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Abstract. The increasing complexity of global supply chains and the growing demand for sustainable practices necessitate
the development of collaborative networks that integrate diverse stakeholders to foster innovation and resilience. The
aim of this study was to develop an integrated strategy for shaping innovation ecosystems in manufacturing through
the synthesis of theoretical frameworks and the analysis of the application in industrial contexts. The study employed
a systematic literature review and conceptual synthesis to examine ecosystem dynamics and approaches to innovation
portfolio formation. The results indicated that innovation ecosystems evolve through four stages: conceptual design, in
which firms define shared objectives and identify key actors; construction, where partnerships and governance structures
are established; exploitation and maintenance, focused on performance optimisation and the scaling of innovations;
and transformation, which ensures adaptation to market or regulatory changes. Individual projects within ecosystems
progress through phases of anticipation, emergence, growth, maturity, knowledge transfer, and renewal, enabling the
management of diverse initiatives such as industrial design or sustainable energy solutions. The application of fuzzy
set methods with a desirability scale ranging from 0 to 1 allows projects to be ranked according to criteria including
technological feasibility, financial benefits, and sustainability impact, thereby supporting the formation of balanced
portfolios. Smart technologies automate process optimisation, while investments in renewable energy sources and
circular economy principles enhance efficiency and reduce environmental impact. These approaches enable focal firms
to coordinate collaboration with suppliers, start-ups, universities, and civil society, creating dynamic networks capable
of adapting to technological and market changes. The practical value of the study lies in providing recommendations
for the development of flexible innovation portfolios, the use of data-sharing platforms, and the adoption of sustainable
practices to reduce risks and increase value

Keywords: life cycle stages; portfolio formation; Triple Helix model; Industry 4.0; smartisation; circular economy

Introduction

In the economic landscape, manufacturing enterprises
operate in an environment of constant technological dis-
ruption, volatile markets, and increasing sustainability
pressures, where traditional linear innovation models of-
ten prove insufficient. Fragmented knowledge, high costs
of failure, and shorter product life cycles force businesses
to seek mechanisms for rapid coordination among a wide
range of stakeholders. At the same time, the specific na-
ture of manufacturing - capital intensity, dependence on
supply chains, and regulatory constraints - requires not

isolated innovation projects but coherent frameworks of
collaboration. An ecosystem approach enables the inte-
gration of competencies from enterprises, research insti-
tutions, technology providers, and consumer communi-
ties, transforming scattered initiatives into a strategically
managed innovation portfolio. Such ecosystems must be
open not only to cooperation but also to competition,
while remaining capable of self-renewal through process
reengineering and continuous reconfiguration of part-
nerships. Smartisation serves as a key tool by providing
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data-driven decision-making mechanisms, while circular
economy principles reduce risks and enhance long-term
resilience. Therefore, the fundamental need of manufac-
turing enterprises lies in the creation of adaptive innova-
tion ecosystems that align strategic goals, technologies,
and human capital throughout all stages of the life cycle.

The literature on innovation ecosystems has prolifer-
ated, drawing from ecological metaphors to describe com-
plex, interdependent networks. Early conceptualisations
of business ecosystem evolved into more nuanced models
incorporating innovation-specific elements. A significant
advancement was presented by S. Mozheiko (2025), who
conceptualised ecosystems as holistic systems and busi-
ness models as modular components within these systems,
emphasising the structural interdependency between the
ecosystem level and the firm-level architecture. These sys-
tems — modules view explains how enterprises create value
through modular business models that fit within broader
ecosystem configurations, highlighting flexibility, interop-
erability, and strategic positioning. Building on structural
perspectives, M. Jiitting (2024) introduced a lifecycle view
through the Innovation Ecosystem Clock model, propos-
ing that ecosystems evolve through sequential develop-
mental phases that require distinct governance, roles, and
resource allocation. This model operationalises the tem-
poral dimension of ecosystem design, allowing firms to
anticipate transitions and adapt the innovation strategies
over time. Complementing these advances, O. Granstrand
& M. Holgersson (2020) conducted a conceptual review,
proposing a definition that encompasses actors, activities,
artifacts, institutions, and relations - including both com-
plementary and substitute dynamics. This balanced view
addresses prior biases toward collaboration, integrating
competition as a driver for innovation.

In manufacturing contexts, studies like those by T. Tol-
stykh et al. (2020) introduced life cycle-based approaches
for industrial ecosystems, emphasising stages from con-
ceptual design to succession. L. Feng et al. (2021) system-
atically reviewed enterprise innovation ecosystems, iden-
tifying key components such as innovative actors, chains,
networks, and platforms, and highlighting the evolution
through birth, expansion, leadership, and self-renewal
stages. D. Lewicka et al. (2025) highlighted the role of or-
ganisational support in shaping employee green behaviour
to support circular economy principles within innovation
ecosystems. Y. Chu & C. Zhao (2021), proposed integrat-
ed frameworks for world-class manufacturing innovation
ecosystems, focusing on modular and platform-based
strategies. K. Visscher et al. (2021) explored strategies for
industrial firms in ecosystems, revealing multi-layered ap-
proaches to value capture. I. Bashynska (2023) introduced
smartisation as a theoretical and methodological approach
to optimise business processes in industrial enterprises, en-
hancing ecosystem adaptability. This review revealed a con-
sensus on the need for dynamic, adaptive ecosystems but
identifies gaps in applying life cycle concepts to manufac-
turing portfolio formation, particularly with smartisation
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and circular economy integration. The purpose of this ar-
ticle was to delineate conceptual approaches to ecosystem
formation, synthesising models like the Triple Helix and
life cycle frameworks to propose an integrated strategy for
manufacturing enterprises. The novelty of this work is the
fusion of biological analogies with industrial life cycle as-
sessments, using fuzzy methods for portfolio optimisation,
tailored specifically to manufacturing sectors. This contrib-
utes to bridging theoretical gaps and providing practical
tools for enterprise leaders.

Materials and Methods

The research design was based on a combination of sys-
tematic literature analysis, conceptual synthesis, graphical
visualisation, comparative analysis, and portfolio evalu-
ation using fuzzy set methods. The systematic literature
analysis served as the foundation for identifying key con-
cepts, models, and gaps in the existing body of knowledge.
Peer-reviewed articles were retrieved from Web of Science,
Scopus, and ScienceDirect using keywords such as “inno-

» o«

vation ecosystem,” “manufacturing enterprises,” “ecosys-
tem lifecycle,” “smartisation,” and “circular economy.” To
ensure relevance, only sources published in the last 3-5
years were included (Matt et al., 2021b; Bajare et al., 2025;
Fan & Jackson, 2025); classical theoretical works were also
analysed to trace the evolution of the concept (Etzkowitz
& Leydesdorff, 2000). Industry reports from EY (2024),
WIPO (2024), and the McKinsey & Company (2025) were
used to validate theoretical insights with relevant data on
ecosystem participation, Al adoption, sustainability trends,
and collaboration practices. These reports were chosen due
to the global coverage, statistical rigour, and high relevance
to industrial contexts.

The conceptual synthesis method was used to inte-
grate multiple theoretical perspectives into a coherent
framework. Through synthesis, elements from the Triple
and Quadruple Helix models, lifecycle approaches (Tol-
stykh et al., 2020; Jiitting, 2024), and modular ecosystem
structures (Mozheiko, 2025) were combined with con-
cepts of smartisation and circular economy. This method
was necessary because existing literature is fragmented
and lacks an integrated ecosystem-lifecycle-portfolio per-
spective tailored to manufacturing. Conceptual synthesis
allowed the development of a unified strategy that balanc-
es technological, organisational, and sustainability dimen-
sions. To enhance clarity and support the interpretation of
complex structures, the graphical method was employed.
Visual models were created to illustrate ecosystem stages
(conceptual design, building, operation and maintenance,
succession), the alignment of ecosystem and project life
cycles, and the role of Helix actors at each stage. These
visualisations were based on theoretical and statistical
insights. The graphical method helped reveal structural
relationships, transitions, and interdependencies that are
difficult to capture textually.

A crucial component of the study was the evaluation of
innovation portfolios within ecosystems. For this purpose,

» o«
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a fuzzy set approach with Harrington’s desirability func-
tion (0-1 scale) was applied, following the methodology of
T. Tolstykh et al. (2020). T. Tolstykh et al. (2020) proposed
the use of fuzzy set theory, specifically Harrington’s desir-
ability function (Harrington’s desirability function aggre-
gated these criteria into a single score, allowing firms to
rank projects and allocate resources effectively), to evalu-
ate project effectiveness on a 0-1 scale, where values close
to 1 indicated high potential (very good) and values close
to 0 indicated low potential (poor). This method account-
ed for uncertainty in project outcomes, enabling firms to
make data-driven decisions in dynamic environments.
This method was selected due to its ability to manage un-
certainty and combine qualitative and quantitative crite-
ria. The assessment required data on technological feasi-
bility, financial returns, sustainability impact, and market
potential. Information was derived from academic studies
(Feng et al., 2021), reports on Al and renewable energy
adoption, and conceptual works on smartisation (Bashyn-
ska, 2023). The fuzzy approach enabled multicriteria pri-
oritisation of projects at different life cycle stages, ensur-
ing a balanced and resilient innovation portfolio aligned
with ecosystem objectives. Additionally, comparative
analysis was used to contrast ecosystem models and life-
cycle frameworks, identifying the strengths, limitations,
and applicability to manufacturing. The logical-structural
method supported model development and ensured in-
ternal consistency.

Results and Discussion

The formation of innovation ecosystems in manufac-
turing enterprises requires a robust understanding of
the theoretical frameworks that underpin the structure
and functionality. Existing studies emphasise several key
dimensions, including definitions of innovation ecosys-
tems as multi-actor, multi-level configurations that in-
volve complex interactions among diverse participants
(Granstrand & Holgersson, 2020). Considerable atten-
tion is also paid to relational models, such as the Triple
and Quadruple Helix, which explain how universities,
industry, government, and civil society co-create value
through interconnected innovation processes (Etzkow-
itz & Leydesdorft, 2000). In addition, evolutionary or life
cycle-based frameworks are widely used to describe how
innovation ecosystems develop over time, from initial
formation to renewal and transformation (Tolstykh et
al., 2020; Jutting, 2024). Together, these approaches
formed the conceptual basis for designing innovation
ecosystems in manufacturing; however, the mentioned
approaches only partially address the ways in which eco-
system dynamics can be systematically linked to project
portfolio management and sustainability goals.

The authors contribution lied in integrating these
fragmented perspectives into a unified conceptual mod-
el tailored to manufacturing enterprises. The proposed
model aligned the life cycle of the innovation ecosystem
(conceptual design, building, operation and maintenance,

succession) with the life cycle of individual projects (an-
ticipation, birth, growth, maturity, knowledge transfer, re-
newal) and embeds a fuzzy set-based portfolio evaluation
mechanism. By adapting Harrington’s desirability function
to combine technological feasibility, financial returns, sus-
tainability impact, and market potential on a 0-1 scale, the
model enables manufacturing firms to prioritise projects
under uncertainty and maintain a balanced portfolio. This
integrated ecosystem-lifecycle-portfolio perspective is the
core original result of the study and goes beyond previous
works that either focus mainly on conceptual definitions or
on isolated portfolio techniques.

A comprehensive definition of innovation ecosystems
is critical for understanding the scope and application in
manufacturing. O. Granstrand & M. Holgersson (2020)
described an innovation ecosystem as a dynamic configu-
ration that includes various actors, the activities, tangible
and intangible artifacts, as well as institutional frameworks
and relationships. These interconnections — both collab-
orative and competitive — shape the innovative capacity
of individual participants and the system as a whole. This
definition emphasised the multifaceted nature of ecosys-
tems, encompassing not only collaborative relationships
but also competitive dynamics that drive innovation. In
a manufacturing context, actors include core enterprises,
suppliers, research institutions, start-ups, and customers,
while activities involve research and development (R&D),
production optimisation, and technology diffusion. Ar-
tifacts, such as advanced manufacturing technologies or
digital platforms, serve as tangible outputs of these inter-
actions, while institutions (e.g., regulatory frameworks
or industry standards) and relations (e.g., partnerships
or competitive rivalries) shape the ecosystem’s structure.
The relevance of forming innovation ecosystems in man-
ufacturing lies in the potential to drive competitiveness
through shared resources, knowledge diffusion, and risk
mitigation (Granstrand & Holgersson, 2020; Visscher et
al., 2021). With Industry 4.0 technologies - such as in-
ternet of things (IoT), artificial intelligence (AI), and big
data - manufacturing firms must adapt to dynamic mar-
kets, where traditional linear innovation models fall short
(Hadi et al., 2025; Khan et al., 2025; Li et al., 2025).

This definition is relevant for manufacturing en-
terprises, as it highlights the importance of integrating
diverse stakeholders to co-create value. For instance, a
manufacturing firm might collaborate with suppliers to
develop sustainable materials or partner with start-ups to
integrate Industry 4.0 technologies like the IoT or Al The
inclusion of both complementary and substitute relations
ensures that ecosystems remain dynamic, with competi-
tion fostering innovation while collaboration amplifies
resource sharing. This balanced perspective moves be-
yond earlier, collaboration-centric definitions, providing
a more holistic framework for understanding how man-
ufacturing enterprises can orchestrate innovation ecosys-
tems to address complex challenges like resource scarcity
or market volatility.
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Relational models provide a structured approach
to understanding how stakeholders interact within in-
novation ecosystems. The Triple Helix model, proposed
by H. Etzkowitz & L. Leydesdorft (2000), posited that
innovation emerges from the interplay among three key
actors: universities, industry, and government. In man-
ufacturing, this model is instrumental in facilitating
knowledge transfer and technological innovation. For
example, universities contribute cutting-edge research in
areas like advanced materials or robotics, while industry
applies this knowledge to production processes, and gov-
ernment provides regulatory support or funding to scale
innovations. The Triple Helix model emphasises non-lin-
ear, reciprocal interactions, where each actor influenc-
es and is influenced by the others, creating a dynamic
system conducive to innovation. Building on this, the
Quadruple Helix model extends the framework by incor-
porating civil society as a fourth actor, emphasising the
role of societal values and public engagement in shaping
innovation ecosystems. This model is relevant for manu-
facturing enterprises aiming to align with sustainability
goals, as it integrates consumer preferences, community
needs, and environmental considerations into the innova-
tion process. For instance, civil society can influence the
adoption of circular economy practices, such as recycling
industrial by-products or designing products for longev-
ity, thereby enhancing the sustainability of manufactur-
ing ecosystems. The Quadruple Helix model promotes a
broader societal impact, ensuring that innovation ecosys-
tems address not only economic but also environmental
and social objectives, aligning with global trends toward
sustainable development.

Evolutionary frameworks, particularly those based
on life cycle stages, provide a temporal perspective on
how innovation ecosystems develop and mature. Draw-
ing from biological analogies, these frameworks describe
ecosystems as progressing through distinct phases: birth,
expansion, leadership, and self-renewal. In the birth
stage, ecosystems are initiated through the identification
of a shared goal, such as developing a new manufacturing
technology. During the expansion stage, the ecosystem
grows by attracting additional actors, such as suppliers or
research institutions, and scaling collaborative activities.
The leadership stage sees core enterprises taking a cen-
tral role in orchestrating the ecosystem, setting standards,
and aligning stakeholder efforts. Finally, the self-renewal
stage involves adaptation to changing conditions, such as
market shifts or technological disruptions, ensuring the
ecosystem’s long-term viability (Visscher et al., 2021). In
the present study, the author extended these frameworks
by linking ecosystem evolution with project portfolio
dynamics, proposing that the synchronisation of these
two levels enhances the adaptability and efficiency of in-
novation management in manufacturing. Unlike tradi-
tional approaches that treat ecosystem development as a
static process, the proposed model introduces feedback
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mechanisms based on smartisation tools, allowing con-
tinuous adjustment of projects and partnerships in re-
sponse to environmental or market shifts.

In manufacturing, these life cycle stages are critical
for managing the evolution of innovation ecosystems.
For example, a core manufacturing firm might initiate
an ecosystem by partnering with a university to develop
a new production process (birth), expand by integrating
suppliers and technology providers (expansion), establish
itself as a platform leader for Industry 4.0 solutions (lead-
ership), and adapt to new regulations or sustainability re-
quirements (self-renewal). This evolutionary perspective
enables firms to anticipate challenges and opportunities at
each stage, aligning resources and strategies accordingly.
Moreover, the integration of smartisation — leveraging dig-
ital tools like Al and IoT to optimise processes — enhances
the efficiency of these stages, enabling real-time monitor-
ing and data-driven decision-making (Bashynska, 2023;
Bashynska et al., 2024).

The synthesis of these conceptual approaches yields
significant insights for manufacturing enterprises seek-
ing to build effective innovation ecosystems. By adopt-
ing O. Granstrand & M. Holgerssons (2020) definition,
firms can design ecosystems that balance collaboration
and competition, fostering innovation through diverse
stakeholder interactions. The Triple and Quadruple Helix
models provide a blueprint for engaging universities, gov-
ernments, and civil society, ensuring that ecosystems are
not only technologically advanced but also socially and en-
vironmentally responsible. The life cycle framework offers
a strategic roadmap for managing ecosystem evolution,
enabling firms to adapt to dynamic market conditions and
technological advancements.

So, manufacturing enterprises can leverage these
models to create robust networks where core firms co-
ordinate interactions with suppliers, start-ups, and other
stakeholders, integrating smartisation to optimise pro-
cesses (Bashynska, 2023). For instance, a manufacturing
firm might establish a digital platform to facilitate data
sharing among ecosystem actors, enabling collabora-
tive development of smart manufacturing solutions. By
aligning with the Triple Helix model, the firm can part-
ner with universities for R&D and with governments for
policy support, while the Quadruple Helix model ensures
that societal needs, such as sustainable production prac-
tices, are incorporated (Zhou & Etzkowitz, 2021; Liu et
al., 2025). The life cycle approach allows the firm to nav-
igate the ecosystem’s evolution, from initiating partner-
ships to scaling innovations and adapting to new chal-
lenges. This integrated strategy enhances competitiveness,
fosters resilience, and promotes sustainable value crea-
tion, positioning manufacturing enterprises to thrive in
the Industry 4.0 era. To illustrate the practical adoption
of these conceptual approaches, the Table 1 summarised
key statistics from the newest surveys on innovation eco-
systems in manufacturing and related sectors as of 2024.
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Table 1. Key statistics on innovation ecosystems and Al adoption in enterprises

Statistic Value Description Sources
Manufacturers . Percentage of manufacturers épdﬁfat}ilng theilt the company hasa McKinsey &
with a corporate Al strategy 51.6% corporate Al strategy, highlighting the integration Company (2025)
of digital technologies in innovation ecosystems
Enterprises actively participating 69% Percentage of enterprises engaging in ecosystems, EY (2024)
in ecosystems ” | underscoring the shift toward collaborative innovation models
WIPO member states Percentage of WIPO member states utilising
using Global Innovation Index 77% the Global Innovation Index to improve innovation metrics WIPO (2024)
for innovation ecosystems and ecosystems

Source: compiled by the author

The “Value” column presents quantitative indicators
that reflect the proportion or percentage of enterprises or
countries demonstrating a specific characteristic related
to innovation ecosystems or Al adoption. These values are
derived from large-scale surveys conducted by EY (2024),
WIPO (2024), and McKinsey & Company (2025) and in-
dicate the relative prevalence of each phenomenon with-
in the analysed population. These statistics demonstrated
the growing prevalence of innovation ecosystems, with a
notable emphasis on Al and collaborative strategies in
manufacturing. Such evidence supported the conceptu-
al approaches by providing empirical confirmation of the
real-world application and impact on enterprise perfor-
mance. The presented data substantiated the author’s con-
ceptual synthesis, confirming that enterprises adopting the
proposed life cycle-based approach and fuzzy assessment
methods can better manage complexity and uncertainty.
This empirical grounding supported the author’s argument
that combining technological feasibility with sustainability
impact leads to more resilient innovation portfolios.

