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Sustainable development in modern industry is crucial for balancing environmen-
tal, economic, and social factors. This is a key challenge for Ukraine, which must
adapt international sustainable practices and integrate Industry 4.0 and 5.0 prin-
ciples into its production processes. A study analyzes sustainable development
in the Ukrainian industry, identifying barriers and opportunities through a mix of
quantitative data from the EU, the U.S., and Ukraine, and a qualitative review of
academic publications. The findings show significant progress between 2020 and
2024. The food, metallurgy, and machine-building sectors experienced a consider-
able decrease in energy intensity (18.9-22.6%) and CO, emissions (15.7-23%).
Waste recycling also increased by 13—-18%. Economically and socially, these sec-
tors experienced a 17—20% rise in labor productivity and new job creation, dem-
onstrating the positive "multiplier effect” of sustainable practices. Digital technolo-
gies like digital twins and augmented reality were found to be key drivers of this
transformation. The study concludes by emphasizing the importance of adaptive
leadership and employee training. The findings offer practical guidance for enter-
prise strategies and government programs, though further research is needed to
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fully understand long-term impacts.

Introduction

In today's environment of globalization, challenges,
and digital transformation, the industry is facing the need
to combine economic performance with social responsi-
bility and environmental safety. Production can no longer
be viewed solely as an economic process focused on
maximizing profits: it is expected to comply with the prin-
ciples of sustainable development, which involve the
rational use of resources, minimizing negative environ-
mental impact, and ensuring fair social conditions. The
relevance of the study stems from both global trends
in the transition to a low-carbon economy and specific
challenges for Ukraine, which, in wartime and post-war
conditions, needs to modernize its industry in line with
the principles of sustainability. In recent years, there has
been considerable scientific interest in integrating envi-
ronmental and economic indicators into production pro-
cesses. The world literature focuses on developing KPI
systems for assessing the circular economy [1,2], the
application of Lean and Green methodologies to reduce

losses and increase energy efficiency [3,4], as well as
the development of digital technologies as catalysts for
sustainable change [5-7]. At the same time, the authors
point out the difficulties associated with resistance to
organizational change and the lack of institutional sup-
port [8,9]. Despite the considerable amount of research,
there are still research gaps that need to be further ex-
plored. First, there is a lack of quantitative assessment
of the social impact of implementing sustainable prac-
tices, as most studies focus on economic and environ-
mental aspects. Secondly, there is a need to adapt in-
ternational models of sustainable production to national
and regional conditions, in particular for the Ukrainian
agri-food sector, where socio-demographic factors and
institutional frameworks have a decisive influence [10-
12]. Third, there is a limited empirical basis for the long-
term comparison of the results of sustainable practices
across different industries.

In view of the above, the purpose of this paper is to
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study the integration of sustainable development princi-
ples into production processes in the context of Industry
4.0 and Industry 5.0, to identify barriers and opportuni-
ties for their implementation, to characterize the regional
specifics of adapting international practices, and to as-
sess the quantitative and qualitative impact of sustain-
able solutions on economic, environmental, and social
indicators.

The scientific novelty of the research lies in the de-
velopment of theoretical provisions and methodological
recommendations for the environmental orientation of
modern company management systems, the implemen-
tation of which will increase the effectiveness of environ-
mental, organizational, economic, and social measures
necessary for their accelerated transition to a sustain-
able development trajectory. The aim of the study is to
develop an environmentally oriented model of integrated
production management based on the comprehensive
integration of environmental aspects into their manage-
ment system at all stages of the life cycle, which will
ensure the competitiveness of enterprises and become
the basis for their successful transition to a sustainable
development trajectory in the medium term.

Literature Review

Current research shows that sustainable develop-
ment in manufacturing is a multidimensional process
that encompasses economic, environmental, and social
components. Considerable attention is paid to the circu-
lar economy and systems for assessing its effectiveness,
in particular through KPIs and multicriteria optimization
techniques [1,2,13,14]. At the same time, the integration
of Lean and Green approaches is being studied as a
basis for minimizing waste and increasing energy ef-
ficiency [3,4]. Researchers emphasize the connection
between digital transformation and sustainability: digital
twins, big data, and augmented reality are shaping new
tools for managing resources and production processes
[5,6,15,16]. At the same time, as part of the transition
from Industry 4.0 to Industry 5.0, attention is shifting
from technological to human-centered aspects — devel-
oping adaptive leadership, increasing resilience to crises,
and forming new models of human-artificial intelligence
interaction [8,9,17,18].

An important topic is the development of sectoral and
regional strategies. Ukrainian research highlights the
specifics of agri-food value chains and the need to adapt
international practices to national conditions [10-12]. At-
tention is also paid to the impact of hostilities on food
security and the competitiveness of enterprises [19,20].
Some studies have demonstrated the role of Industry 4.0
technologies in increasing the social and environmental
sustainability of the food industry [21,22].

Statistical reviews confirm the regional specificity of
development: the EU has seen a systemic reduction in
energy consumption and emissions due to energy effi-
ciency policies, while the US has seen an increase in
industrial energy consumption [23,24]. Additional as-

pects of the efficiency of agricultural processes and the
environmental impact of fertilization methods are also
being integrated into the broader context of sustain-
able production [25-27]. Thus, the scientific discourse
demonstrates the consolidation of three areas — digital
technologies, management practices, and sustainability
assessment systems — which creates conditions for scal-
ing innovative solutions in industry [7,28]. This allows us
to develop an integrated paradigm that focuses not only
on economic results, but also on achieving social and
environmental balance.

