part of the tank may be replaced by app-
ropriately setting axial stresses at the end of the
cylindrical component, distributing the whole
load on the bottom at the ends of the transition
area of the cylindrical part, i.e. by setting the axi-
al stresses 6,= p (R — h )*/(R*— (R — h)?) at the
end, where R is the outer radius of the cylindrical
part of the tank and £ is the thickness of the tran-
sition area.

It should be pointed out that the axisymmetric
finite-element model has been analyzed for con-
vergence. The calculations for different sizes of
finite elements have been done. For 0.5 mm and
1 mm elements, the differences in the maximum
equivalent von Mises stresses are less than 0.25%.
This difference is also within 1% for 1 mm and
2 mm elements.

To study the effect of longitudinal stringers on
the stress state of the tank, a similar study has been
performed, with the effect of frames neglected. For
this purpose, the tank’s cross section in the midd-
le of the area between the frames has been analy-
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zed. From the symmetry conditions, half of the
longitudinal stringer and half of the waftle cell in
the circular direction have been considered (wit-
hin the framework of plane strain problem). Local
stress concentrations in the vicinity of the strin-
ger have been found significantly lower than in app-
roaches to the frames.

Given the current capabilities of computers, on
the one hand, and the complexity of geometri-
cally and physically nonlinear problems in 3D
formulation, on the other hand, the tank strength
in the vicinity of structural components in which
maximum stresses occur has been studied on par-
tial models in the axisymmetric formulation, and
the comparative analysis of the obtained solu-
tions with similar ones for the whole structure
has been made. In particular, the stress-strain sta-
te of a shell fragment of five wafer cells has been
studied. The action of the bottoms is replaced by
the axial force at one end; the conditions of equa-
lity of displacements in the axial direction to zero
are set on the opposite edge of the fragment.

Fig. 5 shows the general distribution of equiva-
lent von Mises stresses in such a fragment of the
shell at a pressure of 0.84 MPa. As you can see, in
this formulation, we reach the same level of maxi-
mum internal pressure as while considering the
whole tank of eleven shells. The maximum stress
equivalents are reported in the vicinity of the
rounded coupling of the first (after the thickened
part) and the last (before the thickened part) fra-
mes of the considered fragment, as a result of sur-
ging axial stresses in these areas.

Therefore, based on the obtained results, we
conclude that for the considered fragment of the
five cells we reach the ultimate strength at a pres-
sure of 0.84 MPa. Moreover, the obtained results
are consistent with those obtained for the whole
tank of 11 shells with an accuracy of 0.7%. Simi-
lar results have been obtained for structures con-
sisting of one and two complete shells (10 waffle
cells in each).

To summarize the obtained results, the stress sta-
te of the same fragments of the shell of five cells
has been calculated based on the model of a 3D
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Fig. 5. Equivalent stresses in the five-cell shell fragment

geometrically nonlinear elastic-plastic body. From
the circular symmetry conditions, the sector cor-
responding to half of the wafer cell (dimensions
0.137 m x 0.136 m) has been considered (see Fig. 6).
The Yaxis is directed along the axis of the cylind-
rical part of the tank; the X axis is oriented along
the thickness; the Z axis coincides with the cylind-
rical angular coordinate at z = 0. Axial stresses
that take into account the influence of the sphe-
rical bottom and zero axial displacements are set
at the lower edge of the cylindrical part and at the
opposite edge, respectively.

The nature of the stresses on the inner surface
in the middle between the longitudinal stringers
(in the plane of circular symmetry) is similar to
that of those previously obtained within the axi-
symmetric model. The maximum stresses are the
circular ones. In the vicinity of the extreme frames,
in front of the transition area, there recorded a sur-
ge of the axial stresses. However, while studying
the 3D stress state of the tank fragment under pres-
sure, it has been established that the equivalent
Mises stresses reach their absolute maximum in
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other places, namely, in the middle of the studied
fragment, on the inner surface of the central cell,
5 mm from the stringer (see Fig. 7). The same
qualitative result has been obtained for a cylind-
rical fragment of the tank which consists of two
whole shells, under similar load conditions.

Having made calculations for different values
of internal pressure within the 3D model repre-
sentation, the pressure (0.88 MPa) at which the
maximum equivalent von Mises stresses reach
the ultimate strength is determined. The highest
value of the maximum stress criterion for the criti-
cal load is 0.985, which also indicates approac-
hing failure according to this strength criterion.

It should be noted that as we approach the ul-
timate breaking load, the stresses over the tank
thickness in the areas of maximum stresses even up,
and the stress gradient through thickness practi-
cally disappears, as the difference between equi-
valent stresses on the inner and the outer surfaces
is about 1—2 MPa, while in the area of elastic strain,
it exceeds 20 M Pa.

The influence of variation of geometrical pa-
rameters of shells, frames, and stringers on the
stress state of the tank in the framework of the 3D
model has been also studied. For example, the thick-
ness of the thinnest shell should range within
3—3.35 mm; the thickness of frames and stringers
should not exceed 6.4—6.9 mm. The computatio-
nal experiment has been performed for the case
where the thickness of shells, frames, stringers, and
transition areas is taken at the upper limit of their
allowable variation. Pressure at which the equi-
valent stresses approach the ultimate strength
under such conditions is equal to 0.92 MPa.

Similarly, the tank strength has been studied
within the framework of the six-modal theory of
shells [9]. Based on the cyclic symmetry condi-
tions, one cell of the shell is considered in terms
of the angular coordinate. The surface of the shell,
parts of the frames and stringers are represented
by shell elements (in each node of the finite ele-
ment division of the considered area, we have
three displacements, two angles of rotation of the
normal and its compression). The impact of the
bottom on the cylindrical body is replaced by the
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axial stresses set at the upper edge of the body; at
the other edge zero axial displacements are set.
The conditions of cyclic symmetry are given at the
edges as o= 0 and a = Room2 / R, where Room?2
is the linear size of the cell in the circular direc-
tion, R is the tank radius. The pressure is set on
the inner surface of the cylindrical body.

The computational experiments have shown
that the equivalent stresses are almost close to
the ultimate strength at a pressure of 0.87 MPa
(see Fig. 8). As one can see, the maximum stresses
are recorded in the middle of the fifth shell and
they are the circular ones.

It should be pointed out that finite-element so-
lutions in the case of the shell model are quite
stable in terms of the size of finite elements. The
same value of ultimate breaking load has been ob-
tained for maximum finite element size of 2 mm
and 5 mm.

The developed method and the corresponding
software have been tested and implemented in
the Yangel Pivdenne Design Office. With their
help, the stress-strain state of fuel tanks has been
studied. The comparative analysis of the results
of computer simulation and field experiments has
shown a good agreement in terms of the location
and the nature of failure, as well as the value of ul-
timate breaking pressure. The last measured va-
lue of pressure before the failure of physical pro-
totype is 0.89 MPa (in the computational expe-
riment based on the 3D model a critical load of
0.88—0.92 MPa, depending on the tolerance for
the shell thickness, has been obtained). On practi-
ce, the tank prototype starts failure with the fifth
shell, as predicted by the computer simulations.

Hence, a method for studying the strength of
structures and for determining ultimate breaking
load by computer simulation and non-destructive
experiments has been developed. Assuming that
displacements and strains may be large and stres-
ses significantly exceed the the yield stress of ma-
terials, the problem has been formulated within
the geometrically nonlinear theory of thermoe-
lastic plasticity. The finite element method has
been used to solve the problem stated. Appropria-
te software has been developed on this basis.
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Within the framework of the developed met-
hod, the stress-strain state of a fuel tank of launch
vehicle under the action of internal pressure has
been studied for different model assumptions: the
tank has been considered an axisymmetric struc-
ture, a composed shell, and a 3D elastic-plastic bo-
dy. Quantitative estimates of its strength have
been obtained; the ultimate breaking load and the
most loaded local areas have been determined.

The analysis of the results of computer simula-
tion of the fuel tank deformation processes allows
us to state that the maximum stresses at ultima-
te breaking loads are located in the cylindrical
part of the tank at the level of the fifth shell; in
the vicinity of the spherical bottoms and spacer
frames to which the cylindrical part of the tank
is attached, the stresses are less than in its cy-
lindrical part. It is the fifth shell from which the
tank starts breaking up as the load increases,
which has been confirmed by experimental tests.
The stresses in the lower wafer shells are signifi-
cantly lower.

With the transition to the area of plastic strains,
as the load increases, the difference between the
stresses on the inner and the outer surfaces de-
creases, which may also indicate an approach to
failure (in the early stages, the stress on the inner
surface is significantly higher).
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METOZOJIOITA JOCJIIKEHHA MIITHOCTI
TA BUSHAYEHHS PYVHIBHOTO HABAHTAKEHHS
KOHCTPYKIIIV PAKETHO-KOCMIYHOT TEXHIKI

Beryn. [IpoekTyBaHHs paKeTHUX KOHCTPYKILiT epedadae mporec KOMII' I0TEPHOTO MOJIEJIIOBAHHST IXHBOT MEXaHIYHOI [OBe-
JIHKU 32 YMOB eKCIUTyaTallil. 3a KpecJeHHIMHU ONTUMAIBHOIO TIPOEKTY, OTPUMAHOTO B PE3YJIbTaTi 00UKMCIIIOBAIBHUX €KCIIe-
PUMEHTIB, BUTOTOBJISAIOTH (DI3MYHMIA POTOTHIL, AKUH TAAAI0TH BUIPOOYBAHHSIM, 32 Pe3yJIbraTaMy YCIIIIHOCTI KUX mepe-
XOJISITh /IO BUTOTOBJIEHHST cepiliHoi mpoaykitii. [InToma Bara KomMIr loTepHOTO MOJIeJIIOBaHHS B IIbOMY TIPOIIeCi ITOCTIITHO 3poc-
Tag€, M03asIK eKCIEePUMEHTAIBHI TOCIIPKEHHS € JI0BOJI 0OMEKEHUMHE 1 BHCOKOBAPTICHIMIL

IIpo6aemaTuka. O1iHKY MIIHOCTI KOHCTPYKITIH 1CTOTHO 3aJ1€KaTh Bijl TOYHOCTI il IOCTOBIPHOCTI IAHUX 1TPO XHIl HArpy-
JKeHO-11e(hOPMOBAHUIT CTaH 3a YMOB eKcIutyaTaitii. ToMy po3apo0JieHHs IPOrpaMHOro 3a0e3edeHHs 1JIs1 OLliHIOBAHHS HAIIPY -
JKEHO-/1e(hOPMOBAHOTO CTaHy KOHCTPYKILill HA OCHOBI BUCOKOTOYHIMX MaTeMaTHUYHUX MOJICJICH € HAJI3BUYAIHO aKTYaJ bHIIM.

Mera. Po3pobiieHHst MeTO0JI0Ti aleKBaTHOTO AOCTIIZKEHH MIIIHOCTI CKJIaZHMX KOHCTPYKIIN pakeTHOI TeXHIKM 3a iHTeH-
CHUBHUX CUJIOBUX HABAaHTAKEHDb T4 BU3HAUCHHS PYIHIBHUX HABAHTAKEHD 32 PE3YJIBTATAMU KOMIT IOTEPHOTO MO/IETIOBAHHSI.

Marepiauu it MeTou. 3a MPUITYIIEHHS, 110 TIepeMillleH st i iehopMallii € BeJIMKUMHU, 2 HATIPYKEHHS TIEPEBUIILYIOTh MEXKY
TJIACTIYHOCTI MaTepiamiB, 3a/1aqy c(hopMyTbOBAaHO B MeKaX T€OMETPHUYHO HETiHIITHOI Teopii TepPMOIPYKHO-TIJIACTIIHOCTI.
[l i1 po3B’sa3yBaHHS BUKOPUCTAHO METOJI CKIHUEHHUX €JIEMEHTIB.

Pesyabratu. Po3po6ieHO METOI0JIOTII0 OC/IIIZKEHHSI HATIPYKEHOTO CTaHy CKJIAMHUX KOHCTPYKILI PAKETHOT TEXHIKH 3a
IHTEHCUBHUX CUJIOBUX HABAHTAKEHD 3 METOIO OI[IHIOBAHHS PYHHIBHUX HABAHTAKECHDb TAKUX KOHCTPYKILiii 3a pe3yibTataMu
KOMII'IOTEPHOTO MOJIEJIIOBAHHSI HA OCHOBI YTOYHEHUX MAaTeMATHYHUX MOJeJIel, Ky yeminHo anpoboBana Ha JlepskaBHOMY
nignpuemctsi «Konerpykropebke 610po «IliBaenne» im. M.K. STHresisg» npu npoekTyBaHHI MaJIUBHUX OaKiB PaKeTU-HOCIL.

BucuoBku. Po3po6iieHa MeTO0JI0Tis 1a€ MOKJIMBICT CYTTEBO CKOPOTUTH a00 i B3araJii BiIMOBUTHUCH Bijl HATYPHUX €KC-
TIePUMEHTIB, I1i/T Yac SIKUX KOHCTPYKIIIIO JOBOJATH 710 PyHHYBaHHS.

Knwouosi crosa: maremMaTudHe i KOMIT IOTEpHE MOJIETIOBAHHS, PAKETHO-KOCMIUHA TEXHIKa, MIllHiCTh, PyHHYBaHHSI.
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ESTIMATES OF METHANE EMISSIONS
IN THE OIL-AND-GAS INDUSTRY

OF UKRAINE: PROBLEMS AND WORLD
EXPERIENCE IN THEIR SOLUTION

Introduction. Given the possible impact of economy decarbonisation policy decisions on the future of the oil-
and-gas industry, it is necessary to develop a strategy for its further development, taking into account both carbon
dioxide and methane emissions.

Problem Statement. IIn recent years, many countries have been making efforts for reducing methane emis-
sions in the oil-and-gas industry, several national and international initiatives have been formed. In Ukraine, not
enough attention is paid to this matter.

Purpose. The purpose is to analyze the state of monitoring of methane emissions from the oil-and-gas industry
of Ukraine and to generalize experience of other countries in this field.

Materials and Methods. Analysis of official estimates of methane emissions from the oil-and-gas industry of
Ukraine. Review of authoritative literature sources and documents of international organizations on the estimate
of methane emissions from the industry, technological and institutional measures for monitoring and verification
of these emissions.

Results. Comparative analysis of estimates of greenhouse gas emissions in the oil-and-gas industry based on
the National GHG Inventory annual reports of the Naftogaz of Ukraine Group has been made. The peculiarities
of methane emission sources in the industry and the problems of quantification of its emissions have been consid-
ered. Technological means and measures implemented in different countries to solve the problems of methane
emissions monitoring have been analyzed.

Conclusions. It has been concluded that there is a wide range of available technologies for detection and
quantification of methane emissions in the industry. The need to use national coefficients for estimating fugitive
emissions from oil-and-gas industry for the National GHG Inventory has been shown. An important factor in
reducing methane emissions from the industry shall be government policy that aims at developing and implemen-
ting regulatory standards and special economic tools.

Keywords: greenhouse gases, oil-and-gas industry, identification of methane emission sources, methane emis-
sion estimation, and technology.

Much of the world's attention has been paid to climate change that is associated with green-
house gas (GHG) emissions. Ukraine has been an official party to Annex I of the United
Nations Framework Convention on Climate Change (UNFCCC), since 1997; a party to
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Annex B to the Kyoto Protocol, since 2004; and a
party to the Paris Agreement that amends the
Kyoto Protocol and defines its commitment to
reduce GHG emissions, since 2016. As part of the
climate process, the Cabinet of Ministers of Uk-
raine by its order of 16.09.2015 no. 980 approved
the expected national contribution to the draft of
the new global climate agreement, which is not to
exceed 60% greenhouse gas emissions of 1990 in
2030 [1]. In 2018, GHG emissions (excluding the
sector Land use, rezoning, and forestry) accounted
for only 31.6% of 1990 [2]. At the same time, ac-
cording to the Paris Agreement, every five years,
the member countries shall report on their con-
tributions to the UNFCCC Secretariat and set
new, more ambitious goals. The first such report
is to be submitted in 2023.

Another important argument in favor of streng-
thening GHG emission reduction in the oil-and-
gas industry is a significant transformation of app-
roaches to energy development in the world, the
so-called green energy transition that is accom-
panied by a reduction in the share of extractive
industries in economy. According to [3], political
decisions regarding decarbonization, which are
made in the next 5—10 years, will irreversibly af-
fect the future of not only oil but also natural gas.
To ensure that natural gas is included in Europe’s
energy balance after 2030 and remains competi-
tive with other low- or zero-carbon energy sources,
gas companies need to develop appropriate stra-
tegies for further development over the next five
years. If the situation in the gas sector remains un-
changed, it will be the beginning of its decline in
the future after 2030, as options for the formation
of non-methane energy may be adopted.

Today, the only widely available document that
contains official information on GHG emissions
in our country is the National Inventory of Anth-
ropogenic Emissions from Sources and Absorp-
tion of Greenhouse Gases in Ukraine (hereinafter
referred to as the National Inventory). According
to the National Inventory for 1990—2018 [2], in
2018, methane (CH ,) emissions in Ukraine amoun-
ted to 67.54 million tons of CO,-eq, which was
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about 20% of total GHG emissions. The largest
sources of methane emissions are power enginee-
ring (65.1% of total emissions), agriculture (13.9%),
and waste management (16.4%). In the Energy sec-
tor, according to the Intergovernmental Panel on
Climate Change (IPCC), the largest fugitive emis-
sions are from coal, oil and natural gas. Thus, in
the oil-and-gas industry of Ukraine, it is necessa-
ry to pay attention to reducing emissions of both
carbon dioxide (CO,) and methane.

In recent years, much attention has been paid
to reducing methane leaks and emissions in the
oil-and-gas industry, and several national and in-
ternational initiatives have been launched to this
end. First and foremost, the United States Environ-
mental Protection Agency’s Natural Gas STAR
Program that encourages oil-and-gas corporations
to use proven, cost-effective technologies and prac-
tices that improve performance and reduce met-
hane emissions [4]. Reducing methane emissions
from the oil-and-gas sector has attracted focused
attention of the UN [5—7], the International Ener-
gy Agency [8], the European Commission [9], and
many non-governmental organizations. At the sa-
me time, there have been almost no publications
on this important subject in Ukraine, and when it
comes to reducing GHG emissions, first of all, we
mean carbon dioxide. Even in such an important
document as the Strategy for Low Carbon Develop-
ment of Ukraine until 2050, measures for reducing
greenhouse gas emissions other than carbon dio-
xide are presented very formally [ 10].

Table 1 shows the amount of carbon dioxide
and methane emissions in 2017—2018 from the
oil-and-gas industry (excluding oil refining) along
the entire technological chain from exploration
to consumption.

From Table 1 shows that the main GHGs gen-
erated in the industry are carbon dioxide and
methane, as their shares made up 2.6% and 43.8%
of the total emissions of these GHGs across the
country, in 2017, and 2.4% and 45%, in 2018, res-
pectively, The main part of carbon dioxide emis-
sions is generated from hydrocarbon extraction
and fuel combustion operations by gas-compres-
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sor units of main gas pipelines. The main sources
of methane emissions are natural gas production,
distribution, and consumption in the residential
and commercial sectors. This structure of metha-
ne emissions suggests, in particular, that in cont-
rast to the country’s gas transportation system, the
conditions of gas distribution networks require
much attention.

In Ukraine, information on GHG emissions
from oil-and-gas facilities in addition to the Na-
tional Inventory is provided in the annual reports
of Naftogaz of Ukraine Group (Table 2).

The data given in Table 2 differ significantly
from the data of the National Inventory, especially
with regard to methane emissions. Thus, in 2017,
according to the inventory, methane emissions
from hydrocarbon production amounted to 356.5
thousand tons, and according to Naftogaz, the to-
tal methane emissions of JSC Ukrnafta and JSC

Ukrgazoydobuvannya came to only 14.4 thousand

tons. According to the National Inventory, met-
hane emissions from these operations amounted
to 371.98 thousand tons, while according to Naf-
togaz, they totaled 24.9 thousand tons. In 2017,
JSC Ukrnafta and JSC Ukrgazoydobuvannya ext-
racted 16.4 billion m?, and in 2018, 16.6 billion m?,
which accounted for about 80% of gas production
in Ukraine. Since in accordance with the Law of
Ukraine on Environmental Impact Assessment [12],
at each stage and project of the technological
chain of the development of hydrocarbon resour-
ces, both public and private corporations shall
develop Environmental Impact Assessment given
the norms defined in the laws of Ukraine, indus-
try regulations, and standards of enterprises, the
emissions from extraction by private corpora-
tions may be taken similar to methane emissions
by Naftogaz of Ukraine Group corporations. Hen-
ce, according to Naftogaz estimates, the total an-
nual methane emissions from hydrocarbon pro-

Table 1. GHG Emissions in the Oil-and-Gas Industry of Ukraine in 2017—2018

GHG, thousand tons
Operation 2017 2018
co, CH, co, CH,

Exploration and production of oil and condensate 150.72 56.13 162.50 60.53
Flaring in oil operations 88.55 0.05 95.47 0.06
Venting in oil operations 0.21 1.56 0.22 1.68
Exploration and production of natural gas 1751.69 281.53 1815.89 291.84
Flaring in natural gas operations 77.25 0.05 80.08 0.05
Processing of natural gas 5.44 17.19 5.64 17.82
Total extraction of hydrocarbons 2073.86 35651 2159.80 37198
Pipeline transportation of oil 0.01 0.10 0.01 0.10
Pipeline transportation and storage of natural gas, including: 3730.46 26.61 3473.99 26.05

fugitive emissions 0.31 26.54 0.30 25.99

combustion of fuel by gas-compressor units 3730.15 0.07 3473.69 0.06
Natural gas distribution 5.72 496.74 6.50 568.11
Natural gas consumption by the residential and commercial sectors 0.91 236.58 0.94 249.94
Total transportation, distribution, and consumption of hydrocarbons 3737.10 760.03 3481.44 844.20
Total oil-and-gas industry 5811 1117 5641 1216
Total GHG emissions (without capture) 223200 2548 231700 2700
The share of emissions from the oil-and-gas industry from total 2.6 43.8 24 45.0
GHG emissions in the country

Source: based on the data of Ukraine’s Greenhouse Gas Inventory 1990—2018 [2].
ISSN 2409-9066. Sci. innov. 2021. 17 (3) 39
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duction may be estimated at 20 thousand tons, in
2017, and 32 thousand tons, in 2018, which is an
order of magnitude higher than the data given in
the National Inventory. At the same time, meth-
ane emissions from the transportation of natural
gas through main gas pipelines differ much less.
The significant difference in estimates of met-
hane emissions in the industry is explained by se-
veral factors. First, to date, both in Ukraine and
in other countries, the problem of determining
the sources and amount of methane emissions in
the oil-and-gas industry has not been addressed.
This is due to the following features that are
clearly defined in [5, 6]:
¢ a large number of emission sources. For exam-
ple, studies in Canada have shown that com-
pressor stations have an average of 6 leakage
points, while gas extraction plants comprise
several ten thousand components, a few percent
of which typically has leakages, assuming an
average of 19 leakage points;
¢ geographical dispersion of emission sources.
Equipment at fields, compressor stations, pipe-
lines are located on a large area and in remote
places, which increases the cost of measure-
ments, often physical availability of emission
sources for measurements is limited;
¢ variability of emissions. Emission indicators
from equipment and processes vary significant-
ly depending on the type and age of the equip-
ment, its technical condition, operating condi-

Table 2. GHG Emissions by Corporations
of Naftogaz of Ukraine Group in 2017—2018, thousand

Corporations of Naftogaz 2017 2018

of Ukraine Group co, CH, co, CH,
Ukrgazvydobuvannia | 862.7 | 10.0 | 1715.2 | 20.3
Ukrnafta 10228 | 4.4 631.1 4.6
Ukrtransgaz 38185 | 304 | 37079 | 30.2
Ukrtransnafta 1.7 0.1 2.9 0.1
Other corporations 1.5 0.6 1.9 0.6
Total emissions 5707 | 45.5 6 059 55.7

Source: annual reports of Naftogaz of Ukraine Group
for 2017 and 2018 [11].
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tions and maintenance practices, climatic con-

ditions. In addition, many emission points are

intermittent sources. Therefore, the widespread
use of emission factors from a limited number
of sites or equipment may lead to significant un-
certainties;

¢ Methane emissions are invisible and in most
cases odorless, which makes it difficult to de-
termine and to estimate emissions without the
use of specialized equipment. This leads to ad-
ditional costs of monitoring, reporting, and ve-
rification.