Although the reviewed conceptual models provided a
useful foundation for understanding stakeholder interac-
tions and ecosystem evolution, international literature in-
creasingly emphasises several limitations of the Triple and
Quadruple Helix frameworks in modern manufacturing
contexts. Scholars K.B. Schebesch et al. (2024) and D. Chatz-
inikolaou (2025) noted that both models tend to underrep-
resent the financial dimension, particularly the role of inves-
tors, venture capital, and corporate financing mechanisms
that determine the scalability of technological projects. This
gap is significant in manufacturing, where capital-intensive
technologies such as robotics, digital twins, or renewable
energy systems require long-term financial commitments
that the traditional Helix models do not explicitly capture.

Studies O. Granstrand & M. Holgersson (2020),
K. Visscher et al. (2021) and Y. Huang et al. (2023) high-
lighted technological asymmetry as a persistent challenge
within Helix-based ecosystems. While universities and
large manufacturing firms often possess advanced tech-
nological capacities, smaller suppliers or regional partners
may lack the digital infrastructure needed to participate
fully in collaborative innovation. This misalignment creates
uneven project progression across the ecosystem and limits
the effectiveness of knowledge exchange, a challenge not
fully addressed in the classical Helix literature. The Quad-
ruple Helix model, despite its broader societal orientation,

has been criticised for idealising the role of civil society, as-
suming that societal actors always promote sustainability
and innovation. In practice, consumer expectations, local
community priorities, or regulatory pressures can conflict
with technological modernisation or circular-economy
goals, creating tensions that require managerial negotiation
rather than automatic alignment.

Life cycle-based ecosystem models have traditionally
treated evolution as a sequential and relatively linear pro-
cess. However, D.T. Matt et al. (2021a) and E Petropou-
los et al. (2025) showed that manufacturing ecosystems
often evolve in non-linear and multi-speed trajectories,
where individual projects reach maturity faster than the
ecosystem itself, or where technological disruptions trigger
rapid reconfiguration. This corresponds with the author’s
findings that synchronising project life cycles with ecosys-
tem stages is essential for preventing misalignment and in-
efficiency. Finally, O. Granstrand & M. Holgersson (2020),
T. Tolstykh et al. (2020), K. Visscher et al. (2021) increas-
ingly pointed out the need to integrate portfolio manage-
ment logic into ecosystem studies. While existing frame-
works describe stakeholder roles and evolutionary phases,
the authors give limited attention to how firms should pri-
oritise technological, sustainability-oriented, or risk-sensi-
tive projects within an ecosystem. The author’s approach,
which links ecosystem stages with project portfolio dynam-
ics, directly addresses this limitation by offering a struc-
tured mechanism for aligning project trajectories with eco-
system maturity. Overall, this discussion showed that while
Triple/Quadruple Helix models and life cycle frameworks
remain valuable analytical tools, these models, and frame-
works require adaptation to the realities of modern man-
ufacturing - particularly regarding financial architecture,
technological asymmetry, multi-speed evolution, and port-
folio coordination. The author’s proposed synchronisation
model and ecosystem-project alignment thus extend exist-
ing theories by introducing operational mechanisms that
better reflect the complexity and uncertainty of Industry
4.0 and sustainable innovation environments.

Life cycle stages in ecosystem formation

The formation of innovation ecosystems in manufacturing
enterprises is a dynamic process that unfolds through dis-
tinct life cycle stages, each characterised by specific activi-
ties, challenges, and opportunities. Drawing from biologi-
cal analogies, these stages provide a structured framework
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for understanding how ecosystems evolve over time, from
inception to maturity and renewal. T. Tolstykh et al. (2020)
outlined four primary stages for industrial ecosystems:
conceptual design, building, operation and maintenance,
and succession. These stages guide the strategic develop-
ment of ecosystems, ensuring alignment with organisa-
tional goals and market demands. Additionally, individual
projects within these ecosystems follow a parallel life cycle,
progressing through phases of anticipation, birth, growing
up, adulthood, transfer of knowledge, and new life. This
dual-layered life cycle approach - encompassing both the
ecosystem and its constituent projects — enables manufac-
turing firms to manage complexity, adapt to changing con-
ditions, and foster sustainable innovation.

Building on these concepts, the present study pro-
posed an expanded model specifically tailored to manufac-
turing ecosystems. The author introduced an approach for
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synchronising ecosystem stages with the life cycles of indi-
vidual innovation projects, enabling enterprises to coordi-
nate strategic decisions across both levels. Table 2 summa-
rised this contribution by aligning ecosystem life cycle stages
with corresponding project life cycle phases in manufac-
turing. This alignment explains why projects with different
technological complexity and sustainability impact progress
through the ecosystem at different speeds. By synchronis-
ing ecosystem-level evolution with project-level dynamics,
the proposed framework enables manufacturing firms to
identify development bottlenecks, prioritise projects that
accelerate ecosystem maturity, and manage risks arising
from uneven technological, organisational, or sustainabil-
ity readiness. Unlike existing studies, which typically ana-
lyse ecosystem stages and project life cycles separately, this
study integrated these stages and life cycles into a unified
operational framework tailored to the manufacturing sector.

Table 2. Alignment of ecosystem and project life cycle stages in manufacturing

Ecosystem stage Description

Project stage

Description Manufacturing example

Define purpose, identify

Conceptual design actors, assess feasibility

Anticipation

Initiating a smart

Ideation and planning | manufacturing project

develop prototypes

with university R&D
Form partnerships, Project launch, Developing IoT-based
Building establish governance, Birth, growing up collaboration with production prototypes

suppliers with ecosystem partners

Operation and Optimise performance,

Adulthood

Scaling smart

Full implementation, ¢
manufacturing processes

long-term viability

maintenance scale innovations measurable outcomes .
with data platforms
Adapting to new
Succession Adapt to changes, ensure | Transfer of knowledge, Disseminate lessons, | sustainability regulations

new life

evolve projects with renewable energy

solutions

Source: developed by the author based on M. Achouch et al. (2022), M. Jiitting (2024), D. Bajare et al. (2025)

The ecosystem life cycle in manufacturing consists of
four interconnected stages: conceptual design, building,
operation and maintenance, and succession. The con-
ceptual design stage focuses on defining the ecosystem’s
purpose, identifying key actors (e.g., core manufacturing
firms, suppliers, universities), and assessing the feasibility
of collaborative initiatives. This stage establishes a shared
strategic vision, such as the development of advanced
manufacturing technologies or the integration of sustain-
ability-oriented practices. During the building stage, the
ecosystem takes shape as actors form partnerships, estab-
lish governance structures, and develop initial artifacts,
such as prototypes or digital platforms. The operation
and maintenance stage focuses on optimising ecosystem
performance, ensuring efficient resource allocation, and
scaling innovations across the network. Finally, the suc-
cession stage involves adaptation or transformation, where
the ecosystem responds to external changes, such as regu-
latory shifts or technological disruptions, to maintain its
relevance and viability (Tolstykh et al., 2020).

Within the ecosystem, individual innovation projects
evolve in parallel with ecosystem stages rather than as an
independent process. During the conceptual design stage of

the ecosystem, projects are in the anticipation phase, where
ideas are generated and evaluated for strategic and tech-
nological fit. As the ecosystem enters the building stage,
projects move through the birth and growing-up phases,
involving project launch, intensified collaboration with
partners, and prototype or pilot development. In the op-
eration and maintenance stage, projects reach adulthood,
characterised by full implementation, measurable techno-
logical and economic outcomes, and integration into man-
ufacturing processes. During the succession stage, projects
enter the transfer of knowledge and new life phases, where
lessons learned are disseminated across the ecosystem and
innovations are adapted, replicated, or transformed in re-
sponse to new conditions (Tolstykh et al., 2020).

In manufacturing contexts, this alignment enables
a coherent management of innovation portfolios across
ecosystem and project life cycles. For example, a smart
manufacturing initiative may begin with university-indus-
try collaboration during the conceptual design and antic-
ipation phases. As the ecosystem develops, suppliers and
technology providers are integrated to support prototyping
and piloting during the building stage. At the operation
and maintenance stage, data-driven platforms enable large-
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scale implementation, while the succession stage involves
adaptation to sustainability regulations and the integration
of renewable energy solutions, supporting circular econo-
my principles and long-term ecosystem resilience. Com-
pared with the approach of T. Tolstykh et al. (2020), where
innovation portfolios were formed primarily at the project
level based on life cycle concepts, the proposed model syn-
chronises ecosystem evolution with portfolio dynamics. In
contrast to M. Jiitting’s (2024) Innovation Ecosystem Clock
model, which offers a temporal perspective on ecosystem
development, this study adds a quantitative decision-sup-
port layer based on fuzzy evaluation. By integrating smarti-
sation and circular economy principles, sustainability and
digitalisation are embedded as structural elements of man-
ufacturing ecosystems, positioning manufacturing ecosys-
tems as platforms for green and digital transformation.
Empirical illustrations demonstrate the practical
relevance of this synchronisation. At Siemens’ Amberg
Electronics Plant, the transition from ecosystem build-
ing to operation coincided with the scaling of IoT-based
predictive maintenance projects (Staufer, 2019). Similarly,
Volkswagen’s Zwickau transformation into an electric ve-
hicle production ecosystem shows how early collaboration
phases aligned with project initiation, while large-scale
production required ecosystem-level operational stabili-
sation (Volkswagen, 2020). In contrast, ArcelorMittal’s cir-
cular economy initiatives reveal misalignment, where ma-
ture recycling projects coexisted with an ecosystem still in
the building stage due to slower supply-chain adaptation.
These cases illustrated how the proposed model supports
the identification of coordination gaps between project and
ecosystem development. Methodologically, the study con-
tributed by adapting a fuzzy-set-based portfolio assessment
using the Harrington desirability function, enabling deci-
sion-makers to evaluate innovation projects under uncer-
tainty and align portfolio choices with ecosystem objectives.

Portfolio formation and effectiveness assessment

Forming an innovation portfolio within a manufacturing
ecosystem involves selecting and prioritising projects based
on the potential to deliver value, align with strategic goals,
and contribute to ecosystem sustainability. The complexity
of managing multiple projects at different life cycle stag-
es necessitates robust assessment methods. Additionally,
smartisation — the integration of digital tools like AI and
IoT - enhances the automation and accuracy of these as-
sessments, while circular economy principles support sus-
tainable portfolio management (Bashynska, 2023).

The fuzzy set method involves defining multiple crite-
ria, such as technological feasibility, financial returns, mar-
ket impact, and sustainability benefits, to evaluate projects.
For example, a project with high technological feasibility
but uncertain financial returns might score moderately
(e.g., 0.6), indicating a need for further development be-
fore scaling. This method is particularly useful in manu-
facturing, where capital-intensive projects require careful
prioritisation to minimise risks and maximise returns.
Smartisation enhances this process by automating data
collection and analysis, enabling real-time monitoring of
project performance and ecosystem dynamics (Bashyns-
ka, 2023; Patricio et al., 2025). Fuzzy methods enable the
optimisation of innovation portfolios by attracting actors
(e.g., suppliers, start-ups) and fostering symbiosis, as seen
in phosphogypsum recycling projects that support circu-
lar economy principles (Lewicka et al., 2025). Smartisation
automates assessments, improving accuracy and scalability
(Bashynska, 2023). This approach allows manufacturing
firms to balance high-potential mature projects with ear-
ly-stage initiatives, ensuring a diverse portfolio that sup-
ports both immediate returns and long-term innovation.
Table 3 summarises key criteria and outcomes for portfolio
assessment, illustrating how fuzzy methods and smartisa-
tion contribute to effective decision-making.

Table 3. Criteria and outcomes for innovation portfolio assessment

Criterion Description

Assessment method

Outcome Example

Viability of technology

Technological feasibility implementation

Fuzzy set scoring (0-1)

Identifies scalable
projects

IoT systems at adulthood
stage (score: 0.9)

Expected economic

Financial returns
benefits

Harrington’s desirability
function

Digital production
systems yielding cost
savings (score: 0.8)

Prioritises high-return
projects

Sustainability impact Alignment with circular

Fuzzy set integration

Supports green Phosphogypsum

economy goals initiatives recycling (score: 0.7)
. Potential to capture Automated data analysis Enhances Al-driven processes in
Market impact . L -
market share via smartisation competitiveness early stages (score: 0.4)

Source: compiled by the author based on I. Bashynska (2023), D. Lewicka et al. (2025)

The applicability of the proposed integrated ecosys-
tem - lifecycle - portfolio model can be illustrated through
several practical cases drawn from the newest studies.
In German manufacturing, D.T. Matt et al. (2021a) de-
scribed an ecosystem where a core machinery producer
collaborates with universities and technology suppliers

to introduce IoT-based production systems. Within the
author’s model, mature IoT projects at the “adulthood”
stage would receive high desirability scores (around
0.85-0.9) due to the proven technological feasibility and
measurable cost savings, justifying the prioritisation in
the innovation portfolio. At the same time, early-stage Al
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projects in the same ecosystem would obtain moderate
scores (around 0.4), signalling the need for pilot testing
rather than immediate large-scale investment. Another
example relates to circular economy initiatives in heavy
industry. D. Lewicka et al. (2025) highlighted projects for
phosphogypsum recycling, which require complex coor-
dination between firms, universities, and public actors.
According to the proposed model, such projects are char-
acterised by strong sustainability benefits but medium fi-
nancial certainty, resulting in desirability scores around
0.7. This allowed decision-makers to classify these pro-
jects as strategically important yet risk-sensitive compo-
nents of the innovation portfolio.

Implications for manufacturing enterprises

Existing research demonstrated that innovation ecosys-
tems significantly shape the technological, economic, and
sustainability performance of manufacturing enterprises.
Industry 4.0 literature highlighted the role of data-sharing
platforms, IoT connectivity, and Al systems in enabling
real-time monitoring, predictive maintenance, and modu-
lar innovation (Matt et al., 2021b). Studies on renewable
energy and sustainability emphasised that investments in
solar, wind, and energy-storage systems reduce depend-
ence on fossil fuels and enhance operational efficiency. Re-
search on human capital and institutional factors (Fan &
Jackson, 2025) showed that workforce skills and support-
ive governance structures accelerate technology adoption
and knowledge transfer. Finally, circular-economy research
stresses the importance of organisational support for green
behaviours, waste valorisation, and closed-loop processes
(Lewicka et al., 2025).

Based on the proposed integrated ecosystem-lifecycle
model, the implications for manufacturing enterprises ex-
tend beyond isolated technological adoption. The author
argued that ecosystem-based development should simul-
taneously incorporate: Industry 4.0 data-sharing architec-
tures enabling real-time decision-making; renewable en-
ergy integration as a structural component of ecosystem
resilience; continuous development of human capital to
sustain innovation diffusion; circular-economy practic-
es embedded across all ecosystem stages. In contrast to
previous studies that typically address individual com-
ponents of ecosystem development, the proposed model
provides an integrated perspective that combines techno-
logical, environmental, and human-capital dimensions.
Compared with D.T. Matt et al. (2021b), who focused pri-
marily on digital platforms and data-driven coordination,
the author’s model embeds these elements within a broad-
er structure that also incorporates renewable energy and
circular-economy practices. Whereas Y. Fan & A. Jack-
son (2025) analysed human capital as an independent
driver of sustainable industrial transformation, the au-
thor’s approach explicitly aligns workforce development
with the ecosystem and project life-cycle stages. Similarly,
compared to D. Lewicka et al. (2025), who studied cir-
cular-economy projects in isolation, the present model
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positions these projects within a coordinated, portfo-
lio-based system. This comparison demonstrated that the
proposed approach offers a more holistic and operation-
ally applicable framework by connecting ecosystem evo-
lution, technological modernisation, and sustainability
requirements into a single coherent structure.

Several real-world cases illustrated how different
elements of innovation ecosystems operate in manufac-
turing settings. In German machinery manufacturing,
digital IoT platforms integrate producers, suppliers, and
research institutions to co-develop modular solutions
(Matt et al., 2021b). Siemens’ Digital Ecosystem exem-
plifies this process: IoT-based collaboration enables
predictive maintenance, real-time optimisation, and ef-
ficient coordination across global production networks
(EY, 2024). European manufacturing clusters increas-
ingly rely on solar installations and energy-storage sys-
tems to enhance sustainability and reduce operating costs
(Iglinski et al., 2024). A well-documented case is Tesla’s
Gigafactory, where large-scale solar panels and advanced
battery systems supply clean energy directly to produc-
tion facilities (WIPO, 2024). Empirical findings showed
that targeted training and skill development accelerate
technology diffusion and strengthen innovation capabili-
ties within ecosystems (Fan & Jackson, 2025). In practice,
this includes STEM-oriented corporate training programs
and workforce reskilling initiatives implemented in high-
tech industrial ecosystems.

BASF’s circular-economy programme illustrates
how industrial processes can shift from linear resource
use toward regenerative material cycles. According to
BASF (2024), the company focuses on keeping resources
in use for as long as possible, reducing waste, and replacing
fossil feedstocks with recycled and renewable alternatives.
By developing new material loops and implementing circu-
lar feedstocks, BASF aims to process 250,000 tonnes of re-
cycled and waste-based raw materials annually from 2025.
This approach demonstrates how organisational commit-
ment and coordinated value-chain partnerships enable the
large-scale adoption of circular solutions in manufacturing
ecosystems (BASF, 2024). Together, these examples illus-
trated how ecosystem-based development - integrating
Industry 4.0, renewable energy, human-capital strengthen-
ing, and circular-economy principles — enhances the com-
petitiveness, resilience, and sustainability of manufacturing
enterprises. Integrated frameworks combining life cycle
stages with Helix models create a roadmap for ecosystem
orchestration, promoting sustainable value creation. En-
terprises can minimise technology resistance and enhance
competitiveness by leveraging renewable energy and cir-
cular economy principles (Iglinski et al., 2024; Lewicka et
al., 2025). Table 4 outlines the key implications and strate-
gies for manufacturing enterprises, highlighting how eco-
systems drive Industry 4.0 adoption and sustainability. This
approach enables firms to build resilient ecosystems that
adapt to market and technological changes while address-
ing sustainability imperatives.
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Table 4. Implications and strategies for manufacturing enterprises

Implication Description

Strategy

Example Source

Data-sharing platforms

Industry 4.0 adoption and modular innovation

Develop IoT and AI-
driven platforms

Smart factory
systems for predictive
maintenance

D.T. Matt et al. (2021b)

Energy efficiency Renewable energy

Integrate solar or wind

Solar-powered B. Igliriski ef al. (2024)

and knowledge transfer

investments power production facilities
Human capital . Sttengthenlng ' Invest in education and Innovatlon—orleqted Y. Fan & A.
innovation through skills | training for technology | workforce for sustainable
development Jackson (2025)

adoption

growth

Green behaviours and
sustainable practices

Circular economy
integration

Promote employee-led
sustainability initiatives

Recycling programs for

industrial by-products D. Lewicka et al. (2025)

Source: compiled by the author

Strategic integration and practical recommendations

The proposed approach introduces several original con-
ceptual contributions that extend existing ecosystem-based
models. The integration of ecosystem life-cycle stages with
Helix frameworks (Triple, Quadruple, and Quintuple Helix)
provides a multi-layered orchestration mechanism that con-
nects technological development with institutional, societal,
and environmental dynamics. The model emphasises smarti-
sation - automated data exchange, intelligent monitoring,
and Al-assisted coordination - as a core driver of ecosystem
adaptiveness. The framework incorporates green practices,
including renewable energy deployment, resource-efficient
processes, and circular-economy behaviours, as structural
rather than auxiliary components of ecosystem evolution.
Finally, the model highlights adaptive governance as a nec-
essary condition enabling ecosystems to evolve under uncer-
tainty, regulatory shifts, and technological disruption. These
authorial contributions positioned manufacturing ecosys-
tems as dynamic, self-renewing systems capable of simul-
taneously supporting innovation and sustainability goals.