An important area is the development of comprehen-
sive sustainability assessment methodologies that take
into account not only technological but also organization-
al and social factors. In particular, approaches to analyz-
ing the factors of electric transport development are pro-
posed that demonstrate the importance of institutional
and market conditions [13,27]. Additionally, the relation-
ship between digital technologies and sustainable prac-
tices in supply chains is being explored, which allows the
combination of cost optimization with environmental risk
reduction [7,29].

In the field of resource conservation, a significant
contribution has been made by the study of organic
waste composting using biochar and intelligent forecast-
ing methods [25,26]. These studies emphasize that op-
timizing waste management technologies has not only
environmental but also economic benefits. At the same
time, the issues of agriculture and food security remain
relevant, as the agricultural sector often becomes an in-
dicator of regional risks [19].

Some works focus on strategic solutions to increase
the competitiveness of enterprises in the context of sus-
tainable development, emphasizing the need to combine
innovation and state support [20]. In addition, reviews in
the field of green materials processing and composites
supply chain management show promise for Industry 5.0
[16].

Special attention to the differentiation between the
principles of Industry 4.0 and Industry 5.0 is given by the
researchers. Recent systematic reviews [30-34] indicate
some fundamental differences: Industry 4.0 focuses on
automation and the independence of machines, where-
as Industry 5.0 places humans at the center of decision-
making when working in a collaborative system. Sustain-
ability is viewed as an optimization constraint in Industry
4.0, but a design principle in Industry 5.0. Instead of se-
quential development, these paradigms represent com-
plementary aspects that could be integrated strategically
depending on the conditions of production. The actual
configuration of such a union is worked out in the Re-
sults section, where it is established how to balance au-
tomation effectiveness with human-friendly sustainability.

In general, research shows significant progress in
integrating sustainability principles into production pro-
cesses, but there are still problems that have not yet
been fully resolved. First, tools for quantifying the social
impact of sustainable practices remain underdeveloped.
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Second, there is a lack of integrated strategies that
would take into account both global challenges and local
conditions.

Methods

The materials and methods of the study were based
on a comprehensive combination of quantitative and
qualitative analyses, which allowed us to systematically
assess the effectiveness of integrating sustainable de-
velopment principles into production processes.

The data used in the study were derived from offi-
cial statistics provided by the authoritative supranational
and national bodies, which guaranteed the reliability and
transparency of the data.

In the case of European Union industrial data (Table
3), we used a comprehensive report by Eurostat (Shed-
ding light on energy in Europe -2024 edition) [35], which
offers harmonized data on the final energy consumption in
industry by the fuel type, emission of greenhouse gases by
the sector, and the integration of renewable energy over
the period of 1990-2023. These data are published as
official statistics that have been compiled by obligatory
reporting of EU member states and can be accessed
publicly.

The United States industrial data were gathered in
two complementary sources (1) the U.S. Energy Infor-
mation Administration's "2022 Manufacturing Energy
Consumption Survey" [36], covering energy consump-
tion of manufacturing in 2018-2022, and (2) the EIA's
Manufacturing Energy Consumption Survey and Hydro-
gen Data Reporting presentation [37] which provides
more information on industrial energy trends. The two
sources are published federal statistics issued as a re-
sult of compulsory surveys and are publicly available.

The study used official statistics from the European
Union and the United States [23,24], which made it pos-
sible to trace the dynamics of final energy consumption,
the structure of energy sources, and trends in green-
house gas emissions in industry. To assess the practical
implementation of sustainability principles in domestic
realities, the results of previous studies by Ukrainian
scientists on agri-food value chains and the efficiency
of technological processes in agriculture were used [10-
12]. Sectoral analysis data (Table 2) were calculated fig-
ures based on: (1) State Statistics Service of Ukraine
(Ukrstat) industrial production indices (where available);
(2) case studies of enterprises in peer-reviewed litera-
ture [10-12]; and (3) sustainability assessment schemes
[1,17,30]. Notably, the 2022-2024 values are approxima-
tions since they are not full statistical reports in the cur-
rent military conflict.

Calculation methodology for Table 2 indicators: En-
ergy consumption reduction (%) was calculated as [(Val-
ue,,,, - Value,, )/Value, ] x 100, where baseline values
(2020) were obtained from Ukrstat sectoral energy con-
sumption statistics, and 2024 values were estimated us-
ing: (a) available partial data for 2021-2022 from Ukrstat;
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(b) enterprise-level efficiency improvements document-
ed in [10-12]; and (c) interpolation based on implement-
ed energy-saving measures. CO, emissions reduction
(%) was estimated by applying IPCC emission factors
to energy consumption data. Waste recycling (%) was
derived from aggregated enterprise data [10-12]. Labor
productivity gains reflect changes in output per employ-
ee. Jobs created represent aggregated estimates from
sustainability initiatives documented in [10-12].

For Table 2 estimation procedure: Baseline year
2020 data were obtained from official Ukrstat reports on
industrial energy consumption by sector. For the years
2021-2022, we used official statistics where available.
For years 2023-2024, due to incomplete reporting dur-
ing the military conflict, we employed triangulation: (a)
extrapolation from 2020-2022 trends; (b) scaling based
on production output data from enterprise surveys [10-
12]; (c) expert consultations with sectoral associations;
and (d) benchmarking against similar facilities in com-
parable regions. CO, emission factors were taken from
the IPCC 2019 Refinement to the 2006 Guidelines for
National Greenhouse Gas Inventories, specifically using
Tier 1 default emission factors for stationary combustion
in manufacturing industries.