Second, according to the authors of the Na-
tional Inventory, the Tier 1 simplest methodolog-
ical approach and the average default emission
factors according to the IPCC recommendations
of 1996 and 2006 are used to estimate emissions in
category 1.B.2 Fugitive emissions [13]. The Tier 2
approach recommended by the TPCC is similar
to Tier 1, but instead of default emission factors,
it uses national factors determined on the basis
of research and analysis of the results of special
measurements. The National Inventory of 2019
states that a “national method” based on the use
of state statistical reporting, namely, the 4-MTP
form, was developed to assess GHG leakage du-
ring the transportation of natural gas through
main gas pipelines [2]. The 2-step approach was
also used to estimate leakage during natural gas
distribution with the use of gas distribution net-
works (GDN). It seems, the authors of the docu-
ment mean the application of the Tier 2 app-
roach, but readers do not understand this. In par-
ticular, in [5, 6] it is noted that for the National
Inventory, in 2019, in Ukraine, only the Tier 1 app-
roach was used to estimate emissions from hyd-
rocarbons.

In addition, the application of the 2-step app-
roach proposed by the authors of the National
Inventory leads to the fact that the natural gas
leak rates during transportation and distribu-
tion differ significantly for neighboring years,
which has not been justified by the authors of the
document and raises doubts about their correct-
ness (Table 3).
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It should be noted that both Tier 2 and Tier 3
approaches as well as Tier 1 approaches are used
in the inventory of methane emissions from oil
and natural gas operations in different countries.
According to the National Inventory 2019 Re-
ports [14], the USA and Canada applied the Tier
2 and Tier 3 approaches, and so did Australia for
most categories of emission sources. While prepar-
ing National Inventories 2019, twelve EU member
states used Tier 1 approaches, whereas the others
applied coefficients from different tiers for differ-
ent operations with hydrocarbons. Kazakhstan
used Tier 1 for the preparation of the National In-
ventory for 2019; in 2019, the Russian Federation
applied Tier 2 for natural gas production and trans-
portation operations and Tier 1 for other opera-
tions with hydrocarbons. It should be noted that in
2016, in this country, upon the request of the Mi-
nistry of Power Engineering of the Russian Federa-
tion, a survey was conducted and national factors
for carbon dioxide and methane emissions from cer-
tain categories of sources of the oil-and-gas indust-
ry were developed [15]. These coefficients were
used to estimate methane and carbon dioxide emis-
sions during the production and processing of natu-
ral gas, as well as during its transportation through
main gas pipelines. Because of the use of national
Tier 2 emission factors instead of the Tier 1 default
factors, the estimate of methane emissions from the
oil-and-gas sector, for example, in 2016 decreased
from 24.9 million tons to 6.3 million tons.

So, Ukraine shall move to Tier 2, while prepa-
ring National Inventories.

Third, it cannot be said that the methane emis-
sion estimates given by Naftogaz in its annual re-
ports are more accurate than the estimates of the
National Inventory. Today, in Ukraine, even at
the level of industry corporations, the quantita-
tive estimates of methane leaks are rarely based
on direct measurements, more often they are de-
rived from the estimates or requirements of in-
dustry standards (so-called “certified” or “nomi-
nal” value of leaks).

Thus, until the system of monitoring, reporting,
and verification of GHG emissions start operating
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in Ukraine, it is impossible to talk about the deve-
lopment of national methane emission factors.

It should be noted that, in 2019, the process of
improving the 2006 IPCC Guidelines was comp-
leted [7]. In the Energy sector, all methodolo-
gical updates concern the categories of fugitive
emissions, including those from the oil-and-gas
industry. In particular, methods and coefficients
for determining emissions from liquidated wells
were added. The introduction of this source in
the inventories may significantly increase estima-
tes of methane emissions from the oil-and-gas in-
dustry, asin Ukraine, especially in the Carpathian
Region, there are many liquidated and abando-
ned wells in many old oil fields. Another impor-
tant amendment in the Guidelines is that there
is no longer a difference between Tier 1 emission
factors for advanced economies and developing
countries.

With regard to the system of monitoring, repor-
ting, and verification of GHG emissions, Verkhov-
na Rada of Ukraine adopted the Law of Ukraine
on the Principles for Monitoring, Reporting, and
Verification of Greenhouse Gas Emissions in comp-
liance with international obligations under the
Association Agreement with the European Union
[16]. The law is expected to be introduced since
01.01.2021. However, this law is a framework, the
methods and procedures for preparing a monito-
ring plan, as well as emission calculation metho-
dologies will be determined by bylaws to be app-

Table 3. Natural Gas Leak Rates During
Transportation and Distribution in Ukraine

Natural gas leak rate Natural gas leak rate

Year during transportation, during distribution,

billion m?/million tons billion m?/ billion m?
2012 0.00071 0.01151
2013 0.00101 0.00893
2014 0.00150 0.01042
2015 0.00057 0.01386
2016 0.00140 0.01623
2017 0.00039 0.01984
2018 0.00040 0.02386

Source: Ukraine’s Greenhouse Gas Inventory 1990—2018 [2].
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roved by the relevant resolutions of the Cabinet
of Ministers of Ukraine. According to the draft
resolution of the Cabinet of Ministers of Ukraine
on Approval of the List of Operations Covered by

Monitoring, Reporting, and Verification of Green-
house Gas Emissions, and Specific Features of Its
Application [17], at the first stage of implementa-
tion, this system will apply only to operations

Table 4. Methods for Detection and Quantification of Methane Leaks in the Oil-and-Gas Industry

Method

Principle of the method

Capital expenses, USD

Analysis of price factors

Optical video
recording sys-
tem (infrared
cameras)
Laser Leak
Detector

Soap bubble

screening

Organic va-
por analyzers
and toxic va-
por analyzers
Acoustic
Leak Detec-
tors

Calibrated
vent bag

High-volume
sampler

Gas flowme-
ters

Vane anemo-
meters

Hotwire ane-
mometer

Leak detection methods
Hydrocarbon emissions absorb infrared light with a cer-
tain wavelength, the camera uses this feature to detect
the presence of hydrocarbon emissions in real time

Uses an adjustable infrared LED tuned to a frequency
that is absorbed by methane

Soap solution is applied to the place where there is a sus-
picion of leakage. In the case of leakage, bubbles are
formed, which are observed visually

Portable hydrocarbon detectors are generally capable of
measuring organic vapor concentrations in the range
from 9 to 10,000 ppm

Record the acoustic signal that is generated when a gas
leaks under pressure. Most detectors have the ability to
adjust the frequency, which allows adjusting the sensor to
the leaks of specific objects

85000 — 115000

for portable device

15000

Less than 100

Less than 10 000

1 000—20 000, depen-
ding on sensitivity, si-
ze, and availability of
additional equipment

Leak quantification methods

Measures the time to complete the bag of the calibrated
volume. The gas temperature is measured to adjust the
volume to standard conditions. The gas composition shall
be analyzed to determine the methane content

Absorbs atmospheric air and hydrocarbon gas leaks. The
thermal anemometer monitors the mass flow rate of the
air-hydrocarbon mix. Two-element hydrocarbon detec-
tor measures the concentration of combustible hydrocar-
bons in the captured stream.

There are different technical versions of flowmeters: vo-
lumetric, thermal, rotary, ultrasonic, vortex, etc.

Consist of a paddle speed sensor and a hand-held unit
that displays the measured speed of the gas passing
through the device

A heated wire inserted into the gas stream is used to mea-
sure its speed. The hotwire anemometer measures the
electric current passing through the wire, as the heat is
dissipated due to the gas flow, and the heat lost as a result
of convection is proportional to the gas flow.

50

17 500, additional 1.200
(calibration kit)

4 000—8 500, depen-
ding on the type and
size of the meter

1 400—5 500

1400—5 500

High cost and labor ex-
penses

Relatively cheap equip-
ment, but high labor ex-
penses

Relatively low costs, but
high labor inputs

Limited use, complexity.
May require expensive
software

Limited use and high
complexity when using
a hand-held device

Low cost method, major
costs are labor expenses
(requires 2 operators)

Relatively expensive me-
thod given labor costs

Cost-effective, especial-
ly for measuring large
and long-term leaks
Low cost and cheap main-
tenance

Low cost and cheap main-
tenance

Source: based on [4—6, 20].
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that lead to emissions of carbon dioxide: fuel
combustion in plants with a total rated thermal
capacity of more than 20 MW, oil refining, met-
allurgy, production of coke, building materials,
nitric acid, and ammonia. Monitoring and veri-
fication of methane emissions has not been imp-
lemented yet.

At the same time, given the structure of GHG
emissions from the oil-and-gas industry, the main
priority is to reduce methane emissions from na-
tural gas, which is typical for the gas industries of
other countries as well. Preventing and reducing
methane emissions is first and foremost a safety
requirement. In addition, the global warming po-
tential of methane is 28 times higher than that of
carbon dioxide, but it has a shorter life, averaging
up to 12 years, as compared with CO, that is sto-
red in the atmosphere for centuries. Thus, meth-
ane emissions have a much greater impact on the
climate in the short term [18]. It is also possible,
in many cases, to sell the captured methane in the
natural gas market, thereby avoiding emissions
and making a profit.

Today, in the world, there is a wide range of
methods and measures for timely detection and
quantification of methane leaks in the gas indus-
try [4—6, 8,9, 19, 20] (Table 4).

The analysis of the characteristics of methane
emission sources and methods for their detection
has shown that continuous monitoring of a large
number of emission sources in the oil-and-gas in-
dustry is currently impossible. However, many
new methods that will allow it in the near future,
primarily, through remote sensing have been be-
ing developed.

Quantitative estimation of methane emissions
requires a combination of operational measure-
ments and calculation methods. Currently, there
are two groups of the calculation methods: the
bottom — up and the top — down ones [4—6, 8].
The former provides a quantitative estimate of
emissions from individual sources directly at the
emission site. These methods give the most accu-
rate information on specific emission sources at
the equipment level, but are costly and time con-
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suming as compared with the computational or
top — down approaches. The top — down estima-
tion methods measure methane concentrations in
the atmosphere with the use of, for example, sat-
ellites, aircraft, or drones. These methods use the
values of the measured environment parameters
and weather conditions and mathematical mod-
els to determine emissions from a specific facility
or from a specific region. Scaling such data to a
corporation or a regional level is cheaper and may
be more accurate than the use of bottom — up ap-
proaches. Such estimation methods can provide
more frequent quantification of methane emis-
sions and identify the largest sources of emissions.
Although according to research [6], one of the
key problems related to the top — down methods
is that they do not allow the identification of spe-
cific equipment that is a source of emissions, but
today analytical methods for building emission
distributions are developing very rapidly.

Also in research [6] it is noted that today no
country may completely deviate from the general
methods for estimating individual emission sour-
ces. Therefore, it is important to involve research
institutions for independent verification of emis-
sions through actual measurement programs.

The studies conducted in different countries
[5, 6, 8, 19] allow us to identify several key mea-
sures that can contribute to the formation of reli-
able national estimates of methane emissions:

« organization of qualitative direct measurement
of emissions, which is critical for the localiza-
tion of emission sources and estimates of their
reduction levels;

¢ clear formulation of the emission reduction tar-
get, which shall be expressed both in broad,
qualitative and in specific, quantitative and ti-
me terms;

« attraction of innovative technologies, first of all,
low-cost technological solutions, and use of ad-
vanced digital technologies;

« ensuring of maximum transparency through the
exchange of measurement protocols and their
analysis by industry corporations and national
regulator;
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¢ encouragement of cooperation with internatio-
nal and national oil companies, which facilita-
tes the introduction of best practices;

«+ ensuring of effective control over the implemen-
tation of established legal norms governing the
organization of supervision and regulation, de-
termination of institution entrusted with regu-
lation or control, provision of powers and re-
sources for this institution, determination of pe-
nalties for non-compliance with legal norms.
The world experience summarized in [6, 8] also

has shown that the main government policies and

regulations important for the reduction of meth-
ane emissions in the oil-and-gas industry are as
follows:

1. Standards that require the use of specific
technologies and / or operational practices and quan-
tify emission limits. The most common are tech-
nical standards. For example, this category inclu-
des the requirement to implement regular prog-
rams to detect and to eliminate methane leaks.

2. Economic tools covering emissions charges,
taxes, and penalties for exceeding the permitted
level of emissions, emissions trading systems, tax
rebates and financial subsidies for specific invest-
ments in emission reductions. However, the int-
roduction of a methane emission charge requires
confidence in the accuracy of a certain amount of
emissions, as there may be situations in the in-
dustry where the reliability of the estimated emis-
sions are not verifiable.

3. Public-private partnership and agreements
between industry and political authorities or the
regulator, which may take various forms: from a
weakly defined partnership with voluntary objec-
tives to formalized agreements with the subse-
quent introduction of mandatory rules if specific
quantitative targets are not met.

At the same time, there is no single best practi-
ce for regulating methane emissions. Each count-
ry shall develop its own rules, given world expe-
rience and its own institutional conditions and
economic opportunities.

In recent years, several countries have develo-
ped policies to reduce methane emissions, in parti-
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cular, the report of the International Energy Agen-

cy for 2020 [8] refers to the following examples:

¢ Canada has introduced standards to reduce me-
thane emissions by 40—45%, by 2025, as com-
pared with the reference year 2012. In the pro-
vinces of Alberta, British Columbia, and Saskat-
chewan, additional regulatory measures have
been being taken to address ventilation and fla-
re leaks in oil and natural gas production;

¢ In the United States, several states (Califor-
nia, Colorado, Ohio, Pennsylvania, Utah, and

Wyoming) have their own regulations and stan-

dards for methane emissions that accompany

or reinforce federal obligations. They vary in
terms of scale, but all require mandatory cont-
rol of objects at different intervals;

¢ Several European countries have provisions on
reporting and limiting methane emissions. For
example, in Norway, each oil-and-gas complex
shall annually give report on methane emissions
with the use of a common estimation metho-
dology based on standard emission factors; me-
thane emissions from ventilation are taxed.

An example of public-private partnership is the
commitment to reduce methane emissions, which
is assumed by oil-and-gas corporations. Some com-
panies have set a target of reducing methane emis-
sions from oil-and-gas production by 2025, de-
pending on the amount of natural gas supplied to
the market. For example, British Petroleum aims
to achieve methane emissions of 0.2% of natural
gas sales during this period; Shell and Total ha-
ve similar targets; Pemex and OGCI aim to achie-
ve 0.2—0.25% methane emissions from the total
amount of natural gas released to the market [19].
Other companies have set as a target reducing in
methane emissions by a percentage of a given refe-
rence year. For example, Eni aims to reduce metha-
ne emissions from extraction by 80% by 2025 as
compared with 2014; ExxonMobil aims to reduce
methane emissions from operating activities in
2020 by 15% as compared with 2016; the Nether-
lands Oil and Gas Exploration and Production
Association undertakes to reduce methane emis-
sions from offshore production by 50%, as com-
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pared with 2017 [19], in 2020—2024. These com-
mitments can be a guide for other companies that
have not yet set their methane reduction targets.

It should be noted that NJSC Naftogaz of Uk-
raine declares its participation in reducing green-
house gas emissions. However, so far, the official
documents of Naftogaz and its subsidiaries, which
are available to the general public [21—25], have
not contained any specific commitments to reduce
GHG emissions in general or methane in particular.

At the same time, according to the information
contained in the annual reports of Naftogaz of Uk-
raine [11], the company has applied some measu-
res and technologies to reduce methane emissions,
in particular, detection of natural gas leaks is car-
ried out by electronic indication and acoustic leak
detection. In 2019, within the framework of the
tripartite Memorandum between NJSC Naftogaz
of Ukraine, the European Bank for Reconstruc-
tion and Development, and the Ministry of Envi-
ronment and Natural Resources of Ukraine [26],
the first detection and measurement of methane
leaks into the atmosphere with the use of drones
were implemented at the facilities of JSC Ukrgaz-
vydobuvannia and JSC Ukrtransgaz. The contrac-
tor was Carbon Limits (Kingdom of Norway). It was
this company that, in 2017, conducted a study for
reducing methane emissions at the industrial fa-
cilities of JSC Ukrgazoydobuvannia, but no infor-
mation about the results of this study has been pub-
lished in open sources.

With regard to gas distribution networks and
gas consumers in the residential and commercial
sectors, which are the main sources of methane
emissions from the oil-and-gas industry, the efforts
for reducing emissions are not sufficient. To esti-
mate methane emissions, gas distribution compa-
nies use the Methodology approved by the Mi-
nistry of Energy and Coal Industry of Ukraine in
2003 [27]. This Methodology defines production-
related (normalized) gas losses as “the maximum
gas leakage which does not prevent ensuring reli-
able operation and conditional standard tightness
of gas pipelines, connecting parts, fittings, com-
pensators, gas equipment, appliances, etc.” How-
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ever, the current technical condition of the GDN
equipment is significantly different from the sta-
te of “conditional standard tightness”. Also, it
should be noted that the Methodology covers on-
ly the regular operation leaks of the equipment,
while the unforeseen leaks of methane from the
GDN equipment are not estimated at all. Given
the fact that as of 2017, in Ukraine 1% of the total
length of GDN and 8% of gas control points were
in a critical condition [28], and the entire gas dist-
ribution system is suboptimal because of reduced
natural gas consumption, the most relevant is the
use of advanced technologies for detecting natu-
ral gas leaks in these networks. However, today,
most often, both GDN and consumers use the soap-
ing method and the calibrated ventilation bag tech-
nique for detecting gas leaks and for measuring
the amount of leakage, respectively.

Thus, the analysis of greenhouse gas emissions
in the oil-and-gas industry has shown that it is a
major source of methane emissions that, in 2018,
according to the National Inventory, accounted
for 45% of emissions of this greenhouse gas in the
country as a whole. Hence, the main priority for the
industry is to reduce methane emissions, which is
typical for oil-and-gas industries in other countries.

It has been shown that the oil-and-gas indust-
ry is very difficult in terms of identification and
quantification of methane leaks and emissions be-
cause of a large number of emission points, their
geographical dispersion, physical inaccessibility,
variability of emission levels. Quantifying metha-
ne emissions is a global problem that has not yet
been addressed so far. Today, it is advisable to use
a combination of measurements, computational me-
thods, and simulation. It has been established that
technologies that facilitate the detection and quan-
tification of methane leaks are available and shall
be used by corporations and authorities for moni-
toring, reporting, and verification of emissions.

It has been established that until the system of
monitoring, reporting, and verification of metha-
ne emissions starts operating in Ukraine, it is im-
possible to say which of the estimates, the Na-
tional Inventory or the reports of the Naftogaz of
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Ukraine group, are more accurate and reliable.
Meanwhile, it is necessary to move to Tier 2 (use
of national coefficients) while forming the Na-
tional Inventory in terms of estimating fugitive
emissions from oil and natural gas operations.

An important measure to reduce methane emis-
sions from the oil-and-gas industry shall be go-
vernment policy that aims at developing and imp-
lementing regulatory standards, economic tools,

agreements between industry and government, and
promoting the exchange of best practices.

Extensive implementation of measures to re-
duce methane emissions from the oil-and-gas in-
dustry may allow Ukraine to achieve more am-
bitious GHG emission reduction targets under
the Paris Agreement and to prepare the industry
for operation in the context of energy decarbo-
nization.
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OIIHKU BUKUAIB METAHY B HAOTOTA3OBIV TAJTY 31 YKPATHI:
[IPOBJEMU TA CBITOBUMI JIOCBIJI IX BUPIIIIEHHHA

Beryn. BpaxoByioun MOKJIMBUI BIUIMB Ha MaiiOyTHE HadTOrazoBol ranysi MOJITUYHKUX PillleHb CTOCOBHO JeKapOoHizamil
€KOHOMIKH, TIOTPIGHO PO3POOUTH CTPATETHO il OAAIBIIOTO PO3BUTKY 3 yPaxXyBaHHIM HEOOXIIHOCTI 3MEHIIIEHHS BUKUIIB HE
TIJIBKU IBOOKUCY BYTJIEIIIO, @ il METAHY.

IIpoGaemaruka. OcranHiMu pokamu y 6araThoX KpaiHax BeIEThCst AKTUBHA Jis/IbHICTD 31 CKODOUEHHSI BUKHU/IIB METAHY Y
HadTorasosiil ramysi. [yt Bupimenss 1iei mpobaeMu chopMOBaHO HU3KY HaI[lOHAJBHUX Ta MiXKHAPOAHUX iHimiaTuB. B Yk-
paiHi 3a3HaYeHOMY MUTAHHIO HE MPUJIIAETHCS JI0CTATHBO yBaTrH.
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Mera. [IpoanasnisyBatu cTaH MOHITOPUHTY BUKH/IIB METaHy Bi/l HAPTOTA30BOI Tasysi YKpaiHu Ta y3araJbHUTH JOCBI/
IHIITUX KPaiH 3 IIbOTO MUTAHHSI.

Marepiaim it Meroau. AHasi3 oiliiHUX JaHUX 100 BUKH/IIB MeTaHy Bi/l HATOra3oBoi rasrysi YKpaiHu; OIJIsi/l aBTo-
PUTETHUX JITEPATYPHUX [KEPeJl Ta TOKYMEHTIB MisKHAPOIHUX OPTaHi3alliii M10/10 OI[iIHKY BUKU/IB METaHYy BiJl Ii/IIIPUEMCTB
rajrysi, TEXHOJOTIYHUX Ta IHCTUTYIIOHATBHUX 3aX0/IiB, CIPIMOBAHNUX Ha BUPIIIEHHS TIPO6JIeM MOHITOPUHTY Ta Bepudikartii
IIUX BUKU/IIB.

Pesyabratu. BukoHnano MopiBHSJIBHUI aHAJII3 OIIHOK BUKW/IIB TAPHUKOBUX Ta3iB y HA(TOTa30Biil ramysi Bi/IIOBIIHO /10
HauioHasibHOro KaacTpy NapHUKOBKX ra3iB Ta piunHux 3BitiB rpynu «Hadroras Ypaiuu». Po3risgHyTo 0cob6auBOCTI 1Ke-
peJI BUKW/IIB METaHy B rajrysi Ta IpobeMu KilbKiCHOTO BU3HAYeHHs 06CcATiB foro Bukuais. [IpoanaizoBano TexHogoriyni
3ac0o0M Ta 3aX0JIH, SIKi 3aIIPOBA/IKYIOTHCSI B PI3HUX KpaiHaXx [JIst BUPIIIEHHS [TP0OJIeM MOHITOPUHTY BUKH/IB METAHY.