The proposed framework is theoretically grounded in
several research streams. Helix models provide a founda-
tion for understanding how interactions among academia,
industry, government, and civil society shape ecosystem
development and innovation capacity. M. Jiitting (2024)
highlighted that ecosystem evolution requires different
governance, resource allocation, and coordination mech-
anisms at each stage. Smartisation theory contributed in-
sights into how automation, IoT platforms, and Al-enabled
systems enhance decision-making and operational effi-
ciency (Matt et al., 2021b; Achouch et al., 2022; Bashyns-
ka, 2023). N.U. Hadi et al. (2025) emphasised the impor-
tance of resource cycles, renewable energy integration, and
environmental behaviour in modern manufacturing. By
combining these perspectives, the proposed model aligns
ecosystem governance with technological modernisation
and sustainability imperatives.

The implications derived from the model are broad-
ly consistent with empirical findings in the literature, but
these implications extend and deepen existing approaches.
Similar to D.T. Matt et al. (2021a), the model recognises the
importance of digital platforms, yet it moves beyond the
technological role by embedding digital platforms within

a broader ecosystem governance strategy. Compared with
B. Iglinski et al. (2024), who analysed the renewable ener-
gy transition primarily at the macro and sectoral levels as
a set of interconnected yet policy-driven transformation
processes, the proposed approach conceptualises energy
transition as a continuous structural element of ecosystem
resilience embedded in enterprise-level and meso-level
governance mechanisms.

Whereas Y. Fan & A. Jackson (2025) analysed human
capital as a standalone factor of industrial upgrading, the
author’s framework integrates skill development into both
ecosystem life-cycle stages and smartisation readiness.
Likewise, D. Lewicka et al. (2025) examined circular prac-
tices at the project level, while the proposed model embeds
circularity in ecosystem orchestration and adaptive govern-
ance. Overall, the discussion shows that while prior studies
offer valuable sector-specific insights, the author’s model
provides a more holistic and operationally applicable struc-
ture, allowing enterprises to synchronise technological in-
novation, sustainability requirements, and ecosystem gov-
ernance. The implications outlined in Table 3 emphasised
that successful ecosystem development requires coordinat-
ed strategic action.

Enterprises should create collaborative digital plat-
forms that integrate manufacturers, suppliers, start-ups,
universities, and technology providers into shared data
and knowledge systems. Such platforms enable real-time
coordination, reduce transaction costs, and support the
co-design of smart factory solutions. Manufacturing firms
should prioritise sustainable investments that contribute
to both economic efficiency and environmental responsi-
bility. Renewable energy systems — such as solar and wind
installations — help reduce operating costs, mitigate regula-
tory risks, and strengthen long-term ecosystem resilience,
as demonstrated in European and Ukrainian industrial
settings. Human capital development must accompany
technological modernisation. Training in AI, robotics, data
analytics, and automation increases workforce adaptability,
while internal incentives for recycling, waste reduction,
and energy conservation help embed green organisation-
al culture. Finally, enterprises should implement adaptive
governance systems that allow the ecosystem to evolve in
response to technological disruptions, market fluctuations,
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and policy changes. Flexible decision-making frameworks
and regular stakeholder consultations are essential for
maintaining alignment between innovation strategies and
sustainability goals.

These strategies enable manufacturing enterprises to
overcome barriers such as technology resistance, high in-
itial investment requirements, and regulatory complexity.
When combined with renewable energy and circular-econ-
omy principles, these strategies strengthen competitiveness
and contribute to broader global sustainability targets.
The use of fuzzy methods for portfolio assessment further
enhances decision precision by aligning short-term oper-
ational goals with long-term ecosystem development tra-
jectories (Tolstykh et al., 2020). Despite its methodological
strength, the proposed approach faces several practical lim-
itations. Effective application of fuzzy assessment methods
requires reliable data and analytical expertise, which may
be lacking in smaller or less digitalised enterprises. Smarti-
sation initiatives also demand substantial investment in
digital infrastructure, advanced monitoring systems, and
AT capabilities. Furthermore, the Quadruple Helix mod-
el may be constrained in institutional environments with
weak coordination between academia, industry, govern-
ment, and civil society. These limitations highlight the need
for adaptive policy frameworks, targeted public-private
support, and capacity-building programs to ensure suc-
cessful implementation of the proposed ecosystem model.

Conclusions

This study provided an integrated perspective on how inno-
vation ecosystems develop and function within manufac-
turing enterprises. The results showed that manufacturing
ecosystems evolve through four distinct stages — concep-
tual design, building, operation and maintenance, and
succession — which require different governance mecha-
nisms and levels of stakeholder involvement. This staged
structure proved essential for interpreting how enterprises
coordinate technological, organisational, and sustainabili-
ty-related decisions throughout ecosystem development.
Empirical results derived from the assessment of inno-
vation initiatives demonstrated clear differences across
technological, financial, and sustainability dimensions.
Technological feasibility received the highest average score
(0.9), while sustainability indicators lagged behind (0.7).
These disparities directly influenced subsequent portfolio
evaluation: projects with strong technological performance
progressed faster through the ecosystem life cycle, whereas
sustainability-oriented projects required additional sup-
port and longer decision-making horizons. This finding
confirmed that ecosystem development in manufacturing
is uneven across dimensions and must be managed with
differentiated strategies.
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The study further revealed that smartisation and circu-
lar-economy practices significantly contribute to strength-
ening ecosystem resilience. The integration into the opera-
tional stage enabled more efficient coordination of actors,
reduction of resource losses, and improved adaptation to
external pressures. These results validate the importance of
embedding digital and ecological components early in the
ecosystem life cycle to ensure long-term stability. The port-
folio evaluation demonstrated that applying a multicriteria
assessment approach facilitated more balanced prioritisa-
tion of innovation projects. The resulting desirability scores
allowed enterprises to structure the innovation portfolios
according to both technological readiness and sustainabil-
ity contribution, ensuring clearer differentiation between
high-potential and risk-sensitive initiatives. This outcome
underscores the practical value of systematic, quantita-
tive assessment for ecosystem-oriented decision-making.
Opverall, the study showed that the effectiveness of innova-
tion ecosystems in manufacturing depends on three inter-
related results established by the research: the identification
of distinct ecosystem life-cycle stages that guide strategic
coordination; the demonstrated impact of technological,
financial, and sustainability imbalances on project progres-
sion and portfolio formation; the confirmed contribution
of smartisation and circular practices to strengthening eco-
system adaptability and long-term performance.

Future research may further extend the findings of
this study in several directions. First, subsequent stud-
ies could empirically validate the proposed ecosystem
life-cycle framework across different manufacturing sec-
tors and regional contexts to assess its generalisability
and sector-specific variations. Second, deeper investiga-
tion into the dynamic interactions between technolog-
ical, financial, and sustainability dimensions over time
would allow for longitudinal analysis of ecosystem evo-
lution and resilience. In particular, future research could
explore how sustainability-oriented projects overcome
slower progression rates and which governance mecha-
nisms most effectively support the advancement. Third,
expanding the multicriteria portfolio assessment model
by incorporating real-time digital performance data and
advanced Al-based decision-support tools could enhance
the precision of ecosystem management.
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AHOTALA. 3pocTarya CKIAAHICTD I00ANTbHMX JAHILOTIB [TOCTAYaHb i MONMT Ha CTaal MPAKTUKM 3YMOBIIIOIOTDH
HeoOXiHICTb CTBOPEHHS KONIabOPaTUBHUX MEPEX, L0 IHTEIPYIOTh PiSHOMAHITHUX CTEMKXOJAEPiB LI CTUMY/ITIOBaHHA
inHOBawill i cTilikocTi. MeToI0 OyI1a po3po6Ka iHTerpoBaHoi cTparerii popMyBaHH:A €KOCUCTEM IHHOBALiil Y BUPOOHUIITBI
HIJIAXOM CHHTe3y TEeOPeTMYHMX PaMOK i aHa/li3y IX 3aCTOCyBaHHA B IPOMUCIOBMX KOHTEKCTaX. Y MOCIi>KeHHi
BUKOPUCTAHO CUCTEMATUYHMIL OIVIAM JTepaTypy i KOHUENTYa/JbHMUII CUHTE3 IS BUBYEHHSA IVHAMIKM €KOCUCTEM
i meroniB ¢opMmyBaHHA mOpTdeniB iHHOBaii. Pe3ynbraTy IOKasamu, IO eKOCUCTEeMMU IHHOBAIiil pO3BUBAIOTHCSA
4yepe3 YOTMPM CTajil: KOHIENTYaJbHUII AM3aiiH, He IIANPMEMCTBA BU3HAYAIOTh CIUIBHI LM Ta ifeHTU]IKYIOTH
KJIIOYOBUX aKTOPiB; TOOYN0Ba, Ie GOPMYIOThCA MAPTHEPCTBA Ta CTPYKTYPM YIPABIiHHA; eKCIUIyaTallid Ta MiATPUMKa,
30cepepkeHi Ha onTuMisalil MPOAyKTUBHOCTI Ta MaclITabyBaHHI iHHOBaNLiif; i 3MiHa, o 3abe3nevyye afanTalio 0
PMHKOBMX 4M PETyIATOPHUX 3MiH. OKpeMi IPOEKTU B MeXKaX eKOCUCTeM IPOXOAATh a3y OYiKyBaHH:A, HApOIKEHHS,
3POCTAaHHA, 3PINOCTI, Iepeladi 3HAHb i OHOBJIEHHS, NO3BOJIAIOYN YIPABIATH PISHOMAHITHUMM iHilliaTMBaMi, TaKMMU
SIK TIPOMUCTIOBUIL IM3aliH UM PillleHHs IJIs CTANIOro eHeprosabesredyeHHs. BUKOPUCTAHHS METOJiB HEYITKMX MHOXXIH
i3 mkasoro 6axxaHocTi 0-1 [03BOIAE paH)KYBaTU IIPOEKTY 3a KPUTEPiAMU TeXHOIOTIYHOI 3MiliICHEHHOCTI, (hiHaHCOBMX
BITOJ i BIVIMBY Ha CTAJICTh, 3a0e3Iedyioun 306anaHcoBaHi moprdeni. CMapTyu3sanis aBTOMaTU3ye ONTUMi3alilo Ipolecis,
a iHBecTUIii y BifHOB/IIOBAJIbHI [Kepe/a eHepril Ta MPUMHIMIIN LMPKY/LAPHOI €KOHOMIKY MifiBUINYIOTH eeKTUBHICTD
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Abstract. The aim of this study was to assess the potential of large language models in improving the accuracy of
financial forecasts and market stability in transition economies, in particular in Azerbaijan. The methodology identified
the essence of hybrid approaches to financial modelling that combine classical econometric tools, such as AutoRegressive
Integrated Moving Average and Vector Autoregression, with deep learning algorithms. As a result, it was found that
the trading volume on the Baku Stock Exchange increased from AZN 37 to AZN 71 billion in 2024, the gross domestic
product increased from AZN 72.4 to AZN 126.3 billion, and the inflation rate decreased from 13.9% in 2022 to 2.2%
in 2024. The share of non-cash transactions exceeded 90%, and the time for interbank settlements was reduced to 5-20
seconds due to the introduction of the Azerbaijan Interbank Payment System. The information and communication
technologies development index increased by 7%, and the Open Data Index increased from 56 to 61 points, creating
a foundation for effective digital analytics. At the same time, the study showed that the effectiveness of large language
models was limited by low transparency of financial reporting, the presence of only 26 companies listed on the stock
exchange, and a Corruption Perceptions Index score of 22-23. The practical significance of this study is that its results can
be used by financial analysts, government agencies, and banking regulators in Azerbaijan to develop strategies for digital

transformation of the financial sector and implement analytical systems based on large language models

Keywords: forecasting; digitalisation; macroeconomic; artificial intelligence; liquidity; investment

Introduction

The integration of advanced analytical techniques into fi-
nancial modelling has become a central challenge in con-
temporary finance. Traditional stochastic models, while
mathematically rigorous and well-established in describ-
ing uncertainty and risk, often fail to capture the complex-
ity and nonlinearity of modern financial markets driven by
high-frequency data and dynamic investor behaviour. Eco-
nomic growth in transition economies is often accompa-
nied by difficulties in measuring the relationship between
factors of production and output. E. Ahmadova’s (2022)
study examined the modelling of Azerbaijan’s econom-
ic development based on production functions to iden-
tify key factors affecting gross domestic product (GDP)
dynamics. The author used the classical Cobb-Douglas
function and its modification taking into account techno-
logical progress according to Tinbergen, which allowed to

identify the phase structure of the country’s econom-
ic cycles in 1997-2021. The stability of financial systems
of enterprises is determined by the level of their ability
to effectively respond to risks associated with economic,
technological and political uncertainty. L. Abdullayev et
al. (2025) investigated these aspects, focusing on the finan-
cial security of business management in Azerbaijan and
the impact of innovative technologies on its provision. The
authors, based on the results of expert interviews, statisti-
cal analysis and data from international sources, identified
key objects and subjects of financial security of enterpris-
es, outlined the main threats - fluctuations in oil prices,
political instability, administrative barriers, low level of
digitalisation and innovative activity.

Economic growth of Azerbaijan in the 21* century
is characterised by dependence on investment flows and
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structural changes in production. The study by E. Shafiza-
da & N. Aslanova (2022) analysed the factors affecting the
GDP and proposed an innovative approach to its modelling
and forecasting based on a dynamic model of the relation-
ship between investment and the volume of national prod-
uct. The authors substantiated that the volume of invest-
ments is the key factor in ensuring growth, demonstrating
the effectiveness of the constructed model for strategic
planning of the country’s economic development. Z. Liu et
al. (2025) considered this issue, proposing in their work the
integration of the classical statistical model AutoRegressive
Integrated Moving Average (ARIMA) with deep neural net-
works long short-term memory (LSTM) and Transformer.
The authors proved the effectiveness of such a hybrid ar-
chitecture, which first models linear trends and seasonal
fluctuations, and then uses a neural network to process
residual nonlinear structures and long-term dependencies.
A. Abayomi et al. (2023) investigated this issue, focusing
on improving the accuracy of forecasting models by using a
hybrid approach that combines econometric and machine
learning methods. In their work, the authors proposed the
integration of deep learning models with traditional statis-
tical techniques, which allowed for improved processing of
nonlinear dependencies and time trends in financial data.

Financial markets are characterised by increased un-
certainty, which complicates risk forecasting and the for-
mation of effective investment strategies. D. Stempien &
R. Slepaczuk (2025) investigated these issues, focusing
on the development of approaches that combine machine
learning with portfolio optimisation methods to increase
returns and control risks. The authors used multifactor
models with elements of neural networks and deep learn-
ing algorithms, demonstrating that such integration allows
to reduce portfolio volatility, increase the accuracy of fore-
casting price changes and ensure the adaptability of models
to market shifts.

Financial forecasting faces difficulties associated with
market instability, high asset volatility and the influence of
external macroeconomic factors. In the study of B.A. Ce-
lik & S. Celik (2025) an approach combining deep learning
and econometric modelling is proposed to increase the ac-
curacy of financial forecasts. The authors proved the effec-
tiveness of using recurrent neural networks together with
statistical models, which made it possible to more accurate-
ly reflect nonlinear dependencies between market variables
and reduce errors during sharp market fluctuations. The
work of S. Kumar et al. (2025) considered the integration of
machine learning algorithms with time series methods to
improve the efficiency of financial forecasting. The authors
compared different deep learning architectures, including
LSTM, Gated Recurrent Unit (GRU) and convolutional
neural network (CNN), in combination with econometric
models to analyse the relationships between macroeco-
nomic indicators, asset prices and market volatility.

Further research is needed to quantify the impact of
innovation, technological progress, and human capital
on growth, enhance digital technology adaptation, and
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improve machine learning transparency. The purpose of this
study was to assess the potential of large language models
(LLMs) in enhancing financial forecasting and to identify
the limits of their effectiveness in conditions of low market
transparency and limited data availability in Azerbaijan.
The following tasks were set within the framework of the
study: to analyse the impact of using LLMs on the accuracy
of financial forecasts, the level of transparency, and the sta-
bility of financial markets in Azerbaijan; to explore the ana-
Iytical potential and challenges of integrating LLMs into fi-
nancial analytics for countries with economies in transition.

Materials and Methods

The study was of a theoretical-empirical nature and cov-
ered the time frame of 2020-2024. The theoretical part was
aimed at determining the essence of hybrid approaches to
financial modelling and assessing the analytical potential
of LLM in financial forecasting, while the empirical part
focused on analysing the financial sector of Azerbaijan to
identify the practical impact of LLM integration on trans-
parency, liquidity and forecast accuracy. To determine
the essence of hybrid approaches to financial modelling,
the method of systematic and comparative analysis of sci-
entific publications by R. Avacharmal (2023), L. Frank &
J. Owen (2024) and V. Ravi et al. (2025) was used. These
authors were selected because of their contribution to the
development of the concept of hybrid modelling - from
the combination of classical econometric models (ARIMA,
Generalised Autoregressive Conditional Heteroskedastici-
ty (GARCH), Vector Autoregression (VAR)) to integration
with neural networks (LSTM, Transformer). This approach
allowed to summarise the main principles of hybridisation
and determine how it combines analytical transparency
with high forecast accuracy.

The role of LLMs in improving forecast accuracy and
supporting financial decisions was examined using a com-
parative analytical method based on the works of R. Gun-
tupalli et al. (2025) and A.M. Beauty (2025). These sources
were selected because they contained practical examples of
the application of LLMs in financial analytics and empha-
sised the importance of algorithmic transparency and ex-
plainability of models. This made it possible to assess how
LLMs increased the accuracy of forecasts by processing
contextual text and numerical data, and also contributed to
making informed management decisions under conditions
of high uncertainty. The analytical potential and challenges
of integrating LLMs into financial analytics were investigat-
ed using a structural-functional method based on the works
of].Raoetal.(2025) and A.M. Beauty (2025). The aim was to
systematise the areas of influence of LLM - information an-
alytics, market trend forecasting, financial management and
ethical security — and to identify key risks associated with
data quality, computational costs and algorithmic biases.

At the empirical stage, an analysis of the impact of
LLM on the efficiency of the financial markets of Azerbai-
jan was conducted in June 2025 using statistical and com-
parative methods. For this purpose, data from the Baku
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Stock Exchange (n.d.) and strategic guidelines of The ar-
tificial intelligence strategy of the Republic of Azerbaijan
for 2025-2028 (2025) were used. Liquidity, market effi-
ciency and predictability of key indicators were analysed
using the methodology of A. Huseynov et al. (2025). The
advantages and limitations of LLM implementation were
investigated through a documentary analysis based on the
World Economic Forum (2024), which allowed to identify
institutional barriers and ethical aspects of the use of arti-
ficial intelligence. Trend analysis was applied to study the
dynamics of GDP (Trading Economics, n.d.) and inflation
(Azerbaijan inflation, n.d.) in 2020-2024, which made it
possible to show the impact of forecasting technologies on
the stabilisation of macroeconomic processes.

A systematic analysis of the implementation of the
Azerbaijan Interbank Payment System (2025) was also
conducted, which allowed to assess the impact of digital
payments on the speed of settlements, liquidity and trust in
banking operations. A correlation method was used to an-
alyse information and communication technologies (ICT)
development and foreign direct investment (CEIC, 2025),
which helped to establish the relationship between digital
infrastructure and the implementation of LLM in financial
activities. For a broader context, a comparative regional
analysis was conducted using the example of Kazakhstan
and Uzbekistan (National Bank of Kazakhstan, 2024; Is-
mailov, 2025), which showed common trends and barriers
to the implementation of LLM in post-Soviet countries.
This approach revealed that limited data quality, institu-
tional instability, and technological lags significantly re-
duced the accuracy of forecasts in the region.

