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Аннотация: рассмотрены различные виды устойчивости и соответствующие им определе-
ния. Целью статьи является рассмотрение новых понятий «технологическая устойчивость» 
и  «устойчивое технологическое развитие», возможности достижения производственными 
системами такого состояния развития и  оценка влияния технологической устойчивости 
производства в условиях перехода мировой экономики на концепцию развития «Индустрия 
4.0» на экономическую, экологическую и социальную устойчивость развития экономических 
систем разного уровня, в том числе арктических регионов России. Исследование базирует-
ся на введенном в научный оборот понятии жизненного цикла технологического развития 
производственных систем (производственных фирм и отраслей производства), состоящем 
из шести стадий, где каждая стадия показывает изменение значений во времени (увеличение 
либо уменьшение) показателей материалоотдачи, фондоотдачи и самое важное — коэффи-
циента уровня технологичности производства как отношения материалоотдачи к фондоот-
даче. Устойчивое технологическое развитие производственных систем обеспечивается лишь 
на одной стадий из шести возможных, когда одновременно увеличиваются значения ма-
териалоотдачи, фондоотдачи и коэффициента уровня технологичности производства. В ре-
зультате за  счет существенного повышения уровня материалоотдачи, а  значит снижения 
уровня материалоемкости, при внедрении технологических инноваций снижается расход 
сырья , материалов и энергии на единицу выпускаемой продукции и тем самым снижается 
воздействие производства на природную среду, в том числе и за счет уменьшения объема 
отходов производства, то есть обеспечивается экологическая устойчивость. Рассмотренные 
теоретико-методологические положения были использованы для оценки устойчивости про-
мышленного технологического развития четырех регионов — субъектов Федерации, полно-
стью входящих в Арктическую зону РФ, за период 2005—2016 гг.
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регионы Арктики, жизненный цикл технологического развития.
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1. Introduction 
Modern scientific ideas about the 

sustainability of economic systems since 
1987, that is, after the report to the UN 
General Assembly of the World Commission 
on Environment and Development under 
the leadership of Norwegian Prime 
Minister G. H. Brundlandt [1], have 
undergone significant changes and are now 
shifting their view from environmental 
protection to the triad of sustainability 
assessment: environmental, economic and 
social [2—4]. Currently, most scientists 
recognize that innovation is needed for the 
sustainable development of such systems, 
the development of an intelligent person, 
and the state [5,6,7].

Accordingly, when implementing the 
“Industry 4.0” development concept in the 

world economy, attention is being increased 
to assessing the impact of technological 
aspects of the IV Industrial Revolution 
from various positions — environmental, 
economic and social [8,9], that is, the task 
is to assess the sustainability of economic 
systems using technological innovations, 
digitalization of the economy and the 
introduction of artificial intelligence 
elements into production management 
systems [10—12].

At the same time, the results of 
scientific research on the assessment of the 
impact on the stability of the life cycle of 
systems are actively published in modern 
foreign literature [13], however, these 
results are still diverse and fragmentary. 
The most developed studies are on the 
environmental assessment of the life 

Abstract: Various types of stability and their corresponding definitions are considered in 
the literature. The purpose of the article is to consider the new concepts of “technological 
sustainability” and “sustainable technological development”, the possibility of achieving 
such a state of development by production systems and to assess the impact of technological 
sustainability of production in the context of the transition of the world economy to the concept 
of development “Industry 4.0” on the economic, environmental and social sustainability of the 
development of economic systems of various levels, including the Arctic regions of Russia. The 
research is based on the concept of the life cycle of technological development of production 
systems (manufacturing firms and industries) introduced into scientific circulation, consisting 
of six stages, where each stage shows a change in values over time (increase or decrease) in 
material productivity, capital productivity and, most importantly, the coefficient of the level 
of manufacturability of production as the ratio of material productivity to capital productivity. 
The sustainable technological development of production systems is ensured only at one stage 
out of six possible, when the values of material productivity, capital productivity and the 
coefficient of the level of manufacturability of production simultaneously increase. As a result, 
due to a significant increase in the level of material output, which means a decrease in the level 
of material consumption, the introduction of technological innovations reduces the consumption 
of raw materials, materials and energy per unit of output and thereby reduces the impact of 
production on the natural environment, including by reducing the volume of production waste, 
that is, environmental sustainability is ensured. The theoretical and methodological provisions 
considered were used to assess the sustainability of the industrial technological development 
of four regions — subjects of the Federation, which are completely included in the Arctic zone 
of the Russian Federation, for the period 2005—2016.
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cycle [14, 15] and, to a certain extent, 
the assessment of the cost of life products 
(goods) [16]. There are very few results 
of research on the life cycle of processes, 
primarily technological ones [17,18]. In 
this regard, the research of S-curves has 
been significantly developed [19,20], in 
the study of which, in relation to changes in 
production technologies at the level of an 
individual firm, Prof. K. Christensen made 
a significant contribution [21]. However, 
research in this direction is primarily 
related to changes in the effectiveness 
(productivity) of technologies over time 
and does not determine the relationship of 
changes in production costs with changes 
in the stages of production technology. 