BucnoBku. Beranosiieno, 1o icHye NIMPOKHUH CIEKTP OCTYMHUX TEXHOJIOTIi /11 BUSBJIECHHS Ta KiJTbKICHOTO OI[iHIOBAH-
HS BUKW/IIB MeTaHy B rajiysi. BusHaueHo HeoOXiZHICTh Iepexoy /0 BAKOPUCTAHHS HalliOHAIbHUX KoeditieHTis npu dop-
MyBaHHiI HarionaspHOTO KajacTpy MapHUKOBUX Ta3iB B YaCTHHI OMIHKYU JIeTYYNX BUKHU/IB Bi/l AiSJIBHOCTI 3 BYTJIEBOAHSIMU.
Bask/IuBUM YMHHUKOM 3MEHIIEHHS] BUKUJIIB METaHY BiJl Tajly3i MA€ CTaTh MOJIITHKA JePsKaBU, aKIEHTOBaHA Ha PO3PO0JIeHHI
Ta 3aIPOBAKEHHI PETYIATOPHUX CTAHAAPTIB 1 ClIeia/ibHUX eKOHOMIYHUX IHCTPYMEHTIB.

Knwouosi carosa: mapHukoBi Ta3u, HaQTOra30Ba Tadysb, iIeHTUDIKAIlS [Kepes BUKNIIB METaHy, OIliHKa BUKH/IiB METaHy,
TEXHOJIOTis.
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SPECTROMETER-IDENTIFIER
BASED ON A SOLID DETECTOR
FOR NFC FACILITIES

Introduction. The Chornobyl accident resulted in radiation contamination of a large area. In order to prevent the
release of radioactive elements into the environment and food, it is necessary to use specialized devices that allow
monitoring of the radiation situation.

Problem Statement. One of the most effective ways to quickly detect and identify sources of ionizing radiation
in the environment is to control the spread of radionuclides that are present in food and construction materials.

Purpose. The purpose is to develop modern domestic equipment for automated operational detection, identi-
fication, and monitoring of ionizing radiation sources in the environment in real time.

Materials and Methods. Methods of mathematical and computer modeling, full-scale modeling, machine
design have been used. To study the specifications of the system and its features, field tests of its individual chan-
nels in the exclusion zone of the Chornobyl NPP have been carried out.

Results. An experimental system for automated operational detection, identification, and monitoring of ioni-
zing radiation sources in the environment in real time, as well as for identification of detected radioactive isotopes
and reliable estimate of their activity has been created and tested.

Conclusions. The created spectrometer-identifieris a new generation rapid response system based on advanced
technologies, synthesis of principles of radiometry, spectrometry, and mathematical simulation. It is used for ef-
Jective control of specific activity of liquid, viscous, bulk food and non-food samples and for identification of their
radionuclide composition.

The introduction of the spectrometer-identifier significantly reduces the time for operational mass study of
Jfood and non-food samples and identification of their radionuclide composition, which raises the environmental
safety in the era of widespread operation of nuclear fuel cycle facilities.

Keywords: nuclear radiation accident, gamma radiation, spectrometer, radiation monitoring, and radiation safety.

Any facility of the nuclear fuel cycle (NFC) infrastructure, while operating, is a source of
radionuclides that pollute the environment. The long-term operation of NFC facilities
brings additional radioactivity to the adjacent territories, with its elemental composition
being identical to the natural radioactivity accumulated in the environment. Most emis-

Citation: Zabulonov, Yu., Burtnyak, V., and Odukalets, L. Spectrometer-Identifier Based on a Solid Detec-
tor for NFC Facilities. Sci. innov. 2021. V. 17, no. 3. P. 49—55. https://doi.org/10.15407 /scine17.03.049
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sions because of a short half-life of radionuclides
and their limited mobility in the environment
have local or regional importance. Some radionu-
clides (®°H, "C, '#°], etc.) are characterized by a
long half-life and a high mobility [1].

Thus, as a result of human activity, the content
of natural and artificial radionuclides in the envi-
ronment has increased. The concentration of ra-
dionuclides in food also has grown. The level of
food contamination depends on the intensity of
radioactive fallout, their bioavailability, and on
the soil and climatic conditions that determine the
migration of radionuclides [2].

The separation of technogenic radioactivity
from the background natural one that accumu-
lated in the environment, for example, in the soil,
is a rather complicated analytical task, and ways
to solve it have not been sufficiently developed.
Also, there have been no methods to correctly de-
termine relative contributions into the pollution
of each individual enterprise or a cluster of enter-
prises located within a limited area, which can be
sources of additional radioactivity discharged in-
to the environment.

Reliable information on the levels of radioac-
tive contamination of the environment is a neces-
sary condition for assessing the dose load on the
population and for making decisions on measures
to ensure radiation safety.

The estimation of radiation doses is an ex-
tremely complicated biological problem because
of the difficulty of obtaining statistically signifi-
cant values of dose loads, especially when they
are less than 0.1 Gy (doses that do not lead to the
development of clinically defined non-random ef-
fects on human or animal health). Irradiation in
such doses may be dangerous because of delayed
somatic and genetic effects characterized by
probabilistic nature of their manifestation. There
have been almost no reliable experimental data
on small doses.

In order to prevent the ingress of radioactive
elements into the environment and food, it is nec-
essary to use specialized instruments and measur-
ing systems for monitoring the radiation situa-
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tion and, having analyzed it, for predicting and
preventing emergencies.

This is especially relevant now, when the de-
sign resource of many NPPs has already been ex-
hausted, and decisions are being made to extend
it. That is, there is a need for specialized devices
and measuring systems that allow monitoring the
radiation situation.

The existing approaches, methods, and devices
cannot be effectively used to detect and to iden-
tify sources of ionizing radiation. This is primarily
because of a low functionality of existing techni-
cal systems, the ability to register only limited
characteristics of radiation fields, unsatisfactory
level of automation of control procedures, under-
developed information exchange, and “closed” ar-
chitecture. The limiting factors for the moderni-
zation of these systems and their integration into
other monitoring systems are unsatisfactory le-
vel of identification of ionizing radiation sources,
the inability to integrate them into a common sys-
tem because of the lack of a common principle and
method for their design.

Given the importance and urgency of control-
ling the radiation situation, researchers of the Nuc-
lear Physics Department of IEG of the NAS of Uk-
raine have created a new generation measuring
system that allows quick detection and identifi-
cation of radionuclides in the measured sample.

The purpose of this research is to design, create,
and to evaluate the parameters of a compact, inex-
pensive, wireless spectrometer-radiometer for real-
time detection, identification, and monitoring of
ionizing radiation sources in the environment.

1. Engineering solutions

The spectrometer-identifier may be considered as
a rather sophisticated autonomous system that
operates in real time. Like all such systems, it con-
sists of disparate components: analog and digital
electronic circuits, measurement algorithms, and
structural elements, i.e. a set of hardware and soft-
ware designed for automatic solution of the tasks
assigned to them for effective identification of
gamma radiation sources.
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The spectrometer-identifier has a modular struc-
ture and consists of the following elements:
¢ detection unit;

+ microcontroller for data control, collection, and
pre-processing;

¢ unit for transmission and exchange of infor-
mation with an external user;

¢ data selection and record unit; and

¢ power control unit.

A scintillation crystal of cesium iodide activa-
ted by thallium CsI (TI) is used as a detector in
the spectrometer-identifier. This crystal has the
property of radioluminescence: charged particles
and high-energy photons (X-ray and gamma ran-
ge) excite the glow in it, with photons emitted as
a short, about a microsecond, flash of light — scin-
tillation. The scintillation crystals are chosen in
as much as they can be compact, inexpensive, pro-
vide efficient record of gamma rays, and operate
in spectrometric mode.

Typically, photoelectric multipliers (PEMs)
the main advantage of which is a high sensitivity
are used to capture such weak light pulses. The
maximum sensitivity of PEM coincides with the
maximum wavelength of the scintillator. However,
PEM has several significant disadvantages:
¢ the need for high voltage power supply;
¢ large dimensions;
¢ high cost;

o the need for magnetic shielding.

Today, semiconductor photodetectors that are
able to compete in sensitivity with PEMs, but do
not have the above disadvantages have appeared
on the market.

A multipixel silicon photodiode with p-i-n junc-
tions, which has a maximum spectral sensitivity
in the infrared region is used as a photodetector.
Each pixel is a p-n junction to which a reverse
bias voltage exceeding the breakdown voltage
(<60 V) is applied. The charge gain of an indi-
vidual pixel is ~ 10 and is determined by the
amount of accumulated charge at the p-n junc-
tion of the pixel. The magnitude of the charge at
the output of such a photomultiplier is determi-
ned by the sum of the charges of all its pixels trig-
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Fig. 1. Configuration of the detector

gered by the light flash of the scintillator. This
photodetector has several advantages, in parti-
cular, a high internal gain, a low reverse bias vol-
tage and a weak dependence of the internal gain
on bias voltage and temperature variations. These
advantages allow it to be used as a photodetector
for scintillation detectors designed for solving
spectrometric problems.

A solid photomultiplier with a total area of
1 x 1 mm? consists of 576 independent pixels, each
having a size of ~ 40 x 40 pm.

The CsI (TI) scintillator is coupled with a solid
PEM with optical glue to remove the air gap be-
tween the crystal and the photodetector window,
and to ensure maximum light collection by the
photodetector. The crystal and solid PEM are sur-
rounded from all sides by a reflector made of fluo-
roplastic powder. This coating has a very high dif-
fuse reflection coefficient. To be protected against
external influences, the detector is placed in a cy-
lindrical aluminum housing that provides protec-
tion and water-proofing, since the cesium iodide
crystal is sensitive to moisture that may destroy
it (Fig. 1).

The detector has the following electric parameters:

Voltage, V...l +5.0
Detector’s maximum bias voltage, V . .. +5.0
Supply current, mA . ............. ... 100
Supply current, mA . ................. 2427
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Source Positioni
System

Radiation

N Source

Fig. 2. Stand for gamma-spectrometric measurements

Amplifier conversion factor, mV / MeV 80
Front of the amplifier output signal, ns ~5
Gain ratio (adjustable)................ 20—20
Polarity of the output pulse at a positive

bias on the detector................... Positive

Output pulse FWHM, ps............. 5.0
Maximum magnitude of output pulse, V +3.2

The detection unit is built on the basis of a solid detector
and has the following specifications:

Energy range, MeV .................. 0.05—3
Relative resolution on 661 keV line (**7Cs),

D e At most 7
Integral nonlinearity, %............... At most £1

Instability for 8 hours of continuous ope-
TAtioN, 20 v +2

Maximum input static load,s*........ 50000
Operating mode setting time, min . . . .. At most 30
Number of channels.................. 1024

Operating temperature range, °C ... ... from —10 to +40

The signals of required amplitude and duration
from the detector are digitized, encoded, and
stored in the form of a digital code in the memory
of the microprocessor unit.

The microprocessor unit (MPU) provides collec-
tion and processing of information in real time, sto-
rage of information on a memory card (microSD),
transfer of information to the host (personal com-
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puter or other device), execution of commands
from it, support of the Ethernet network interfa-
ce, various expansion modules (UEXT interface,
Olimex-compatible), device power, and user inter-
face. The MPU is based on a microcontroller of
the Cortex M4 family with a core clock speed of
168 MHz, has 1 MB internal Flash memory and
196 KB RAM [3]. The MPU performs all control
functions of other modules; it is a hardware plat-
form for executing algorithms for processing and
organizing the user interface.

2. Algorithm solutions

According to the measurement model used in the
registration of particles with energy spectrum
D (E), we obtain some signal distribution U(V)
that is called the hardware spectrum. The rela-
tionship between M(E) and U (V) is described by
the following integral relation

U(V) =[G (V, E) D(E)IE. (1)

When working with a spectrometer, the main
task is to find the true energy spectrum M(E) ba-
sed on the hardware spectrum U(V). In the gene-
ral case, for this purpose it is necessary to know the
response function of the detector G (V, E) and to
solve the above integral equation.

The problem of identifying the radioisotope com-
position of the spectrum D (E) is reduced to fin-
ding the peaks of full absorption in the spectrum
U(V) in the hardware spectrum.

From formula (1) it follows that the identifica-
tion is based on a comparison of the energy distri-
bution of the measured hardware spectrum U(E)
with the energy distribution of individual radio-
nuclides g (E).

The energy distribution of the sample to be ana-
lyzed may be represented as the sum of the dist-
ributions of radionuclides in the sample:

Sy Lag 2)

where g c®, i = 1, N are basic expansion func-
tions; a, €R, i = 1, N are coefficients of the series
expansion; f, is approximation of certain func-

tion y with the use of N various basic expansion
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Fig. 3. Spectra of tested sources of 137Cs and 60Co
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functions from set ®;y = {y,, ..., y, }is known func-
tion obtained from measurements; M << N is the
number of functions in set ®.

It is necessary to choose basis {g,, ..., g} <@
and respective coefficients {a,, ..., a,}€R" in such
a way as to minimize the quadratic residual:

RSS = IRy =ly — =X 0, — fi@)). (3)

To ensure the (mathematically) optimal solu-
tion to this problem, it is necessary to search
through T'bases {g,, ..., g} c® and to find T times
the respective coefficients {@,, --» @y} €RY, where T
is defined from the formula

T=2v (4)

For an arbitrary basis, the respective coeffi-
cients that minimize the quadratic residual (3)
have been found with the use of the least squares
method, provided that the free term of the corres-
ponding linear regression equation (2) is equal to
zero [4].

3. Testing of solutions

A stand for gamma spectrometric measurements
has been designed to verify and to test the solu-
tions, algorithms, and software of the spectrome-
ter-identifier.

The design of the stand consists of a spectro-
meter-identifier, a personal computer with a pro-
gram for processing and visualization of spectra,
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and a positioning system for sources of ionizing
radiation (Fig. 2).

Using radioisotope sources 241 Am, 137Cs, 60Co,
152Eu, 133Ba, and 40K, the detection unit of the
spectrometer-identifier has been tested.

According to the measurement results, the opti-
mal forming time constant, in terms of signal / noi-
se ratio, has been determined. Its valueist =1 ps,
despite the fact that the total illumination time of
the scintillator CsI (Tl) is ~ 3—4 ps. Reducing the
forming time constant allows increasing the re-
cord capacity of the detector based on the “slow”
scintillator CsI (T1). The discrete sensitivity (num-
ber of counted pulses per unit dose) of the detec-
tion unit may be adjusted both by selecting the de-
tector volume together with varying the operating
bias voltage and by varying the discrimination
(or amplification) of the signal in the measuring
path. Figs. 3—4 show the results of background
radiation and test radionuclide record, which cha-
racterize the most typical energy regions of the de-
tector hardware spectra. The range of their gam-
ma radiation, from 81 keV (133Ba) to 1460 (40K),
practically covers the range of gamma radiation of
Chornobyl genesis radionuclides.

The energy resolution of the gamma spectro-
meter at an energy of 661.6 keV is 6.5%. The ener-
gy calibration of the gamma spectrometer has been
validated by reference spectrometric gamma sour-
ces (RSGS) 137Cs and 60Co (Fig. 5).
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Fig. 5. Calibration curve of energy channel

The measurement is performed upon the opera-
tor’s command; the measurement results are pro-
cessed automatically. The implemented isotope
identification algorithm has showed good results.
For test samples, it unmistakably determines the
available isotopes in the total spectrum (Table 1).
The response functions of the detector have been
obtained on the stand of gamma spectrometric
measurements.

The high energy capacity of the detector (6.5%)
increases the accuracy of radionuclide identifica-
tion. The wide spectral range of measurements
from 0.5 KeV to 3 MeV increases the ability to
detect different types of radionuclides.

Table 1. Results of Gamma Spectra Processing

Conclusions

1. As a result of the research, an experimental
sample of spectrometer-identifier based on a solid
detector has been designed for real-time control
and prevention of the spread of radionuclides that
are present in food and construction materials, as
well as for identification of detected radioactive iso-
topes and reliable determination of their activity.

2. Due to the use of a scintillation crystal with
a high radiation detection as a detection unit and
a PEM based on a semiconductor diode with a
high quantum efficiency and readout speed, the
gamma-ray spectrometer has excellent spectro-
metric and operational characteristics.

3. Modern element base and perfect circuitry,
which are used in the creation of recording equip-
ment (pre-amplifier, analog-to-digital converter,
microprocessor unit), allow real-time obtainment
of the spectra of any gamma radiation source with
subsequent processing and analysis.

4. The microprocessor unit with a modern sig-
nal processor Cortex, on the basis of which the de-
vice is built, provides statistical processing of mea-
surement results at the same rate as they come

Identification error

Activity, Bq/sample

1.1134806E-03
5.7892155E-02

7.8731112E-01
5.2484277E-03
8.281543E-003
1.070405E-002

7.357731E-002
1.817543E-003

8.281543E-003
1.070405E-002

7.357731E-002

1.7200047E+02
8.8093251E+01

1.2195589E+01
8.2756083E+02
3.951950E+002
4.626154E+000

4.277017E+001
2.619645E+002

3.951950E+002
4.626154E+000

4.277017E+001

Sample Isotope Energy, keV Confidence
P-1 CS-137 661.66 1.0
EU-154 123.07 0.998
1274.43
EU-155 105.31 1.0
AM-241 59.54 1.0
P-2 CS-137 661.66 0.992
EU-154 123.07 0.988
1274.43
AM-241 59.54 1.0
CO-60 1173,24 0.996
1332,5
P-3 CS-137 661.66 0.992
EU-154 123.07 0.988
1274.43
AM-241 59.54 1.0
54
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from the detector, prompt display of results, com-
parison of measurement results with the toler-
ances, alarming in the case where these results go
beyond the established limits, and archiving of
measurement results.

5. The resulting spectrometer-identifier based
on a solid detector, which is designed for real-time

control and prevention of the spread of radionuc-
lides present in food and construction materials,
as well as for identification of detected radioacti-
ve isotopes and reliable estimation of their activity,
may be used as a basic element of the automated
system for continuous safety control of radiation
in the areas affected by the Chornobyl disaster.
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CIIEKTPOMETP-IJEHTU®DIKATOP HA OCHOBI TBEPJOTIJIbHOI'O
AETEKTOPA [IJIAA OB’€EKTIB AAEPHO-ITAJIMBHOT'O HUKJIY

Beryn. Hacoriakom aBapii na Hopro6uiabebkiit AEC crasio pazgiatiiine 3a6pyHeHHS 3HAYHOT TEPUTOPIi. 3 METOIO 3amobiran-
HST HOTPAIUISTHHS PAIIOAKTHBHIX €JIEMEHTIB B JOBKIJIJISI Ta IPOAYKTH XapuyBaHHs HeOOXiAHNM € BUKOPUCTAHHS CTIeIiari3o-
BaHWX MPUJIAIIB, MO J03BOJIAIOTH 3A1HCHIOBATH KOHTPOJIb Paialiiinoi 06CTaHOBKN.

IIpo6GaemaTuka. OnHuM 3 HaiibLIbII eDEKTUBHUX CIIOCOOIB ONEPATUBHOTO BUSIBJICHHS Ta ieHTU(hIKALil [Kepest i0Hi3y-
I0YOTO BUITPOMIHIOBAHHS B JIOBKLJLJII € KOHTPOJIb 32 PO3IIOBCIO/KEHHAM PAJIIOHYKJIi/IiB, TPUCYTHIX Y MPOAYKTAX XapuyBaHHI
Ta OyIiBEJBHUX MaTepiaiax.

Merta. Po3po6Kka cy4acHOro BiTYHM3HAHOTO 0OJIaHAHHST [/l aBTOMATH30BAHOTO ONEPATHBHOTO BUsIBJACHHS, ieHTH(iKa-
11ii Ta MOHITOPHUHTY JIZKepeJi i0HI3yI0Y0TO BUTIPOMIHIOBAHHSI B CEPENOBUIII B PEKIMI PEaTbHOTO Jacy.

Marepiam it MeToau. BukopuctaHo MeTo/Ii MAaTEMAaTHYHOTO Ta KOMIT IOTEPHOTO MOJICJIIOBAHHS, HATYPHOTO MaKeTyBaH-
Hs1, MAIIIUHHOTO IPOEKTYBAHHsL. JIJIst OCIII [PKEHHS TEXHIYHUX XapaKTePUCTUK CUCTEMU, i1 0COOJMBOCTEN TIPOBEAEHO HATY PHI
BUIPOOYBAHHS OKpeMUX il KaHaJiB B 30H1 Biquy:kenns: Yopuobuibebkoi AEC.

Pesyapratu. CTBOpEHO Ta alipobOBAHO EKCIIEPUMEHTAIBHY CUCTEMY ABTOMATH30BAHOTO OTIEPATUBHOTO BUSIBJIEHHS, 1/1eH-
Tudikaiii Ta MOHITOPUHTY JKepes i0Hi3yI04oTO BUIIPOMIHIOBAHHS B HaBKOJUIIHBOMY CEPEIOBUIII B PEKUMi PEATbHOTO
qacy, a TaKOX iieHTrdikarii BUsSBIEHNX PAIiOAKTUBHUX i30TOTIIB Ta TOCTOBIPHOI OI[iIHKW iXHBOI AKTUBHOCTI.

Bucuoku. CTBOpeHUil CieKTpoMeTp-ifleHTH(IKATOP € CUCTEMOIO IBUKOIO pearyBaHHsl HOBOTO MOKOJIiHHS Ha Gasi cy-
YACHUX TEXHOJIOTiH, CHHTE3Y MPUHIIUIIB PaJioMeTPii, CIIEKTPOMETPIii Ta MaTEMAaTUYHOTO MOJICIOBAHHS I €(heKTUBHOTO
KOHTPOJIIO MATOMOI aKTUBHOCTI PiAKKX, B'I3KUX, CUITYYMX XaPUOBKX i HEXap4OBUX P00, igeHTndikaiii iXHboro pagionyK-
JTTHOTO CKJIAJLY.

BrpoBaypkenns ifentudikatopa-crieKTpoMeTpa ClpusaTHMe CyTTEBOMY CKOPOYEHHIO Yacy Ha IIPOBEJCHHS OllepaTUBHOL
MacoBOI TIEPEBIPKI XapUOBUX 1 HEXAPUOBUX TIPOO Ta iIeHTH(hIKAIT IXHBOTO PAIiOHYKIITHOTO CKITALY, 110, B CBOIO YEPTY, TTijI-
BUILUTH PIBEHb €KOJIOTIYHOI OE3IIeKK HACEICHHS B €II0XY MUPOKOI eKCIuIyarallii 00'€KTiB sIepHO-TIAJTUBHOTO [UKILY.

Knwouosi crnoesa: ssnepHo-pamiaiiiina aBapist, raMMa-BUIIPOMiHIOBAHHs, CIIEKTPOMETD, PaliallilHUii MOHITOPUHT, paiaIliii-
Ha Gesrexa.
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INNOVATIVE APPROACH
TO THE CREATION OF TEXTILE MATERIALS
WITH ANTIMICROBIAL PROPERTIES

Introduction. In recent years, there has been a constant search for more advanced and environmentally friendly
means for antimicrobial treatment of cellulose-containing tissues of various intended uses in the textile industry.