Results
Fundamentals of hybrid financial modelling
and LLM applications in financial forecasting
The essence of hybrid approaches to financial modelling is
to combine traditional econometric and stochastic models
with artificial intelligence methods, in particular machine
and deep learning. This approach arose in response to the
need to increase the accuracy of forecasts and take into ac-
count the complex, nonlinear dynamics of financial process-
es, which classical models are not always able to reproduce.
Traditional stochastic models — such as ARIMA, GARCH or
VAR - are effective for time series analysis, but have limita-
tions in reflecting the interaction of a large number of varia-
bles and their dependence on behavioural and unstructured
factors. While machine learning algorithms, in particular
LSTM, GRU or CNN, are able to detect hidden patterns,
adapt to new data and model complex trends without the
need for strict statistical assumptions (Frank & Owen, 2024).
Hybrid models combine the advantages of both ap-
proaches: the analytical transparency and stability of sto-
chastic methods with the flexibility and adaptability of
artificial intelligence algorithms. In the practice of finan-
cial analysis, such models are often built in the format of
cascaded or parallel structures. For example, the stochas-
tic component is used to clean the data from noise and the

underlying trend, after which the results are passed to a
neural network to identify more complex dependencies.
Another strategy involves simultaneously training several
models with subsequent aggregation of the results using
ensemble methods. This allows to increase the accuracy of
forecasts and reduce the risk of overtraining, which is crit-
ically important for financial markets with high volatility.
An important element of the hybrid approach is the ability
to adapt to different types of data — from numerical time se-
ries to text messages, news or financial reports. Due to this,
hybrid models are able to integrate both quantitative and
qualitative information, which significantly expands the
boundaries of financial forecasting. For example, the com-
bination of LSTM and natural language processing (NLP)
models makes it possible us to assess the impact of news
background or market sentiment on the dynamics of se-
curities, and the integration of classical econometric meth-
ods with deep networks increases the stability of forecasts
during periods of structural changes or crisis phenomena
(Avacharmal, 2023).

In addition to increasing accuracy, hybrid modelling
has an advantage in terms of interpretability. Unlike the
“black boxes” of deep learning, the stochastic block allows
to retain the ability to analytically explain the results obtaine
d, which is especially important for financial decisions that
require justification to regulators or investors. At the same
time, the development of explainable artificial intelligence
technologies enhances the ability of hybrid systems not only
to predict, but also to justify their conclusions. Despite their
advantages, hybrid models face a number of challenges.
The main ones are the need to coordinate the scale of data,
the complexity of parameter tuning, and the risk of losing
interpretability when the number of model levels increases.
However, trends in recent years indicate an increasing role
of such approaches in financial analytics, especially with the
development of LLM, which can integrate unstructured in-
formation into the forecasting process. In the future, hybrid
financial models can become the basis for creating intelli-
gent decision support systems that combine the accuracy
of mathematical analysis with the contextual understand-
ing inherent in artificial intelligence (Avacharmal, 2023).

LLMs are playing an increasingly important role in
financial forecasting, as they combine the ability to pro-
cess natural language with powerful analytical capabilities
of machine learning. Unlike classical statistical or econo-
metric approaches, LLMs are based on multi-level neural
architectures that are trained on large volumes of text and
numerical data, which makes it possible to detect complex
contextual relationships between economic events, inves-
tor behaviour and market changes. Their key advantage is
versatility — the models can work with both unstructured
data (news, reports, analytical comments) and quantitative
indicators, integrating them into a single forecasting sys-
tem. This allows for more accurate risk assessments, market
trend predictions, and financial decision-making based on
a more comprehensive information environment. In the fi-
nancial context, LLMs are used for several main tasks. They
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are able to analyse the flow of information in real time -
from financial reports to social media - and highlight
contextual signals that can influence market behaviour.
LLMs can perform the function of semantic generalisation,
transforming large volumes of text into structured indica-
tors suitable for quantitative analysis. For example, using
sentiment classification algorithms, it is possible to assess
the emotional tone of news, investor comments, or regu-
latory statements, which often precedes changes in price
trends. LLMs can automatically generate financial reviews,
analytical reports, or recommendations, which reduces the
workload on analysts and speeds up the process of making
managerial decisions (Ravi et al., 2025).

LLMs are particularly valuable in combination with
classical financial models, forming hybrid forecasting sys-
tems. In such systems, traditional statistical methods (for
example, ARIMA or GARCH) are responsible for the quan-
titative stability and accuracy of time series, while LLMs
are responsible for processing contextual and text signals.
This provides a multidimensional approach to analysis,
when the model not only takes into account historical data,
but also adapts to current market events reflected in pub-
lic sources of information. Such integration increases the
systen’s ability to respond in a timely manner to new risks,
structural changes or regulatory updates. Another area of
use of LLMs is the support of financial decision-making
in the corporate sector. Such models can analyse internal
documentation, accounting reports, data on counterpar-
ties and market conditions to form analytical conclusions
and offer optimal decisions on investments, lending or risk
management. In addition, LLMs are used in financial con-
trolling systems to automate audits, verify reporting, and
detect anomalies, which increases the reliability of financial
information and reduces the likelihood of errors or fraud
(Guntupalli et al., 2025).

At the same time, the role of LLMs is not limited to an-
alytical tasks - they also act as a tool to increase the trans-
parency of financial processes. Their use makes it possible
to create interpretable reports and explanatory models,
where each forecast decision can be accompanied by textual
justification. This is important for increasing trust between
analysts, regulators, and investors, especially in an environ-
ment where algorithmic decisions have a significant impact
on financial flows. However, despite significant advantages,
the effectiveness of LLMs largely depends on the quality
and transparency of data. In markets with insufficient in-
formation structure or limited access to public sources, the
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accuracy of such models may decrease. That is why the fur-
ther development of LLM in financial forecasting should be
aimed at improving training methods on domain-specific
data, increasing the interpretability of models and develop-
ing mechanisms for controlling the reliability of sources. In
the future, the integration of LLM into financial analytics
will contribute to the formation of a new decision-making
paradigm - flexible, adaptive and more transparent than
traditional approaches (Beauty, 2025).

The integration of LLM into financial analytics is be-
coming one of the most promising areas of development
of analytical technologies. Its essence lies in the combina-
tion of deep learning algorithms with financial assessment
methods, which allows modelling complex relationships
between economic variables, market trends and behaviour-
al factors. LLM significantly increase the ability of systems
to analyse large volumes of unstructured information -
from the texts of company reports to economic news and
investor comments. This allows not only to identify risks
faster, but also to form analytical conclusions that take
into account the context, tone and economic significance
of events. The key advantage of introducing LLM into fi-
nancial analytics is a change in the approach to data pro-
cessing. While financial systems previously relied mainly
on quantitative indicators, now qualitative parameters such
as market expectations, investor sentiment, social trends
or reputational factors are also included in the modelling.
This increases the accuracy of forecasts and reduces the in-
formation gap between analysts, business and the market.
LLM also creates the basis for building explanatory analysis
systems that not only predict, but also provide textual jus-
tification for their conclusions, which strengthens trust in
automated decisions (Rao et al., 2025).

Despite significant advantages, LLM integration has a
number of critical limitations. Such models are extremely
sensitive to data quality: if the sources contain incomplete
or distorted information, the forecasting results may be in-
accurate. LLMs remain difficult to interpret — even using
Explainable AL it is difficult to determine which factors have
become decisive in the forecast. Large-scale implementa-
tion of such systems requires significant computing power
and financial costs. In addition, ethical risks may arise in the
training process — models can reproduce biases inherent in
the initial data sets, or form false cause-and-effect relation-
ships. To summarise the differences between the analytical
potential and practical limitations of LLM, the key areas of
their impact are highlighted, which are presented in Table 1.

Table 1. Analytical potential and challenges of integrating LLMs into financial analytics

Area of impact

Positive effects of integration

Key challenges and risks

Information analytics

In-depth analysis of textual and numerical data;
detection of hidden patterns and correlations

High dependence on data quality; difficulty
in verifying the reliability of sources

Market trend forecasting contextual data analysis

Improved short-term forecasting accuracy through

Risk of misinterpreting textual signals due
to contextual ambiguity

Financial management

Automation of auditing, risk assessment,
and investment decision-making

High computational costs for model training,
adjustment, and maintenance
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Continued Table

Area of impact

Positive effects of integration

Key challenges and risks

Decision explainability

Generation of transparent analytical reports
with natural-language explanations

Limited interpretability of internal algorithms;
difficulty in monitoring decision logic

Ethical security

in decision-making

Reduction of human bias and emotional influence

Potential reproduction of algorithmic bias
and risks of unauthorized data use

Source: compiled by author based on J. Rao et al. (2025), A.M. Beauty (2025)

Thus, LLMs expand the boundaries of financial ana-
lytics, combining machine data processing with contextu-
al understanding of information. They create a new quali-
ty in financial decision-making, when forecasts are based
not only on statistical patterns, but also on the economic
logic of events. However, their implementation requires
caution: it is necessary to form standards for verifying
the reliability of data, develop algorithms for interpret-
ing results, and ensure ethical responsibility in the use of
such systems. In the future, it is the balanced integration
of LLMs with traditional analytical methods that will be-
come the basis for creating sustainable and transparent
financial models that combine the depth of analysis with
reliability and user trust.

Analysis of the impact of LLM on the efficiency

of Azerbaijan’s financial markets

In the context of the Azerbaijani financial system, the in-
tegration of LLMs and related AI systems has a significant
impact on the transparency, efficiency and predictability of
financial processes. This is primarily seen in the example
of the Baku Stock Exchange (n.d.), where in 2024 the to-
tal trading volume reached AZN = 71.16 billion with more
than 71.7 thousand transactions — an increase of more than
twofold compared to the year 2023. This increase in market
activity is partly explained by the digitalisation of process-
es, increased data availability and automation of analytical
work, in which LLMs play a key role (Abdul, 2025). In par-
ticular, with regard to transparency, state strategies — Ar-
tificial Intelligence Strategy of the Republic of Azerbaijan
for 2025-2028 (2025) - identify data digitalization, open
reporting, and the use of SupTech solutions as key prior-
ities. In 2025, the integration of Open Banking (13 banks)
and the launch of SupTech tools allowed the regulator to
conduct real-time supervision, increasing market transpar-
ency. According to the data, in 2024, non-cash transactions
exceeded 90% of all domestic operations, which indicates
a significant reduction in information asymmetry and
an increase in the efficiency of financial processes. These
changes provide the basis for studying the impact of LLM
on efficiency (Javadov, 2025).

In terms of market efficiency and liquidity, the increase
in trading volume and the reduction of transaction barri-
ers demonstrate improved market dynamics. For example,
the increase in trading volume from AZN 37 billion in the
early period 2024 to over AZN 71 billion at the end of 2024
shows an increase in activity - this may be conditionally
correlated with the increased analytical ability of systems
that take into account not only traditional indicators, but

also contextual data (news, sentiment). In such an envi-
ronment, LLMs can improve the predictability of changes:
by processing text signals, they help identify indicators of
future volatility, investment volumes or changes in the ex-
change rate (Information for media, 2024).

Regarding the predictability of key indicators, stud-
ies indicate that LLM integration into financial analytics
allows for increased accuracy of forecasts of the exchange
rate, deposit/loan rates and investment flows. For example,
the analysis indicates that a 1-unit increase in Azerbaijan’s
ICT index is associated with a GDP increase of AZN = 1607
per capita, revealing the potential of digital technologies for
macroeconomic change. This plus can be interpreted as an
indirect effect of the increased analytics and transparency
that LLM systems create (Huseynov et al., 2025).

However, these advantages come with significant lim-
itations. First, the Azerbaijani market has certain specific
characteristics: a limited historical number of trades, low
share capitalisation, and a relatively small number of issu-
ers (for example, the Baku Stock Exchange (n.d.) has only
26 listed companies). This reduces the amount of data for
training models and increases the risk of overtraining. Sec-
ond, data transparency, although significantly improved, is
still inferior to more developed markets-for example, de-
lays in reporting, unstructured news or social media data
can negatively affect the accuracy of LLM forecasts. Third,
exogenous shocks-such as oil price fluctuations, geopolit-
ical risks, or regulatory policy changes-create high levels
of volatility that algorithms may not be able to adequately
predict, especially if the model was trained during a quiet
period (World Economic Forum, 2024).

In 2020-2024, Azerbaijan’s GDP increased from AZN
72.4 billion to AZN 126.3 billion, which indicates signif-
icant economic growth. GDP per capita increased from
USD 4272 in 2020 to USD 7251 in 2024, demonstrating
the gradual stabilisation of the macroeconomic situation,
despite periodic fluctuations in global energy markets. The
share of the financial sector in the GDP structure during
this period ranged from 21% to 25%, which confirms its
significant role in the national economy. Household loans
granted by financial institutions amounted to about 21% of
GDP in 2024, while bank deposits remained at about 25.5%
of GDP (Trading Economics, n.d.). These figures indicate
high financial activity and a significant increase in confi-
dence in the banking system. The dynamics of inflation in
Azerbaijan in 2020-2024 reflects the consistent adaptation
of monetary policy to external shocks and the introduction
of digital financial technologies, which contributed to the
stabilisation of price indicators (Fig. 1).
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Figure 1. Inflation dynamics in Azerbaijan in 2020-2024

Source: compiled by author based on Azerbaijan inflation (n.d.)

The dynamics of inflation during 2020-2024 demon-
strated the adaptability of monetary policy to external chal-
lenges. In 2020, inflation was 2.8%, in 2021 it increased to
6.7%, and in 2022 it reached a peak of 13.9%, which was
due to global logistical problems and fluctuations in energy
prices. After that, in 2023 the indicator decreased to 8.8%,
and in 2024 to 2.2%, which indicates the effectiveness of the
policy of the Central Bank of Azerbaijan, which kept the
key rate within 5-7%. This positive trend reflects the stabi-
lisation of the money market, the reduction of inflationary
pressure, and the increase in the efficiency of financial pro-
cesses as a result of the digitalisation of the banking sector.
It confirms that the implementation of analytical systems
and LLM technologies that allow for real-time forecasting
contributes to a timely response to macroeconomic risks
and the formation of a stable financial environment.

Due to the launch of the Azerbaijan Interbank Payment
System (2025) Real-Time Interbank Settlement System and
the Instant Payment System (IPS), the speed of transaction
processing has decreased from several days to 5-20 sec-
onds. This has contributed to increasing liquidity, reducing
transaction costs and creating a continuous 24/7 financial
cycle. In addition, the implementation of the international
standard ISO 20022 (2022) has strengthened the integra-
tion capabilities of banking systems, improved the detec-
tion of anomalies in payment transactions and contribut-
ed to increasing customer confidence. The total volume of
non-cash transactions has increased several times, and the
number of transactions has reached hundreds of millions
per year, which has turned Azerbaijan into a leader among
the countries of the Caucasus region in the pace of develop-
ment of digital financial services.

The improvement of digital infrastructure was also re-
flected in the growth of the ICT Development Index, which
increased by approximately 7% in 2020-2025. The level of
Internet penetration exceeded 80-88%, and the emergence
of 5G and cloud services created the technical basis for the
work of LLM. In particular, in the financial sector, these
models are used to forecast the dynamics of the exchange
rate, investment volumes and stock indices. In parallel with
the increase in the efficiency of financial markets, the level
of transparency is increasing. While the Transparency Index
fell from 23 points in 2022 to 22 in 2024, the Open Data In-
dex increased from 56 to 61 points, indicating a gradual im-
provement in the availability of official statistics. The devel-
opment of SupTech and RegTech technologies has allowed
regulators to analyse reporting in real time, reducing the
risks of manipulation and delays (Lightspark Team, 2025).

In the field of external investment, the financial sector
remains stable, although its share in the structure of total
foreign direct investment is relatively small. In the first half
of 2025, the total volume of FDI reached USD 3.2 billion,
and the share of financial investments was several hundred
million annually. The main investors - the United King-
dom, Turkey, Cyprus, Switzerland and Iran - are showing
growing interest in the financial and technology sectors
due to increasing transparency and regulatory effective-
ness (CEIC, 2025). Digitalisation and the introduction of
LLM in the financial sector of Azerbaijan have improved
the operational efficiency, predictability and investment
attractiveness of the market. Increasing the accuracy of
analytical models, accelerating transaction processing and
strengthening trust in the banking system have become key
factors in the country’s financial stability. The dynamics
of inflation, which has been declining since 2022, clearly
demonstrates how technological innovations and adaptive
monetary policy contribute to macroeconomic stabilisa-
tion, creating a basis for the further development of the
digital economy of Azerbaijan.

In countries with economies in transition, such as
Azerbaijan, Kazakhstan, Uzbekistan and Georgia, these
models are seen as a tool for automating analytical process-
es, increasing the accuracy of forecasts and improving risk
management. However, it is in such conditions that the key
limitations of LLM are revealed, related to incomplete data,
legal barriers, as well as technological lags that reduce the
predictive accuracy of models. Azerbaijan is witnessing an
active integration of LLM and artificial intelligence systems
in the banking sector. Leading financial institutions, in par-
ticular Kapital Bank (n.d.) and Bank ABB (n.d.), use ma-
chine learning algorithms for transaction monitoring, cred-
it scoring, risk forecasting and fraud detection in real time.
However, the effectiveness of LLM in post-Soviet markets is
limited by a number of factors. First, financial data remains
fragmented, often outdated or incomplete, and access to
corporate reporting remains limited. Second, the legal
environment in the Caucasus and Central Asia is charac-
terised by high requirements for data localisation and low
flexibility in regulating digital technologies. According to a
report by Implement Consulting Group (2025), these fac-
tors constrain the implementation of generative AI models,
including LLM, and reduce the potential benefits of auto-
mated analysis. In Azerbaijan itself, transparency remains
low: The Corruption Perceptions Index is 22-23 out of 100,
indicating limited independence of oversight and poor
quality of public reporting. This leads to situations where
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LLM models are trained on incomplete or poor-quality
data, which raises the risk of “hallucinations” - that is, gen-
erating analytical conclusions that do not correspond to
reality (The economic opportunity..., 2025).

In addition, institutional barriers and limited training
of specialists reduce the ability of banks and regulators to
effectively use the potential of models. Although Kazakh-
stan reports the use of Al in more than 30% of financial
companies, and in Uzbekistan the government has planned
the implementation of more than 100 Al projects in the
banking sector, most of these initiatives are at the pilot
stage (National Bank of Kazakhstan, 2024; Ismailov, 2025).
The region still lacks reliable mechanisms for monitoring
data quality and standardising financial information. LLMs
demonstrate high potential in the field of financial forecast-
ing, in particular in the automation of market monitoring,
creditworthiness assessment and macroeconomic forecast-
ing. However, in less transparent markets, their effective-
ness is limited not so much by technical as by structural
factors - lack of data, underdeveloped digital infrastruc-
ture and institutional risks. To unlock the full potential of
LLMs, post-Soviet countries need to expand data openness,
harmonise the regulatory framework and invest in the de-
velopment of human capital in the field of financial analyt-
ics and artificial intelligence. It is these steps that will deter-
mine whether LLMs can move from an experimental tool
to a systemic element of financial management.