In the last decade, foreign literature 
has also been actively discussing, but 
mainly at the theoretical level, issues 
related to the development of various 
business models, including those related 
to the use of technological innovations 
[22], however, the assessment of the 
sustainability of enterprises is not 
considered. Also recently, the mutual 
influence of technological, managerial and 
marketing innovations has been discussed 
[23] from the point of view of assessing 
the possible increase in the efficiency of 
firms in various sectors of the economy. 
However, as a rule, conclusions are based 
on the results of processing a variety of 
data using correlation analysis methods 
and are not related to the stability of firms. 
At the same time, specific indicators of 
innovation performance have not yet been 
determined, the values of which clearly 
show a connection with the sustainability 
of firms [24 ].

The purpose of the article is to consider 
the new concepts of “technological 
sustainability” and “sustainable techno-
logical development”, the possibility of 
achieving such a state of development 
by production systems (enterprises and 
industries) and to assess the impact of 

technological sustainability of production 
in the context of the transition of the world 
economy to the concept of development 
“Industry 4.0” on the economic, 
environmental and social sustainability of 
the development of economic systems of 
different levels.

2. Materials and methods
When considering the economic 

development of the country and regions, 
the determining factor is the achievement 
of a state of economic stability, but at 
the same time, in order to ensure the 
maximum possible rates of economic 
growth, it is necessary to achieve 
maximum efficiency in the use of basic 
production resources  — material, labor 
and physical capital (fixed assets). In 
economic theory, at the macroeconomic 
level, this is well demonstrated by the 
curve of production capabilities, which 
is the boundary of achieving such a state. 
However, it is possible only with the use of 
the most efficient production technologies. 
Accordingly, the question arises — how 
is the use of production technologies 
directly related to the efficiency of the use 
of production resources at the micro level, 
that is, at the enterprises level?

From the point of view of the theory 
of the development of complex systems 
and the consideration of their life cycle, 
stability is ensured only at certain stages 
of the life cycle curve and, above all, at 
the stage of quantitative accumulation 
of elements in the system, that is, at the 
stage of growth, until the moment when 
negative external and internal conditions 
of the development of the system lead it to 
a state of instability and then to the point 
of bifurcation characterizing revolutionary 
changes in the system.

Any technology used in the production 
of goods can also be considered as a 
system from the point of view of its 
development, that is, its introduction into 
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production, improvement, obsolescence 
and subsequent replacement with a new 
technology. However, it is not clear 
how these stages are directly related to 
the efficiency of the use of production 
resources and how to determine this 
efficiency when using production 
resources together? 

We have developed the foundations 
of a new type of economic analysis of 
the activity of production systems — the 
analysis of their technological renewal, 
where it is shown that there is a proportional 
analytical dependence between the 
capital intensity of production and its 
material intensity [25]. Such dependence 
as a measure of proportionality is 
quantitatively expressed by the coefficient 
of the production manufacturability level 
(Cpml), since the increase in its value 
is directly determined by the degree of 
renewal of the main production assets 
of the enterprise, and above all their 
active part, that is, machinery, equipment 
and vehicles. Quantitatively Cpml is 
calculated by the ratio of the value of the 
capital intensiveness of production to the 
material intensity of products or by the 
ratio of the value of material efficiency 
to the efficiency of capital. As a result of 
a joint study of changes in the values of 
material intensity and capital productivity 
(as the inverse of the value of capital 
intensity) and the corresponding change 
in the values of Cpml the example of the 
activities of many industrial enterprises 
over a long fifteen-year period of time, 
we have developed a matrix of possible 
directions of their development, and 
based on it — a graphical model of the 
life cycle of technological development 
of production systems (enterprises and 
industries) in the form of a curve, which 
in appearance corresponds to the schedule 
of development of any system [26]. 
The resulting curve shows the change 
in the level of material output values 

as the inverse of the material intensity, 
depending on the degree of renewal 
of fixed assets and the corresponding 
changes in the values of the level of capital 
output and the coefficient of the level of 
manufacturability of production. Thus, 
this curve directly shows the influence 
of the level of novelty of the technology 
used simultaneously on the economic 
efficiency of using all three main types 
of production resources, since it is known 
that the increase in the level of capital 
return is an intensive factor in increasing 
the level of labor productivity.