Problem Statement. The problem of protection of textile materials and products from microbiological de-
struction is complex and multifaceted and needs to be solved. Today, one of the methods of protection is to provide
textile materials with biocidal properties, which not only prevents the growth of bacteria, but can also ensure a
high level of tissue safety. Therefore, we are faced with the task of finding new safe biocidal products.

Purpose. The research has been made to determine the level of safety of textile materials treated by biocidal
substances with the thiosulfonate structure including Ethylthiosulfanilate, Methylthiosulfanilate and Allylthio-
sulfanilate.

Materials and Methods. The fabrics of dif ferent chemical composition were used in the study, designed for the
manufacture of overalls. New preparations of thiosulfonate structure were chosen for impregnation: ethylthiosul-
fanilate (ETS), methylthiosulfanilate (MTS) and allylthiosulfanilate (ATS). The presence of heavy metals and pes-
ticides was determined by atomic absorption spectrometry with the use of a ZEENIT 650P spectrometer (Germany).

Results. It has been established that the detected level of heavy metals and pesticides in the studied textile ma-
terials is insignificant and is within the regulatory requirements. It has been confirmed that the studied biocidal
substances are low-toxic and environmentally friendly, because before and after treatment they did not change
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the hygienic parameters of tissues. A method for imparting biocidal properties to textile materials for the manu-
Jacture of overalls, in particular by impregnating textile materials with an alcoholic solution of biocidal products,
has been developed. Also due to this treatment, the water absorption of materials decreases by an average of 40%.
Conclusions. The treatment of textile materials with biocidal preparations of the thiosulfonate structure allows
obtaining simultaneously two desired effects for these fabrics: the appropriate bioresistance and water resistance.

Keywords: environmental responsible, heavy metals, biocides, hygienic properties, and thiosulfonates.

In recent years, textile industry specialists have
been paying attention to the problem of determi-
ning the level of environmental responsible and
hygiene of clothing and other types of textile ma-
terials. Until recently, the demands of consumers
and producers of textiles have been related to fa-
shion, shape stability, ease of care and low cost.
The negative influence of the textile material was
not discussed or discussed last of all.

However, publications on the negative effects of
textiles on the human body are appearing increa-
singly in the world scholarly research literature,
also great attention is paid to textile materials
with antimicrobial properties because textiles can
contribute to the transmission of pathogens [1—6].

In particular, the issue about the development
of antimicrobial fibers has been consider by the
textile industry since 1941 (Hirschmann and Ro-
binson 1941).

In [1], it is shown the possibility of survival of
60 bacteria strains including four species (Kleb-
siella pneumoniae, Acinetobacter baumannii, Sta-
phylococcus aureus, and Enterococcus faecium) on
untreated cotton textiles in clinically significant
incubation periods. The antibacterial efficacy of
the textiles treated with Sanitized T99-19 and Sa-
nitized T27-22, which contain quaternary ammo-
nium salts (QAC) has been established. The men-
tioned samples have shown a high influence on the
action of bacterial test cultures of the most of gram-
positive pathogens and ineffectiveness against
multiresistant gram-negative bacteria (Escheri-
chia coli) [2].

As is known, organic antimicrobial reagents of
both natural (chitosan, cyclodextrins and natural
dyes) and synthetic origin (various Quaternary
ammonium salts, triclosan, halogenated phenols
and organometallic compounds) are used for the

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

processing of cellulose textiles. The interaction
between cellulose and antimicrobial reagents, me-
chanisms of their biological action and the influ-
ence of various factors on the biocidal activity of
textile carriers are illustrated by researchers in
the work [3]. In order to improve durability and
mechanical properties of textiles it is need to con-
duct a preliminary activation of its cellulose com-
ponent or to use linker agents. As antimicrobial
agents it is advisable to use environmentally
friendly compounds of prolonged action, in par-
ticular resistant to hygienic care [3].

The effect of biocides 3-methylol-2,2,5,5-te-
tramethylimidazolidinone (MTMIO) and 1,3-di-
methylol-5,5-dimethylhydantoin (DMDMH) and
their compositions in various ratios for chemical
modifications of cellulose was studied by Califor-
nian researchers. The use of such compositions
for cellulose treatment improves the strength and
stability of biocidal functions of tissues treated
with these preparations, in addition, these tissues
can withstand repeated washing and long shelf
life [4].

Another achievement in this direction is cyclo-
dextrins, which are widely used for tissue proces-
sing, because due to their unique chemical struc-
ture they exhibit the good absorption capacity,
namely, they form inclusion complexes with dif-
ferent antimicrobial and other biologically active
substances. Therefore, this is undoubtedly impor-
tant to provide textiles with antimicrobial pro-
perties in further studies [5, 6].

Many compounds with a wide spectrum of an-
timicrobial attributes, high bactericidal and fun-
gicidal activity [7] have been found among thio-
sulfonates of the general formula RSO,SR*, which
are close to structural analogues of natural phy-
toncides including garlic Allium satioum, Allium
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cepa onion, various types of cabbage, especially
cauliflower [8, 9].

The synthetic thiosulfonic acid esters are
known to exhibit a wide range of biological acti-
vity, which often exceeds the efficiency of natu-
ral analogues. Some of them are offered as effec-
tive antifungal substances, promising perspective
substances of another direction, preservatives of
fruits and vegetables, effective remedies for plants,
growth regulators, biocidal additives and insec-
ticides. Esters of thiosulfonic acids are effective
sulfenylating reagents in organic synthesis, ha-
ving valuable properties for solving the complex
problems of molecular biology and biochemistry
[7,10—11].

But today, the searching of the new environ-
mental ways for providing antimicrobial proper-
ties to textile materials does not lose its relevan-
ce, despite the existence of numerous studies in
this field.

The textile materials can be a source of nega-
tive effects of chemicals complex during produc-
tion. For example, dyes, compounds, and prepara-
tions containing heavy metals are used to decorate
and provide textiles with specific properties. Their
application not only reduces the level of environ-
mental friendliness of the product, but also adver-
sely affects the environment. These substances can
be complex multi-component systems, which are
not always completely removed from products and
materials at different stages of the technological
process. During the operation of clothing under
the influence of various factors products of dest-
ruction can be also released into the clothing spa-
ce, which in turn adversely affects the human bo-
dy, causing various biological effects [12, 13].

All over the world, much attention is paid to
the development of various methods for obtai-
ning and studying the antimicrobial properties of
textile materials and their safety. Therefore, the
issue of creating environmentally friendly textile
materials with antimicrobial properties resistant
to wet treatments, washing, and solar insolation
when the textiles are used in real conditions [ 14—
16], remains quite relevant. Given these facts, it
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is obvious that textile products require a great at-
tention to quality and safety.

In Ukraine, ecological safety of textile pro-
ducts is defined in the framework of the draft
CMU Resolution on Approval of the Technical Re-
gulation on Environmental Criteria for the Eco-la-
beling of Textile Products as strategic directions
and tasks for the implementation of state policy
in the field of environmental protection, preser-
vation of the health of the state population.

Also, in 2013, the State Sanitary norms and
rules “Textile, leather and fur materials and pro-
ducts” came into force. The basic hygiene require-
ments were developed for harmonization of do-
mestic standards with the standards of the Inter-
national Association for Research and Testing in
the field of Textile Ecology (OECO-TEX).

The basic hygiene requirements are divided in-
to groups:

o rationing of chemicals in products;

¢ rationing of indicators such as hygroscopicity,
air permeability, specific surface electric resis-
tance and pH level;

¢ normalization of harmful substances and their
migration from the products into the human bo-
dy and the environment (the content of free for-
maldehyde and formaldehyde which is able to
partially excrete, residues of heavy metals able
to extract, pesticide content, the content of pen-
tachlorophenol, azo dyes and organochlorine car-

riers, the presence of odor, etc.) [16].

The natural fiber fabrics provide excellent con-
ditions for the development and growth of micro-
organisms through the ability to retain moisture
and microbial enzymes that can easily hydrolyze
polymer bonds. Cellulose is known throughout
the world as the most common, renewable and al-
most inexhaustible polymeric material with an
exciting chemical structure and properties. Con-
sequently, cellulose polymer is characterized by
its chirality, high functionality, biodegradation,
the ability to broadly chemical modification and
the formation of universal semi-crystalline fibers.
Therefore, the functionalization of cellulose tex-
tiles is the aim of researchers [15—18].
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NHCOR NCOR
Na,S NaOH
_—
SO,Cl SO,SNa
1(a,b) 2 (a,b)

R = CH, (a), OCH, (b)

Fig. 1. The synthesis of used thiosulfonates

Consequently, the study of environmental sa-
fety of cellulosic textile materials with antimicro-
bial properties, obtaining new data on the protec-
tive properties of such materials, expanding their
scope of application used to be urgent scientific
tasks with a great practical importance.

The need of development of new biocidal ma-
terials with antimicrobial properties is caused by
the changing general biological resistance of the
human body. Studies show that there are new
types of microorganisms which are resistant to
most antimicrobial agents. Also pathways, modes
of transmission and the duration of their lives are
changing [11, 12, 19—21].

The purpose of the research is to develop the
antimicrobial textile materials with the use of bio-
cide compounds of the thiosulfonate structure such
as Ethylthiosulfanilate (ETS), Allythiosulfanila-
te (ATS), Methylthiosulfanilate (MTS) prepara-
tions, study their properties and environmental
safety in order to use it in seaports and docks.
These biocidal preparations are tested and effec-
tively used as biocides to protect paintwork ma-
terials, component of anticorrosive composition
for pipelines of circulating water supply systems,
petroleum products, building materials and const-
ructions, algaecides for surface protection, pac-

Table 1. Properties of the Studied Textile Materials

NH, NH,
R'Br, (CH,0),S0,

SO,SNa SO,SR!

3 4 (a—c)

R'=CH,(a), C,H,(b), C,H, (c)

kaging materials, for sterilization of culture fluid
in biotechnological manufactures [22—23]. To our
knowledge ETS, MTS, ATS preparations were used
firstly to produce environmentally friendly fab-
rics according to international indices of safety.

Collection of textiles. The object of our research
was cotton and cotton polyester fabrics produced
by Toctals Fabrics and Ten Cate Protect, respecti-
vely (Table 1). All samples of fabrics are treated by
the new species of biocidal preparations posses-
sing thiosulfonate structure, which plays an im-
portant role in ensuring safe working conditions
in various industries, as well as in seaports and
docks. The main functions of such clothes are the
preservation of human health, the creation of fa-
vorable conditions for high working efficiency in
aggressive conditions, protection against the nega-
tive influence of the environment, fungal and bac-
terial microflora.

The biocide preparations. To protect cellulose-
containing textile materials and clothing products
from the negative effects of fiber-destroying and
pathogenic microorganisms, we selected new bio-
cidal preparations having the thiosulfonate struc-
ture: Ethylthiosulfanilate (ETS), Allylthiosulfa-
nilate (ATS), Methylthiosulfanilate (MTS), which
exhibit a wide spectrum of antimicrobial activity,

. Density, P, the number of | Linear density of threads,
S | Surface
nsggé Fibrous composition, % density, threads per 10 cm T, tex Type of coloring
g/m’ Warp Weft Warp Weft
1 Cotton, 100 245 307 292 49 38 smooth-dyed
Cotton-polyester, 50/50 245 292 220 42 25 smooth-dyed
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are non-toxic, and can be used for antimicrobial
protection in various industries.

These thiosulfonates are synthesized at the De-
partment of Technology of Biologically Active Com-
pounds, Pharmacy and Biotechnology in the Lviv
Polytechnic National University in accordance
with Fig. 1 [22, 23].

Indicators of the minimum concentration of
thiosulfonate biocidal preparations for fungicidal
(A) and fungistatic (B) treatment of cotton-po-
lyester cloths for their protection against biode-
struction by fibrous and pathogenic microorgan-
isms are presented in Table 2.

Methods. In order to determine the environ-
mental quality of textile materials treated with
biocidal preparations content of toxic substances,
heavy metals, pesticides, measurements have been
made at the Kovalevsky Institute of Biology of the
Southern Seas of the NAS of Ukraine (Odesa) and
at the laboratory of chemical analytical research
of the Ukrainian R&D Center of Ecology (Ode-
sa) under the Ministry of Ecology and Natural Re-
sources of Ukraine.

Antimicrobial treatment of cotton-polyester
cloths was carried out at the Analytical and Re-
search Testing Laboratory Textile-TEST, Kyiv (Kyiv
National University of Technology and Design).
Samples of tissues were treated by water alcohol-
ic solution (60/40) of ETS, MTS and ATS prepa-
rations in padding dyer at room temperature
(18—20 °C) and relative humidity of the air 63—
65%. Subsequently, these test specimens were pres-
sed with the use of padding dyer to a residual mois-

ture content of 6—8% and dried at 75, 60 and 50 °C.
The minimum concentration of ETS, MTS and
ATS in water alcoholic solutions was 0.5%. Be-
fore all determinations of textile quality, fabric
samples were being dried for 5—7 min.

The concentrations of heavy metals were de-
tected by atomic absorption spectrometry (AAS)
with the help of spectrometer ZEENIT 650P (Ana-
lytik Jena AG, Germany) including separation/
preconcentration procedures, solid phase extrac-
tion and coprecipitation. The principle of the spect-
rometer functionality was based on atomization
of the test sample, measuring the optical density
of the atomic vapor and further determining the
mass concentration of the elements to be determi-
ned with the use of calibration curves. All chemicals
were purchased in Merck (Darmstadt, Germany).

Another way of detection of heavy metals in tex-
tiles was Wet Digestion Procedure (WDP) descri-
bed by Sungur S. and Giilmez F. [24] with the help
of MP-AES Analysis. The method was provided by
Agilent 4200 MP-AES (Agilent Technologies, USA).

The pesticide content and the toxic substances
are determined with the help of Agilent 4200 MP-
AES (Agilent Technologies, USA). Also a detector
was used to capture electrons (a temperature rise of
1.2 °C per min). The content of organic solvents
(benzene, toluene, and xylene) was determined
based on the equilibrium concentration of the va-
por phase.

The odor intensity of fabrics was determined
by 6 experts at the laboratory of sensory analysis
in the Odesa National Academy of Food Techno-

Table 2. Minimum Concentration of Thiosulfonate Preparations for Fungicidal (A)

and Fungistatic (B) Treatment of Cotton-Polyester Fabrics

Minimum concentration, %
Country ETS MTS ATS
A B A B A B
Trichoderma viride 0.055 0.006 0.055 0.012 0.025 0.012
Aspergillus niger 0.055 0.0185 0.05 0.008 0.05 0.008
Penicillium funiculosum 0.0185 0.006 0.0185 0.006 0.0185 0.006
Paecilomyces variotii 0.0185 0.006 0.0625 0.003 0.625 0.003
Chaetomium globosum 0.055 0.006 0.055 0.006 0.12 0.03
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logies. The intensity of smell is determined based
on the five-point scale (Table 3).

The chemical research takes into account that
the main pollutants are bismuth, cadmium, co-
balt, manganese, copper, zinc, nickel, mercury, lead,
antimony, chromium, among which lead, mercury
and cadmium are global the first class of danger
pollutants for the environment. They can remain
on the surface or in the structure of textile mate-
rial, which also affects the human body, causing va-
rious biological effects (allergens, skin irritants)
with different duration of action and the time of
detection [25]. The heavy metals can accumulate
in bones and various organs, causing their dys-
function. They can also help to eliminate the bene-
ficial elements from the organism such as magne-
sium, calcium and others. High concentration of
heavy metals in the organism can lead to the follo-
wing diseases: cancer, acute and chronic renal in-
sufficiency, autism, fetal death, cardiovascular and
nervous system diseases, metabolic disorders [30].

In addition, raw materials and products of na-
tural origin are treated with fungicides and insec-
ticides against the destructive action of microor-
ganisms, moths, rodents during storage of textile
materials and clothing in warehouses and trans-
portation. Moreover, the heavy metals have par-
ticular hygienic significance which can also con-
taminate textile materials and clothing as a result
of the use of dyes, the specifics of technological

Table 3. Odor Scale

Score Patentsin n

0 |absent odor that is not detected by any expert

1 | barely noticeable odor that is detected by experts ha-
ving the most sensitive organs of senses

2 |faint odor that is detected by experts if they aimed
at its definition

3 | pronounced odor that is detected by experts if they
do not pay attention to it

4 | powerful odor that is detected by experts easily

5 | heavy odor that is detected by experts without smelling

processes, due to contamination of the ecosystem
[27]. The content of heavy metals in fabrics de-
termined with the help of WDP is presented in
Table 4.

Copper (26.3—26.4mgkg™") was detected in the
highest concentrations in cotton-polyester fab-
rics (Samples No. 2). Also higher content of Chro-
mium (1.29—1.30mgkg™") was determined in all
cotton-polyester textiles in comparison to samp-
les of cotton fabrics. The levels of Arsenic and Mer-
cury were found to be considerably less than the
values demanded by Oeko-Tex. However, all con-
centrations of heavy metals in extract of 0.07M
HCL were determined to be within the normal
limits.

The content of heavy metals in the studied fab-
rics measured with the use of AAS is shown in
Table 5.

Table 4. Effect of Biocide Treatment on the Presence of Heavy Metals in Fabrics

Metal content, pgkg!
Requirements
Metals SZ)inOdZ]i{:i —[T;;c]‘ Sample Net Sample Ne2
atmost, pgkg ! | Without | ppg o ypg | g | Without T ppg g | AT
treatment treatment
Co (Cobalt) 4.0 <0.05 <0.05 | <0.05 | <0.05 <0.05 <0.05 | <0.05 | <0.05
Cr (Chromium) 2.0 0.54 0.535 0.58 0.537 1.30 1.296 1.30 1.29
Cu (Copper) 50.0 8.84 8.84 8.83 8.84 26.3 26.3 26.4 26.4
Ni (Nickel) 4.0 0.38 0.348 0.35 0.348 0.195 0.196 0.195 0.194
Pb (Lead ) 1.0 0.41 0.406 0.045 0.406 0.384 0.379 0.384 0.384
Cd (Cadmium) 0.1 0.045 0.045 0.045 0.045 0.070 0.070 0.070 0.070
As (Arsenic) 1.0 <0.05 <0.05 <0.05 | <0.05 <0.05 <0.05 <0.05 <0.05
Hg (Mercury) 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Table 5. Total Content of Heavy Metals in the Studied Fabrics

Sample No.1, pg kg Sample No.2, pg kg
Metals
Without treatment ETS MTS ATS Without treatment ETS MTS ATS
Cr (Chromium) 1.01 1.00 1.00 1.00 1.37 1.37 1.37 1.37
Cu (Copper) 10.9 10.9 10.89 10.87 40.2 40.2 40.2 40.3
Ni (Nickel) 0.372 0.371 0.370 0.372 0.5 0.034 0.036 0.036
Pb (Lead ) 0.454 0.454 0.453 0.453 0.416 0.42 0.413 0.416
Cd (Cadmium) 0.083 0.083 0.082 0.083 0.084 0.086 0.081 0.082
Hg (Mercury) 0.018 0.017 0.018 0.018 0.012 0.012 0.012 0.012

The total content of Copper (40.2—40.3 pgkg™)
in cotton-polyester fabrics (Sample Ne2) was the
highest among another metals as well as concent-
ration of it found in extract of 0.07M HCL. Also
in accordance with literature values of heavy me-
tals in different cotton fabrics the less content of
Copper was detected, especially: 0.28—0.84 pg kg™,
0.26—0.78 pg ke [29], 0.05-0.21 pg kg [30].
However, in study [31] concentration of Copper
was three times higher in comparison with the
results of our research (until 340 pg kg'). Lead
was detected in the less concentration (0.413—
0.454 pg kg) in all fabrics of the present research
in comparison with the results of another research
(1.23—1.83 pg kg™). In the studied fabrics, all con-
centrations of other heavy metals (Sample No.1
and No.2) were determined identically, by cont-

Table 6. Influence of Biocide Treatments
on the Content of Organochlorine Pesticides

Influence The content of
of Biocide Requirements | organochlorine pesticides
Treatments of standard [28], | in tissue samples, ug kg ™!
on the Content ug kg,
of Organochlorine not more Sample Sample
Pesticides No.1 No.2
DDT 1.0 <0.1 23.0
DDD 1.0 0.05 5.6
DDE 1.0 28 <0.1
Heptachlor 0.5 7.40 <0.1
Lindan (y-HCH) 1.0 0.28 <0.1
(a-HCH) 1.0 <0.1 <0.1
(B-HCH) 1.0 <0.1 <0.1
Dieldrin 0.2 <0.1 <0.1
Aldrin 0.2 <0.1 <0.1

rast to ones without treatment. Arsenic and Co-
balt contents were not detected according to me-
thod of AAS.

According to data shown in Table 4 and 5 the
concentrations of heavy metals in the studied
textile materials treated by ETS, MTS, and ATS
preparations were virtually the same in compari-
son with samples of fabrics without treatment and
met the requirements of international standard.
Obtained results proved that biocide preparations
are non-toxic and its use in textile industry does
not lead to danger to human health or life.

Organochlorine pesticides in textiles. In order to
increase yields, in the traditional method of culti-
vating raw materials for textiles, not only fertili-
zers, but also large amounts of insecticides are
utilized. Approximately 10% of all pesticides used
in the world are in cotton-growing areas. Due to
active irrigation, these substances penetrate into
groundwater, which leads to the risk of contami-
nation for local sources of drinking water and
soils. Approximately 10% of them remain in the can-

Table 7. Odors of the Studied Samples of Textile Materials

Evaluation of samples, scores

Type of treatment
Sample No.1 Sample No.2
Without treatment | 1 — without odor |1 — without odor
2 — faint odor of |2 — faint odor of
ETS garlic garlic
2 — faint odor of |2 — faint odor of
MTS cabbage cabbage
ATS 2 — faint odor of |2 — faint odor of

garlic and onion | garlic and onion
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vas and can lead to the development of skin di-
seases and allergic reactions.

Influence of biocide treatments on the content
of organochlorine pesticides with mean values is
presented in Table 6.

Heptachlor was found in the highest concent-
ration (7.40 pug kg™') in cotton fabric samples from
comparative to ones from cotton-polyester. It is
associated with presence of Heptachlor in soil
that contributes to its content in cotton plant du-
ring growing [30]. Heptachlor is highly effective
in controlling insects thereby it is used for plants
but now in the lowest concentrations according
to statements of Stockholm Convention on Per-
sistent Organic Pollutants. The content of DDE
(2,8 ug kg') also was detected higher than stan-
dard norm that is associated with agricultural use.

Study of textile odors. After treatment by ETS,
MTS and ATS preparations fabrics had special
odors. The results of odor studies are presented in
Table 7.

All fabric samples differed by the biocide prepa-
ration used. The faint odor of garlic is found in tex-
tiles treated by ETS preparation, while faint odor
of cabbage is reported for textiles treated by MTS

Table 8. Results of Chemical Analysis of Textile Materials
on the Presence of Toxic Substances

preparation and faint odor of garlic and onion
was a characteristic for textiles treated by ATS.