Discussion
Within modern financial research, there is a clear trend
towards combining econometric methods with artificial
intelligence algorithms, forming a new paradigm of hybrid
modelling. Such approaches allow us to simultaneously take
into account the linear patterns inherent in classical statisti-
cal models and reveal hidden nonlinear relationships using
neural networks. This study demonstrated the consistent
evolution of hybrid financial modelling, where classical
econometric tools are gradually combined with artificial in-
telligence algorithms. A similar methodological connection
was observed between this study and the work of O. Elebe et
al. (2022). Both approaches justified the need to combine
econometric and machine learning methods for modelling
volatile markets. In O. Elebe et al. (2022), attention was paid
to forecasting financial risks in African countries, where
political instability and socio-economic factors created high
uncertainty. The authors combined stochastic models with
random forest and support vector machine (SVM) meth-
ods, achieving a significant reduction in forecast error. In
contrast, the considered study applied hybridisation in the
conditions of information constraints of Azerbaijan, em-
phasising data scarcity, low transparency and technological
inequality. As a result, the effectiveness of hybrid approach-
es was confirmed, but taking into account the fact that their
effectiveness in transforming markets is determined not
only by technical, but also by institutional prerequisites.
Further confirmation of the effectiveness of hybrid
approaches is reflected in the comparison with the work

of R.K. Ghosh et al. (2025). In both cases, it was empha-
sised that classical models - ARIMA, VAR, GARCH - have
limitations in reproducing nonlinear market patterns,
which are more fully reflected by neural networks. While
R.K. Ghosh et al. (2025) created a technically optimised
hybrid model for forecasting exchange rates in South Asia
by combining LSTM and Bi-GRU, this study focused on
studying the impact of LLM in a macroeconomic context.
Common to both works was the idea that forecast accura-
cy increases due to the combination of deep learning and
econometric tools, but in a different environment - tech-
nologically advanced in R.K. Ghosh et al. (2025) and struc-
turally limited in the current study. A similar logic was also
observed in the comparison with the study of O.M. Pires et
al. (2024). Both works emphasised the role of hybrid mod-
els that combined ARIMA, GARCH or VAR with deep
networks (LSTM, GRU, CNN). However, O.M. Pires et
al. (2024) focused on modelling volatility and risks of in-
vestment portfolios in stable market conditions in Spain
and Portugal. Instead, this study shifted its emphasis to
adapting similar approaches to environments with a low-
er level of digitalisation and information openness. While
O.M. Pires et al. dominated the technical aspect, here the
main focus was on the economic specificity and real barri-
ers to implementing intelligent models in financial practice
in transition economies.

The most conceptually close comparison was with the
work of M. Rudolph et al. (2024). Both studies were based
on the idea of combining models based on first principles
with machine learning algorithms. However, if M. Ru-
dolph et al. (2024) developed six universal hybrid model
design patterns and demonstrated their effectiveness in
physical, climate, and engineering problems, the current
study adapted this methodology to the economic context.
It demonstrated that the same integration principles can be
effective in financial analytics, given the constraints of data
quality, the level of institutional support, and the digital
maturity of the system.

In approaches to financial forecasting, there is a grad-
ual transition from purely statistical to hybrid models,
where classical econometric tools are combined with artifi-
cial intelligence algorithms. This was observed both in this
study and in the work of B. Han et al. (2025). Both works
proceeded from the fact that traditional models are unable
to adequately describe nonlinear market dependencies. In
B. Han et al. (2025), this idea was implemented by creat-
ing a hybrid GARCH-LSTM model for forecasting bitcoin
volatility. The combination of stochastic stability and deep
learning made it possible to reduce the forecast error by
almost 50%. Instead, the present study transferred the con-
cept of hybridisation to a broader economic context, using
LLM to increase the transparency of financial processes in
Azerbaijan. If in B. Han et al. (2025) analysis was based on
stable crypto market data, here the focus was on institu-
tional factors — data quality, levels of digitalisation and reg-
ulatory barriers that determined the effectiveness of such
models in post-Soviet countries.
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The development of this idea can also be traced in
the study of Y.E. Giir et al. (2025), where artificial in-
telligence became a tool for improving the accuracy of
credit scoring. The authors combined CNN with classical
algorithms — K-Nearest Neighbors, SVM, Linear Discri-
minant Analysis and Naive Bayes, achieving accuracy of
over 99% when classifying credit ratings. In contrast to
this micro-level approach, the current study focused on
macroeconomic forecasting for the analysis of financial
stability. While the main emphasis was on the technical
perfection of algorithms, in this case, the focus was on
how institutional constraints, the lack of quality data, and
low transparency affect the performance of analytical sys-
tems. Thus, both approaches demonstrated a desire for
synergy between classical and neural methods, but at dif-
ferent scales — from assessing the risks of individual cred-
itors to systemic analysis of financial stability.

A similar logic was observed in the study by E Xing et
al. (2025), which showed that artificial intelligence should
not replace financial models, but expand their capabilities.
The authors combined NLP and LLM with classical con-
cepts — Capital Asset Pricing Model, Mean-Variance Op-
timisation, and the Black-Litterman Model - to integrate
textual, behavioural, and market signals. This approach in-
creased the accuracy of forecasts while maintaining the in-
terpretability of the models. A similar idea was implement-
ed in the current study, where the combination of ARIMA,
GARCH, VAR with LSTM, Transformer and LLM allowed
to reproduce the dynamics of macroeconomic processes in
Azerbaijan. At the same time, the difference was in the con-
text: while E. Xing et al. (2025) considered global financial
markets, this study analysed the effectiveness of such ap-
proaches in an environment with limited digital infrastruc-
ture and incomplete data, emphasising the dependence of
AT on institutional conditions.

A study by M. Rath & H. Date (2025) was also close
in approach, demonstrating the practical potential of hy-
brid architectures in the field of risk management. They
combined ARIMA, GRU, SVM and Explainable AI, which
allowed to forecast liquidity and manage risks in Indi-
an financial markets. Both approaches — both M. Rath &
H. Date (2025) and this study — were based on a common
thesis: Al should complement financial theory, ensuring
analytical accuracy without losing transparency. However,
while M. Rath & H. Date (2025) focused on adapting mod-
els to developing countries, this study went a step further by
showing how such technologies contribute to strengthen-
ing financial stability in post-Soviet economies. In the work
of J. Zhou (2025), another but related dimension of the use
of artificial intelligence is proposed - the use of Al-driv-
en agents and transformers for forecasting market behav-
iour and portfolio management. These models combined
quantitative and behavioural parameters, using reinforce-
ment learning to adapt forecasts in real time. Compared
to this approach, this study had a macroeconomic focus,
but a common feature remained the desire to combine the
analytical depth of econometric models with the flexibility
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of AI. While J. Zhou (2025) focused on markets with high
data availability, the current work considered the issues of
data scarcity and institutional instability, emphasising the
limits of the application of such systems in countries with
economies in transition.

And in the work of C. Gargalo et al. (2024) a universal
methodology for building hybrid models was proposed -
from technical systems to financial analytics. The authors
developed modelling patterns that combined first-princi-
ples methods with machine learning algorithms, ensuring
structural flexibility and reproducibility. In contrast to this
generalised approach, in the current study, hybridisation
had an applied dimension: it allowed to assess the real im-
pact of LLM on forecasting in a specific economic environ-
ment. Thus, while C. Gargalo et al. (2024) presented the
theoretical basis for building hybrid systems, the present
study provided a practical illustration in the financial con-
text of post-Soviet states. The comparative analysis demon-
strated that hybrid financial models are gradually becoming
a universal forecasting tool, capable of providing a balance
between accuracy, flexibility and interpretability. Their ef-
fectiveness was determined not only by the technological
component, but also by the quality of data, the institutional
environment and the level of digital maturity of the market.
In stable economies, hybrid architectures have proven their
effectiveness at the technical level, while in countries with
low transparency and limited data, they have gained ana-
lytical value as a tool for identifying structural imbalances.

Conclusions

The study showed that the implementation of LLM in fi-
nancial analytics in Azerbaijan has a significant impact on
increasing the efficiency, transparency and predictability of
financial processes. The country’s economic dynamics in
2020-2024 confirmed the close relationship between dig-
italisation, the development of artificial intelligence and
the growth of macroeconomic indicators. During this pe-
riod, Azerbaijan’s GDP increased from AZN 72.4 billion to
AZN 126.3 billion, and GDP per capita from USD 4,272
to USD 7,251, which indicates active economic growth
and increased stability of the financial system. At the same
time, the share of the financial sector in the GDP structure
reached 21-25%, and the volume of loans to the population
amounted to 21% of GDP, which demonstrates the expan-
sion of access to financial services and the growth of trust
in the banking system. The integration of digital technolo-
gies and LLM contributed to the growth of non-cash trans-
actions to over 90% of all domestic transactions and the re-
duction of interbank settlement time to 5-20 seconds due to
the Azerbaijan Interbank Payment System. This increased
liquidity and reduced transaction costs, while ensuring a
24-hour financial cycle. The implementation of the interna-
tional standard ISO 20022 (2022) strengthened the ability
of banking systems to detect anomalies and improved inter-
action with international financial structures. Positive mac-
roeconomic dynamics are confirmed by the decrease in in-
flation from a peak of 13.9% in 2022 to 2.2% in 2024, which
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was the result of effective monetary policy and the use of
analytical models capable of predicting risks in real time.

A strong digital infrastructure — with a 7% rise in the
ICT index and internet coverage reaching 80-88% — cre-
ated the basis for LLM implementation. Data openness
improved, as shown by the Open Data Index growth from
56 to 61 points, while the Baku Stock Exchange’s trading
volumes doubled from AZN 37 to AZN 71 billion in 2024,

effectiveness of LLM was conducted on the basis of second-
ary statistical data, limited in time frame and the level of
transparency of Azerbaijan’s financial reporting. A pros-
pect for future research is the development of empirical
models using primary data from banking and investment
institutions to more accurately assess the impact of LLM on
the stability of financial markets in transition economies.

reflecting the effect of automated analytics on liquidity ~Acknowledgements
and activity. However, the study revealed that LLM per-  None.
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AHOTALif. MeToI0 1IIbOTO JOCTiIKeHHA OyJ/I0 OLIHNTM NOTEHIia/I Be/IMKIX MOBHUX MOJE/IEN y MiIBUIIEHHI TOYHOCTI
(iHaHCOBMX IIPOTHO3iB Ta CTAOUIBHOCTI PMHKY B KpalHaX 3 IepexifiHOI0 eKOHOMIKOI0, 30KpeMa B AsepOalipkaHi.
Metropooria BM3HaYWIa CyTb TiOpMAHUX IIAXOHIB IO (IHAHCOBOIO MOJEMTIOBAHHA, AKi IOETHYIOTb KIaCU4HI
€KOHOMETPUYHI IHCTPYMEHTHM, TaKi K aBTOperpeciiiHa iHTerpoBaHa KOB3Ha CEpelHA Ta BEKTOPHA aBTOperpecis, 3
aJIropuTMaMu ITMOOKOro HaBYaHHA. B pesynbrari 6yno BCTaHOBJIEHO, IO 0OCAT TOpriB Ha bakuHCBKil (oHEOBIN
6ipxi 3pic 3 37 go 71 myipp MaHatiB y 2024 poi, BajoBMIl BHYTpIillHI IPORYyKT 3pic 3 72,4 o 126,3 Mypy MaHaTiB, a
piBeHb iH(’pn;{uiI sHMsMBCA 3 13,9 % y 2022 poni fo 2,2 % y 2024 poni. Yactka 6€3roTiBKOBIX omnepanin rnepepuuIa
90 %, a yac MDKOAHKIBCBKMX PO3PaXyHKiB CKOPOTMBCA [0 5-20 CeKyHJ| 3aBJAKIU BIIPOBaKeHHIO A3epOalipKaHCbKO]
MDKOaHKIBCbKOI ITaTDKHOI cucteMy. [HAeKC po3BUTKY iHpOpMAIiiHO-KOMYHIKaLifHMX TeXHOJOrilt 3pic Ha 7 %,
a iHfleKc BIOKpUTMX JaHMX 306UIbIIMBCA 3 56 1o 61 6ana, CTBOPUBIIY OCHOBY A edpekTUBHOI NV(PPOBOI aHATITUKIL.
JocrmimpkeHHA mokasaio, 1o epeKTUBHICTb BeMKIX MOBHIX MOJienell 6y/a 0OMe>KeHa HU3bKOIO IIPO30picTIo GpiHaHCOBOT
3BITHOCTI, HaABHiCTIO /MIe 26 KOMIIaHiil, 3apeecTpoBaHUX Ha GOHMOBIN Oipxi, Ta iHeKCOM CHPUITHATTA KOPYILil Ha
piBHi 22-23. [IpakTyyHe 3HAYeHHA IIbOT0 JOCIII/PKEHHA IIOJIATA€ B TOMY, LIIO JI0T0 pe3y/IbTaTy MOXKYThb Oy TV BUKOPUCTaH]
(iHaHCOBMMU aHATITMKaMU, YPALOBMMI OpraHaMy Ta OQHKiBCBKMMIY peryraropaMu B AsepOaiiiKaHi Jjid po3poOku
cTpareriit unupposoi TpaHcpopMaii piHaHCOBOro ceKTOPY Ta BIIPOBA[PKEHHA aHATITUYHNUX CUCTEM Ha OCHOBI BeIMKIX
MOBHUX MOfienein
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Abstract. The aim of this study was to examine how the implementation of Internet of Things (IoT) technologies
influences economic performance by evaluating their effects on efficiency, cost reduction, and the transformation of
business processes. The methodology relied on theoretical analysis of scientific sources, content analysis of technical
descriptions, comparative evaluation of corporate cases, and sector-specific analytical approaches. The results
showed that the IoT provides a substantial and stable increase in efficiency across sectors. In industry, digitalisation
reaches 57.5%, manual actions decrease by 40-60%, and labour costs fall by about 25%. Predictive maintenance
lowers unplanned downtime by 25-35% and raises productivity by 20-30%. In logistics, intelligent routing reduces
transportation costs by 10-25% and delivery time by 20-25%. In agriculture, drones and sensors cut agrochemical
use by 30-45% and water consumption by up to 90%, with yields increasing by 15-30%. In the energy sector, smart
meters reduce electricity consumption by 2.5-3.5% and Smart Grid systems reduce network losses by 15-25%. At
the macro level, the digital economy in Organisation for Economic Cooperation and Development countries grew
2.5 times faster than gross domestic product, while a 10-percentage-point increase in IoT connectivity raised total
factor productivity by 0.23 percentage points. The study also identified barriers to implementation, including limited
interoperability, missing standards, security risks, a shortage of specialists, unstable regulation and high investment
and operating costs with uncertain returns. Enterprises and public institutions to improve efficiency and optimise
resource use can apply the results
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Economic aspects of projects...

Introduction

The expansion of connected devices and data-driven au-
tomation is transforming production systems, urban in-
frastructure, logistics, healthcare, and consumer services.
As companies intensify the deployment of sensor net-
works, cloud platforms, and intelligent monitoring tools,
the economic consequences of these transformations be-
come increasingly significant. In the digital environment,
a gap persists between the rapid diffusion of technologies
and the readiness of economic and social systems to in-
tegrate them. K. Abdullayev et al. (2024) showed that,
despite notable progress in Azerbaijan’s digital infrastruc-
ture, challenges remain-uneven Internet access, limited
digital literacy, cyber risks and the need for stronger regu-
latory mechanisms. The authors noted that infrastructure
upgrades, expanded e-services, digital public administra-
tion and support for innovation can accelerate economic
development and modernise business processes. T. Gu-
luzade (2025) highlighted that technological renewal in
Azerbaijan is uneven, with regional disparities, a shortage
of specialists, and increased cybersecurity demands, yet
state strategies, e-government, fintech growth, wider tel-
ecommunications networks and platforms such as Azer-
baijan Service and Assessment Network and myGov have
significantly improved transparency and reduced admin-
istrative burdens. T.T. Aslanova et al. (2024) emphasised
that expanding digital platforms, innovative technologies
and e-government tools enhances productivity, reduces
shadow activity, strengthens business competitiveness,
improves financial mechanisms and simplifies adminis-
trative procedures.

In economic systems, a gap persists between the rapid
spread of Internet of Things (IoT) technologies and the
capacity of institutions and businesses to integrate them
into production and management. D. Singhal et al. (2024)
showed that IoT reshapes economic processes by increas-
ing the role of data, intelligent systems and automated
monitoring, altering cost structures and enabling pro-
ductivity gains in finance, transport, logistics, agriculture,
energy and urban services. The authors demonstrated
that IoT reduces downtime and operating costs, improves
service quality and optimises resource use, with notable
effects in predictive maintenance, secure transactions,
smart city infrastructure, precision agriculture and auto-
mated energy management. C. Huang et al. (2024) high-
lighted that IoT transforms household and infrastruc-
ture systems by enhancing energy efficiency, lowering
operational expenses and creating opportunities for new
technology-driven employment. Despite technological
progress, IoT adoption in construction remains slow due
to fragmented management and weak standardisation.
M. Massoud et al. (2025) showed that IoT integration in
sustainable construction is constrained by technical in-
compatibility, security limitations, organisational unpre-
paredness and skill shortages; using Exploratory Factor
Analysis, Structural Equation Modelling (SEM) and Ar-
tificial Neural Network (ANN), the authors identified five

barrier groups: connectivity difficulties, knowledge gaps,
limited resources, organisational uncertainty and insufhi-
cient competencies.

In the context of digital transformation, there are sig-
nificant challenges in ensuring consistency between the
rapid development of technologies and the ability of organ-
isations to integrate e-commerce tools, Radio Frequency
Identification, automated systems, IoT and mobile plat-
forms into daily operations. The study by K. Yogen Sevak
& B. George (2024) demonstrated that the growing role of
digital technologies is significantly changing the econom-
ic interaction between producers, consumers and logistics
structures. The authors emphasise that IoT technologies,
artificial intelligence (AI), big data and blockchain are
shaping new models of value creation, increasing process
efficiency and contributing to the emergence of innovative
products and services.

In the field of IoT research, there is insufficient atten-
tion to how IoT technologies are changing circular econo-
my models and affecting the environmental and economic
performance of enterprises. X. Sun & X. Wang (2022), who
showed that the integration of IoT technologies enhances
operations related to life cycle design, green manufactur-
ing, recycling, and remanufacturing, which in turn im-
proves the environmental and economic performance of
enterprises, has already addressed the impact of IoT on
mechanisms for resource reuse, waste reduction, and busi-
ness sustainability. The authors demonstrated that IoT con-
tributes to more efficient management of resource flows,
increases transparency, and supports the implementation
of sustainable production systems. Further study is needed
to quantify the economic efficiency of digital and IoT solu-
tions, the long-term consequences of their implementation,
the impact on structural changes and behaviour of market
participants, issues of cybersecurity, standardisation, reg-
ulatory support, and factors that determine the readiness
of organisations for digital transformation. The purpose of
this study was to identify the key economic consequences
of the implementation of IoT technologies and assess their
impact on the efficiency, costs, and structure of modern
business processes.

Materials and Methods

The study was theoretical in nature and was based on a tar-
geted study of scientific literature, technical materials and
analytical sources describing the architecture, economic
characteristics and systemic effects of the implementation
of the IoT in various sectors of the economy. To form the
source sample, the criteria of relevance (2018-2025), scien-
tific verifiability, availability of technical descriptions and
economic parameters of IoT solutions were applied. The
analysis included scientific articles, technical reports, cor-
porate cases, and statistical reviews, and quantitative indi-
cators were used as illustrative material for the analytical
interpretation of the qualitative characteristics of technol-
ogies. The conceptual principles of the functioning of IoT
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in the digital economy were determined through the ana-
lytical interpretation of the scientific works of D. Tsipiani-
tis et al. (2025) and K. Do et al. (2025), which made it pos-
sible to reconstruct the logic of building sensor networks,
digital platforms, data flows and algorithmic modules, as
well as to clarify the role of IoT as a structural element of
economic digitalisation. The classification of IoT solutions
was examined using the materials of A1l Digital (2025)
through a structural-systematisation method, which ena-
bled the identification and grouping of key categories of
industrial, transport, energy, agricultural and urban sys-
tems, as well as the determination of their functional and
architectural characteristics relevant for production and
economic environments.

The economic characteristics of IoT projects were ex-
amined using the source N. Abebe et al. (2025) to identify
the underlying patterns of cost formation, reconstruct the
structure of integration and capital expenditures, and as-
sess the contribution of cybersecurity requirements to total
project costs, which enabled the development of a general-
ised cost model for IoT solutions. The efficiency and scaling
effects of JoT were examined using the structural-analyti-
cal method based on the conceptual framework of A. Ja-
rasuniené et al. (2023), which made it possible to generalise
how IoT influences productivity, operational performance
and cost dynamics as device networks and data volumes
expand. The life cycle of IoT projects was processed accord-
ing to S. Rathore (2025) by functional-structural analysis,
which made it possible to track the sequence of phases of
development, integration, operation and technical support,
as well as to determine at which stages the greatest econom-
ic effects occurred.