3. Results and discussion
The curve of the life cycle of 

technological development of production 
shows that, firstly, the technology used 
makes it possible to increase the value 
of material output, that is, to reduce the 
material intensity of production, only to a 
certain level, even with its improvement, 
and this level can be calculated for each 
specific enterprise based on the analysis 
of its reporting data. Secondly, one full 
cycle of technology development includes 
six stages, in which at three stages 
the values of material return, capital 
return and the coefficient of the level of 
manufacturability of production increase, 
and at the other three decrease, and only at 
one stage the values of all three indicators 
increase simultaneously. Thus, only at this 
single stage of technology development, 
the maximum possible efficiency of 
the use of material, labor resources and 
physical capital is achieved, and therefore 
the maximum possible increase in profit 
from each unit of manufactured and sold 
products. Accordingly, the technological 
development of production systems at this 
stage, which corresponds to the concept 
of “technological stability”, ensures their 
economic stability, but not only it. 

The fact is that, firstly, with the 
improvement of technology, a decrease 
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in the material intensity of production 
due to an increase in material output 
leads to a decrease in the volume of 
production waste, and the introduction of 
a new technology will allow the use of 
previously accumulated production waste, 
that is, the environmental sustainability of 
production is ensured. Secondly, due to 
the maximization of the level of capital 
return due to the intensive renewal of 
fixed assets, the level of labor productivity 
will significantly increase, and hence the 
level of average wages at enterprises 
and in production sectors. If at the same 
time, at enterprises due to the active use 
of technological innovations, the growth 
rate of the average salary will exceed the 
average industry rate or the average for 
the country as a whole, then it becomes 
possible to use part of the salary fund 
to form a guaranteed income fund to 
pay the personnel of enterprises released 
as a result of productivity growth or 
for other social activities. Accordingly, 
social sustainability will be ensured at the 
enterprises.

Thus, when production systems 
achieve technological sustainability, 
economic, environmental and social 
sustainability will be ensured at the 
same time, which will correspond to the 
concept of “sustainable technological 
development”. It is very important to keep 
in mind that with this type of development 
of production systems, the main economic 
interests of enterprises, regions-subjects of 
the Federation and the state are combined, 
since a decrease in the level of material 
intensity of production simultaneously 
leads to an increase in the profit of 
enterprises per unit of sales volume, as 
well as to an increase in the share of 
value added in this volume, which means 
that the growth of the gross regional 
product (GRP) of the regions-subjects 
of the Federation and the growth of the 
gross domestic product (GDP) of the 

country is ensured. At the same time, the 
regions and the country receive additional 
amounts of tax deductions, therefore 
they should be interested in accelerating 
the technological renewal of production 
systems, therefore they should create the 
necessary preferences for enterprises and 
manufacturing industries, primarily in 
the formation of an effective system for 
stimulating innovation. 

The above theoretical provisions were 
used to assess the sustainability of the 
technological industrial development of 
the four Arctic regions  — the subjects 
of the Federation, which are completely 
included in the Arctic zone of the Russian 
Federation, for the period 2005—2006 
(table 1).

The calculated data given in the table 
show that in all regions the production 
of electricity, gas and water has been 
developing more technologically steadily, 
but the maximum efficiency of using 
resources (development stage 1—1): 
material, labor and physical capital (fixed 
assets) was achieved in each region only 
in certain years.

Mining has been developing relatively 
technologically steadily (with a lower 
level of resource efficiency) in all regions. 

Accordingly, of the three types of 
industrial activity, the most problematic 
situation with the sustainability of 
technological development has developed 
in the processing industry, especially in 
the Nenets National District and in the 
Murmansk Region, where in the analyzed 
period of time the values of the coefficient 
of the level of manufacturability of 
production had a tendency to decrease.

Conclusions
For the sustainable development 

of economic systems, innovations are 
necessary, primarily technological 
ones, but their specific impact on the 
achievement of economic, environmental 
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Table 1
Parameters for assessing the sustainability of technological development of the Arctic regions 
by types of industrial activitya

Regions Indica-
tors

2005 2010 2011 2012 2013 2014 2015 2016

Nenets Autonomous Okrug
Mining МI 0,207 0,253 0,286 0,330 0,282 0,272 0,268 0,183

EC 0,986 0,590 0,595 0,509 0,493 0,455 0,418 0,346
Cpml 4,90 6,69 5,87 5,95 7,19 8,07 8,91 15,79
No 4—2 3 4—2 2 2 2 2

Processing МI 0,611 0,746 0,610 0,592 0,524 0,905 0,947 0,966
EC 2,654 4,212 3,050 3,455 1,889 10,670 19771 40,073

Cpml 0,61 0,32 0,54 0,49 1,01 0,10 0,05 0,03
No 3 2 1—2 2 3 3 3

Electricity,
gas and water 
production

МI 0,195 0,224 Н.д 0,471 0,413 0,343 0,357 0,412
EC 1,269 0,837 Н.д 0,750 0,825 0,888 0,801 0,911