Toxic substances in textiles. An important cha-
racteristic of textile materials is their ecological
cleanliness, namely the absence of toxic substan-
ces, and, accordingly, the threats to consumers’
health. The results of the presence of toxic subs-
tances in textile materials for the production of
overalls are shown in Table 8.

The content of formaldehyde in the studied tex-
tile materials was within the normal limits, and
other toxic substances were not detected at all.
The concentrations of formaldehyde in Chinese cot-
ton textiles are higher by several times (89.6 pg kg™,
72.3 pg kg') in comparison with our values, even
for different methods of its determination. Such
fact means that using of biocide preparations for
textiles is safe to human life.

Study of the hygienic properties of textiles. Hyg-
roscopicity of textile materials is characterized by
their ability to adsorb and desorb hygroscopic and
capillary moisture during changing of environ-
mental conditions. It is known that hygroscopici-
ty depends on the fiber composition of the product,
the structure of the material and the operating
conditions of the product. Influence of biocide treat-
ment of studied materials on change of their hy-
gienic properties is presented in Table 9.

e O?;‘;Eﬁ";mdiggj Measured value, pg kg™ The analysis of the obtained results showed
substances pgkg ot SampleNo.t | Sample No2 that the biocidal treatment of the studied cellu-
more
Table 9. Effect of Biocide Treatment of Studied
Formaldehyde 0.05 <0,02 <0,01 Materials on Change in Their Hygienic Properties
Hexamethyle-
nediamine 0.01 not detected | not detected Hygro- Water Water
Caprolactam 1.0 not detected | not detected No. Samples sco]?,/idty’ ReSi;tance’ absoz})tion,
Propyl alcohol 0.25 not detected | not detected - ‘ -
Isopropyl 0.25 not detected | not detected 1 | Without treatment | 8.5 0 337
alcohol ETS 8.5 760 15.6
Butyl alcohol 0.1 not detected | not detected MTS 8.4 750 20.9
Isobutyl 0.15 not detected | not detected ATS 8.4 750 20.5
alcohol 2 | Without treatment | 7.0 0 29.7
Benzene 0.5 not detected | not detected ETS 7.9 600 12.3
Toluene 0.5 not detected | not detected MTS 7.0 590 135
Xylene 0.05 not detected | not detected ATS 7.0 590 14.2
Acetone 2.2 not detected | not detected Aldrin 0.2 <0.1 <01
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losic textile materials leads to increasing of their
hygienic parameters associated with keratolytic
action and insoluble properties of used prepara-
tions. The protective layers are lipophilic, that al-
so prevents the penetration of water. Particularly
high effect was achieved in samples of textile ma-
terials treating by ETS as made from cotton as
well from cotton-polyester.

In general, the results of studies on the provi-
sion of antimicrobial properties with new low to-
xic biocidal substances of the ETS, MTS and ATS
suggest that the treatment with these prepara-
tions allows obtaining at the same time two desi-
red effects on these tissues (appropriate bio resis-
tance and water resistance) and improving their
environmental safety, in general.

Consequently, according to the results of the
research, samples of cotton and cotton-polyester
textile materials treated with new types of bioci-
dal preparations met the criteria for human health
safety. Also the present study has confirmed that
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ITHHOBAIIIMHW MIJIXI/T 1O CTBOPEHHSA TEKCTUJIBHUX
MATEPIAJIIB 3 AHTUMIKPOBHUMU BJIACTUBOCTAMU

Beryn. Y TeKeTHIIBHIN TPOMUCIOBOCTI MOCTIHHO BEAETHCS TOIMIYK OiJIbIN JOCKOHAIKMX Ta €KOJOTIYHUX 3aC00iB /I aHTH-
MiKpOOHOT 06POGKH IETI0N030BMICHIX TKAHUH PI3HOTO I[LIbOBOTO MTPU3HAYEHHSI.

IIpo6GaemaTuka. IIpo6iemMa 3aXUCTy TEKCTUIBHUX MaTepiaiiB Ta BUPOOIB Big MiKpoGioIOriyHOl gecTpyKIil cKaagHa Ta
Gararorpanta i norpe6ye piments. Ha cboroati ogHuM i3 croco0iB 3aXUCTy € HajlaHHSI TEKCTUIBHIM MaTepiasam Giommz-
HUX BJIACTUBOCTEIA, 1[0 HE TiJIbKU 3a1100ira€ po3BUTKY GaKTepiil, a i MOXKe CTBOPUTU BUCOKUIL PiBeHb GE3IIEUHOCT] TKAHUH.
3Ba)kar0uu Ha 3aHAUYeHe, II0CTAE 33/[a4a TOIIYKY HOBUX Oe3neyHux OiOUIHUX MIPEIapaTis.

Mera. Busnauntu piBerb 6€3Me4HOCTI TEKCTUIBHUX MaTepiastiB, 06pobaeHnX GioIUIHUMI PEYOBUHAMK TiIOCYIb(OHAT-
HOI CTPYKTYPH.

Marepiauu i Metoau. BukoprctaHo TKaHUHU PiIZHOTO XIMIYHOTO CKJIA/LY, IO TPU3HAYEH] JIJIsI BUTOTOBJIEHHSI CITEIO/ISTY.
It npocouyBanHs 0yJ10 00paHo HOBI IIpenapartu TiocyibhoHaTHOI cTpyKTypH: eturaTiocybdanisar (ETC), meruiriocyib-
(aninar (MTC) Ta aninriocynbdaninar (ATC). HagBHicTh BAKKMX MeTAiB Ta MECTUIN/IIB BU3HAYAIN METOJIOM aTOMHO-
abcopOIiiiHoI criekTpoMeTpii i3 3actocyBanusim ciiekrpomerpy ZEENIT 650P (Himeuunna).

PesyabraTu. BeranoiieHo, 1110 BUSBICHUI PiBEHb BAXKKUX METAJIIB Ta MECTUIN/LIB Y IOCHI/PKYBAaHUX TEKCTUIbHUX MaTe-
piasax He3HaYHWH Ta 3HAXOJAUTHCS ¥ MEKaX HOPMATHBHUX BUMOT. IliTBepsKkeno, Mo AocaiuKyBaHi 6ioNuAHI PeYOBUHE €
MaJIOTOKCUYHUMH i €KOJIOTIYHO GE3MeYHIMU, OCKIILKH 10 Ta MMicIs 00pOOKM HIUMU Tiri€HiuHi TOKA3HUKN TKAaHWH HE 3MiHU-
sucst. Po3po6iieHo crocib HagaHHs GIOIUIHUX BJIACTUBOCTEN TEKCTHIBHUM MaTepiaiaM JJist BATOTOBJIEHHSI CIIEI[O/ISATY, 30K-
peMa HIJISIXOM [IPOCOYYBAHHS TEKCTUIBHUX MaTEPialiB CIIMPTOBUM PO3UMHOM OiOIUAHKX 1IpenapaTiB. TAKOK 3aBISKU TaKiil
06pOOIIi BOLOIIOTIMHAHHST MATEPIaJIiB 3HIKYETHCSI B cepeiHboMy Ha 40 %.

BucnoBku. O6po6Ka TEKCTUIBHIX MaTepiaiB GiONMIHIMH TIpernapaTaMu TiocyIb()OHATHOI CTPYKTYPH TO3BOJISIE OTPH-
MaTH OZHOYACHO ABa GaskaHi e(heKTH /ISl X TKaHUH: 6i0- Ta BOZOCTIHKICTD.

Kuwuoei croea: exosnoriuna Gesexa, BaskKi MeTasu, Giouiu, Tiri€HiuHi BAaCTUBOCTI, TIOCYIb(hOHATH.
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UPGRADE OF CONVEYOR LINE

FOR COAL CHARGE PREPARATION
WITH THE USE OF MODERN
GRADING-AND-MIXING EQUIPMENT

Introduction. In the current market conditions, when the demand for metallurgical products remains constant or
declines, the metallurgical industry may develop due to optimizing operating costs. A significant component of the
cost of final products is the cost of electricity. Its average growth rate over the past five years amounted to 125%.
Therefore, there is a need for analysis of electricity consumption with its subsequent optimization.

Problem Statement. In the existing coke production process line, the most energy-intensive technological
operation is crushing coal charge, which does not provide for prior screening of the finished grade. The analysis of
the particle size distribution of coal concentrates has showed that only 12.5% of the input charge fractions needs
to be crushed The gross flow of coal concentrate entering the crushers, the efficiency of the crushers does not
exceed 16... 18%. In addition, there is re-crushing of coal concentrates, which increases the content of the 0—0.5 mm
fraction and, consequently, adversely affects the quality of resulting coke.

Purpose. The purpose of this research is to develop practical recommendations for improving the process of
coal charge preparation for coking and equipment in it in order to reduce electricity consumption and to increase
the quality of resulting coke.

Materials and Methods. Empirical research methods with the use of the mathematical apparatus of statistical
data processing.

Results. As a result of the research, an improved process flowchart for coal charge preparation has been pro-
posed. It allows improving the quality of blast furnace coke and reducing electricity costs per unit of product, at
least, 48 times.

Conclusions. Improving the quality of coal charge preparation for sintering and reducing the electricity con-
sumption of equipment may be implemented through upgrading the existing conveyor lines by organizing screening
sections of the finished grade before crushing.

Keywords: coke, crushing, screening, mixing, and electricity consumption.

Citation: Zaselskiy, V., Popolov, D., Zaytsev, H., and Shepelenko, M. Upgrade of Conveyor Line for Coal
Charge Preparation with the Use of Modern Grading-and-Mixing Equipment. Sci. innov. 2021. V. 17, no. 3.
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Introduction

Currently, world industry is in the era of the so-
called “New Normality” when no major events that
can provoke a steady increase in consumption of
metallurgical products are expected. In these con-
ditions, the development of industry is possible
through the introduction of new technologies to
optimize operating costs [1].

Given that over the past five years, the average
growth rate of electricity prices for non-house-
hold consumers in Ukraine reached 123.9% [2],
there is a need to analyze electricity consumption
for its further optimization, especially at the sta-
ges of preparation of the coal charge for coking,
which requires energy-intensive technological ope-
rations, such as coal charge crushing.

Technological schemes of coke production at
corporations of the European Union and India [3—
5] provide preliminary enrichment of coking coal,
as a result of which technological operations on
coal charge crushing are necessarily preceded by
material size grading on vibrating screens and the-
re is no need for mixing operation since a single-
component charge is used.

While preparing a coal charge for coking, Uk-
rainian corporations mainly use the processes of
charge crushing (CC) and group crushing of com-
ponents (GCC). The main difference between the
processes used is that the charge crushing requi-
res fewer crushers, because in the GCC case, the
performance rate of crushing department is chosen
on the condition that it shall be not lower than
the coal intake capacity that is much higher than

Table 1. Specific Parameters of Crushing Processes

Crushing process
Parameter CcC CGG

Design | Fact | Design | Fact
Specific productivity, t/(g-m?) | 184 | 23 | 23.2 | 3
Electricity consumption,
(kW - g)/t 1.8 |143| 1.7 13
Metal consumption of equip-
ment, t/(g - t) 15.6 2 194 | 2.4

68

—e— 2002 year
374

--m--2019 year

207

0.5-3 3-6 +6
Fraction, mm

0.5

Fig. 1. Variability of averaged particle size composition of
coal concentrates

the capacity of the conveyor line that supplies coal
to the coke-oven battery where the department
for charge crushing process is located. In addi-
tion, in the case of GCC process, the installation
of mixing equipment is required, while in the ca-
se CC process, the mix is stirred during its crus-
hing in hammer crushers. Table 1 shows the main
design parameters of the used processes of charge
crushing [6].

Given the variability and deterioration of the
raw material, the particle size distribution of coal
concentrates that are processed for the last seven-
teen years (Fig.1) has been analyzed. The obtai-
ned graphs show that the content of fractions +6
and 6—3 mm decreases by 33 and 4%, respecti-
vely. So the input charge contains only 12.5% of
fractions that need to be crushed (+6; 6—3 mm).
Since the process trains do not provide for scree-
ning, the gross flow of coal concentrate goes to the
crushers that actually play a role of mixers, which
is not effective both in terms of quality of the mix
(the degree of mixing in terms of quality averages
75%, which does not correspond to the optimal
value [7] and in terms of the parameters (see Tab-
le 1), as a result of which the crusher efficiency
does not exceed 16... 18%. In order to reduce elect-
ricity consumption, several processes use of ham-
mer crushers without grate [8, 9], which allows
raising the efficiency up to 25... 27%.

In addition, the crushing of the charge with
specified particle size distribution leads to its re-
crushing and increasing the share of 0—0.5 mm
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grade, which impairs the physical and mechanical
properties of the resulting coke [10]. Hence, it is
necessary to apply the pre-screening technology
and to prevent re-crushing of the finished prod-
uct, which increases the bulk density of the char-
ge, improves its homogeneity and, consequently,
the quality of the resulting coke.

Given the above, the purpose of this research is
to develop reasonable recommendations for im-
proving conveyor line for the preparation of coal
charge for coking and the necessary equipment in
order to reduce electricity consumption and to
improve the quality of blast furnace coke.

Main Part of the Research

At the first stage of research, we study the influ-
ence of 0—3 mm fraction content on electricity
consumption and hammer crusher efficiency and
the influence of 0—0.5 mm fraction on the coke
quality. The research is carried out in the coal pre-
paration shop at the coke production facilities of

Table 2. Grade and Size Distribution Content of Coal Charge

Decrease in the content of 0—3 mm fraction

PJSC ArcelorMittal Kryovyi Rih. The grade and par-
ticle size distribution of coal charge and its me-
chanical properties are given in Table 2.

The given dependences (Fig. 2) show that the
crusher efficiency for the grade and size distribu-
tion content of coal charge does not exceed 17%.
The reduction in the content of 0—3 mm fraction
in the charge that is fed for crushing leads to a
decrease in electricity consumption by the ham-
mer crusher and increases its efficiency.

As a result of reducing the content of the 0—
3 mm fraction before crushing by 51%, electrici-
ty consumption of the hammer crusher with a gra-
te decreases by 37% (from 412 to 260 kW) and
by 19% (from 267 to 216 kW) for the crusher
without a grate. The efficiency of the crusher in-
creases by 10%, with the use of grate, and by 6%
without it.

Thus, the screening of 0—3 mm fraction from
the coal charge before crushing significantly re-
duces the electricity consumption of the hammer

in the Coal Preparation Shop at the Coke Production Facilities of PJSC ArcelorMittal Kryvyi Rih

Particle size composition (%) by grades, mm . Coal Average imaginary
Charge, % COZl ?lastll\zlltjy breaking density of coal,
+6 6-3 3-0.5 -0.5 OGS, BE4 | stress, MPa kg/m?
K /27; K/35; K+tKO+OC/12; 106 22 132 47 47 47 47
K+KO+KX/26
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Fig. 3. Nomogram for determining the coke quality indicators of M25 and M 10 depending on the content of the 0—0.5 mm
dust fraction and the bulk density of coal charge at different moisture content: 7 — strength in terms of crushability (indica-
tor M25); 2 — strength in terms of abrasion (M10); 3 — the content of the 0—0.5 mm grade at an average moisture content
in the charge W = 11.2 %; 4 — the content of 0—0.5 mm at an average moisture content in the charge\W = 5.6 %

crusher, both with a grate and without it. How-
ever, when using standard screens, the screening
efficiency of which is 50% for 0—3 mm fraction,
it is impossible to increase the efficiency of the
crusher by more than 32%, which is quite low for
the equipment used.

Based on the results of studying the effect of
0—0.5 mm fraction on the bulk density of the
coal charge, as well as experimental coking, a
nomogram has been obtained (Fig. 3). The nomo-
gram allows assessing the quality of coke for
“cold” strength in terms of crushability (M,,) and
abrasion (M, ), given the preliminary screening
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of 0—3 mm fraction at different humidity of the
coal charge.

The obtained nomogram shows that as the
content of dust fraction 0—0.5 mm in the coal
charge increases, its bulk density and quality of
coke decreases. For example, as a result of reduc-
ing the content of 0—3 mm fraction in the coal
charge with a moisture content of W= 11.2% and
W= 5.6% (curves 3, 4), the strength of coke in-
creases in terms of crushability by 1.1% and 1.2%
(from 85.4 to 86.5% and from 86.3 to 87.5%), re-
spectively, and in terms of abrasion by 0.8% (from
9.2 to 8.4% and from 8.6 to 7.8%), respectively.
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Fig. 4. Power of the reversible hammer crusher and average specific consumption of electricity

depending on its productivity

The hot strength also improves: reactivity (CRI)
decreases by 2.6% (from 40.1% to 37.5%), and
post-reaction strength (CSR) increases by 3.3%
(from 43.1% to 46.4%).

The studies show that reducing the content of
the defined grade in coal charge before crushing
in the hammer crusher may improve the quality
of the resulting coke, but the efficiency of this
process remains low, indicating the need to use a
reversible hammer crusher of other size or other
type of crusher.

Having studied the market offer of hammer re-
versible crushers used for crushing coal of different
grades before coking (Fig. 4) [11—13], we conc-
lude that economically justified reduction in elect-
ricity consumption may not be achieved unless the
productivity in terms of oversized product is, at
most, 250 t/g, which, given the productivity of the
process line of 700 t/h and the existing particle
size distribution of the coal charge, requires the
use of screens with an efficiency of, at least, 80%.

Ensuring the above efficiency of screening on
existing structures of domestic and foreign scree-
ning facilities in a limited production area, as well
as preventing the clogging of the sieving surface
with initial coal concentrate that has average
moisture content of 10... 12%, as a result of its
sticking, are complicated tasks.

In connection with the above, a group of engi-
neers of the Kryvyi Rih Metallurgical Institute

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

of the National Metallurgical Academy of Ukrai-
ne has proposed a configuration of steep vibra-
tion-impact screen (Fig. 5), the main elements of
which are box 7 with sieving surface 2 supported
by rubber shock absorbers 3. The box vibrations
are transmitted by two kinematically unbound
inertial vibration generators 4 operating in self-
synchronization mode. Given research [14], the
sieving surface is formed by a freely supported
plate with round holes, which performs periodic
shock-pulse oscillations in the vertical plane li-
mited by support 5. To prevent the longitudinal
movement of the sieving surface it is fixed by stop-
pers 6 [15].

To assess the efficiency of the separation of the
defined grade before crushing, in the existing pro-

Fig. 5. General view of steeply inclined vibrating-impact screen
with freely supported screening surface
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its productivity

duction conditions, the changes in the particle si-
ze distribution of the coal charge with a moisture
content of W= 11.2%, during the motion along
the conveyor line, have been analyzed (Fig. 6).
The obtained histogram shows that the scree-
ning of 0—3 mm fraction from the coal charge with
its subsequent crushing on hammer crushers both
with a grate and without it, leads to a decrease in
the content of —0.5 mm grade by 8 and by 9% re-
spectively, however, the effect of coal crushing
with the formation of this grade, is not removed.
In addition, the use of hammer crushers with a
capacity of less than 320 t/h, because of a 1.5 times
increase in the electricity consumption per a ton
of finished product (see Fig. 4) is not effective.
An alternative type of crushers used for crus-
hing coal charge, with a productivity of up to
400 t/h is two-roller-toothed crushers. The study
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of the market range of sizes (Fig. 7) [16] has sho-
wed that this type of equipment is more efficient,
because it has a lower electricity consumption
(specific electricity consumption does not exceed
0.75 (kWh)/t) and prevents re-crushing of the
material.

In some processes, hammer crushers act as mi-
xers for incoming coal concentrates in addition to
crushing. However, if screening of more than 75%
of the defined grade is ensured, practically there
is no mixing, so it is necessary to use equipment for
forced mixing.

Table 3 presents the main types of mixers that
may be or are used in coal processing facilities |6,
17,18].

Table shows that the revolving-arm and disc
stack mixers are less energy-intensive, but they
require significant additional space, which in the
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conditions of existing coal preparation facilities
not always may be realized. Alternative options
are beater-type and rotary mixers. The beater-
type mixer, like the revolving-arm or disc stack
mixer, requires additional space for mounting and
operation, while the rotary mixer is mounted di-
rectly above the conveyor and does not require
re-design of the existing lines in coal preparation
facilities.

Disadvantages of the existing rotary mixer
configuration is poor quality of the mix and the

Table 3. Equipment for Coal Charge Mixing

possibility of significant damage to the conveyor
belt in the case where metal objects or non-shred-
ding materials fall between the belt and the finger
rotor formed by metal pins welded to its shaft.
To remove these disadvantages, an engineer
team of the Kryvyi Rih Metallurgical Institute of
the National Metallurgical Academy of Ukraine
has proposed a rotary mixer configuration (Fig. 8).
The mixer is mounted directly above the belt
conveyor and consists of welded frame 7 and sec-
tions 2. Two rotor are installed on bearing sup-

Type of mixer
Parameters Revolving-arm | Disc stack | Beater-type | Disintegration- | Organized charge | Rotary
mixer mixer mixer type mixer mixing plant mixer
Power, kW 6 6 15 75 110 23
Productivity, t/g 700 500 400 750 1100 600
Mixer weight, t 1.4 0.3 0.4 1.4 4.09 5.65
Area with electromotor included, m? 2.4 3.24 1.96 12.5 6.6 17.1*%
Specific electricity consumption, 0.009 0.012 0.038 0.1 0.1 0.038
(kW -g)/t
Specific quantity of metal, t/(g - t) 500 1667 1250 66 269 106
Specific productivity, t/(g - m?) 175 154 255 60 167 0
Note: * does not require additional space, mounted above conveyor
ISSN 2409-9066. Sci. innov. 2021. 17 (3) 73
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Fig. 9. The offered CC process chart for coal charge preparation: 7 — bunker; 2 — belt
dispenser; 3 — charge conveyor; 4, 5 — screens; 6 — roller crusher; 7 — rotary mixer; 8§ —

main conveyor

ports 3 of each section. The rotors with flexible
cable elements 4 are moved by electric motors 5
connected via V-belt transmission 6. On the op-
posite side, blade rotors 8 are moved by means of
V-belt transmission 7. For ensuring tight cou-
pling of the sections, laminated rubber elements 9
and 70 are used. At the mixer input and outlet, on
the end walls, there are installed sealing rubber
curtains 77. Adjusting screws 12 are used to main-
tain and to adjust the gap between the belt and
the rotors. The side walls of the sections are pro-
tected with shields 73 and 74 to prevent injuries
from rotating actuators. Depending on the needs
and process requirements, additional sections
may be added or detached [19].

Thus, the research allows us to conclude that
the process flowcharts used to prepare the coal
charge for coking are energy-consuming, and,
moreover, do not enable improving the quality of
the resulting coke. In our opinion, it is possible to
reduce electricity consumption and to make bet-
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ter the quality of coal charge preparation before
sintering by improving the existing conveyor line
through preliminary screening of the finished
grade 0—3 mm with its subsequent blending with
coal concentrate that has been crushed on roller
crushers.

For example, proceeding from the primary par-
ticle size distribution of the coal charge (Fig. 1)
and its flows along the conveyor line at the coal
preparation facilities of ArcelorMittal Kryvyi Rih,
the following generalized improved process chart
for CC may be offered (Fig. 9).