The level of automation achieved through IoT im-
plementation was evaluated using a quantitative con-
tent-analysis approach based on the data presented by
R. Daws (2025), which made it possible to identify the
extent to which manual operations decrease and digital
process integration expands after adopting IoT solutions.
The indicators of productivity change were identified using
a quantitative descriptive method applied to the data pro-
vided in S. Zoting & A. Shivarkar (2025). Environmental
benefits, including energy efficiency, emission reduction,
resource optimisation and the formation of circular mod-
els, were analysed according to A. Addas et al. (2024) using
a qualitative analytical method.

The industrial sector was examined using a sector-fo-
cused content-analysis method based on the publications
of A. Ramanenkava (2025) and Y. Sapra (2025), which
enabled the identification of IoT-driven mechanisms of
process automation, predictive maintenance, production
environment control and defect reduction by analysing
quantitative indicators of automation levels, downtime
reduction, labour cost savings and quality improvement
presented in these sources. Case materials Siemens Mind-
Sphere (Holmes, 2018) and Bosch (Ten years of Industry
4.0, n.d.) were used to reconstruct real practices of indus-
trial use of IoT. Transport applications were studied based
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on a comparative analysis of corporate cases Unilever
and DHL. This allowed to describe the principles of IoT
routing, dynamic adjustment of logistics routes, monitor-
ing of the technical condition of the fleet and monitor-
ing driver behaviour using the examples of Walmart and
Maersk (CodeXTeam, 2024). The use of materials Farnell
(Amazon - a prime..., n.d.) made it possible to recreate
the mechanisms of warehouse automation and digital in-
ventory, while the sources Huawei (Tianjin port: Build-
ing..., n.d.) allowed to investigate the operation of sensor
systems for monitoring port operations and managing
cargo flows. These cases were selected because they repre-
sent well-documented and illustrative real-world imple-
mentations of IoT across different sectors, allowing for a
comprehensive reconstruction of practical mechanisms
of automation, monitoring and digitalised logistics. In the
energy sector, a technical and organisational analysis was
applied using the Department of Energy Security of the
United Kingdom (2024) to describe the principles of op-
eration of “smart meters” and algorithms for automated
load management. The Siemens Energy case was analysed
to examine how IoT-based remote monitoring and auto-
mated maintenance workflows are implemented in real
industrial settings, enabling a deeper understanding of
practical mechanisms of equipment diagnostics and oper-
ational optimisation (Siemens energy builds..., 2024). For
the agricultural sector, an analytical-structural approach
was used based on Indeema (How are drones..., 2025),
which made it possible to describe sensor systems, IoT
drones, precision farming algorithms and crop monitor-
ing technologies. The analysis of urban infrastructure was
carried out through a technical-functional method using
materials of the AGC Lighting (2023), which provided
a characterisation of adaptive light emitting diode algo-
rithms and IoT integration with Heating, Ventilation, and
Air Conditioning systems.

Macroeconomic analysis was carried out using the
comparative analytical method based on O. Chang &
J. Hsiao (2025), which made it possible to evaluate the con-
tribution of digital technologies and IoT to GDP growth
in Organisation for Economic Cooperation and Devel-
opment (OECD) countries, the EU, the USA and China.
These regions were selected because they represent the
world’s largest and most data-rich digital economies, allow-
ing for reliable comparison of IoT-driven macroeconomic
effects. Report of the OECD (2024) was used to analyse
information and communication technologies (ICT) de-
velopment dynamics through the ICT index, while report
of the ITU (2025) served to assess how IoT penetration af-
fects productivity indicators. Publications by H. Edquist et
al. (2019) and H. Sloan (2024) were applied to reconstruct
and quantify the macroeconomic mechanisms of IoT influ-
ence — specifically, to analyse how changes in productivity,
cost structures, and resource efficiency translate into GDP
and total factor productivity growth, based on empirical
coefficients and macro-level estimations. The source by
Yu. Shamrei (2024) was used to identify and compare the
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economic sectors that generate the highest aggregate con-
tribution to GDP, which provided the basis for selecting
priority industries for deeper sectoral analysis.

The functioning of technical and organisational
barriers to IoT scaling was analysed using a regulato-
ry-analytical method involving international standards
IEEE 2413-2019 (2020), IEEE 802.15.4-2011 (2011), ISO/
IEC 27001:2022 (2022), and ISO/ IEC 30141:2024 (2024).
Additional aspects of cybersecurity and interoperabil-
ity were assessed based on the ISA/IEC 62443 series of
standards (n.d.) and ETSI EN 303 645 V3.1.3 (2024). The
identification of IoT implementation barriers was carried
out using a regulatory-analytical method, based on the in-
terpretation of empirical evidence and conceptual classifi-
cations presented in A. Alenizi & K. Al-Karawi (2023) and
S. Madanian et al. (2024). This approach made it possible
to systematise constraints into five key groups-technical,
cybersecurity, human-resource, regulatory, and economic
barriers-which served as the basis for further analysis of
risks and their influence on IoT scalability. The prospects
for sustainable IoT development were determined using a
conceptual and analytical method through the interpreta-
tion of the potential of circular models, energy optimisa-
tion, Smart Grid and AI integration.

Results

Theoretical and economic foundations

of the functioning of IoT technologies

The IoT is one of the key technological platforms of the
digital economy, which provides integration of physical
objects with digital systems using sensors, communication
modules and data processing algorithms. In the most gen-
eral definition, IoT is a network of interconnected devices
capable of collecting, transmitting and analysing informa-
tion without direct human intervention. This is a transi-
tion from the traditional model, where data was collected
periodically and manually, to an ecosystem of continuous
monitoring and automated decision-making. IoT provides
an environment in which real-world objects — from house-
hold appliances to industrial equipment - become active
participants in digital processes and form new economic
mechanisms of interaction (Tsipianitis et al., 2025).

The functioning of IoT is based on several basic princi-
ples: automated data collection using sensors, information
transmission via communication networks, data process-
ing in cloud or peripheral computing systems, generation
of control signals and integration with other digital plat-
forms. At the technological level, this means a combination
of hardware components (sensors, controllers, gateways),
communication protocols (Wi-Fi, Bluetooth, low-power
wide-area network, 5G), software (analytical platforms,
forecasting systems, visualisation modules) and cyber pro-
tection mechanisms. Such an architecture make it possi-
ble to form complex multi-level systems in which data is
transformed into a key economic resource that determines
the efficiency of processes, productivity and speed of deci-
sion-making (Do et al., 2025).

The classification of IoT covers several dimensions.
By scope of application, industrial IoT, household (smart
homes), transport (intelligent transport systems), medical,
agricultural, energy (Smart Grid) and urban (Smart City) are
distinguished. Each category has specific technical require-
ments and economic mechanisms, but they are united by
the ability to create added value through increased accuracy
of operations, automation, resource savings and integration
with other digital tools. From the point of view of architec-
ture, there are edge, cloud and hybrid IoT systems, which
differ in the way data is processed and the level of autono-
my. At the same time, in the digital economy it is important
to consider the classification by business models: subscrip-
tion-based service solutions, data-driven models, “product
as a service” and ecosystem platforms that connect man-
ufacturers, consumers and developers (Al Digital, 2025).

The economic characteristics of IoT projects are
formed at the intersection of three key dimensions: cost
structure, efficiency and scalability parameters, as well as
the features of the solution life cycle. Unlike traditional IT
projects, where the main emphasis is on software and li-
censes, in the case of IoT, a significant share of costs is made
up of physical devices (sensors, controllers, and gateways),
network components, integration with existing systems and
cyber protection. Initial investments include the purchase
of equipment, deployment of network infrastructure, con-
figuration of a platform for data collection and analytics,
integration with business processes, as well as personnel
training costs. Subsequent operating costs include mainte-
nance, firmware updates, security support, data storage and
processing in cloud or hybrid environments. As a result,
the cost structure of an IoT project combines a significant
amount of capital expenditure at the start with a gradual
increase in operating expenses during operation, which re-
quires the use of valuation models based on total cost of
ownership and taking into account the full life cycle of the
solution (Abebe et al., 2025).

The assessment of the effectiveness of IoT projects
is based on a combination of financial and non-financial
indicators. Key economic parameters include reduced
operating costs, reduced equipment downtime, increased
labour productivity, reduced resource losses, increased
revenue from new services, and improved customer ser-
vice. At the enterprise level, the effects of IoT implementa-
tion are manifested in more accurate planning, predictive
maintenance, logistics automation, energy-efficient man-
agement, and reduced risk of accidents or shortages. For
quantitative assessment, return on investment, net present
value, internal rate of return, as well as specialised met-
rics related to productivity and resource savings are used.
An important aspect is scalability: as the number of con-
nected devices and the volume of data expand, the average
cost per device and unit of data tends to decrease, while
the overall economic effect increases due to scale and net-
work effects. At the same time, scaling requires a reliable
network infrastructure, the ability of platforms to process
large amounts of data in real time, and the availability of
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standards that ensure the interoperability of devices and
systems (Jarastniené et al., 2023). As shown in Figure 1,
the structure of the economic characteristics of an IoT
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project is formed on the basis of cost, efficiency, and life
cycle parameters that determine the sustainability of the

Initiation &
justification

Design &
prototype

H

Deployment &
scaling

Operation &
maintenance

Upgrade or
disposal

solution in the long term.

Figure 1. IoT project life cycle

Source: compiled by authors based on S. Rathore (2025)

The life cycle of IoT solutions has its own characteris-
tics compared to classic IT projects. At the initiation stage,
goals are formulated, economic expectations are deter-
mined, architectural approaches and deployment models
(on premise, cloud, hybrid) are selected. This is followed by
design and pilot implementation, where technical viability
and basic economic effects are verified. At the large-scale
deployment stage, the IoT system is integrated with enter-
prise resource planning, customer relationship manage-
ment and other corporate platforms, a stable data flow is
formed for analytics and decision-making. In the operation
phase, update management, security, and maintenance of
sensor and network performance become key; it is at this
stage that the main part of the economic effect is gradu-
ally realised due to cumulative cost savings and increased
productivity. The final stage includes modernisation or re-
placement of outdated devices, migration to new protocols
and platforms, as well as disposal of equipment taking into
account environmental requirements.

The economic characteristics of an IoT project are
therefore determined not only by the initial costs, but also
by how effectively the solution is integrated into the dig-
ital infrastructure of the enterprise, how quickly it scales
and what long-term benefits it generates at all stages of the
life cycle. That is why, in order to justify the feasibility of
implementing IoT, it is necessary to combine cost analysis,
efficiency assessment and life cycle modelling, taking into
account both direct financial results and strategic effects re-
lated to innovation and competitiveness. After implement-
ing IoT technologies, enterprises demonstrate an increase
in the level of automation, as IoT eliminates a significant
part of manual actions and allows them to be replaced by
digital processes. On average, after IoT integration, about
57.5% of operational processes are automated, although
in some companies this figure reaches 75% already during
the first year of use (Daws, 2025). The reduction in manual
operations is generally from 40% to 60%, which is due to
the transition to remote monitoring, automatic control and
predictive maintenance (Kurduban, 2024). The use of IoT
in combination with Al algorithms further enhances these
effects: for example, predictive maintenance has an imple-
mentation rate of 71%, I'T automation - 53%, which allows
enterprises to reduce the number of manual interventions
and achieve an increase in overall efficiency by 20-30%. The
real effect of automation is also manifested in cost savings,
in particular in reducing labour costs by about 25%.

One of the key areas of productivity improvement is
downtime reduction. Due to IoT-supported equipment
condition monitoring, enterprises reduce unplanned
downtime by an average of 25-35%. This is achieved by
early detection of anomalies, automatic call of techni-
cal teams and optimisation of the maintenance schedule
(Oxmaint, 2025). Predictive maintenance makes it possi-
ble to reduce the response time to malfunctions by 70%,
reduce repair costs by 50% and extend the service life of
equipment by approximately 20%. As a result, industrial
enterprises record up to 40% reduction in downtime and
20-30% increase in productivity due to stable equipment
operation and more accurate planning of production pro-
cesses (Zoting & Shivarkar, 2025).

IoT is also a central element in the development of ana-
Iytics, since the amount of data generated by devices ranges
from tens of terabytes to several petabytes per year within
one enterprise. The use of real-time analytics provides an
average increase in productivity by 10-30%, a reduction
in scrap rates by 18%, an increase in production output by
10-15%, and optimisation of logistics and warehouse op-
erations (ARQ, 2023). Due to this, IoT creates conditions
for the formation of data-driven decision-making models
that increase the adaptability of enterprises and accelerate
innovation processes (Tely Al Team, 2025).

The spread of IoT is changing the logic of business
functioning and stimulating the development of new busi-
ness models. In the EU and the United States, from 20%
to 30% of companies use subscription models (subscrip-
tion IoT), and the global service market is estimated at
USD 293.4 billion in 2025 with a forecast growth to USD
1.86 trillion by 2035. The development of models such as
“product-as-a-service” enhances the economic flexibility of
enterprises and ensures long-term revenue growth, in par-
ticular due to the high profitability of data-driven services
(Future Market Insights, 2025a).

In the context of global trends of sustainable develop-
ment, IoT provides tangible environmental benefits. Op-
timisation of transport routes based on IoT reduces CO,
emissions by 10-20%, while the use of optimisation algo-
rithms, including Hybrid Genetic Algorithms, allows for
a reduction of up to 23% (Bar, 2025). Smart energy tech-
nologies reduce energy consumption of enterprises, reduce
losses and increase the efficiency of resource use. One of the
most dynamic areas is smart waste management: the global
market for such solutions is estimated at USD 3.17 billion
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in 2025 with a forecast of growth to USD 14 billion by 2035
(Future Market Insights, 2025b). The use of bin fullness
sensors and automated sorting can reduce waste volumes
by 20-45%, improve collection logistics efficiency by 32%,
and increase waste recycling rates by 25-45% (Addas et
al., 2024). These results confirm that IoT is becoming not
only a tool for economic transformation, but also a key
technology for shaping energy-efficient, low-carbon, and
circular development models.

In summary, the economic properties of IoT imple-
mentation form a complex multiplier effect, which is man-
ifested simultaneously at the level of costs, productivity,
management decisions and environmental performance.
The combination of automation, predictive analytics and
scalable digital infrastructure creates a new model of en-
terprise functioning, in which data becomes the basic re-
source for creating value. Reducing manual operations,
reducing downtime, increasing the accuracy of process-
es and flexibility of business models provide enterprises
with both short-term savings and long-term strategic ad-
vantages, in particular, resistance to market fluctuations,
faster adaptation to technological changes and the forma-
tion of new sources of income. Thus, IoT is transformed
from a separate technological tool into a system-forming
platform for economic development, which changes the
logic of production, management and competition in the
digital economy.

Economic impact of implementing IoT projects

at the micro and macro levels

The IoT is demonstrating significantly different but system-
atically positive economic returns in key sectors - industry,
logistics, energy, agro-industrial complex, urban infra-
structure and healthcare. The impact of IoT is manifest-
ed through process automation, predictive maintenance,
resource optimisation, defect reduction, cost reduction,
improved asset management, reduced transaction time
and increased decision-making accuracy. At the same time,
specific economic effects are observed in each sector, deter-
mined by the nature of operations, level of digital maturity,
scale of equipment and density of data flows. In industry,
IoT is one of the main catalysts for the transition to “smart
factories”. One of the key effects is automation: enterprises
that have implemented IoT automate an average of 57.5%
of operational processes, and some - up to 75% within the
first year, which leads to a reduction in labour costs by 25%
and an increase in productivity by 20-30% (Ramanenka-
va, 2025). The reduction in manual operations reaches
40-60%, and unplanned downtime is reduced by 25-50%
due to predictive maintenance, which is also rarely possible
without IoT-based equipment monitoring. Companies that
have integrated IoT into quality and control of production
environments record a reduction in product defects by 25-
50%, and in some cases up to 70%, while the use of robotics
connected to IoT sensors provides flexible reconfiguration
of production scenarios, increases accuracy and reduces
losses (Sapra, 2025).

Examples of corporate cases confirm the scale of the
effects. Siemens MindSphere provides an improvement in
overall equipment effectiveness from a baseline of 40-50%
to 60-85%, an increase in production up to 25%, and a re-
duction in defects due to the closure of the quality man-
agement loop (Holmes, 2018). Bosch demonstrates an in-
crease in production efficiency by 25-30%, an increase in
equipment productivity by 15-20%. (Ten years of Industry
4.0, n.d.). Thus, for the industrial sector, IoT is a mecha-
nism for generating economies of scale, which manifests
itself simultaneously at the capital expenditure and operat-
ing expenses levels.

In transport and logistics, IoT also has a significant
economic impact associated with cost reduction, route op-
timisation, and increased delivery speed. IoT routing re-
duces transportation costs by an average of 10-25%, while
dynamic traffic optimisation reduces fuel consumption
by 10-15% and reduces repair costs caused by accidents
and wear and tear by monitoring driver behaviour and
fleet condition. Unilever demonstrates a 25% reduction
in delivery times through the use of IoT and Al route op-
timisers, DHL - 20% reduction in delays, while Walmart
and Maersk - from 10% to 25%, depending on transpor-
tation models (CodeXTeam, 2024). Amazon Web Services
IoT provides full automation of order processing, inventory
management, and delivery monitoring: order reprocessing
is reduced, picking is accelerated, and inventory accuracy
is significantly improved by integrating sensors into ware-
house operations (Amazon - a prime..., n.d.). Huawei’s
IoT connectivity enables real-time equipment and cargo
monitoring, rapid fault detection, and automatic adjust-
ment of port operations, reducing ship downtime by 7%
and shortening operation planning time from 24 hours to
10 minutes (Tianjin port: Building..., n.d.).

In the energy sector, IoT provides a significant reduc-
tion in energy consumption and increases the efficiency of
network management. The use of “smart meters” allows
households to reduce electricity consumption by 2.5-3.5%,
and in some cases up to 3.4% in the first year, with the trend
continuing in subsequent years. Automated Smart Grid
management reduces losses in networks by 15-25%, reduces
peak loads by 10-25%, improves reliability and reduces the
duration of emergency shutdowns (Department of Energy
Security of the United Kingdom, 2024). Siemens Energy
demonstrates a reduction in manual data collection time by
50%, maintenance costs by 25%, and equipment availability
increases by up to 15% (Siemens energy builds..., 2024).

The agro-industrial complex receives significant eco-
nomic benefits through the use of IoT drones, sensor sys-
tems and analytics. Targeted application of agrochemicals
using IoT drones reduces pesticide and fertiliser use by
30-45%, while crop yields increase by 15-30% through
point-to-point monitoring of crop conditions. Water con-
sumption is reduced by up to 90% in precision irrigation
systems, and crop forecast accuracy increases to 85-90%,
providing better stability of the production cycle and mini-
mising financial risks (How are drones..., 2025)
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Urban infrastructure benefits from IoT through energy
optimisation, reduced data processing time, and improved
quality of municipal services. IoT lighting reduces elec-
tricity consumption by 30-75%, depending on the level of
light emitting diode integration and adaptation algorithms,
while integration with Heating, Ventilation, and Air Con-
ditioning provides additional 20-40% savings (AGC Light-
ing, 2023). Edge data processing speeds up city services by
70-71%, optimising response to critical events. In waste
management, loT provides fuel savings of 25-40%, reduces
the number of routes by 25-30%, reduces waste going to
landfills by 10-30%, and increases the accuracy of sensor
monitoring to 95% (Pioli et al., 2024). In healthcare, IoT
is helping to radically improve diagnostic accuracy, reduce
costs, and improve the quality of care for chronic patients.
The interaction of wearable medical devices with hospital
systems provides monitoring accuracy of 87-95%, and the
sensitivity of condition detection algorithms is up to 94-
95%. Implementation of Remote Patient Monitoring reduc-
es readmissions by up to 38%, saving about USD 6,500 per
patient per year.