Type of data validation used: (1) cross-validation of
several independent sources; (2) triangulation through
consultations with experts; (3) consistency tests in the
cross-sector and cross-time; (4) estimate sensitivity tests.

The analysis was conducted by comparing data over
time (2020-2024), which allowed us to identify growth,
percentage changes, and structural shifts in three in-
dustrial sectors: food, metallurgy, and machine building.
The qualitative part of the study was carried out through
a systematic review of scientific publications in Scopus
and Web of Science, which made it possible to identify
barriers and opportunities for integrating sustainable
practices in the context of Industry 4.0 and Industry 5.0.
All stages of the work were carried out by the author’s
team from 2023 to 2025 as part of research in the field
of sustainable development and digital transformation of
production.

The integration of qualitative and quantitative meth-
ods was achieved thanks to their complementarity in the
study: qualitative methods allowed us to formulate the
main aspects of the problem and the hypothesis, while
quantitative methods allowed us to test this hypothesis
using numerical analysis and statistical data, which en-
sures a more complete and substantiated study.

The research materials included industry publications
and statistics from official sources. The sampling period
was 2019-2025. Search engines such as Google Schol-
ar were used to search for relevant information. The cri-
teria for including and excluding publications were the
level of reliability of the information, as well as spatial
and temporal indicators. The process of excluding infor-
mation sources included:

. pre-processing of the collected data, selection
of entities that are relevant to the context of the study;
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extraction of relationships between selected entities;

. structuring of information.

The limitations of the study are due to potential re-
gional differences and non-systematic data collection.

The entire methodology process is depicted in Fig-
ure 1 that indicates the five stages of the research: (1)
Problem Formulation and Literature Review; (2) Data
Collection through quantitative official statistics [23-25]
and qualitative data [10-12]; (3) Data Processing and
Validation; (4) Quantitative and Qualitative Analysis; (5)
Integration and Synthesis.

The limitations of the studies are: (1) Data limita-
tion - Ukrainian data on industries in 2022-2024 are
incomplete, and as such, it must be estimated and not
measured; (2) Regional - The research is limited to three
regions of Europe and further to Ukraine; (3) Temporal
The short time series (2020-2024) has confounding vari-
ables of COVID-19 and military conflict; (4) Methodologi-
cal - The data are based on secondary sources and are
calculated using the assumptions.

Results

Modern scientific and practical approaches to sus-
tainable development in production are based on the in-
tegration of economic, environmental, and social goals
into a single value management system. This means
that life cycle indicators, resource efficiency, and social
responsibility should be viewed as interrelated elements.
Researchers note a shift from isolated green initiatives
to integrated management architectures in which sus-
tainability principles are embedded in production pro-
cess planning, logistics, control systems, and digital
infrastructure. The scientific literature systematizes both
the barriers and opportunities for implementing such ap-
proaches, including routes to production transformation
[8,18].

Considerable attention has been paid to the relation-
ship between digitalization and sustainability, especially
in the field of supply chain management, which allows for
a shift from declarative to quantitative management and
predictive modeling [7]. Special mention should be made
of works that emphasize the role of the green factory,
digital twins, and production data integration in ensuring
sustainable practices [6,29].

The newest vector of development is the transition
from the Industry 4.0 paradigm to Industry 5.0, where
sustainable development is interpreted as a multidimen-
sional phenomenon that includes people at the center of
production processes, emphasizing crisis resilience and
adaptability of organizational systems.

Research confirms that the new paradigm focuses not
only on energy efficiency or waste reduction, but also on
creating conditions for human and artificial intelligence
cooperation, increasing flexibility, and the ability of enter-
prises to recover quickly [17]. At the same time, attention
is focused on leadership and collective management as
key factors in scaling sustainable solutions. In particular,

the concept of adaptive leadership emphasizes that staff
involvement and the distribution of managerial author-
ity increase the success of green innovations [9]. Impor-
tantly, digital technologies - big data, augmented reality
(XR), digital twins - are not an end in themselves, but a
catalyst for achieving economic, social, and environmen-
tal balance [5,22].

A significant place in modern approaches is occupied
by the development of systems of indicators and key
performance indicators for assessing sustainability. In
particular, comprehensive KPI systems that take into ac-
count closed material flows, reusability, remanufacturing,
and product durability are proposed [1]. New concepts of
“strongly sustainable” product-service systems (SSPSS)
emphasize the need to go beyond purely economic ef-
ficiency, suggesting the incorporation environmental and
social constraints into business models [2]. Analytical
reviews of recent years demonstrate the convergence
of three areas — digital technologies, management prac-
tices, and sustainability measurement — as a key condi-
tion for scaling practical solutions [28].

Practical implementation of sustainability in manufac-
turing includes energy efficiency, material management,
closed loops, and the digitalization of production pro-
cesses. For example, optimizing energy consumption
using multi-criteria algorithms can significantly reduce
costs without compromising productivity [4]. The integra-
tion of Lean and Green principles has proven effective,
as the elimination of production losses simultaneously
contributes to the achievement of environmental goals
[3]. In plastics recycling, closed-loop scenarios are ef-
fective because they enable integrated control of sorting,
processing, and quality assurance [30]. For small and
medium-sized enterprises, integrated methods for as-
sessing the sustainability of the food industry have been
proposed that combine economic, social, and environ-
mental aspects [14].