In the proposed flowchart, screening is reali-
zed by two steeply inclined inertial screens with a
freely supported screening surface having a capa-
city of 350 t/g with a cell of 5 mm, which allows
achieving efficiency of 80—90% for 3 mm grade
(due to a high absorption capacity for class 0—
3 mm). A standard range of such screens has been
developed by KVMSH PLUS together with the
Industrial Machine-Building Engineering Depart-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)



Upgrade of Conveyor Line for Coal Charge Preparation with the Use of Modern Grading-and-Mixing

Table 4. Parameters of the Proposed CC Flowchart

Equipment of the proposed CC process flowchart

P Proposed
arameters Steeply inclined vibrating-impact screen Rotary mixer of improved process line
. . Roll crusher ) .
with a freely supported screening surface configuration
Power, kW 25x2=150 150 23 223
Actual performance, t/h 350 x 2 =700 250 700 700
Specific electricity consump- 0.08 x2=0.16 0.6 0.038 0.3
tion (kWh)/t

ment of the Kryvyi Rih Metallurgical Institute of
the National Metallurgical Academy of Ukraine
specifically for materials with a high moisture
content, tending towards clogging and sticking
to screen surfaces. In addition, the scheme pro-
vides for the use of a roll crusher with a capacity
of 250 t/h that is sufficient for processing the
oversized product after screening. After the cru-
shing stage, a multi-section rotary mixer is moun-
ted above the main conveyor. The capacity of the
proposed grading & crushing & mixing equip-
ment, as estimated based on the specifications, is
223 kW (Table 4).

Having compared the obtained capacity of all
equipment in the proposed process flowchart for
the option with the crushing equipment current-
ly used for the CC scheme (see Table 1), i.e. the
two crushers each having a capacity of 630 kW,
with their actual productivity of 88 t/h caused
by a low content of the fractions to be crushed
in charge, it may be concluded that the specific
electricity consumption of coal concentrate pro-
cessing at the crushing and mixing site may be
reduced at least 48 times, from 14.3 kWh/t to
0.3 kWh g/t.

The use of additional screening sites in the pro-
posed process flowchart leads not only to reducing
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Hapuanbno-naykoBuii Texnosioriynuil inctutyT JlepskaBHOro yHiBepCUTETY €KOHOMIKM 1 TEXHOJIOTIH],
By Crenana Tinbru, 5, Kpuswuii Pir, 50006, [rinpomnerposcbka 00.1.,

+380 56 470 1307, kminmetau@gmail.com

YAOCKOHAJEHHS TPAKTIB IIJITOTOBKU BYTIJIbHOT NINXTU
J10 KOKCYBAHHS HIJIAXOM BUKOPNCTAHHSI
CYYACHOTI'O COPTYBAJ/IbHO-3MIITYBAJIbBHOI'O OBJIA/IHAHHSA

Beryn. B ymMoBax icHy0401 KOH IOHKTYPH PUHKY, KOJIW TIOTIAT Ha METAIYPTIiHY MPOAYKIIIO 3aJUITAETHCS CTATMM ab0 3HHU-
JKYETBCS, PO3BUTOK METATYPTiiiHOT rasy3i MOKJINBUI 32 PaxyHOK onTuMizailii onepariitiux Butpat. OCKiIbKN 3HAUHOIO
CKJIaZI0BOIO cOBIBAPTOCTI rOTOBOT TIPOAYKINIT € BUTPATH Ha €JIEKTPOEHEPIiIo, CePeHIN TEeMIT 3pOCTaHHs I[iH Ha Ky 32 OCTAHHI
I'sITh POKiB ckyIaB 125 %, BUHNKa€e HeOOXiHICTh Y BUKOHAHHI aHAJi3y €HEePrOCIOKIHBAHIIS 3 MOAJIBIIOI0 HOT0 OMITUMIBAILE.

IIpobGaemaruka. B mitouiii TexHOMOTIUHII JIiHIT BUPOOHUIITBA KOKCY HAlIOLIbII €HEPrOEMHOK TEXHOJIOTIYHOIO OIIEPAIi€Io
€ NoZIPIOHEHH BYTIJILHOI ITUXTH, B AKii He Tepea6ayeHo MoIepeaHe BifciBaHHs TOTOBOTO Kacy. AHaJIi3 rpaHyJIOMeTPIYHO-

76 ISSN 2409-9066. Sci. innov. 2021. 17 (3)



Upgrade of Conveyor Line for Coal Charge Preparation with the Use of Modern Grading-and-Mixing

IO CKJIaJly BYTLIbHUX KOHIIEHTPATIB [IOKA3aB, 10 BXi[Ha uXxTa MicTuTh jutie 12,5 % dpakiiii, siki notpedyoTh Apob/ieHHs.
3BasKaiouu 1110, BAJTOBHII MOTIK BYTiJILHOTO KOHIEHTPATY HAAXOAUTD 10 APOOAPOK, e MPU3BOAUTD 10 TOTO, 10 KOeDIil[ieHT
KOPUCHOI JIii BAKOPUCTOBYBaHUX P0oOapoK He tiepesuiitye 16—18 % Ta BigOyBacThes mepenopiOHeH st By riJibHIX KOHIIEHT-
pariB, 110 361abirye BMicT (pakiii 0—0,5 MM, sika HETaTUBHO BILIMBAE HA SIKICTh KOKCY.

Mera. Po3pobka HayKOBO-0OTPYHTOBAHUX PEKOMEHAAIIIi IIOA0 BAOCKOHANEHHS TPAKTY IiATOTOBKU BYTiJIbHOI HIUXTH 0
KOKCYBaHHsI Ta BAKOPMCTOBYBAHOTO B HUX HEOOXITHOTO 0OJIa/IHAHHST 31151 3HVKEHHS CTIOKUBAHHST €JIEKTPOCHEPTi Ta Imij-
BUINEHHS STKOCTI IOMEHHOTO KOKCY.

Marepiam it MeToau. Bukoprcrano eMinipiuyHi METOM OCAIKEHb i3 3aCTOCY BAHHAM MaTeMaTUYHOTO arapaTty 0OpoOKu
CTaTUCTUYHUX JIAHUX.

Pesyabrati. Po3po6JieHO TeXHOIOTIUHY CXeMY IMTi/ITOTOBKHU BYTiJIbHOT ITUXTH, SIKA T03BOJISIE [T IBUIIATH SIKICTh IOMEHHO-
IO KOKCY Ta 3MEHIIUTH MUTOMi BUTPATH €JIeKTPOEHePrii OPiEHTOBHO B 48 pas.

BucHosku. [TifBuieH st SKOCTI MiIrOTOBKU BYTLIBHOT IUXTH JI0 CIIKAHHS 3 O[HOYACHUM 3HUKEHHSIM eHeproBUTpar 06-
JIAJIHAHHSI, 1110 BUKOHYE 1i 11epepoOKy, MosKe OyTH peasi3oBaHO YI0CKOHAJICHHSIM ICHYIOUMX TEXHOJOTTUHUX TPAKTIB IJISIXOM
oprasizaiii ZiJITHOK TOTEPEAHBOTO BiICIBY TOTOBOTO KJIACy HePe APOOTCHHIIM.

Kunwouoesi crosa: Koke, IpobJieHHs, [POXOUEHHSI, 3MIIITyBaHHSI, €HEPrOEMHICTb.
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INFORMATION TECHNOLOGY
FOR TRAJECTORY DATA MINING

Introduction. Advanced technologies allow almost continuous tracking and recording the movement of objects in
space and time. Detecting interesting patterns in these data, popular routes, habits, and anomalies in object mo-
tion and understanding mobility behaviors are actual tasks in different application areas such as marketing, ur-
ban planning, transportation, biology, ecology, etc.

Problem Statement. In order to obtain useful information from trajectories of moving objects, it is important
to develop and to improve mathematical methods of spatiotemporal analysis and to implement them in high-
quality modern software.

Purpose. The purpose of this research is the development of information technology for trajectory data mining.

Materials and Methods. Information technology contains the three main algorithms: revealing key points
and sequences of interest with the use of density-based trajectories clustering of studied objects; detecting pat-
terns of an object movement based on association rules and hierarchical cluster analysis of its motion trajectories
in the time interoal of observations, similarity measure of the motion trajectories has been proposed to be calcu-
lated on the basis of the DTW method with the use of the modified Haversine formula; new algorithm for revealing
permanent routes and detecting groups of similar objects has been developed on the basis of clustering ensembles
of all studied trajectories in time. The clustering parameters are selected with multi-criteria quality evaluation.

Results. The modern software that implements the proposed algorithms and provides a convenient interaction
with users and a variety of visualization tools has been created. The developed algorithms and software have been
tested in detail on the artificial trajectories of moving objects and applied to analysis of real open databases.

Conclusions. The experiments have confirmed the efficiency of the proposed information technology that
may have a practicable application to trajectory data mining in various fields.

Keywords:information technology, pattern mining, trajectory of motion, points and sequences of interest, clus-
ter analysis, and similarity measure.

In today’s world, where everything is in constant motion, mobility is a key concept. Pre-
valence of GPS-enabled devices and wireless communication technology leads to the ac-
cumulation of huge amounts of information about the movement of objects in space and
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time. Having analyzed these data, we may better
understand the features of the motion and beha-
vior of objects, as well as other interesting patterns.

One example of practical application is the ana-
lytics or marketing industry, where it is important
to correctly analyze the audience and categorize
it fairly precisely by interest category in order to
be able to more accurately engage a new target
audience or draw conclusions based on the inte-
rests of an existing audience. Consider, for examp-
le, the trajectory of human movement. We can de-
termine which areas may be important for him:
work, gyms, shopping malls, etc. On the basis of
several trajectories, it is even possible to track so-
me habits and patterns of human behavior: go to
the cafe every morning, an evening jog around the
park every Friday, and so on.

Most mobile apps installed on mobile devices oc-
casionally request access to a user’s location. The
location and movement of the users is used in ope-
rating systems and mobile applications to provi-
de various quality promotional recommendations
for nearby places of interest or, for instance, time-
ly notification of traffic jams.

Analyzing the trajectories obtained by tracking
the movement of animals, it is interesting to de-
termine which geographic areas are important for
an animal, in which it spends a certain part of its
time or movement patterns such as spatio-tempo-
ral expression of behaviours, e.g. in flocking sheep
or birds assembling for the seasonal migration,
migration patterns of traveling for better access
to food, water, and shelter.

In transportation field — tracking vehicle mo-
vement, traffic planning, detecting hotspots, for
taxi pick-up point recommendation; in ecology —
tracking down pollution incidents etc.

There are also some successful examples in va-
rious AR applications: such as Ingress or Poke-
monGO, where user location analysis is the main
mechanism for managing the gameplay.

Raw trajectory data in the form of geographi-
cal coordinates and timestamps are meaningless
to humans. All these data are of great value only
if it is properly processed. Therefore, the task of tra-
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jectory data mining is of interest among resear-
chers and very popular in practical applications.

Trajectory data mining is the process of inte-
resting, useful knowledge and patterns discove-
ry in large data sets of objects™ motion history. The
mathematical apparatus of spatial-temporal ana-
lysis methods is used to study the trajectories of
motion [1—3]. In [4] the authors divided the me-
thods into two categories: primary (clustering, clas-
sification) and secondary (pattern mining, outlier
detection, prediction) and showed relationships
between them.

A systematic review of different methods and
examples of practical application of trajectory ana-
lysis was performed in [4—6]. In [6] links to dif-
ferent datasets can also be found.

An important task is finding points of interest
or points of stops [7—8]. Generalizing the various
methods, the fact can be noticed, that in most ca-
ses density algorithms (DBSCAN and its modi-
fications) are used for solving this problem. In ca-
ses where there is no access to the entire amount
of data, for example, in real-time analysis, the al-
gorithms based on analysis of the spatial and tem-
poral differences between individual segments
of trajectories are used in order to highlight the
centroids as points of interest. Due to their low
computational complexity, they are widely used
in mobile devices. Sometimes a probabilistic app-
roach is used based on models such as a mixture
of Gaussian distributions, Bayesian and Markov
models.

In many pattern mining tasks, it is necessary to
determine the similarity of trajectories. Most ap-
proaches to determining it are distance measures
that can be divided into two categories: spatial
ones that focus only on spatial changes and ig-
nore the temporal attribute, and spatio-temporal
ones that use data of both spatial and temporal
changes. Spatio-temporal distance measures, for
the most part, have the same camputation prin-
ciples as when dealing with time series. Widely
used approaches to distance measure are, for examp-
le, DTW, LCSS, TWED and so on. Among the spa-
tial measures of distance, three types are most com-
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pl5
Fig. 1. Determination of points clusters on the trajectory

mon: proximity to the direction of motion, proxi-
mity of geometric shapes and spatial proximity.

Visualization and visual analytics is an impor-
tant and effective tool for the study of trajectories
that has been addressed, for example, in [9—10)].

Although there are a lot of theoretical works in
this area, there are few software solutions and
most of them are for highly specialized tasks.

The object of study is trajectories of objects’
motion in space and time.

The subject of study is methods of revealing
useful information and pattern mining in trajec-
tory databases.

The purpose of the work is to study existing
approaches for solving the problem, to develop
the information technology for trajectory data mi-
ning and to apply the created software to the ana-
lysis of real datasets from different subject areas.

Materials and Methods

Let a set of objects of observation be given as O =
={0;k=1,N, ,i1» each object is characterized
by a set of tra]ectorles ={TKi=1, N}, Tr=
={pfi=1 N} —i- th trajectory of the k-th ob-
Ject of 0bservat1on pf =} xf y), where xf,
— latitude and longltude of the j-th point in
the i-th trajectory of the k-th object of observation,
t; — the moment of time corresponding to the
Jj- “th point in the i-th trajectory of the k-th object.
To analyze this data, it is necessary to develop
algorithms and software for:
o searching for key points and sequences of interest;
¢ detecting objects movement patterns in the
period of observation;
¢ revealing permanent routes, identifying groups
of similar objects based on an analysis of all stud-
ied trajectories over time.
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pzk*/
P,

Fig. 2. Transition from the initial trajectory to sequence of
key points (interests)

The first step in analyzing trajectories is to
identify key points or so-called points of interest.
It can be interesting to researchers as an indepen-
dent task (identifying visited by an object places
that are, places of particular interest to him) and
may be used as an ancillary task to reduce data
dimensions and to eliminate noise.

To determine the points of interest, we first ap-
ply the DBSCAN dense clustering algorithm,
which will allow us to find clusters of points on
the trajectory (Fig. 1):

1. Set the parameters of the algorithm ¢ (allow-
able neighborhood of a point during cluster for-
mation) and minP (the minimum number of
points for cluster formation). All points of the
studied trajectory are considered as a set of non-
clustered points S.

2. Of the set S choose an arbitrary point » and
calculate distances d , i€ S. As geo-position coor-
dinates are analyzed, we propose using a modified
Haversine formula as a measure of distance:

\ [cosx; sinAy[* +

d. =

j = arctan [cosx, sinx, — sinx, cosx,cosAy[?

sinx, sinxj + cosx, cosy; CosAy
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3. Identify countP — the number of points con-
tained in e-neighborhood of point 7, that is, such
that d <,
¢ if countP < minP, then denote the point r by

noise and proceed to item 2,
¢ otherwise, from the point r and its g-neighbor-

hood form a cluster and proceed to item 4.

4. For each point belonging to the cluster find
points belonging to its e-neighborhood and add
them to the cluster.

5. All points of the formed cluster exclude from
the set S.

6. If there are non-noise objects in the set .S,
proceed to item 2, otherwise finish the clustering.

For each cluster ¢, [ = 1, N, find a point of in-
terest p," = (¢, x,, y,") as the averaging of the val-
ues of all points belonging to it:

PR PR P

pecy De Pec;

Based on the implemented algorithm for ac-
cessing Google Places for more information about
each point received, we move from the point of
interest to the semantic location.

Having identified all the points of interest of
the trajectory, we obtain a sequence of key points
(points of interests) P* = {p/, I = 1, N}, p,/ =
— x5y, (Fig. 2).

The following algorithm is proposed to detect
patterns of object movement within the observa-
tion time interval.

1. Based on all the trajectories of the object be-
ing moved, identify the sequence of key points
(interests) as described above.

2. Determine a hierarchical cluster structure of
sequences of interest. By finding groups of simi-
lar trajectories, it is possible to draw conclusions
about the permanent routes, preferences and ha-
bits of the studied object.

3. Using the apriori algorithm, we find associa-
tive rules that allow detecting the regularities bet-
ween related events in the form of “if the object
visited point A, then with probability p, it will
also visit point B”. As related events we consider
the points of interest in one trajectory. This app-
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roach is described in detail in the previous work
of the authors [11].

The algorithm for agglomerative hierarchical
clustering of trajectories:

1. Consider each trajectory of interest P, i = 1, N*
to be a separate cluster g, [g| = 1. Calculate the
distance matrix D = {d },1,j = 1, 1, N, where d; —

distance between traj ectories Pand P’ Wthh in
this work is calculated by an algorlthm DTW but
it is suggested to use the above modified Haversi-
ne formula instead of the basic Euclidean metric.

2. In the distance matrix D find the minimum
element d; and clusters g, and g unite g, ;=g U g,
8. =lgl+lg)

3. From the matrix D remove the distances from
g and g to other clusters and add distances cor-
respondlng to the new cluster g, .
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Fig. 6. Visualization of the selected trajectory

To calculate the distance between clusters, the-
re is a general Lance-Williams formula: d (g,., g,) =
=o,d(g,g) ta,d(g,g,)+pd(g, g)+vd(g 8)—
— d (g8, By settrng different parameter values
a, B, B, v, we will get different types of agglo-
merative hierarchical methods: single-link, comp-
lete-link, average-link and more.

4. Repeat steps 2—3 until we have the required
number of clusters or all the objects are combined
into one cluster to construct the dendrogram. The
optimal number of clusters and other settings has
been determined with the use of the multicriteria
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quality assessment technology proposed by the
authors in [12].

The next step in proposed in this work techno-
logy is to identify groups of similar objects based
on an analysis of all the trajectories studied over
time, as well as finding permanent routes.

Since this problem is more complex than the
previous one and the simple application of cluster
analysis methods is not possible, an ensemble clus-
tering approach is proposed to solve it [13].

1. Form M subsets of data U, ={P, " i=1,N,},

=1, M, representing the trajectorles of interest
of all the objects under study in a given day m (M —
the number of days in the period under review).

2. Applying clustering separately to each of the
subsets U,, obtain M partitions G, ={g/", 8", ---, & "},

~1, M, g'={P"j=1, Ig’"|} the i- th cluster in

the m-th partition,i=1,K Z lg" =N, ob? Ug

g'ng"=9,i,j= LK.

3. Based on the obtarned results construct ad-
Jacency matrices A = {aij, i,j= obj},m 1, M,
where

_ Lif (Pmegm N (PmegM), ke [1,K ]

ij . ’
0, otherwise

that is @," = 1, if the trajectories of objects i and j
belong to the same cluster, a,” = 0 otherwise.
Since the number of clusters K in each of m
may be different, the degree of similarity of the
objects in this case will not be the same. It is clear
that the more clusters in a partition, the more
similar are the objects that fall into one cluster.
So to account for this difference, multiply each of
the matrices A by the number of clusters in m-th
partition. So get that
K, if (Pmegm) A (Pimegm), ke [1,K,]

)

ij .
0, otherwise

4. Construct an aggregate matrix A" = {a;j}, 1,

j=1,N, asfollows a;= Z /K’, where K’ =2Km.

obj’

The greater the value a the more similar the ob-
jects i and j are in thelr trajectories of interest.
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Fig. 8. Visualization of the received clusters

Value of a/; can be considered a measure of close-
ness, and amatrix A’ — a matrix of similarity. Sin-
ce assigning objects to one cluster on a particular
day indicates their closeness across trajectories of
interest, and the frequency of their union indica-
tes similarity over time, the measure of similarity
thus introduced really reflects the degree of simi-
larity of the two objects along trajectories of in-
terest with regard to time changes.

5. The transition from the similarity matrix A’ =
={aj},i,j= 1,N, , to the distance matrix D = {d },
i,j= 1 N, canbedoneasfollows d;=1—aj,ij=
=1,N That is, the more similar objects i and jin
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the matrix A’ the smaller distance between them
in the matrix D.

6. Next, we need to get the final solution of
the task, namely the division of the objects of
the original set O = {0, k=1, N, } into clusters.
Clustered in one cluster should be those objects
that are similar in all trajectories with respect
to their temporal changes. Summary partitioning
may be gotten by using cluster analysis algorithms
that deal with matrix of distances between ob-
jects (such as hierarchical, graphical, or fuzzy me-
thods) as input. Hierarchical clustering is used in
the work.
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The result of the work is software that imple-
ments the above algorithms for analyzing the tra-
jectories of objects and identifying useful patterns
in them. The software is written in Java with the
use of JavaFX graphical framework.

8 graphical forms have been created for user in-
teraction with the program and easy navigation

84

between them is provided. The main form allows
you to download the data and set the parameters
of the algorithms (Fig. 3). The form of searching
for associative rules is shown in Fig. 4.

The initial data can be viewed on the map by
all (Fig. 5) and only the selected (Fig. 6).

Once the points of interest have been identi-
fied, they can be viewed on the map, and with the
implementation of the algorithm of contacting
Google Places service to obtain detailed informa-
tion about each point (place name, its type, etc)
semantic locations cab be obtained. An example
is shown in Fig. 7. Each of the obtained clusters
can be viewed in detail both on the map and in
tabular data (Fig. 8).

The results of hierarchical clustering are also
presented as a dendrogram (Fig. 9). In order to
abstract from the cartographic representation of
information, investigated trajectories can also be
viewed on a simple graph (Fig. 10).

Developed algorithms and software were ap-
plied to the analysis of real data of the open data-
base of the project «Geolife» (Microsoft Research
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Asia) [14], which contains information about the
movement of volunteers collected through mo-
bile phones or special trackers; the open database
«African Elephant Range (2012)», which con-
tains the locations of elephants according to in-
ternational organizations reports IUCN, SSC, Af-
rican Elephant Specialist Group (AfESG) [15], the
open database «Taxi & Limousine Commission
Trip Record Data», which contains information
about boarding and disembarking passengers for
the mentioned taxi service in New York [16]. In
addition, to test the proposed algorithms in more
detail, a web-based JavaScript application was de-
veloped, which allows you to create artificial tra-
jectories of moving objects in a convenient mode
of interaction with the map.

Conclusions

The information technology of trajectory data
mining has been developed. It allows searching
key points and sequences of interest, semantic lo-
cations, permanent routes and patterns of behav-
ior as well as identifying patterns of motion of
objects in the period of observation. A new ap-
proach has been proposed to identify groups of
objects by the similarity of their movement routes
and the hierarchical structure of all trajectories
studied in time based on ensemble clustering. The
developed algorithms have been implemented in
a modern software complex that may be applied
for the intellectual analysis of trajectories in vari-
ous subject areas.
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THOOPMAIIIMHA TEXHOJIOTTA THTEJIEKTYAJIBHOTO
AHAJII3Y TPAEKTOPIN PYXY OB’€KTIB

Beryn. CydacHi TeXHIYHI TOCATHEHHS T03BOJISIIOTH Maiike MOCTIHHO BiICTIZIKOBYBATH Ta (hikCyBaTH PyX 06’ €KTIB y TpOCTOPi
Ta yaci. BusBieHHs nikaBUX 3aKOHOMIPHOCTEH Y IIUX JaHNUX, MOMYJISPHUX MapIIPYTiB, 3BUUOK Ta AaHOMAJIIT y TTepeMillieHH1
00'€KTiB, PO3yMiHHs MOOLIBHOI IIOBEAIHKY € aKTyaJbHUMU 3aBAAHHIMU Y PI3HUX c(epax 3acTOCYBaHHs, TAKUX SIK MapKe-
THUHT, MiCTOOY Ly BaHHs, TPAHCIIOPT, Gi0JIOTist, €KOJIOTIST TOIIO.