Cpml 4,02 5,33 Н.д 2,83 2,93 3,28 3,50 2,66
No 4—2 4—1 1—1 1—1 4—2 3

Murmansk region
Mining МI 0,469 0,431 0,407 0,421 0,405 0,524 0,460 0,438

EC 1,312 1,246 0,599 0,527 0,583 0,428 0,489 0,527
Cpml 1,62 1,86 4,10 4,50 4,24 4,46 4.44 4,33
No 2 2 4—2 1—2 4—2 1—2 1—2

Processing МI 0,256 0,539 0,546 0,614 0,625 0,650 0,683 0,720
EC 1,895 2,971 2,590 2,707 2,273 2,667 3,027 2,833

Cpml 2,06 0,62 0,71 0,60 0,70 0,58 0,48 0,49
No 3 4—2 3 4—2 3 3 4—2

Electricity,
gas and water 
production

МI 0,629 0,656 0,680 0,678 0,673 0,655 0,607 0,588
EC 0,584 0,617 0,482 0,491 0,456 0,327 0,377 0,426

Cpml 2,72 2,47 3,05 3,01 3,26 3,85 4,37 3,99
No 3 4—2 1—2 2 2 1—1 1—2

Yamalo-Nenets Autonomous Okrug
Mining МI 0,257 0,329 0,308 0,305 0,318 0,295 0,264 0,284

EC 0,421 0,255 36,683 0,301 0,325 0,318 0,330 0,249
Cpml 9,26 11,92 0,09 10,89 9,69 10,69 11,48 14,14

No 4—2 1—2 2 3 2 1—1 4—2
Processing МI 0,674 0,857 0,891 0,876 0,848 0,856 0,877 0,890

EC 3,882 2,515 1,388 2,584 3,189 0,905 6,248 0,371
Cpml 0,38 0,46 0,81 0,44 0,38 1,29 0,18 3,03
No 4—2 4—2 1—2 1—2 4—2 3 4—2

Electricity,
gas and water 
production

МI 0,504 0,428 0,347 0,419 0,350 0,320 0,366 0,363
EC 0,397 0,292 0,282 0,296 0,351 0,247 0,222 0,119

Cpml 4,99 7,99 9,34 8,05 8,14 12,68 12,34 23,15
No 2 2 3 1—1 2 4—1 2
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and social sustainability by production 
systems at the same time is not considered 
in the scientific literature.

To do this, it is proposed to use the 
concept of the life cycle of technological 
development of manufacturing enterprises 
and industries and a curve graphically 
reflecting such a cycle, including six 
stages. At the same time, the concept of 
“technological stability” corresponds to 
the development of the production system 
only at one stage, when the values of the 
efficiency of the use of three main types 
of production resources  — material, 
labor and physical capital simultaneously 
increase (fixed assets). As a result, the 
simultaneous achievement of economic, 
environmental and social sustainability 
by the production system is ensured, 
which is proposed to be designated by 

the concept of “sustainable technological 
development”.

Since this state of development 
ensures the coordination of the economic 
interests of manufacturing enterprises 
with the interests of the regions-subjects 
of the Federation and the country as a 
whole, its achievement through active 
technological renewal of production 
should be supported by the state through 
the formation of an effective system of 
stimulating innovation.

The theoretical and methodological 
provisions considered in the article were 
used to assess the sustainability of the 
technological industrial development of 
four regions — subjects of the Federation, 
which are completely included in the 
Arctic zone of the Russian Federation, for 
the period 2005—2016.

Regions Indica-
tors

2005 2010 2011 2012 2013 2014 2015 2016

Chukotka Autonomous Okrug
Mining МI 0,650 0,581 0,517 0,494 0,576 0,620 0,612 0,603

EC 2,127 2,217 2,207 1,680 1,096 1,675 2,023 1,620
Cpml 0,72 0,78 0,88 1,20 1,58 0,96 0,81 1,02
No 1—1 2 2 4—2 3 1—2 3

Processing МI 0,824 0,414 0,639 0,849 0,867 0,826 0,649 0,562
EC 40,143 0,541 0,670 0,541 0,585 0,959 0,799 0,606

Cpml 0,03 4,46 2,33 2,18 1,97 1,26 1,93 2,94
No 2 3 4—1 3 1—2 2 2

Electricity,
gas and water 
production

МI 0,355 0,209 0,150 0,296 0,385 0,262 0,299 0,252
EC 0,495 0,527 0,384 0,526 0,497 0,402 0,411 0,401

Cpml 5,68 9,06 17,33 6,42 5,22 9,49 8,14 9,90
No 1—1 2 3 4—2 2 3 2

a Calculated on the basis of data from the annual statistical collections “Regions of Russia. 
Socio-economic indicators”. MI  — the material intensity of products, EC  — the efficiency of 
capital, Cpml — the coefficient of the production manufacturability level, No — the number of the 
stage of development.

End of Table 1
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