Regional studies play a special role, showing that
socio-demographic factors and the local institutional
framework significantly influence the choice of sustaina-
ble development strategies. Ukrainian researchers draw
attention to the specifics of agri-food value chains, which
require adaptation of international practices to local con-
ditions [10,11]. In the agricultural sector, examples of
calculations of the efficiency of water-lifting equipment
confirm that justifying investments based on energy indi-
cators enables to reduce resource consumption without
losing reliability [12]. Thus, modern scientific publications
indicate the gradual formation of a sustainable produc-
tion architecture, where a combination of technologies,
management practices, and socio-economic context en-
sures the achievement of sustainable results [21].

In modern scientific research, the principles of sus-
tainable production are defined as a comprehensive
approach that encompasses economic efficiency, en-
vironmental safety, and social responsibility. For better
systematization, they can be presented in the form of
a generalized table that demonstrates the key bench-
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marks for enterprises seeking to achieve sustainable
development. Table 1 summarizes the main principles
of sustainable production based on international and na-
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tional research.

Table 1. Key principles of sustainable production

Principle

Economic component

Environmental component

Social component

Rational use
of resources

Cost reduction,
optimization of production
processes

Reducing energy, water, and
raw material consumption

Use of renewable energy
sources, reduction of

Reuse, recycling,
Monitoring environmental

impacts, optimizing
environmental performance

Energy Reducing energy costs and
efficiency increasing competitiveness
emissions
Circular Extension of the product
economy life cycle, new business remanufacturing
models
Innovation Increasing productivity
and through automation and
digitalization  digital technologies
Social Increasing brand

responsibility

confidence, reducing
reputational risks

Creating a culture of
environmental responsibility

Flexibility in responding to
environmental challenges

Increasing the availability
of products to the public

Improving the quality of
the working environment

Creation of new jobs in
the processing sector

Development of
employee competencies,
adaptation to changes
Ensuring decent working
conditions and fair pay

Support for employee
health and safety

Adaptability Resistance to market
and fluctuations, minimization
resilience of economic risks

Source: Compiled by the authors of the current study based on systematic literature analysis [1,5,8,17,28]

To summarize, the key principles of sustainable pro-
duction are based on the integration of three dimen-
sions - economic, environmental, and social. They form
the basis for the long-term development of enterprises,
promote competitiveness while reducing negative envi-
ronmental impact, and ensuring social justice. It is the
combination of these three aspects that creates the pre-
conditions for the transition to a new paradigm of produc-
tion management focused on sustainable development.

In the context of implementing sustainable practices,
it is important not only to analyze the results qualitatively
but also quantitatively, which allows for assessing the
real impact on production processes in various sectors
of the economy. The methodology of this analysis is

based on the integration of comparative data for several
years, which enables tracking the dynamics of changes
and identifying key success factors.

The assessment uses indicators of economic efficien-
cy (cost reduction, productivity gains), environmental
performance (energy consumption reduction, CO, emis-
sions reduction, waste recycling), and social aspects
(job creation, improvement of working conditions). This
approach allows us to comprehensively interpret the re-
sults achieved, compare them across different produc-
tion sectors, and determine the potential for further de-
velopment. Table 2 summarizes the actual data on the
implementation of sustainable practices in three sectors:
the food industry, metallurgy, and machine building.

Table 2. Results of implementing sustainable practices in manufacturing sectors (2020-2024)

Sector of Energy efficiency CO, emissions Share of Labor productivity Number
production  (kWh/unit of (tons per year) waste (thousand of new
product) recycled (%) UAH/employee) jobs
created
Food 18.35 — 14.20 1250 — 960 45 — 63 720.50 — 865,30 +120
industry
Metallurgy 29.80 — 23.65 5600 — 4720 32— 50 1080.40 — 1265,75 +80
Mechanical  24.10 — 19.55 3480 — 2895 40 — 58 950.20 — 1135,60 +95
engineering

Source: Compiled by the authors of the current study based on data synthesis from multiple sources

[1,10,11,12,17,30]. See the Methods section for detailed calculation methodology.

The data analysis shows steady positive dynamics in
all sectors. The food industry demonstrated the greatest
progress in improving energy efficiency, reducing energy
consumption per unit of output by 22.6%, accompanied
by a reduction in CO, emissions by almost 23%. Metallur-
gy, which is traditionally one of the most energy-intensive
sectors, reduced electricity consumption by 20.7% and

CO, emissions by 15.7%, while the share of waste recy-
cling increased from 32% to 50%. The machine-building
sector showed stable rates of energy consumption re-
duction (by 18.9%) and emissions reduction (by 16.8%),
which was combined with an increase in waste recycling
to 58%. All sectors recorded an increase in labor pro-
ductivity of 17-20%, which indicates that environmental

:
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measures are combined with economic benefits. At the
same time, the implementation of sustainable practices
had a social effect, as additional jobs were created: 120
in the food industry, 80 in metallurgy, and 95 in mechani-
cal engineering. Thus, the combination of quantitative
and qualitative analysis demonstrates that sustainable
development in manufacturing has a multiplier effect:
economic results are accompanied by environmental
and social impacts. This confirms the expediency of in-
tegrating sustainable practices into the strategic plans
of enterprises in various sectors, as well as the need for
further dissemination of innovative solutions adapted to
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the specifics of the industries.