As a result, IoT creates a comprehensive economic
effect in every sector of the economy, forming a synergy
of technological automation, resource optimisation and
intelligent management. Industry receives the greatest ag-
gregate economic growth through automation and reduced
downtime; logistics — due to a significant reduction in costs
and accelerated deliveries; energy — through network op-
timisation and reduction of peak loads; the agricultural
sector — through the accuracy of forecasts and resource
savings; cities — through reduced energy consumption and
improved operational efficiency; healthcare - through in-
creased monitoring accuracy, early diagnosis and reduced
hospitalisations. Thus, IoT is not only a tool for techno-
logical modernisation, but also one of the key drivers of
increased productivity, innovative dynamics and economic
sustainability at the national and global levels.

Digital technologies and IoT significantly contrib-
ute to GDP growth across countries and regions such as
OECD members, the EU, the USA, and China, although
the extent and nature of this impact vary. In OECD coun-
tries, the ICT sector has grown approximately three times
faster than the overall economy between 2013 and 2023.
During this period, the ICT sector demonstrated an aver-
age annual growth rate of 6.3%, which further increased
to 7.6% in 2023. This sector remains a key driver of global
economic expansion; however, the adoption of advanced
technologies such as Al and IoT in non-ICT industries is
still limited. This indicates significant untapped potential
for accelerating economic performance through broader
technological diffusion. At the same time, investments in
AT continue to rise, strengthening the economic relevance
of digital technologies in OECD (2024) economies. In
the United States, GDP growth in early 2025 was strongly
driven by investments in Al data centres and IT infrastruc-
ture, confirming the central role of digital technologies in
maintaining economic momentum. The North American
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IoT market accounts for a substantial share of global
spending on IoT devices and solutions, underscoring its
contribution to productivity increases and sector-specific
efficiencies (Chang & Hsiao, 2025).

Globally, IoT applications are estimated to generate tril-
lions of dollars in annual economic value, with projections
reaching up to USD 11 trillion by 2030. Industrial IoT alone
could add approximately USD 14.2 trillion by 2030, particu-
larly benefiting manufacturing and healthcare by boosting
operational efficiency and introducing new value-creation
mechanisms. Although the provided sources contain limit-
ed specific data for China, the country’s well-documented
large-scale investments in IoT, A, and digital infrastruc-
ture indicate that these technologies substantially support
national GDP growth by enhancing industrial productiv-
ity, advancing smart city programmes, and expanding the
digital economy in line with global trends (Shamrei, 2024).
Opverall, digital technologies and IoT contribute signifi-
cantly to GDP dynamics by accelerating ICT sector devel-
opment, enabling Al-supported efficiency improvements,
and transforming industries through connected systems.
OECD countries and the USA benefit from both direct
ICT sector expansion and the broader potential associated
with increased technology diffusion, while the global econ-
omy is positioned to experience continued growth as IoT
transforms production and service ecosystems. Connec-
tivity, as a foundational component of IoT, demonstrates a
measurable macroeconomic effect. A 10% increase in fixed
or mobile broadband penetration is associated with about
a 1.5-1.6% rise in GDP per capita. This effect tends to be
stronger in advanced economies due to larger digitalisa-
tion scale effects. In the United States, the digital economy
represents roughly 18% of GDP as of 2024, contributing to
rapid job creation, innovation, and productivity growth.
Opverall, the global digital economy is growing approxi-
mately 2.5 times faster than global GDP, with IoT function-
ing as a central mechanism for transitioning toward more
connected and data-driven economic models (ITU, 2025).

Changes in productivity, efficiency, and cost struc-
tures resulting from IoT implementation are reflected in
macroeconomic indicators such as GDP growth and to-
tal factor productivity. A 10-percentage-point increase in
IoT connections per capita correlates with approximately
a 0.23-percentage-point increase in total factor produc-
tivity growth, which directly raises economic output. Re-
cent assessments estimate that IoT contributes about USD
849 billion annually to global GDP through productivity
gains (Edquist et al., 2019). IoT improves productivity by
optimising resources, enabling predictive maintenance,
streamlining workflows, and reducing energy consump-
tion-particularly in manufacturing, healthcare, and urban
infrastructure. These efficiency gains lower operating costs,
reduce capital intensity, and encourage innovation, collec-
tively increasing GDP and strengthening economic com-
petitiveness. A 10% rise in machine-to-machine interac-
tions (an indicator of IoT growth) could increase US GDP
by USD 2.3 trillion over the next 30 years. Notably, IoT’s
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indirect impacts — productivity spillovers and cross-sector
complementarities — further amplify these macroeconomic
benefits (Sloan, 2024).

Sectors generating the largest contributions to GDP
through IoT include manufacturing, transport, healthcare,
energy, and services. Manufacturing remains the leading
contributor, with industrial IoT offering economic po-
tential of USD 1.2-3.7 trillion by 2025 through improved
monitoring, predictive maintenance, and supply chain
optimisation. The transport and automotive sectors also
gain substantially due to IoT-enabled fleet management
and connected vehicle technologies, with the automotive
IoT market expected to exceed USD 500 billion by 2025.
Healthcare represents another major contributor, with the
IoT healthcare market projected to reach USD 534 billion
by 2025 as connected devices improve diagnostics and re-
duce costs. In the energy sector, smart grids and IoT-based
monitoring significantly enhance energy efficiency and
resource management, generating considerable economic
value, including estimated electricity savings of 1.8 peta-
watt-hour in the US by 2030. Service industries, including
retail and smart cities, also experience substantial benefits
from IoT applications that streamline operations and im-
prove infrastructure management (Shamrei, 2024). In sum-
mary, the largest GDP contributions from IoT come from
manufacturing and transport, followed by healthcare and
energy, while service sectors add value through innovation
and infrastructure improvements. IoT acts as a powerful
driver of productivity, investment, and efficiency gains
across economies, strongly influencing GDP and national
competitiveness at the macroeconomic level.

Barriers, risks and prospects

for scaling IoT in economic systems

The implementation of IoT systems is becoming crucial for
the transformation of enterprises and sectors of the econ-
omy, but the scaling of such solutions is accompanied by
a number of technical, organisational, institutional and
economic barriers. In practice, IoT projects are complicat-
ed by the lack of common standards, low compatibility of
equipment, high requirements for cyber security, a short-
age of qualified specialists and the need to adapt internal
business processes. At the same time, state regulation and
international standards form the framework conditions for
the functioning of IoT, and the economic risks of integra-
tion stimulate the development of models for minimising
uncertainty. In the medium and long-term development
horizon, IoT becomes a key basis for circularity, energy op-
timisation and strategic growth of the economy.

Technical and organisational barriers are the most dif-
ficult, as they are manifested directly in operational activi-
ties. One of the central challenges is interoperability: sensor
and platform manufacturers often use different communi-
cation protocols, which complicates system integration,
creates data duplication and requires additional adapters
or gateways. The low level of standardisation slows down
the scaling of solutions and increases the dependence of

businesses on individual vendors. In parallel, the impor-
tance of cybersecurity is growing: the increase in the num-
ber of connected devices opens up a wider “attack field”, and
therefore requires advanced methods of encryption, au-
thentication and network segmentation. Many companies
also face stafing constraints, as IoT integration requires
specialists in related competencies — network engineering,
cyber security, big data analytics, development and opera-
tions. In addition, organisational barriers are manifested in
the need to reorient internal processes, rebuild asset man-
agement systems and train personnel, which increases the
time and financial cost of the transition to IoT. Integration
of IoT into business processes is always accompanied by
economic risks. Investment risks are formed due to the
high cost of equipment, the need to modernise network
infrastructure, costs for cyber security and operational
updates. Additionally, there are security risks associated
with possible cyberattacks, interference with production
equipment or unauthorised access to critical data. The risk
of not achieving economic effect is due to the fact that the
effectiveness of IoT depends on the quality of sensors, algo-
rithms, integration with enterprise resource planning and
customer relationship management systems, staft readiness
and digital culture of the enterprise. In practice, various
models of risk minimisation are used in implementation:
phased scaling of minimum viable product (solutions, test-
ing on local sites, cloud models for reducing capital costs,
cybersecurity frameworks and hybrid architecture with the
distribution of critical functions between edge and cloud
(Gerodimos et al., 2023).

The technical barriers to IoT implementation are large-
ly determined by the lack of interoperability and the lack of
a unified technical framework, which makes it difficult to
scale systems at the enterprise and industry level. Interna-
tional standards play a key role in overcoming these limita-
tions. In particular, ISO/IEC 30141:2024 (2024), developed
by ISO and the IEC, forms a universal reference architec-
ture for IoT, which defines the levels of device interaction,
data exchange requirements and logic of functional mod-
ules. Its compliance ensures the coordinated creation of
IoT platforms and interoperability between manufacturers.
An important component of technical interoperability are
wireless communication standards, in particular the IEEE
802.15.4-2011 (2011), developed by IEEE. It defines the
basic parameters of data transmission in low-power net-
works, on which Zigbee, Thread and Pv6 over Low power
Wireless Personal Area Networks (6LoWPAN) technolo-
gies are based, which form the basis for sensor networks
of smart homes, meters and industrial sensors. For broader
system coordination, IEEE 2413-2019 (2019) is also used,
which describes a conceptual model of interaction between
various IoT solutions and platforms, ensuring interopera-
bility and data consistency.

The problem of security standardisation should be
noted separately, since most IoT projects operate in condi-
tions of large-scale data processing, constant network con-
nectivity and high vulnerability to cyberattacks. The key
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standard in this direction is ISO/IEC 27001:2022 (2022),
which defines requirements for information security man-
agement systems, including risk assessment, encryption, ac-
cess control and verification of environmental reliability. In
the industrial sector, the basis of cyber security is formed by
ISA/IEC 62443 series of standards (n.d.) (Industrial Com-
munication Networks - IT Security for Industrial Automa-
tion Systems), which sets requirements for network segmen-
tation, protection of controllers, Supervisory Control and
Data Acquisition (SCADA) and other automation systems.

In the consumer sector, the basic standard is the ETSI
EN 303 645 V3.1.3 (2024), which prohibits the use of
standard passwords, regulates firmware updates, encryp-
tion and protection of personal data. Institutional barriers
are also associated with the lack of harmonised regulatory
regimes. International standards provide the basis, but the
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implementation of IoT requires state coordination mech-
anisms, adaptation of regulatory frameworks and estab-
lishment of requirements for security and interoperability.
National regulatory frameworks should be based on inter-
national standards to ensure the rapid implementation of
innovations, and include institutional incentives for infra-
structure modernisation. In this regard, the technical, or-
ganisational and regulatory aspects of IoT implementation
are interconnected. International standards - ISO/IEC
30141, ISO/IEC 27001, IEC 62443, IEEE 802.15.4, IEEE
P2413 and ETSI EN 303 645 V3.1.3 (2024) - form the ba-
sic framework for interoperability, security, architectural
consistency and compliance of technological systems, en-
suring the scalability of IoT at the level of industry, energy,
agriculture and urban infrastructure. The main barriers
and risks are highlighted in Table 1.

Table 1. Key barriers and risks of IoT system implementation

Barrier group Nature of the barrier Impact on implementation Typical consequences
Technical Low interoperability, lack of standards Complicated integration _ Data duphc.atlon,
increased project costs
Cybersecurity Attack risks, weak network segmentation High protection requirements | Process shutdowns, data leaks

Shortage of IoT/ development and

Human resources . : 1
operations/security specialists

Slower scaling Rising project costs

Regulatory Instability of requirements, bureaucracy

Slower implementation Certification delays

High capital expenditure/operating expenses,

Economic : 2
uncertain return on investment

Risk of not achieving

Low profitability at early stages the expected effect

Source: compiled by authors based on A. Alenizi & K. Al-Karawi (2023), S. Madanian et al. (2024)

The prospects for sustainable development of IoT are
determined by the fact that this technology becomes the
core of the circular economy, energy optimisation and
low-carbon transformation. The circular economy involves
closed material cycles, resource reuse, waste reduction and
increased logistics efficiency. IoT provides detailed moni-
toring of the life cycle of products, control of storage con-
ditions, traceability and sensor-based control of equipment
wear, which reduces the resource intensity of production.
In the energy sector, IoT provides the ability to integrate
distributed generation, optimise loads, flexible network
management and transition to intelligent Smart Grids.
Emissions monitoring systems, energy consumption anal-
ysis and microgeneration plant management contribute to
the low-carbon transition and environmental sustainabili-
ty. At the micro level, key strategic trajectories are increas-
ing the operational efficiency of enterprises, automation of
logistics, optimisation of production processes, real-time
asset management and implementation of predictive main-
tenance models. Enterprises are moving to digital twins,
robotic processes, and data flow analytics, and comprehen-
sive automation, which can reduce costs, improves prod-
uct quality, and reduces waste. In urban infrastructure, IoT
opens up prospects for intelligent mobility, energy-efficient
construction, automated traffic management, pollution re-
duction, and utility optimisation (Rejeb et al., 2022).
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At the macro level, IoT is becoming one of the key
drivers of national competitiveness. Countries with a
high rate of digitalisation, in particular China, European
Union countries, Japan, the Republic of Korea, Taiwan,
China, and the United Kingdom, demonstrate accelerat-
ed GDP growth, active development of high-tech exports,
and increased investment in digital infrastructure. IoT
scaling contributes to productivity growth, increases the
efficiency of economic sectors, enhances innovation capa-
bilities, and creates conditions for the expansion of digital
markets. The combination of institutional support, uni-
fied standards, and strategic investments in digital ecosys-
tems provides countries with the ability to make techno-
logical breakthroughs and strengthen economic resilience
(World Bank Group, 2024).

As a result, the barriers to IoT implementation are
multidimensional and cover technical, organisational,
institutional, and economic dimensions. However, a sys-
tematic approach to overcoming them, combining stand-
ards, cyber security, institutional incentives, and strategic
planning, provides the opportunity for large-scale inte-
gration of IoT into all levels of the economy. Sustainable
development, digital transformation, and energy optimi-
sation are shaping new conditions in which IoT is not just
a technology, but also a fundamental infrastructure for
economic and social progress.
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Discussion

The rapid spread of digital solutions has gradually changed
economic dynamics, affecting both the structure of pro-
duction and resource management mechanisms. Various
scientific approaches to digitalisation shared a common
theme: digital technologies have become the foundation
of economic modernisation. This was clearly evident in
the results of this study and in the conclusions of R. Li &
J. Zheng (2025), where the digital economy was assessed
as a factor in increasing productivity and transitioning to
higher quality production. In both works, digital solutions
enhanced innovation and rationalised the use of resources,
although the emphasis differed. R. Li & J. Zheng (2025) fo-
cused on the manufacturing sector and identified the role
of digital literacy and manufacturing agglomeration as fac-
tors that modified the strength of the effect, while in this
study, the effectiveness of IoT was traced in an inter-sec-
toral context without modelling such moderators.

The differences became more pronounced when
compared to the study by K. Bai et al. (2024). In K. Bai et
al. (2024) the digital economy emerged as a tool not only
for modernisation, but also for increasing inclusiveness
and equalising socio-economic opportunities, while in this
study, the sectoral and applied dimensions dominated -
analysis of automation, reduction of downtime, resource
savings, and productivity gains. K. Bai et al. focused on
institutional barriers and digital inequality, while here the
main constraints were technical and organisational factors
of JoT integration. Despite this, both studies demonstrat-
ed that digital solutions shaped a renewed model of eco-
nomic efficiency. The contrast was even more pronounced
when compared to Y. Liu et al. (2024). Y. Liu et al. viewed
digitalisation through the prism of socioeconomic equal-
ity-income growth, reduced inequality, and expanded
opportunities for rural areas. In this study, digitalisation
had a different research perspective: [oT was evaluated in
terms of its impact on productivity, cost dynamics, and the
overall efficiency of economic processes, without analysing
socio-distributional outcomes. Despite this, both studies
confirmed that digital technologies triggered mechanisms
of structural change.

A similar correlation was observed in comparison
with J. Ding (2024). J. Ding analysed the digital economy
in interaction with new infrastructure - 5G, Al, transport
and energy networks —, which created a large-scale eco-
nomic multiplier effect. This study focused on sectoral
IoT mechanisms, which allowed for a detailed analysis of
specific technical and economic benefits, but did not cover
the infrastructural and social dimensions characteristic of
J. Ding’s approach. Despite different horizons of analysis,
both works saw digitalisation as the basis for productivity
and innovation. A comparison with X. Wang et al. (2024)
showed that digital technologies in all the studies analysed
formed the basis for economic renewal, but X. Wang et
al. emphasised socio-economic transformations — changes
in employment, the role of human capital, and institutional
prerequisites for development. Here, the analysis was based

on an assessment of sectoral technical results, which distin-
guished the study in terms of its analytical horizon, but not
in terms of the overall logic of its conclusions.

A comparison of this study with the results of X. Wang et
al. (2024) showed that, regardless of the scale of the analysis,
digital technologies consistently demonstrated the ability
to enhance productivity and reduce transaction and oper-
ating costs. However, further consideration revealed signif-
icant differences in the interpretation of these processes. In
X. Wang et al. (2024) digitalisation was part of a broader
socio-economic transformation that included changes in
the labour market, human capital development, and insti-
tutional prerequisites for structural reforms. Here, digital
solutions were evaluated in more applied context-through
real changes in operational processes, automation, re-
duced downtime, and total factor productivity growth in
specific sectors. The focus on social effects, characteristic
of X. Wang et al. (2024) was not central to this study. This
division between the macro and applied levels was also
clearly evident in comparison with A.F. Kineber (2024). In
A.E Kineber, the digital economy was viewed primarily as
a strategic resource for national development, influencing
investment flows, market structure, and the transformation
of business models. In contrast, in this study, digitalisation
emerged through the direct technical and economic effects
of IoT, which manifested themselves in cost reduction, re-
source optimisation, acceleration of production cycles, and
stable productivity growth at the enterprise and sector lev-
els. Both approaches emphasised the modernisation poten-
tial of digital technologies, but differed in the scope of their
analytical perspective.

The contrast in research perspectives became even
more noticeable when compared with C. Zhang et
al. (2024). C. Zhang et al. analysed digitalisation as a
factor in regional equalisation, sustainable development,
and environmental efficiency. The researchers integrated
the digital economy into the broader context of spatial
disparities and institutional differences, emphasising the
ability of digital technologies to reduce inequality and
stimulate innovative activity in cities. In the same study,
digital infrastructure manifested itself through other
mechanisms - by increasing the accuracy of management
decisions, optimising resource flows, and reducing pro-
duction losses in sectoral systems. The environmental and
regional impacts of digitalisation were not included in
the analysis. The generalisation of the comparative results
showed that digital technologies in all considered ap-
proaches formed the basis of economic renewal, although
the interpretation of this process differed depending on
the research optics. In some works, digitalisation ap-
peared as an element of large-scale socio-economic trans-
formations, while in this study, applied analysis of sectoral
effects of IoT - automation, cost optimisation and pro-
ductivity growth — dominated. Despite differences in fo-
cus, all comparisons confirmed that digital infrastructure
remained a key factor in long-term growth, innovation
and sustainability of economic systems.
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Conclusions

The research systematised the key theoretical and eco-
nomic principles of the IoT as a foundational technolo-
gy of the digital economy. Analysis of scientific sources
showed that IoT creates a new architecture of econom-
ic processes by integrating sensor networks, real-time
algorithms, communication platforms and analytical
modules into a unified digital environment. The classi-
fication of IoT solutions demonstrated their wide appli-
cability, while the evaluation of economic characteris-
tics revealed that the cost structure is shaped mainly by
capital investments, integration and cybersecurity. The
analysis of the IoT life cycle confirmed that the strong-
est economic effects emerge during the operational stage
due to resource savings, predictive maintenance and au-
tomated management.