IIpoGaemaTuka. /[[1s1 OTpuMamHst KOpUcHOI indopMallii 3 JaHKX TPAEKTOPIiii pyXy 06 €KTiB BaxK/IMBUM € po3poOKa il yroc-
KOHAQJIEHHS MaTeMaTUYHIX METO/[iB IIPOCTOPOBO-YaCOBOTO aHAJI3y Ta peasisallis iX y BUIVIA/L Cy4acHOTO IIPOrPaMHOro 3a-
6e3TMmeueHsT.

Mera. Po3pobOka iHdopMailiiiHOi TeXHOJIOTIT IHTeJeKTyalbHOTO aHAII3Y TPAEKTOPIil PyXy 00’ €KTiB.

Marepiaum it MeTou. [HdopmaliiiiHa TeXHOIOTIS MiCTUTD TPU OCHOBHI aJITOPUTMU: BUBHAYEHHS KITIOYOBUX TOUOK Ta I10-
CJIZIOBHOCTEH iHTEpecy Ha OCHOBI IIIJIBHICHOT KJIacTepusallii TpackTopiit pyxy o6 €KTiB HOCIIKEHHST; BUSBJICHHS 3aKOHO-
MipHOCTEl TiepecyBaHHsI 06'€KTa Ha OCHOBI acOIiaTMBHUX MPABUJI Ta i€papXivHOTro KJIaCTEPHOTO aHaIi3y HOTO TPaeKTOPii
PYXY Y 4aCOBOMY IPOMIKKY CIIOCTEPEKEHb, Mipy MOAIGHOCTI 3aIIPOIIOHOBAHO 0GYKCaIOBaTH Ha ocHOBI Metogxy DTW Ta Mo-
ikoBaHOT (hOPMYJIM raBEPCUHYCIB; HOBUI AJITOPUTM TOIIYKY CTaJMX MAPIIPYTIB TA BUSIBJIEHHS IPYII CXOKUX 00'€KTIB 3a
yciMa I0CIIKY BAHUMU TPAEKTOPISIME y Yaci Ha OCHOBI aHcamObJieBol kiactepusaitii. Bubip nmapamerpis Kiacrepusartii 3aitic-
HIOETHCS 32 JIONOMOTOI0 HaraTOKPUTEPIaIbHOI OLIHKY SIKOCTI.

Pesynbratu. CTBOpeHO cyvacHe nmporpaMue 3abe3iederHsl, o Peali30Bye 3allpOTIOHOBaH] aITOPUTMU, 3a0€e3I1eYye 3pyd-
Hy B3a€MOJIIIO 3 KOPUCTYBaueM ii pisHOMaHiTHI 3acobu Bisyasizaiii. Pozpo6iieni aaropurMu ta nporpamue 3abe3neyeHHs je-
TAJIbHO ITPOTECTOBAHO Ha IITYYHUX TPAEKTOPISIX PyXOMHX 00'€KTIB Ta 3aCTOCOBAHO /10 aHAJI3Y PealbHUX BIAKPUTHX 6a3 JaHKX.

BucHoBku. ExcriepuMeHTasbHO MATBEPIKEHO eheKTUBHICTh PO3pobJeHol iH(DOPMAIIHHOT TeXHOJIOTT, SIKY MOKe OyTu
BIIPOBA/I?KEHO HA MPAKTHIII /IJI IHTEJIEKTYaTbHOTO aHAJII3Y TPAEKTOPIN Y PI3HUX Taly3sIX.

Knwuoegi crosa: indopmarttiiiii TeXHOJOTIT, BUABIECHHS MabJ0HIB, TPAEKTOPII PYXy, TOYKM Ta MOCIiOBHOCTI iHTEpecy,
KJIACTEPHUIT aHai3, Mipa moxiGHOCTI.
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CHARACTERISTICS OF NEW PROMISING
BENTONITE COAL SORBENTS MODIFIED
BY DIFFERENT COMPOUNDS

Introduction. Bentonite clays are traditional inexpensive and ef fective adsorbents that have a high potential for
removing heavy metals from wastewater due to their abundance, chemical and mechanical stability, high exchan-
ge ability, and unique structural properties.

Problem Statement. To obtain activated carbon, high-temperature muffle furnaces are used with the consump-
tion of a large amount of electricity, which is economically unprofitable. In addition, the resulting sorbents must be
in the form of granules or tablets, have high strength and the ability to be repeatedly used in technological processes.

Purpose. Development of a method for the production of low-cost granular sorbents based on bentonite as a
mineral component, activated carbon, as well as natural production waste (sunflower husk, straw, sawdust, etc. as
modifiers), which can be removed from the activation process to increase porosity of these materials.

Materials and Methods. Angren brown coal; bentonite of the Navbakhor deposit was used as a sorbent and
a basic substance for the granules formation; modifiers were sodium chloride, potassium, chopped straw, sawdust.
Methods of thermal decarbonization and activation of the obtained granules under the optimal conditions (950 °C,
45 min) were applied; the bulk density, the specific surface area, pore types and their total volume was determined
by optical microscopy and nitrogen adsorption methods.

Results. Inexpensive hybrid bentonite-carbon sorbents in the form of high-strength granules were synthesized.
The optimal ratio of the main components is Bentonite:Coal = 1 : 2, size (2.5 mm) and strength of granules (83—
99% ), total pore volume 0.863—1.01 cm’/g, confirmed the presence of macro-, meso- and micropores. The most
promising sample has a specific surface area (Langmuir) 184 m?/g.

Conclusions. The method for obtaining new effective granular carbon sorbents of low cost, having high sorption
capacity relative to organic and inorganic pollutants for purification of industrial process waters has been proposed.

Keywords: coal, bentonite clays, activation, carbonization, microscopic structure, and bentonite-coal sorbents.
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Activated carbon, zeolites, clays, graphene oxides,
carbon nanotubes, mesoporous silica, waste bio-
mass and tar have been acknowledged as very ef-
fective adsorbents [1]. Bentonite clays (montmo-
rillonite), kaolinite, biotite, vermiculite, attapulgi-
te (palygorskite), glauconite are traditional inex-
pensive and effective adsorbents that have a high
potential for removing heavy metals from waste-
water due to their abundance, chemical and me-
chanical stability, high exchange ability and uni-
que structural properties. The prospect of their
use is associated, firstly, with the availability and
low cost of raw materials, and secondly, with suf-
ficiently high service characteristics: water puri-
fication, prevent mechanical stress, can take any
form without the use of mechanisms, retain not
only toxins, but also moisture, liquefy at rest, be-
come denser in use [2—4].

As an alternative to known adsorbents, gra-
nular clay-carbon composites are considered as
highly effective materials for removing pollu-
tants [5—8]. Due to their branched porous struc-
ture and additional complex adsorption mecha-
nisms, the water treatment process takes place
much faster with fairly easy regeneration of the
spent adsorbent [9]. Clay-carbon composites con-
sist mainly of bentonite or kaolin clays and acti-
vated carbon [10, 11]. The use of activated car-
bon significantly reduces the cost of such com-
posites, which will allow them to be used effec-
tively in proceedings instead of expensive syn-
thetic sorbents [12].

In this light, the relevant objective is to increa-
se the sorption properties of such clay-carbon com-
posites by applying various modifications, using
affordable, inexpensive reagents and simple tech-
nological operations [13—16]. In this case, a di-
rected change in the structure of the resulting sor-
bent occurs, which leads to an increase in the spe-
cific surface of the material, its porosity, the num-
ber of exchange centers, etc., and as a result, to an
increase in its sorption properties. Inorganic and
organic natural materials or production wastes
can be used as modifying agents — alfalfa seeds,
clover, rice husk, sawdust, etc. [13], as well as ther-
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mal and electromagnetic processing. Modifying
agents during thermal decarbonization and acti-
vation should have the ability to be removed from
the process and thus increase the sorbent porosi-
ty and improve its sorption properties.

Another limiting factor in the widespread usa-
ge of natural sorbents for the drinking water treat-
ment and industrial effluents is the lack of effecti-
ve granulation technologies, since clay minerals are
exposed to peptization in aqueous media [ 16—19].

Thus, the purpose of this research is the deve-
lopment of a production method for inexpensive
granular sorbents based on bentonite as a mineral
component, activated carbon and natural raw
materials as a modifier (potassium salts, sodium,
fine straw and sawdust), which at high tempera-
tures and in the absence of oxygen can complete-
ly burn out and to be removed with exhaust gases
from the muffle furnace. Thereat, numerous pores
of various sizes appear at the burnout site of the-
se agents, which significantly increases the sorp-
tion ability of the obtained granular bentonite-
coal sorbents. The performed research work sho-
wed that for repeated use, sorbents together with
high strength should be in the form of granules
or tablets for subsequent extraction from the pro-
cess, regeneration and further usage.

1. Results and Discussion

The method of obtaining hybrid bentonite-coal
sorbents is presented in detail in a previous work
[20]. The optimal option for the manufacture of
bentonite-coal sorbents was selected in the ratio —
bentonite: coal = 1: 2. Bentonite was used not on-
ly as a sorbent, but also as a binder to shape the
granules. The optimal thermal activation of the
granules was annealing at a temperature of 950 °C
for 45 minutes. Initial parameters for decarboni-
zation and activation were used based on patent
sources for coal activation [20—21].

Table 1 shows the results of a decrease in the
mass of initial materials and samples of sorbents
upon the decarbonization and activation proces-
ses. A wide range of samples is presented, inclu-
ding using soot from the methane pyrolysis pro-
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cess provided by JSC Navoiyazot. Sich kind of
soot is considered a production waste.

The highest degree of mass loss of the organic
component during decarbonization and activa-
tion can be noted in the initial version with coal,
which amounted to 36.9%, with soot — 41.2%.
For selected variant B: C =1 : 2 the degree of de-
carbonization was 21.5%. BC-12/0-10 variant is
modified with sawdust in the amount of 10 g per
100 g of bentonite, 200 g of coal and 500 ml of
water. Burning of sawdust during decarboniza-
tion led to an increase in the degree of decarbo-
nization to 34.6%. With the possible advantages
of this variant in terms of sorption and ion-ex-
change capacities, as well as strength, this sample
will not give an economic effect due to the large
consumption of initial material. Variants with
soot have showed a lower decarbonization degree
from 6.2 to 8.3%. During studying the sorption
capacity, the granules isolated soot that stained
water in black and therefore variants with soot
were excluded from experiments.

Coal, as a flowing substance, is characterized
by bulk density, which is a quantitative expres-
sion of the ratio of the coal mass to the volume fil-
led freely or uncompressed. Bulk density depends

Table 1. Decrease in the Mass of Sorbents
during Decarbonization and Activation
in a Muffle Furnace (950 °C, time — 45 min)

. The degree
sy | Tl | A | ot
Bentonite : Coal

Bentonite 5 4 20.0
Coal 10 6.31 36.9
1:1 165.37 127.53 22.8
1:2 136.71 107.33 21.5

BC-12/0-10 110.52 72.52 34.6
Bentonite : Soot

Bentonite 5 4 20.0
Soot 8 4.7 41.2
1:1 630.01 468.48 25.6
1:2 577.05 52891 8.3
2:1 563.25 528.41 6.2

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

Fig. 1. The image of the granules of bentonite-coal adsor-
bents BC-12/SN-5: a — increase in x250 times, b — actual size

on ash content, moisture content, particle size dist-
ribution, particle shape and placement. The de-
termination of bulk density was carried out in ac-
cordance with the GOST P 54246—2010 metho-
dology [23]. Bulk density X, g/cm?, is calculated
by the formula:
— M - Mz)
X v (1)
where M, is weight of cylinder with adsorbent, g;
M, is empty cylinder weight, g; Vis adsorbent vo-
lume, cm? (10 cm?). According to formula (1), the
bulk density of the obtained samples of bentoni-
te-carbon sorbents was determined, which varied
in the range from 0.38 to 0.54 g/cm? (Table 2).
When studying the size of the granules in vari-
ant 1, the diameter of the granules was 4.5 mm,
and in variant 2, granules with a diameter of up to
2.5 mm were obtained. With a decrease in the gra-
nules size, the total pore volume increases. This
leads to an increase in the specific surface area. If
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1+ 0.952

0
AC (Norit) AC (Russia) 1:02 BC-12/H-5 BC-12/C-5 BC-12/CH-5 BC-12/K-5 BC-12/0-10.K-5

Fig. 2. The total pore volume (¢cm?®/g) of bentonite-coal sorbents in comparison with the industrial
sorbents activated carbon Norit (Holland) and activated carbon (Russia)

in variant 1 with a granule diameter of 4.5 mm,
the total pore volume is 0.478 cm?®/g, then a de-
crease in granule size to 2.5 mm led to an increase
in pore volume to 0.767 cm?/g. Thus, all subse-
quent studies were carried out to obtain samples
having a granule diameter of 2.5 mm (Table 2).

The image of the obtained granules of ben-
tonite-coal adsorbents was taken by Digital Por-
table Microscope Dino-Lite Special lighting-UV
AM4113FVT (Taiwan). The image of the ob-
tained granules of bentonite-coal adsorbents is
shown in Fig. 1.

The modification of bentonite-coal sorbents
was carried out as follows: per 100 g of bentonite,
200 g of coal and 500 ml of water such modifying
reagents were added — NaCl 5 g (BC-12/N-5),
finely chopped straw 5 g (BC-12/S-5), a mixture
of NaCl 5 g and straw 5 g (BC-12/SN-5), KCl 5 g
(BC-12/K-5) as well as a mixture KCI 5 g and saw-
dust 10 g (BC-12/0-10,K-5). The strength of the
granules was determined on a vibrating screen

(80 vibrations per second) for 7 minutes. The to-
tal pore volume was determined in accordance
with GOST 1721971 [24].

This method allows us to approximately deter-
mine the total pore volume of activated carbons
with a diameter of fractions from 0.2 to 5 mm. The
calculation of the total porosity V, (cm?/g) was
carried out according to the following formula:

— (mw.c 7 md.u)
vz - md.a rm , (2)

where m__is wet coal weight, g; m,_is dry coal
weight, g; p_is water density, g/cm® (taken equal to
1 g/cm? at room temperature not exceeding 35 °C).
Table 2 demonstrates the texture characteris-
tics of bentonite-coal sorbents modified by various
reagents. We can see that the granules strength
of these samples varies within 83—99%. The most
promising three samples with a large total pore vo-
lume: BC-12/N-5 — 0.952 ¢cm?®/g, BC-12/SN-5 —
0.863 cm?®/g and BC-12/0-10.K-5 — 1.01 cm?®/g.

Table 2. Texture Characteristics of Bentonite-Coal Sorbents Modified by Various Reagents (¢ = 950 °C)

Diameter, mm Sample names B: C Strength, % Bulk density, g/cm? m,,8 m,,g V,, cm?/g
4.5 1:2 93.5 0.42 127.53 188.60 0.478
2.5 1:2 98.5 0.54 44.61 78.83 0.767
2.5 BC-12/N-5 83.0 0.40 102.12 199.44 0.952
2.5 BC-12/S-5 98.9 0.42 168.88 238.57 0.412
2.5 BC-12/SN-5 96.5 0.38 121.87 227.11 0.863
2.5 BC-12/K-5 93.0 0.46 133.97 21171 0.580
2.5 BC-12/0-10.K-5 96.0 0.41 72.5 110.88 1.01
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Fig. 3. Microphotographs of modified bentonite-carbon sorbents in reflected light: « — BC-12/

N-5; b — BC-12/SN-5; ¢ — BC-12/0-10, K-5

In comparison with the reference samples of
activated carbons of Dutch and Russian produc-
tions, the obtained bentonite-carbon adsorbents
(with the exception of sample BC-12/S-5) have a
larger total pore volume, which indicates the pre-
sence of a developed structure of macro-, meso-
and micropores for these adsorbents (Fig. 2) [25].
Therefore, it will allow using them effectively for
solving a wide range of tasks in industry, protec-
ting the environment and human life.

Microphotographs of samples of bentonite-
coal sorbents modified with NaCl, KCl, straw and
sawdust were performed on a Primo Star optical
microscope (Zeiss, Germany) in transmitted light
at x1000 magnification (Fig. 3).

The macropores indicated by arrows are clear-
ly visible in the figure. The presence of mesopo-
res can be noted by the degree of looseness of the
material. Activation at 950 °C for 45 minutes was
optimal, in which new, promising samples of sor-
bents were obtained, characterized by the presen-
ce of different types of pores, which are divided
into macro-, meso- and micropores. All types of
cations and anions are retained in these sorbent
pores. Large molecules are able to be retained by
macropores, small ones by micropores. [26—28].

0 T T T T T
0.0 0.2 0.4 0.6 0.8
Fig. 4. Nitrogen adsorption-desorption isotherms by porous

adsorbents based on bentonite and coal, taken in the ratio:
a — BC-12/SN-5; b — BC-12/0-10, K-5

1{0 p/p0

The pore size and area was determined by the
method of low temperature nitrogen adsorp-
tion for samples 1. BC-12/N-5, 2. BC-12/SN-5,
3.BC-12/0-10,K-5, with the use of the volumetric
method and Kelvin-1042 (Costech Microanalytical)
at the boiling point of liquid nitrogen (Fig. 4—5,
Table 3). In this case, the sorbents were previous-
ly degassed in a helium stream at a temperature of
110—120 °C. The volume of adsorbed gas was de-
termined at the time of quasiequilibrium in the gas
stream, which was controlled by a thermal con-
ductivity detector (measurement accuracy + 3 %).

Table 3. Structural Characteristics of Bentonite-Coal Absorbents Calculated from Nitrogen Adsorption Isotherms

- , S ., Langmuir, . Micropore Non microporous | Average diameter,
R. t spectfic
ano e BET m?/g el m2/g Vi TN/ area, m?/g surface area, m?/g D, nm
BC-12/N-5 35.142 45.070 17.93 50.875 -5.805 —
BC-12/SN-5 128.85 184.02 38.01 107.871 20.980 60.21
BC-12/0-10.K-5 62.90 86.53 10.90 30.940 31.965 26.77

ISSN 2409-9066. Sci. innov. 2021. 17 (3)
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Fig. 5. Pore size distributions by porous adsorbents based on
bentonite and coal, taken in the ratio: a — BC-12/SN-5; b —
BC-12/0-10, K-5

The convenience of this type of equipments is
that they operate in automatic mode and allow
the study of adsorbents with low specific surface
area and have software — both for research and
for calculations with the use of various models of
adsorption processes [27, 29—33].

The specific surface area S_ .. was determined

. Ospesiic 1
with the use of the adsorption value when filling
the monomolecular layer a . The monolayer ca-
pacity was determined by the BET method [29—

31]. The specific surface area is calculated by the

equation;

S=aNo, ®))
where N is Avogadro number; o, is area occupied
by an adsorbed molecule in a dense monomolecu-
lar layer.

The a, value was determined from the BET
equation, a graphical solution of this equation al-
lows us to find am and the constant C. The equa-
tion can be applied in the field of relative pressure

92

P/P = 0.03—0.35. Calculations can also be carried
out by processing experimental data, for example,
by the least squares method, and implemented in
the software product of the aforementioned supp-
lier company. The results of just such processing
were used in this work.

The shape of the adsorption isotherms is a ref-
lection of the porous structure of an adsorbent.
Moreover, different sections of the adsorption iso-
therm, depending on the pore size and their ratio
in the structure of the porous body, have a diffe-
rent effect on its shape. For the studied samples of
bentonite-coal adsorbents, the adsorption isotherm
in the low-pressure region rises more abruptly.
This type of adsorption-desorption nitrogen iso-
therm indicates that macropores are present in
the samples. The type of hysteresis loop (curve a)
makes it possible to assert that the pores are pre-
dominantly cylindrical shape (Fig. 4) [27].

Curves of pore size distribution calculated from
nitrogen adsorption-desorption isotherms demonst-
rate the presence of different types of pores in the
samples. According to the pore classification adop-
ted by the International Union of Theoretical and
Applied Chemistry (IUPAC) for sample BC-12/
SN-5, three maxima are characteristic that relate
to macro- (R =40—50 nm), meso- (R =4—40nm)
and micropores (R = 1—4 nm) (Fig. 5, curve a).
For the sample BC-12/0-10, K-5 is characterized
by the presence meso- (R = 5—20 nm) and micro-
pores (R = 2—4 nm) (Fig. 5, curve b). The macro-
pores diameter corresponds to the pressure near
p/p,= 1[27, 34], usually such pores weakly par-
ticipate in the adsorption process and, for several
reasons, capillary condensation practically does
not occur in them, therefore, they play the role of
transport pores in the structure of a solid body.

Table 3 shows the structural adsorption cha-
racteristics of the selected bentonite-carbon sor-
bents calculated from nitrogen adsorption iso-
therms. Tabular material allows us to select the most
promising sample BC-12 / SN-5 with a specific sur-
face area S .., (BET) = 128.85 m*g (S,
(Langmuir) = 184.02 m*g) micropore area equal
to 107.87 m*g. These values are within the mi-
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nimum range of 100—1500 m?/g needed for in-
dustrial application and removal of small mole-
cules. [35].

Conclusions

The experimental studies on the production of
hybrid granular bentonite-carbon sorbents have
shown the promise of this research area. The op-
timal ratio of components is bentonite: coal = 1: 2.
Samples with bentonite and soot polluted the clea-
ned medium by the release of finely dispersed or-
ganic carbon and therefore were excluded from
further studies. When studying the granule size,
it was found that a decrease in the diameter of the
granules to 2.5 mm leads to an increase in pore vo-
lume from 0.478 to 0.767 cm?3/g. Thus, their op-
timal sizes were determined.

The selection of such starting materials as ben-
tonite and coal that are natural sorbents with a
lower sorption capacity has made it possible to ob-
tain a hybrid version of bentonite-carbon sorbent
with a higher sorption capacity. The use of available
natural materials from production waste as modi-
fying agents (potassium chloride, sodium chloride,
chopped straw and sawdust), capable of being remo-
ved from the activation process, leads to an increase
in the degree of porosity of the obtained samples.

Thus, there is a high potential for using such
inexpensive bentonite-coal sorbents with a develo-
ped porous structure in the form of highly durable
granules after additional studies to purify indust-
rial process waters from heavy metal ions and ot-
her pollutants. Further research is ongoing to iden-
tify the best among all these potential adsorbents.
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XAPAKTEPMCTUKN HOBUX IIEPCIIEKTBHUNX
BEHTOHITO-BYTIVIbHUX COPBEEHTIB,
MOJUNDIKOBAHUX PISHUMMU CITIOJIY KAMU

Beryn. BeHTOHITOBI TinHM — 11€ TpaauiliiiHi Heopori Ta eeKTUBHI acoOpOEHTH, 1[0 MAOTh BUCOKUIT IIOTEHI[IA JIJIsI BILILY -
YEHHS BaKKUX METaJIiB 31 CTIYHUX BOJ Yepes iX AOCTYITHICTh, XIMiUHY Ta MEXaHIYHY CTIHKICTh, BUCOKY 3[aTHICTh 10 0OMIiHY
Ta YHIKaJIbHI CTPYKTYPHI BJACTUBOCTI.