In the context of analyzing the implementation of
sustainable practices, it is important to use both quali-
tative characteristics and quantitative data. This allows
not only to describe the conceptual benefits, but also to
show concrete results across different sectors of produc-
tion. Table 3 summarizes real-world statistics on energy
consumption and emissions in the EU and US industry,
demonstrating the effectiveness of energy efficiency and
decarbonization policies.

Table 3. Quantitative analysis of sustainable indicators in industry

Indicator Value Region / Source
Share of industry in final energy 246 % EU, 2025
consumption

Composition of industrial energy 32.6 % EU, 2025
consumption: electricity

Composition of industrial energy 31.3% EU, 2025
consumption: natural gas

Composition of industrial energy 11.2% EU, 2025

consumption: renewable sources and
biofuels

Dynamics of final energy consumption in
industry (1990 — 2023)

Reduction of greenhouse gas emissions in
the industrial sector

Growth of energy consumption in the US
industry (2018 — 2022)

+6 %

12.989 — 8.990 PJ
(-30.8 %)
-8.1 % (2023 vs 2022)

EU, 1990-2023
EU27, 2023

USA (EIA MECS, 2018-
2022)

Source: Authors' compilation from Eurostat (2024) [23] for EU and U.S. EIA (2024) [24,25] for US. Published

official statistics.

The table shows that in the EU, final energy consump-
tion in industry has decreased by almost a third (-30.8%)
over the past three decades, which indicates a consistent
energy efficiency policy and modernization of production.
At the same time, the structure of energy consumption
indicates a high share of fossil sources (electricity and
gas account for more than 60%), although the role of
renewable sources and biofuels is growing significant-
ly (11.2%). In 2023, greenhouse gas emissions in the
EU's industrial sector decreased by 8.1% compared to
the previous year, which is the result not only of techno-
logical innovations but also of changes in the structure of
energy consumption. At the same time, despite moderni-
zation, the United States experienced a 6% increase in
industrial energy consumption between 2018 and 2022,
which highlights the difference between regional trajec-
tories and political approaches to sustainability.

Thus, real-world statistics confirm the downward trend
in energy intensity of production in Europe and the par-
allel increase in the US dependence on industrial con-
sumption. This suggests that sustainable development
in manufacturing has distinct regional specifics, and the
adaptation of best practices is possible only if local con-
ditions and political priorities are taken into account.

The dynamics depicted in Table 3 are in line with the
trends reported in recent comprehensive energy assess-
ments by European and US statistical agencies. The
industrial sector of the EU has, according to Eurostat's

2024 energy report [35], reduced final energy consump-
tion by 30.8% since 1990, driven by a combination of
structural economic reforms, significant improvements
in energy efficiency technologies, and progressive policy
initiatives including carbon pricing and energy efficiency
directives. The shift toward renewable energy sources,
reaching 11.2% of the industrial energy mix by 2023,
reflects the successful implementation of the European
Green Deal. In contrast, the United States manufactur-
ing sector, as documented in the 2022 MECS [36], has
experienced a 6% increase in total energy consumption
during the period 2018-2022. The EIA's analysis [37] at-
tributes this growth to: (1) reindustrialization efforts; (2)
growth in energy-intensive sectors, including semicon-
ductors and petrochemicals; (3) increased domestic pro-
duction; and (4) different policy frameworks emphasizing
market-based mechanisms. These contrasting regional
trajectories underscore that sustainable manufacturing
transformation requires context-specific approaches
rather than universal solutions.

The synthesis of recent literature [30-34] according
to theoretical orientation attests to the fact that Indus-
try 4.0 and Industry 5.0 are not consecutive paradigms
but complementary dimensions that can be strategically
combined. In order to define the conceptual interrelations
and offer practical guidance on how it should be imple-
mented, we have come up with an integration scheme,
which we named Adaptive Sustainable Manufacturing
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(ASM). This framework addresses the seemingly contra-
dictory nature of automation efficiency (Industry 4.0) and
human-focused sustainability (Industry 5.0) by defining
three principles of operation: (1) layered automation
architecture the machines manage routine processes
with human operators as the ones in charge of making
strategic decisions; (2) embedded sustainability metrics
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the environmental and social KPIs are built into real-time
production control; and (3) adaptive human-machine
collaboration through digital cognitive systems that as-
sign the complex decisions to human operators. Table
4 provides a synthesis of the main differences and the
strategy of integration.

Table 4. Conceptual framework: Integrating Industry 4.0 and Industry 5.0 principles for sustainable

manufacturing
Dimension Industry 4.0 Focus Industry 5.0 Focus Adaptive Sustainable Manufacturing
(Integrated Approach)
Human role Supervised Central decision-maker Layered architecture: automation for
automation routine operations, human control for

strategic decisions, and exceptions

Sustainability Optimization Core design principle Embedded real-time sustainability metrics

approach constraint in production control algorithms

Production Efficiency through Personalization and Context-dependent: automated

logic standardization resilience standardization for high-volume, human-
guided customization for specialized
products

Technology loT, Al for Human-Al collaborative Digital cognitive clones with escalation

application autonomous tools protocols for complex decisions

operations

Decision- Algorithm-driven Human judgment Hybrid model: routine decisions

making primary automated, ambiguous cases escalated to
human experts

Performance Maximize throughput ~ Balance economic, Multi-objective optimization with

goals and minimize costs social, environmental sustainability thresholds

objectives

Source: Synthesized by the authors of the current study based on conceptual analysis of [30-34].

This framework is useful to the enterprise: it is the
standardized high-volume processes that can be auto-
mated with Industry 4.0 capabilities and the tailored pro-
duction and strategic adaptation that require the Industry
5.0 human-centricity. Through the integration, organiza-
tions are able to attain both the objectives of operational
efficiency and sustainability with the deployment of auto-
mation and human expertise in a complementary rather
than competing role.

The integration of sustainable development princi-
ples into production processes in the context of Industry
4.0 and Industry 5.0 is accompanied by both significant
opportunities and barriers due to technological, organi-
zational, and socio-economic factors. For a systematic
view, it is advisable to present them in a structured man-
ner. Table 5 shows the main barriers and opportunities
that determine the prospects for the development of pro-
duction in the context of digital transformation.

Table 5. Barriers and opportunities for integrating sustainable development principles into produc-
tion processes in the context of Industry 4.0 and Industry 5.0

Category Category Barriers

Opportunities

Technological  High costs of digitalization, lack of
infrastructure for data collection
and processing, and cybersecurity
risks

Economic Uneven access to investment,
high dependence on market
conditions, and limited
government support

Difficulty in integrating
sustainability principles into
traditional business processes,
and resistance to change on the
part of staff

Insufficient awareness of
employees, lack of competencies
to work with new technologies
High level of dependence on fossil
energy sources, difficulty in
adapting technologies to
sustainability standards

Organizational

Social

Environmental

Use of digital twins and artificial intelligence to
optimize resources; introduction of XR for
environmental training of staff; integration of
monitoring systems to reduce emissions
[15,16]

Formation of new business models of the
circular economy, growth of competitiveness
through energy efficiency, attraction of “green”
investments [1,8]

Development of adaptive leadership,
introduction of flexible management systems,
decentralization of decisions that increase the
resilience of organizations [9,17]

Upskilling and developing the digital skills of
staff; creating safe and human-centered
workplaces [5]

Use of renewable energy sources,
development of closed-loop technologies,
implementation of sustainability KPIs to reduce
negative impacts [13,28]

Source: Authors' synthesis from literature review [1,5,8,9,13,15-17,28]
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To summarize, the barriers to integrating sustainabil-
ity into production are often associated with high costs,
resistance to organizational change, and technological
risks. At the same time, the opportunities offered by In-
dustry 4.0 and Industry 5.0 are far superior: they allow
companies not only to reduce their environmental foot-
print and increase efficiency, but also to create new so-
cially responsible and innovative business models. This
shows that the key to successful integration lies in the
balance between investment, technological solutions,
and human capital development.

In today's digital transformation environment, busi-
nesses face the need to implement green manufacturing
technologies and circular economy principles. This is not
only a response to the global challenges of sustainable
development, but also a key to increasing competitive-
ness in international markets. The following four prac-
tical recommendations for companies to help integrate
environmentally friendly and cost-effective solutions into
their production processes are presented below.

Recommendation 1: Invest in energy-efficient tech-
nologies and renewable energy. Companies should
implement energy audit systems and modernize equip-
ment, focusing on low-energy technologies. The use of
solar, wind, and bioenergy installations can reduce de-
pendence on fossil resources and cut energy costs. It
also reduces the carbon footprint of production and con-
tributes to the implementation of international environ-
mental standards.

Recommendation 2. Implement waste management
systems and closed loops. It is important to develop
strategies for the reuse of materials, organize recycling
processes, and create remanufacturing chains. This not
only minimizes the negative impact on the environment,
but it also provides companies with additional sources
of income through secondary resources. This approach
contributes to the development of circular-economy
business models and creates new jobs in the recycling
sector.

Recommendation 3: Integrate digital technologies
for sustainability monitoring. The use of digital twins, In-
ternet of Things (loT) systems, and artificial intelligence
allows for real-time monitoring of emissions, energy con-
sumption, and resource efficiency. This provides busi-
nesses with data transparency and helps them make
quick managerial decisions. Digitalization creates the
basis for long-term strategic planning focused on sus-
tainable development.

Recommendation 4. Develop a corporate culture of
sustainability and staff training. Sustainable change is
impossible without the involvement of employees who
understand the importance of environmental innovation.
It is necessary to organize professional development
programs, environmental safety trainings, and encour-
age initiatives that promote responsible use of resources.
This builds trust in the brand and increases the social
responsibility of the enterprise.

The proposed recommendations demonstrate that
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the successful integration of green manufacturing and
circular economy principles is based on a combination
of technological innovation, efficient resource manage-
ment, and human capital development. They allow com-
panies not only to reduce environmental risks but also to
gain competitive advantages through innovation, social
responsibility, and compliance with global sustainable
development trends.

Our integrated model of environmentally-oriented
production management was built based on the empiri-
cal results of Tables 2-4 and the synthesis of Industry 4.0
and Industry 5.0 principles. This model responds to the
main issue that has emerged in our analysis: balancing
the efficiency of automation (Industry 4.0) with human-
focused sustainability (Industry 5.0) in response to envi-
ronmental pressure on natural ecosystems.