IIpo6GaemaTuka. /[y OTpUMaHHs aKTUBOBAHOTO BYTiJUIS BUKOPHCTOBYIOTHCS BUCOKOTEMIIEPAaTYpHI MydeJibHi meui, sKi
CIIOKMBAIOTh 3HAUHUI 00CST eJIEKTPOEHEPTi, 110 € eKOHOMIYHO HeBurigHuM. Kpim Toro, orpumati copbeHTH moBuHHi OyTH
Y BUTJISI TparyJi 00 TabJIeTOK, MaTH BICOKY MIIIHICTD i MOKJIMBICTD 6araTopa3oBo BUKOPUCTOBYBATHCS B TEXHOJIOTTYHIX
rporecax.

Mera. Po3po6ka criocoby BUPOOGHUIITBA HU3bKOBAPTICHUX TPaHyJIbOBAHIX COPOEHTIB HA OCHOBI OEHTOHITY SIK MiHEPaJIb-
HOTO KOMITOHEHTa, aKTHBOBAHOTO BYTIJIJISA, a TAKOK TIPUPOHIX BiIXOIB BUPOOHUIITBA K MOAN(DIKATOPIB, IO MOKYTH OYyTH
BUJIyYEHi 3 TIPOIeCy aKTUBAILil, 3 METOIO MiZIBUIICHHS TOPUCTOCTI MaTepialis.

Marepianu Ta MeToau. AHrpeHcbke Oype ByTiist; GeHToHIT HaB6aXxopehKoro pojoBHiia BUKOPUCTOBYBABCS SIK COPOEHT
i 6a3oBa peuoBUHA [jis1 (POPMYBAHHS IPpaHyJI; MOAM(IKaTOpaMu CJIYTyBau XJOPUAU HATPIIO, Kallito, IoApiOHeHa coIoMa,
TUpca. 3aCTOCOBAHO METOAM TePMivHOI eKapOoHizallii Ta akTUBaIlii OJlep/KaHUX IPaHyJi, BCTAHOBJIEHO ONTUMAaJIbHI YMOBU
(950 °C, 45 xB); BU3HAYEHO HACUITHY IIIJIBHICTH, METOAAMM OTITUYHOI MIKPOCKOIIT Ta azcopOilii a30Ty BCTAHOBJIEHO BEJIY-
HY IUTOMOI [IOBEPXHI, BUAM NOP Ta IX cyMapHuUil 00’eM.

Pesyabrar. CuHTe30BaHO riOpu/IHi GEHTOHITO-BYT/IEIEBUX COPOEHTH Y BUIJIsI/II BACOKOMIITHUX IpaHyJl. BeTanoseHo or-
TUMaJIbHE cliBBigHOEeHHS BenToniT:Byrimisa = 1 : 2, poamip (2,5 Mm) Ta MiticTs rpany (83—99 %), saraibHuii 06’eM nop:
0.863—1.01 cM® /1, iATBEPAKEHO HASIBHICTH MAKPO-, ME30- Ta MiKponop. BuzineHo HailblIbIIl IepCIIeKTUBHIIT 3pAa30K 3 11U~
TOMOIO TIoBepxHeio (1o Jlenrmiopy) 184 m?/r.

BucHOBKH. 3alPOIIOHOBAHO METOUKY OJIEPKAHHSI HOBUX e(heKTUBHUX IPAHYIbOBAHUX BYIJIENEBUX COPOEHTIB HU3BKOI
co6iBapTOCTi, 1[0 MAIOTh BICOKY COPOIIAHY 3/aTHICTD I0/[0 OPraHiYHIX Ta HEOPIaHIYHUX CIIOJIYK JUJIsI OYUIIEHHS TIPOMUC-
JIOBUX TE€XHOJIOTTYHUX BOJL.

Kunwuwoei croea: Byriiis, GEHTOHITOBI IJIMHU, aKTUBAIlisl, KapOOHI3allist, MIKPOCKOIIIYHA CTPYKTYPa, GEHTOHITO-BYTLIbHI
copbeHTH.
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POSSIBILITIES OF CREATION

AND IMPLEMENTATION OF OPEN
INNOVATIONS AT R&D ORGANIZATIONS
OF THE NAS OF UKRAINE

Introduction. The ability of RE&D organizations of the NAS of Ukraine to quickly create and implement RED
innovations is crucial for accelerated economic development and is an important factor for raising the competi-
tiveness of Ukraine.

Problem Statement. R & D innovation may be created and implemented with the use of closed or open inno-
vation approaches. Recently, the negative impact of several factors on the application of the closed innovation
approach to the activities of R&'D organizations of the NAS of Ukraine has increased.

Purpose. The purpose is to develop and to test improved theoretical and methodological framework for tech-
nological audit of RED works, assessment of organizational maturity and readiness of R & D organizations of the
NAS of Ukraine to use open innovations.

Materials and Methods. A set of approaches to theoretical generalization, economic analysis and synthesis;
mathematical statistics; expert and poll surveys have been used.

Results. It has been established that a significant share of R&D products of RED organizations of the NAS
of Ukraine has a low readiness for independent and joint commercialization, which means the use of the closed
innovation approach. Only a part of RED organizations of Ukraine has an average level of organizational ma-
turity, while the vast majority have a low and very low level of organizational maturity and readiness to apply
open innovations. The application of this concept may contribute to the accelerated innovative development of
R&D organizations of the NAS of Ukraine. The theoretical and methodological framework for technological
audit of R&D works and assessment of organizational maturity and readiness of R& D organizations of the NAS
of Ukraine to the use of open innovation approach has been developed.

Conclusions. The proposed method allows RE&D organizations of the NAS of Ukraine to accelerate the crea-
tion and commercialization of RE&D innovations.

Keywords: open innovations, RE D works, and open innovation approach.

The ability of R&D organizations to quickly create innovative R&D works and to market
them is crucial for accelerating the economic development of the country, and is the most
important modern factor for raising its competitiveness. The creation and implementa-
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tion of R&D innovations may be realized with

the use of the closed innovation or the open inno-

vation approach.

For many years, R&D organizations of the
NAS of Ukraine have been relying on the conven-
tional closed innovation and creating develop-
ments internally, i.e. focusing mainly on the use of
internal resources to create R&D works and to
commercialize them.

Traditionally, the assessment of innovation and
organizational capacity of R&D institutes of the
NAS of Ukraine is based on the use of general in-
dicators of R&D activities, i.e. the number of pub-
lications and patents filed by researchers, which,
although useful, but provide R&D organizations
only a general view of innovation. This evaluation
does not show the current innovative efficiency
of research results, which affects the productivity
of industrial corporations and economic growth
in Ukraine.

Recently, the unfavorable impact of several fac-
tors on the application of closed innovation app-
roach to the activities of R&D organizations of
the NAS of Ukraine has increased. This results in:
¢ uncontrolled release of disruptive R&D re-

sults, or their components into the external en-

vironment and their use by other companies
that gain high profits, while the major costs for
the development of innovation are borne by

R&D organizations;
¢ R&D organizations spend significant resour-

ces to solve problems for which there are quite

effective solutions that may be available at fair-
ly low prices;

+ most products that have been patented are not
used by R&D organization for 100% and are un-
profitable;

¢ many projects that, in the opinion of R&D or-
ganizations, are impracticable, in fact, are quite
valuable, but not implemented by R&D orga-
nizations, since they do not fit to the existing
organizational system.

As aresult, the closed innovation approach be-
comes ever less effective because, on the one hand,
R&D organizations have paced down the com-

ISSN 2409-9066. Sci. innov. 2021. 17 (3)

mercialization of innovation and profit-making,
which limits the development of further research
and implementation of R&D works, and, on the oth-
er hand, third corporations do not invest funds in
basic and applied research. Because of increasing
negative impact of several external and internal
factors, the application of the closed innovation
concept fails and puts limitations on ways of im-
plementation of R&D works, which leads to a re-
duction and loss of innovative growth potential
of the NAS of Ukraine.

The application of the open innovation con-
cept may contribute to the accelerated innova-
tive development of R&D organizations of the NAS
of Ukraine with increasing their influence in the
international scientific environment.

The open innovation is the use of compatible
(internal and external) knowledge and resources to
create and to implement innovative R&D works
that can be used to address existing and future
socio-economic needs of society [1, 2].

The use of open innovation by organizations
and companies helps identify the factors of the
two-way flow of knowledge and decide on the in-
clusion of external sources at all or some stages
of the innovation process [3]. It has been proved
that the open innovation approach has a favorab-
le effect on enhancing knowledge and investment
in organizations and companies, giving them three
main benefits: sharing knowledge, reducing risks,
and accelerating development [4]. The allocation
of resources and risks between two or more or-
ganizations /companies is one way to reduce the
costs of developing open innovation [5] and to
respond quickly to market needs [6].

However, the open innovation may not be suc-
cessfully realized, unless there is sufficient organi-
zational readiness of all parties involved in crea-
ting and implementing open innovation [7]. Or-
ganizations and companies need to find ways to
work more closely with external partners, even
competitors, without losing competitive advan-
tage and shall have strategies that allow them to
integrate their joint efforts [8]. The effectiveness of
open innovation increases due to systemic organi-
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zation and implementation of indicators of the in-
novative approach of open innovation [9]. Espe-
cially effective is the use of quantitative indica-
tors to evaluate the implementation of open inno-
vation [10]. The groups of evaluation indicators
for measuring open innovation include: search
and flows of external knowledge and information
(breadth and depth of external knowledge and
inormation); dependence of innovation process
on knowledge inflow and outflow; level of R&D
cooperation with external partners (breadth and
depth of cooperation), including R&D outsour-
cing; indicators that measure the internal innova-
tion capacity of the organization, the R&D inten-
sity, efficiency of R&D cooperation, the degree of
openness, HR and internal R&D research group
factors [11].

The substantiation of the need to monitor the
process of open innovation application [12] has
allowed establishing factors and indicators of
influence on improving the efficiency of the in-
novation process of organizations and companies,
which use the open innovation approach [13]. Ho-
wever, despite the existing understanding of the
need and importance of open innovation, in prac-
tice, organizations and companies have been app-
lying an open innovation approach through trials
and errors [14].

In Ukraine, one of the main sources of the crea-
tion and implementation of R&D projects/inno-
vations is the NAS that carries out 2717 applied
research and 2454 fundamental research works fi-
nanced from various funds (general fund and spe-
cial fund of the state budget); the number of im-
plemented R&D works (innovations) is 1011 units
(based on data for 2017) [18].

Prospects and obstacles to the use of the open
innovation approach in R&D organizations of the
NAS of Ukraine are closely related to the general
situation of the legislative and infrastructural
framework in Ukraine [15—16].

The purpose of this research is to develop and
test improved theoretical and methodological fra-
mework for technological audit of R&D works
and assessment of organizational maturity and rea-

28

diness of R&D organizations of the NAS of Uk-
raine to implement open innovations.

The improved scientific and methodological app-
roach to the technological audit of R&D works
includes evaluating the four capacities: innova-
tion, commercialization, transfer, and the ability
to openness. This includes a varied number of pa-
rameters and characteristics, which are evaluated
by a scoring system and describe the profile of
R&D work: the innovation capacity that charac-
terizes the uniqueness of development, competi-
tive advantage, non-infringement quality, and sa-
les markets; the commercialization capacity that
describes the area of commercialization, the mo-
difiability of the product range, the possibility of
industrial production, financial costs and condi-
tions of commercialization; the transfer capacity
that characterizes the readiness of the product and
personnel for the transfer, the conditions of trans-
fer of R&D product, compliance with regulatory
documentation; and the openness capacity that
shows the possibility of applying the open inno-
vative approach at the stages of the commercia-
lization and the application of outide-in know-
ledge and information flows, the independent in-
side-out promotion of R&D product. As a result,
the technological audit of profiles of R&D works
has not only a qualitative assessment, but also a
quantitative evaluation of potentials: innovation,
transfer, commercialization, and openness.

The developed scientific and methodological
approach has been tested for technological audit
of 70 promising R&D works carried out by R&D
organizations of the NAS of Ukraine in the field
of structural and functional materials technolo-
gy, which have rich experience in materials sci-
ence [17].

The distribution of these R&D works by Euro-
stat types of innovations has shown that 28 (40%)
R&D works are process innovations and 42 (60%)
ones are product innovations.

The results of technological audit of R&D works
and comparative assessment of four capacities ha-
ve shown that most R&D works have a high po-
tential: innovation capacity from 46% to 72%, com-
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Fig. 1. Comparative evaluation of innovation, commercialization, transfer, and openness capacity of R&D works of R&D
organizations of the NAS of Ukraine, which carry out promising R&D works in the field of structural and functional materials

technology
Source: developed by the authors.

mercialization capacity from 40% to 85%, and

transfer capacity from 30% up to 76% (Fig. 1).
The evaluation of the openness capacity by in-

dicators:

+ outside-in process (adsorption of external know-
ledge): 53 developments have a high level (from
75% to 100%) and 14 developments have a me-
dium level (from 45% to 70%);

¢ inside-out process (integration or transfer of
internal knowledge outside): 45 developments
are absolutely unprepared; 21 developments
have a low readiness (up to 40%);

¢ combined process (combination of adsorption
and integration processes): 43 R&D works ha-
ve a low level (up to 40%) and 16 R&D works
have a medium level (from 45% to 70%).

Only 4 R&D works have a medium level (from

45% to 70%) of readiness for independent inside-

out promotion of R&D products and 11 ones ha-
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ve a high level (from 75% to 100%) of readiness
for joint promotion of R&D products.

It has been established that the majority of the
R&D works of R&D organizations of the NAS of
Ukraine is not ready enough for independent or
joint promotion of R&D works, which is a result
of the widespread use of the traditional closed in-
novation approach in most R&D organizations of
the NAS of Ukraine.

Systematic implementation of an open innova-
tive approach to accelerate the creation and im-
plementation of innovative R&D works at R&D
organizations of the NAS of Ukraine requires or-
ganizational maturity and readiness of R&D or-
ganizations of the NAS of Ukraine to apply the
open innovation model.

The advanced scientific and methodological
approach to assessing the organizational maturity
and readiness of R&D organizations to use open
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Fig. 2. Evaluation of the indicators that describe organizational maturity and readiness to use open innovations for 24 R&D
organizations of the NAS of Ukraine
Source: developed by the authors.
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Fig. 3. Comparative evaluation of organizational maturity and readiness of the focus group of some R&D organizations of
the NAS of Ukraine to apply open innovations
Source: developed by the authors.
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innovations includes the assessment of 20 indica-
tors of the three processes of the open innovative
approach to the creation and implementation of
innovations. This scientific and methodological
framework has been used to assess organizational
maturity and readiness to use open innovations
for 24 R&D organizations of the NAS of Ukrai-
ne, which carry out promising R&D works in the
field of structural and functional materials tech-
nology [17].

The results of the assessment of 24 R&D orga-
nizations of the NAS of Ukraine have shown that:
the average level of indicators that characterize
the adsorption capacity for the application of ex-
ternal knowledge and information is 30.16% (the
outside-in process); the average level of indica-

tors that describe the ability to independently
create and promote the results of R&D activities
outside the R&D organization is 25.45% (the in-
side-out process); and the average level of indica-
tors characterizing the organizational readiness
to jointly create and promote innovations is
28.93% (the combined process) (Fig. 2).

The assessment of organizational maturity and
readiness to apply open innovations in relation to
specific R&D organizations of the NAS of Ukraine
has shown that: 7 (29% of the studied) research
organizations of the NAS of Ukraine) have a me-
dium level of organizational readiness (from 40%
to 50%); 4 (16%) R&D organizations of the NAS
of Ukraine have lower than medium level of or-
ganizational readiness (30—40%); 6 (25%) R&D

Evaluation of Organizational Maturity and Readiness of R&D Institutes
of the NAS of Ukraine, Which Do Research in the Field of Structural and Functional
Materials Technology to the Application of the Open Innovation Approach

Institute of the NAS of Ukraine Outside-in Inside-out Combined Average, %
process, % process, % process, %
Kurdyumov Institute of Physics of Metals 45 18 14 25.7
Nekrasov Institute of Non-Ferrous Metallurgy 28 20 34 27.3
Institute for Engineering Thermophysics 40 16 36 30.7
Frantsevych Institute for Problems of Materials Science 38 36 36 36.7
Physics and Technology Institute for Metals and Alloys 45 48 42 45
Institute for Chemistry of High-Molecular Compounds 31.7 22.2 25.3 26.4
Bakul Institute for Superhard Materials 30 53 44 42.3
Kharkiv Physics and Technology Institute 30.9 36.7 32.6 334
Kukhar Institute for Bioorganic Chemistry and Petrochemistry 42.8 20.4 20.4 279
Pysarzhevskyi Institute for Physical Chemistry 1.9 0.81 1.63 14.5
Institute of Electrodynamics 3.33 4.08 4.49 39.7
Vernadsky Institute for General and Inorganic Chemistry 19 8.1 16.3 14.5
Institute of Applied Physics 14.2 4 12.2 10.1
Institute of Physics 28.5 24.4 16.3 23.1
Lashkariov Institute of Semiconductors 19 14.2 16.3 16.5
Hryshko National Botanical Garden 19 12.2 16.3 15.8
Institute for Nuclear Research 19 8.1 12.2 13.1
Bohatskyi Physics and Chemistry Institute 14.2 8.1 0 7.4
Institute of Single Crystals 40.4 44.8 36.6 40.6
Galkin Donetsk Physico-Technical Institute 35.7 14.2 18.3 22.7
Karpenko Physico-Mechanical Institute 45.2 51 40.8 45.7
Institute of Gas 42.8 44.8 38.7 421
Paton Electric Welding Institute 40.4 591 44.8 481
R&D Institute for Microdevices 50 42.8 42.8 45.2
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organizations of the NAS of Ukraine have a low
level of organizational readiness (20—30%); and
7 (30%) R&D organizations have a very low level
of organizational readiness to use open innova-
tions (10—20%) (Table).

It has been found that a smaller part (46%)
R&D organizations of the NAS of Ukraine have a
medium and low medium level of organizational
readiness for open innovations, while the majori-
ty (54%) has alow and very low level of organiza-
tional readiness for application of the open inno-
vation approach.

The comparative evaluation of organizational
maturity and readiness of the focus group of some

R&D organizations of the NAS of Ukraine to app-
ly open innovations in different areas is shown
in Fig. 3.

The research has shown that many R&D orga-
nizations of the NAS of Ukraine of those studied
prefer the traditional closed innovation approach
based on their clear desire to preserve the value of
innovation and ideas using only internal resources.
One of the ways to increase the ability of R&D
organizations of the NAS of Ukraine to speed up
the creation of innovative R&D works and to
quickly market them is the open innovative app-
roach to the creation and implementation of in-
novations.
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MOJKJ/IMBOCTI CTBOPEHHS TA BITPOBA/UKEHHSA BIIKPUTUX
THHOBAIIIN HAYKOBUMU OPTAHI3AIIIAMU HAH YKPATHI

Beryn. 3patnicTs HaykoBux opranizarmiiit HAH Ykpainu nBumko cTBopioBaTH i BIIPOBA/KYBATH iIHHOBAIIiITHI HAYKOBO-TeX-
HiuHi pO3POOKKU Mae BUPilIaibHe 3HAYEHHS JJIs1 IPUCKOPEHOTO €KOHOMIUHOIO PO3BUTKY Ta € BasKJIMBUM (DaKTOPOM MijiBU-
IeHHsT KOHKYPEHTOCIIPOMOYKHOCTI YKPaiHMU.

IIpoGaemaTura. CTBOPEHHS Ta BIIPOBAIKEHHs! IHHOBAIIHIX HAYKOBO-TEXHOJOTIUHUX PO3POOOK MOJKE 3/1MCHIOBATICS
HIJIIXOM BUKOPUCTAHHS KOHIIENITI] 3aKPUTHUX YU BIZIKPUTHX iHHOBaLiil. OCTaHHIM YaCOM ITOCUJINBCS HETaTUBHUH BILJINB HU3-
KU YUHHUKIB BUKOPUCTAHHS KOHIIEIIii 3aKPUTUX iIHHOBAILN B AisibHOCTI HaykoBux opranizaniit HAH Ykpainu.

Mera. PospoGka Ta anpodallist yI0CKOHAJIEHUX TEOPETHKO-METOAOJIOITYHIX 3aca/| TEXHOJIOTTYHOTO ayJNTy HAyKOBO-
TEXHOJIOTIYHUX PO3POOOK, OLIIHKU OpraHizamiiiHoil 3pisocTi Ta roToBHOCTI HayKoBUX opraHizamiii HAH Ykpaiuu 10 3actocy-
BaHHS BiJIKPUTUX IHHOBAITIIA.

Marepiam it MeTou. BUKOPUCTAHO MiZIXOAM TEOPETUYHOTO y3araJbHEHHS; eKOHOMIYHOTO aHaJIi3y Ta CHHTE3Y, MaTeMa-
TUYHOI CTaTUCTUKH, EKCIIEPTHOTO Ta AaHKETHOTO JIOCIII/IKCHHS.

Pesyasratu. Beranosieno, 1o 3HauHa 4acTKa HAYKOBO-TEXHOJIOTIYHIX PO3p0oOOK HaykoBux opramizamiit HAH Yipainu
Ma€ HU3BKY TOTOBHICTH /[0 CAMOCTIHHOI Ta CIIBHOT KOMepITiaTisallii, o XapaKTepU3y€e 3aCTOCYBAHHS KOHIENTIi1 3aKPUTIX
inHOBaliil. JInile yacTMHA HAYKOBUX OpraHizalliii YKpainu Mae cepeiHiil piBeHb OpraHisaliiiiHol 3pijocTi, a nepeBaskHa Gijib-
LICTh Ma€ HU3bKNH Ta [{y’Ke HU3bKUH PiBeHb OpraHisalliiiHoi 3pisoCcTi Ta TOTOBHOCTI /10 3aCTOCYBaHHS BIIKPUTUX IHHOBAIII .
HarowmicTb 3acTocyBaHHS 3a3HAUYEHOI KOHIIETITii MOKe CITPUATU ITPUCKOPEHOMY iIHHOBAIIHHOMY PO3BUTKY HAYKOBUX Opra-
nisaniit HAH Ykpainu. Po3po6iieHo TeopeTnKko-MeToA0MOrTYHUIN X1 TEXHOMOITYHOTO ayAnTy HayKOBO-TEXHOJOITYHUX
PO3po6OK Ta OIIHKK OpTaHi3aIiiiHoi 3piocTi Ta roTOBHOCTI HaykoBuX opranizamniiit HAH Ykpainu 1o 3actocyBaHHs BiKpH-
TUX IHHOBAI .

BucHoBKH. 3aIpOTIOHOBAHUIT METO/[ JIO3BOJIUTh HAYKOBUM opraHizaitisim HAH Ykpaiuu npuimBunmT BUBEIEHHS iX HA
PUHKH iHHOBAIIHHUX HAYKOBO-TEXHIYHUX PO3POOOK.

Kunwouwoesi crosa: Bigkputi iHHOBaIT, HAYKOBO-TEXHOJIOTIUHI PO3POOKY, BIAKPUTHIA IHHOBALIHWMIT TTiAXizI.
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