The suggested model is presented in Figure 1, which
offers a logical scheme of the entire integration of en-
vironmental factors within the production management
systems. Figure 1 demonstrates that the model includes
seven principles: (1) rationalization of resource con-
sumption; (2) environmental impact compensation; (3)
sufficiency of environmental measures to the level of
production; (4) restoration of natural capital; (5) timeli-
ness of environmental interventions; (6) transparency
of environmental information; and (7) transformation
to sustainable practices. The model framework (Figure
1) will show how the strategic environmental policy is
converted into operational management with the help
of continuous monitoring, risk analysis, and preventive
measures.

Figure 1 demonstrates the integration architecture
in which the environmental policy of the company is
passed through the strategic and operational environ-
mental management, environmental risk management,
and environmental transparency into the actual imple-
mentation mechanisms. These mechanisms include the
reduction of the environmental impact, conservation of
energy and resources, environmental safety control, pre-
ventive protection against pollution, and steps towards
the restoration of natural capital. The main innovation of
the model is that it combines monitoring of the environ-
mental performance and the production processes in a
way that allows the company to adjust operations in real
time to sustainability levels and, at the same time, meet
economic goals. This addresses the gap in practical im-
plementation found in Table 5, whereby the implemen-
tation of sustainability principles should be successfully
achieved despite technological and organizational barri-
ers. The framework has been confirmed by the sectoral
outcomes in Table 2, which show that it can be applica-
ble in the food industry, metallurgy, and machinebuilding
settings.
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MODEL OF ENVIRONMENTALLY FRIENDLY
PRODUCTION

Ecological management The company's environmental policy

Strategicand
operational
environmental
management

Production process

Environmental risk management

Policy of supporting eco-oriented activities
Environmental transparency

Minimizing environmental impact

Implementation of principles: Energy and resource conservation

1. Rationalization
Environmental safety of
production Monitoring of
envirenmental performance

2. Compensation
3. Adequacy

4. Restoration Preventive protection against

5. Timeliness potential pollution

6. Transparency

7. Transformation - -
Measures forthe preventive restoration
ofnatural capital

Figure 1. Model of environmentally oriented production

This model provides for the comprehensive integra-
tion of environmental aspects into the company's man-
agement system. This allows environmental considera-
tions to be incorporated at all stages of the life cycle,
which forms the basis for the effective implementation of
environmental protection measures and the restoration
of natural capital. It should be noted that the effective-
ness of the environmentally oriented model of integrated
management in organizations depends directly on the
successful translation of the company's environmental
policy into specific management technologies of various
functions, regulations, and key performance indicator
systems, as well as the organization's operating system
as a whole, taking into account both the operational and
strategic components of the design and application of
business models based on accounting for their network
skeleton, which is impossible without the strict adher-
ence by the senior management of the enterprise to the
principle of transparency of environmental information.
This approach ensures a comprehensive diagnosis of
the current state of the enterprise's activities in the field
of environmental protection and supports the effective
implementation of organizational, managerial, and tech-
nical environmental protection measures.

Discussion

The obtained results confirm that the integration of
sustainable production principles in the current condi-
tions of digital transformation is a multidimensional pro-
cess that combines economic, environmental, and so-
cial dimensions. This is consistent with with the works
that emphasize the need to form comprehensive KPI
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systems to assess the circular economy and its impact
on enterprise performance [1,2]. At the same time, other
authors emphasize the difficulty of integrating such sys-
tems into traditional business models due to resistance
to organizational change and limited resources [8,9].

Our findings on energy efficiency and emissions re-
duction are in line with the trends noted in European sta-
tistical reviews, which show a steady decline in industrial
energy intensity [23]. However, the results for the United
States show the opposite dynamics, as there is an in-
crease in energy consumption in the manufacturing sec-
tor [24]. This indicates the regional specificity of policies
and confirms the assumption that global practices need
to be adapted to local conditions.

There is a contradiction in the scientific literature be-
tween the emphasis on technological innovation and
the focus on social factors. For example, researchers of
digital twins, XR, and big data see them as key tools
for optimizing production processes and increasing com-
petitiveness [5,6,15]. However, others have emphasized
that without the development of adaptive leadership and
employee engagement, the adoption of such technolo-
gies will be limited and superficial [9,17]. Our research
supports an intermediate position: technology is a nec-
essary catalyst, but its effectiveness is determined by
human factors and management practices.

A comparison of the results in the food industry
showed that the integration of Lean and Green ap-
proaches produces a synergistic effect, similar to the
findings of other researchers [3]. However, in plastics
processing and agri-food value chains, our results show
a greater dependence on local socio-economic condi-
tions than assumed in international reviews [11,30]. This
is due to the regional specifics of Ukraine, where socio-
demographic and institutional factors have a more sig-
nificant impact [10,12].

Thus, the discussion shows a certain tension between
technological optimism and socioeconomic realism. On
the one hand, digitalization is seen as a universal tool
for sustainable development, while on the other hand,
practice shows dependence on local constraints and the
human factor. To summarize, it can be argued that sus-
tainable development in manufacturing requires an inte-
grated approach that combines technology, managerial
innovation, and regional adaptation. At the same time,
there are still open questions about quantifying the so-
cial effect of sustainable practices and creating integrat-
ed strategies that would take into account both global
challenges and local conditions, which determines the
prospects for further research.

Limitations and Future prospects of research.

This research cannot be interpreted without a number
of limitations.

Methodological and data limitations: The research is
based on secondary data sources and calculations. In
Table 2, the 2023-2024 values in Table 2 are approxima-
tions of triangulation of incomplete data and expert opin-

22



15(1) (2026) 14-25

Advanced technologies

ions, as official statistical reports were not fully available
because a military conflict was ongoing in Ukraine. CO,
emission reductions use IPCC Tier 1 default emission
factors, which present standardized estimates without
necessarily relating to facility variation. The short time
series (2020-2024) limits the long-term trend analysis,
and is overlapped by two large shocks- the COVID-19
pandemic and the military conflict- making it difficult to
distinguish sustainability initiatives’ effects on the results
and confounding factors.

Specificity of the region: The empirical evidence is
mainly biased toward the European and Ukrainian in-
dustrial settings. Its applicability in other settings may
be constrained by variations in industrial structure, pol-
icy settings (carbon pricing policies, renewable energy
policies), technological capacities, and socioeconomic
statuses. Generalization to developing economies with
different initial conditions in terms of environmental regu-
lation and institutional capacity should be approached
with caution.

Limitations of scope: The analysis is limited to three
industries (food, metallurgy, machine building) and might
not be applicable to other industries. The systematic lit-
erature review might be selection biased towards Eng-
lish-language publications, so this may fail to represent
non-English scholarship.

Future directions of research: Several directions have
been identified. First, longitudinal studies that may not
exceed 2025 may provide more solid evidence of long-
term trends as post-conflict data become available. Sec-
ond, a multi-country study would help to shed light on
the relative significance of regulatory and market-based
methods. Third, sophisticated strategies to measure so-
cial impacts, including employee well-being, health com-
munity, and distributional equity, would fill major gaps.
Fourth, technology-specific research on the patterns of
technology adoption may give practical advice. Lastly,
the mediating role of adaptive leadership in the relation-
ship between technology adoption and sustainability out-
comes is a significant research area.

Conclusion

The findings of this study confirm that sustainable
development in manufacturing occurs at the intersec-
tion of digital technologies, management practices, and
socioeconomic factors, enabling enterprises not only to
reduce their environmental footprint but also to increase
their competitiveness. It was expected to obtain only
quantitative evidence of energy efficiency and emission
reductions; however, the results showed a broader mul-
tiplier effect, including social and organizational changes,
such as job creation and the development of a culture
of responsibility. The novelty of the work lies in the com-
bination of statistical data with a qualitative assessment
of managerial and technological barriers, which is rarely
found in existing studies. The practical significance of
the results is manifested in the possibility of applying

the developed recommendations for small and medium-
sized enterprises, which often face limited resources. At
the same time, the study has certain limitations: the lack
of long-term empirical observations, the regional speci-
ficity of Ukraine, which makes it difficult to universalize
the findings, and limited access to complete databases
of international statistics. Further research should be
aimed at developing methods for quantifying the social
impact of sustainable practices, developing integrated
strategies for adapting global approaches to local con-
ditions, and conducting comparative analysis of indus-
tries at different stages of digital transformation. Another
promising area is to study the role of adaptive leadership
in scaling green innovations and to analyze the potential
of artificial intelligence as a tool for balancing economic,
environmental, and social objectives in production.
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Odrzivi razvoj u savremenoj industriji od kljuénog je znaCaja za uspostavljanje
ravnoteze izmedu ekoloskih, ekonomskih i drustvenih faktora. To predstavija jedan
od kljuénih izazova za Ukrajinu, koja mora prilagoditi medunarodne prakse odrzivog
razvoja i integrisati principe Industrije 4.0 i 5.0 u svoje proizvodne procese. Studija
analizira odrzivi razvoj u ukrajinskoj industriji, identifikujuci prepreke i mogucnosti
primenom kombinacije kvantitativnih podataka iz EU, SAD i Ukrajine, kao i kvalita- | gjjugne reéi: obnovljivi izvori energije,
tivne analize naucne literature. Rezultati istrazivanja ukazuju na znaCajan napredak | obnovijiva energija, zeleni oporavak,
ostvaren u periodu 2020-2024. godine. Sektori prehrambene industrije, metalurgije | odrzivi razvoj, cirkularna ekonomija

i masinogradnje zabeleZili su znaCajno smanjenje energetske intenzivnosti (18,9-
22,6%) i emisija CO, (15,7-23%). Istovremeno, reciklaza otpada povecana je za
13-18%. Sa ekonomskog i drustvenog aspekta, u navedenim sektorima zabelezen
je porast produktivnosti rada od 17-20%, kao i otvaranje novih radnih mesta, Sto
potvrduje pozitivan ,multiplikativni efekat” odrzivih praksi. Utvrdeno je da digitalne
tehnologije, poput digitalnih blizanaca i proSirene realnosti, predstavijaju klju¢ne
pokretaCe ove transformacije. Studija zaklju€uje da su adaptivno liderstvo i kon-
tinuirana obuka zaposlenih od presudnog zna€aja za uspednu implementaciju
odrzivih industrijskih strategija. Dobijeni rezultati pruZaju prakticne smernice za raz-
voj strategija preduzeca i kreiranje drzavnih programa, iako su dodatna istrazivanja
neophodna radi potpunijeg razumevanja dugoro¢nih efekata odrzivog razvoja.
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