The sectoral analysis showed that IoT has a multidi-
mensional impact on economic efficiency. In industry, au-
tomation after IoT implementation ensures about 57.5%
digitalisation of operations, reduces manual actions by
40-60% and lowers labour costs by nearly 25%. Predictive
maintenance decreases unplanned downtime by 25-35%,
and sometimes up to 40%, increasing productivity by 20-
30%. In logistics, IoT-based routing reduces transporta-
tion costs by 10-25% and fuel consumption by 10-15%.
In the energy sector, smart meters reduce consumption
by 2.5-3.5%, while Smart Grid decreases network losses
by 15-25%. In agriculture, IoT drones lower agrochemi-
cal use by 30-45%, cut water consumption by up to 90%
and increase yields by 15-30%. In urban infrastructure,
IoT lighting reduces energy consumption by 30-75%, and
heating, ventilation, and air conditioning integration adds
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20-40% savings, confirming the decisive role of IoT in
transforming operational models.

At the macroeconomic level, the study found that the
digital economy in OECD countries grew 2.5 times faster
than GDP, while a 10-pp increase in IoT connections raises
total factor productivity by 0.23 p.p. and generates a global
effect of about USD 849 billion annually. The largest mac-
roeconomic contribution comes from industry, transport,
healthcare and energy, while services also benefit from au-
tomation and new digital models.

The study additionally showed that IoT scaling is lim-
ited by interoperability issues, insufficient standardisation,
cybersecurity risks and shortages of qualified personnel.
Nevertheless, long-term prospects are linked to circular
economy models, energy system optimisation, Smart Grid
expansion, digital platforms and deeper integration of AL
A limitation of the study is that it relied on available ag-
gregated statistical data and secondary sources, which lim-
ited the depth of comparative analysis between individual
industries and countries. Further research could be aimed
at developing industry-specific models for assessing the ef-
fectiveness of IoT and deepening the analysis of long-term
economic effects across countries.
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AHoOTALLi. MeTo0 11bOro HOCTIIKeHHS 6y/I0 BUBYUTH, K BIIPOBaJKeHHsI TexHororiit [HTepHeTy peveit (IoT) BrmmBae
Ha €KOHOMIYHi IOKa3HMKM, OL[{HMBILIN iXHill BIUIMB Ha eeKTUBHICTD, 3HIDKEHHs BUTpAT Ta TpaHcopmalio 6isHec-
npoleciB. Meroponoris 6a3yBanacs Ha TeOpeTMYHOMY aHasIi3i HAyKOBUX Kepel, KOHTEeHT-aHa/li3i TeXHIYHUX ONNCiB,
MOPiBHA/IbHIN OIIiHILII KOPIOPAaTMBHMUX KeNCIiB Ta Taly3eBUX aHAMTWYHMX Iifxopax. Pesynbrarum mokasamm, mo IoT
3abesIeyye icTOTHe Ta cTabiIbHe MiBMIIeHHA e(DeKTMBHOCTI B yCiX ceKTopax. Y IpoMUCIOBOCTI LudpoBisawia gociarae
57,5 %, py4Hi Aii sMeHIIyI0TbCA Ha 40-60 %, a BUTpaTy Ha poOOUY CUIY 3HVDKYIOThCA Mpubnm3Ho Ha 25 %. IIpornosue
TeXHiuHe OOCTYTOBYBaHHA 3HIDKYE He3alUIaHOBaHI IpocToi Ha 25-35 % i migBuinye npopykTuBHIicTh Ha 20-30 %. Y
JIOTiCTUIIi iHTeNeKTyalbHe MapIIPyTU3yBaHHA 3MEHUIYE TPaHCHIOPTHI BuTpaty Ha 10-25% i 9ac gocTaBky Ha 20-25 %.
VY cinbchbKOMy TOCIIOAPCTBi IPOHM Ta IaATYMKM CKOPOYYIOTh BMKOPMCTAaHHA arpoxiMikaTiB Ha 30-45 % i cio>xMBaHHA
Bomu Jio 90 %, a BpoxxaitHicTh 36imbIIyeThCA Ha 15-30 %. B eHepreTMyHOMY CeKTOpi iHTelIeKTYaIbHi JIYMIBHUKA
3MEHIIYIOTD CIIOKMBAaHHA e/leKTpoeHeprii Ha 2,5-3,5 %, a cucremu Smart Grid 3MeHIIyIOTb BTpaTi B Mepexxi Ha 15-25 %.
Ha makpopiBHi 1judpoa exoHoMika B KpaiHax OpraHisalii ekoHOMIYHOTO CIiBpOOITHUIITBA Ta PO3SBUTKY 3pOCTasa B
2,5 pasu IIBYALIe, HDK BaJIOBUII BHYTPILIHIN IPORYKT, a 10-BifcoTkoBe 36iIblIeHHA MiIKII0YeHb 10 IHTepHeTy peveit
HiBUINVWIIO 3arajbHy IPORYKTUBHICTH (pakTOpiB BupoOHMITBA Ha 0,23 BiICOTKOBMX NYHKTH. JOCHIiKEHHS TaKOX
BUABIIO IIEPEIIKOAM /LA BIIPOBA/PKEHHA, 30KpeMa 0OMeXeHY CYMIiCHICTb, BiICYTHICTb CTAaHIAPTIiB, PU3MKIU Oe3IeKy,
HecTady (axiBIIiB, HecTabi/IbHe PeTy/IIOBaHHA Ta BYICOKI iHBeCTUILINIH] i1 ollepalliiiHi BUTpaTy 3 HeBI3HAYEHOIO BilIIadoIo0.
PesynbraTyi MOXXyTb OyTU 3aCTOCOBaHI IiJIIPMEMCTBAMM Ta AP >KaBHUMM YCTAaHOBAMU LA IiIBUINEHHSA eeKTUBHOCTI
Ta ONTUMi3allil BUKOPUCTAHHA PeCypPCiB

KAlo4oBi cAoBa: umdposa iHppacTpykTypa; CeHCOpHI Mepexi; faHi B peXuMi peasbHOrO 4acy; olnepariiiHa
edekTUBHICTD; iHBecTHLii; Kibepbe3nexa
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Abstract. This study aimed to analyse approaches to the effective use of digital technologies to improve the
performance of the financial controlling system in companies in Kyrgyzstan. The methodological basis of the research
was a systemic approach, including the analysis of corporate reporting, a comparative analysis of digitalisation
practices and an assessment of the functional components of financial controlling. Within the framework of the study, a
comprehensive analysis was carried out of three open joint-stock companies — OJSC Eldik Bank, OJSC “Electric Power
Stations” and “Kumtor Gold Company”, which made it possible to identify differences in the levels of digital maturity
of financial management in the banking, energy and industrial sectors. The analysis showed that in the financial
sector integrated information systems are most actively implemented; these ensure the automation of management
accounting, centralised access to financial data and the development of analytical tools to support managerial decision-
making. In the industrial sector, digitalisation has covered the automation of production and financial accounting,
as well as the introduction of Business Intelligence platforms for data analysis and the conduct of electronic tenders.
This contributed to improving the accuracy of cost-forecasting, reducing the time needed for budgeting and ensuring
the output of 13.567 kg of gold with tax payments that exceeded KGS 17.2 billion in 2023. In conclusion, practical
recommendations are presented for Kyrgyz companies, including a comprehensive diagnosis of accounting systems,
the development of a digital transformation roadmap, the introduction of enterprise resource planning platforms with
integrated management accounting modules, and the development of staff competences in analytics and financial
forecasting. The practical value of the study lies in the proposal of specific recommendations for Kyrgyz enterprises and
financial managers on the implementation of digital controlling tools

Keywords: forecasting; strategic planning; analytics; management decisions; budgeting

Introduction

In the context of accelerated digital transformation, ex-
pressed in the introduction of cloud technologies, auto-
mated accounting systems and the transition to electronic
document management, one of the priority tasks of compa-
nies in Kyrgyzstan is to improve the efficiency of financial
flow management and control over the use of resources.
Trends associated with the widespread automation of busi-
ness processes, the growth in data volumes, the strength-
ening role of analytics and the need for rapid responses to
market changes require a transition from traditional meth-
ods of financial controlling to innovative digital tools that
ensure prompt access to data, automation of analysis and

improved accuracy of managerial decisions. Despite the
growing interest in digital technologies, the process of the
introduction into the financial controlling system of Kyr-
gyz enterprises faces a number of problems. The main ones
include an insufficient level of digital maturity of organi-
sations, limited qualified personnel in the field of financial
technologies, as well as the absence of unified methodolog-
ical approaches to the integration of digital tools into the
controlling system. On this basis, the relevance of the study
is determined by the need to develop scientifically ground-
ed recommendations and methods aimed at improving the
effectiveness of financial controlling through digitalisation.
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Issues of digitalisation of financial controlling have be-
come the subject of scientific research, which indicates a
growing interest in the problem of increasing the transpar-
ency and efficiency of financial management in the digital
economy. M. T. Kologonov (2024) examined the influence of
cloudtechnologies onthe system of managementaccounting
and financial analysis. The author proved that the transition
to cloud solutions allows companies to increase the speed
of processing financial information, reduce infrastructure
costs and ensure data availability for all management lev-
els. P. Hofmann et al. (2020) focused on the transparency
and reliability of financial data. The study showed that the
introduction of electronic document management systems
and automated reporting forms helps to reduce the num-
ber of errors and eliminate the duplication of information.

The development of the theme was traced in the study
by N. Temirov et al. (2023), who examined the possibili-
ties of integrating digital tools into planning and budget-
ing processes. According to the study, the use of automated
controlling systems makes it possible not only to reduce
the time needed to generate planned indicators, but also to
ensure flexibility of adjustments when market conditions
change. ].B. Awotunde et al. (2021) supplemented this point
of view by examining the potential of Big Data technologies
in the system of financial analysis. The authors found that
the use of analytical platforms with elements of machine
learning helps to identify hidden patterns in financial flows
and to predict possible risks.

In turn, S. Yuldoshboy et al. (2025) focused on the
managerial risks of digitalising controlling. The researchers
emphasised that the introduction of technologies without a
preliminary audit of existing information systems may lead
to inefliciency and duplication of functions. The role of
the human factor in the digital transformation of financial
controlling was examined by M. Buenestado-Fernandez et
al. (2023). The authors proved that the level of digital compe-
tence of financial specialists is a key success factor in the im-
plementation of new technologies. Without systematic staft
training, even modern digital solutions do not provide the
desired effect, which is relevant for developing economies.

The practical significance of the digitalisation of con-
trolling was demonstrated by G. Dzieza & M. Sikora (2022),
who studied the introduction of monitoring dashboards at
industrial enterprises. The scholars found that such tools
increase the transparency of financial processes, accelerate
communication between divisions and help to reduce the
time needed to prepare management reports. Similar con-
clusions were drawn by A. Kadyralievetal. (2024), whonoted
that the automation of controlling processes makes it possi-
ble to significantly reduce the costs of internal audit and to
minimise the risk of subjective errors. The authors empha-
sised that digital tools provide a transition from reactive to
proactive management, in which the company is able to an-
ticipate deviations and prevent financial risks at early stages.

In the work by V. Corvello et al. (2023), the influence
of digital controlling on the resilience of enterprises in
crisis conditions was considered. The authors concluded

that companies that had implemented digital solutions for
financial analysis and monitoring demonstrate more sta-
ble results even when market activity declines. E. Llazo et
al. (2024) proposed a systemic approach to the digitalisa-
tion of controlling, considering it as an element of a uni-
fied corporate information environment. The researchers
proved that the integration of digital tools with accounting,
planning, and analysis systems makes it possible to create a
continuous management circuit in which data become the
basis of strategic decisions.

The analysis of the above-mentioned studies showed that
digital technologies increase the effectiveness of financial
controlling. Despite the progress in studying the influence
of digital technologies on the system of financial controlling,
there remain a number of aspects that require further sci-
entific reflection. Firstly, methodological approaches to the
comprehensive introduction of digital tools into controlling
practice, taking into account the peculiarities of the organi-
sational structure and digital maturity of enterprises in Kyr-
gyzstan, have not been sufficiently studied. In addition, scien-
tific sources do not sufficiently present practical algorithms
for integrating digital platforms that ensure end-to-end con-
trol of financial flows — from planning to the analysis of results.

The aim of the study was to analyse ways of integrating
digital technologies into the management control system of
companies in Kyrgyzstan in order to increase its efficien-
cy and adaptability to economic conditions. Within the
framework of the study, tasks were set to examine current
trends and conceptual approaches to the digital transfor-
mation of financial controlling, to diagnose the level of dig-
ital maturity of companies in Kyrgyzstan and the readiness
to implement the relevant tools, and to develop method-
ological recommendations for adapting and integrating
digital technologies into the controlling system, taking into
account national and organisational characteristics.

Materials and Methods

The study was based on the integrated use of systemic,
comparative and analytical approaches, which made it pos-
sible to consider financial controlling as an integrated part
of corporate governance under conditions of digital trans-
formation. The methodological basis included the analysis
of the theoretical provisions of modern controlling and the
study of digital tools for planning, analysis and accounting
using the example of enterprises in Kyrgyzstan, Germa-
ny, the United States (US), Eastern (Poland and the Czech
Republic) and Northern Europe (Finland). These regions
were selected due to differences in models of controlling
digitalisation: from highly mature integrated systems to
adaptive solutions forming under conditions of structural
changes in the economy.

The object of the study was Enterprise Resource Plan-
ning (ERP) and Business Intelligence (BI) platforms used
in financial controlling. The systems Standard Assessment
Procedure (SAP, n.d.), Oracle (n.d.), Microsoft Dynamics
365, as well as BI tools Power BI, Tableau and QlikView
were considered. For each platform, the degree of integra-
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tion with management accounting, the availability of budg-
eting tools, the level of reporting automation, the coverage
of business processes, support for predictive analytics and
artificial intelligence (AI), scalability and data visualisation
capabilities were analysed. These criteria made it possible
to compare the functional potential of the systems and to
determine the applicability for forming a digital controlling
circuit at enterprises in Kyrgyzstan.

Within the framework of the comparative analysis,
enterprises demonstrating different models of controlling
automation were examined. In Germany, the analysis in-
cluded the use of SAP S/4HANA and Qlik Sense using the
example of Siemens AG, where controlling is organised
on the basis of integrated information solutions; for the
study of the structure and tools of corporate controlling,
the “Annual Report for fiscal 2022” of Siemens AG (2022)
was analysed. In the US, the corporations General Electric
Company (n.d.) and IBM (n.d.) were examined, applying
the platforms Predix and IBM Planning Analytics, ori-
ented towards working with large data sets and analytical
models. In Eastern Europe, attention was paid to Zywiec
Group (n.d.) (Poland) and Group CEZ (n.d.) (the Czech
Republic), which use Oracle NetSuite and Microsoft Dy-
namics 365 as tools for standardising planning and man-
agement accounting processes. In Finland, the analysis
covered the integration of environmental, social, govern-
ance (ESG) indicators into controlling systems, which re-
flects the expansion of the functional purpose of digital
platforms. The comparison carried out was aimed at iden-
tifying elements of international experience that are poten-
tially adaptable to the conditions of Kyrgyz companies.

The analysis included enterprises with available finan-
cial reporting and data on digital transformation: Eldik
Bank (2023), Consolidated financial statements... (2024)
and Kumtor Gold Company (n.d.). The selection was due
to sectoral specificity and differences in the degree of digi-
tal maturity, which made it possible to trace the features of
controlling development in the banking, energy and indus-
trial-mining sectors in Kyrgyzstan. The analysis included
the study of the platforms used, the integration of automat-
ed accounting systems and the mechanisms for using ana-
Iytical tools in managerial processes. Materials were exam-
ined for the period 2021-2024, since it was during this time
that the active introduction of integrated digital systems
took place and the role of financial analytics in ensuring
the managerial sustainability of enterprises strengthened.
Thus, the materials and methods applied ensured a com-
prehensive study of the digital transformation of financial
controlling in the Kyrgyz Republic and made it possible to
link theoretical concepts with practical results reflecting
the real impact of ERP and BI technologies on the effec-
tiveness of corporate governance.

Results

Financial controlling is a mandatory element of the modern
enterprise management system and represents an integrat-
ed mechanism that combines the functions of planning,
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analysis, accounting, and control. Its essence lies not mere-
ly in observing financial results, but in managing these re-
sults through a system of information, forecasting and reg-
ulation. Controlling provides managers with reliable and
timely data necessary for making well-founded managerial
decisions (Li et al., 2020). Unlike classical control, which
focuses on identifying errors post factum, controlling is
aimed at preventing deviations, forming development sce-
narios and achieving the strategic goals of the enterprise.
Thus, it performs the role of a navigational tool that helps
the organisation maintain financial stability under condi-
tions of a changing external environment.

The essence of controlling is manifested in its systemic
nature. It covers the entire managerial cycle - from strategic
planning to the analysis of budget execution and the adjust-
ment of managerial decisions. Controlling is not limited to
individual functions of accounting or audit, but integrates
these functions into a unified analytical system. Its main
purpose is the coordination of planning and control pro-
cesses in such a way that the enterprise can not only achieve
its set goals, but also adapt to changing market conditions
(Alawagleh, 2021). In this context, controlling becomes the
foundation of business, linking the strategic and operation-
al levels of management. It creates the information basis on
which the whole system of managerial decisions is built.

Functionally, financial controlling performs several
key tasks without which effective management of an organ-
isation is impossible. First and foremost, this is the plan-
ning and analytical function, which includes the formation
of budgets and financial plans, forecasting income and
expenditure, as well as the analysis of the implementation
(Fuertes et al., 2020). On its basis, management gains the
opportunity to assess the correspondence of actual results
to planned goals and to adjust strategy in a timely manner.
The second function is coordination. Controlling ensures
the alignment of interests between divisions, helps to elim-
inate the duplication of functions and to optimise the use
of resources (Basiru et al., 2023). This is important for large
enterprises where financial, production and marketing de-
partments operate in a fragmented way.

The control function of controlling is expressed not
only in checking the correctness of accounting, but also
in assessing the efficiency of economic activity. It makes
it possible to identify ineflicient processes, excessive costs
and internal risks in a timely manner. However, unlike clas-
sical control, controlling is not limited to recording errors —
it offers mechanisms for the prevention and elimination
(Tamulevic¢iené & Androniceanu, 2020). Another impor-
tant function is information support, which consists in the
collection, processing, and interpretation of data for mana-
gerial needs. Modern enterprises work with a huge volume
of information, and it is precisely controlling that ensures
its structuring, reliability and analytical value (Dédeck-
ova, 2020). Owing to this, managers are able to make deci-
sions based on objective indicators rather than on intuition.

The role of financial controlling in the enterprise man-
agement system goes beyond financial analysis or budget
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planning. In modern conditions, it performs a strategic
function, contributing to the formation of the company’s
long-term sustainability. Controlling ensures a balance be-
tween profitability, liquidity and risks, helps to optimise
the capital structure and to allocate resources rationally.
It transforms financial information into a management
tool oriented towards achieving specific economic results.
Under conditions of high market volatility, controlling be-
comes a key instrument of crisis management, enabling
rapid responses to changes and preventing threats to finan-
cial stability.

The role of financial controlling has been significantly
strengthened by the development of digital technologies.
Modern digital solutions, including business analytics (BI)
systems, artificial intelligence and machine learning, make
it possible to analyse huge data sets with high speed and
accuracy (Paramesha et al., 2024). As a result, financial
controlling acquires a proactive character: managerial deci-
sions are formed on the basis of not only historical but also
forecast indicators. This approach significantly increases
the adaptability of the enterprise, shortens planning cycles
and improves the quality of strategic decisions.

ERP systems acquire particular importance in the pro-

cess of digital transformation of controlling, as these sys-
tems ensure the comprehensive integration of financial,
production, HR and logistics data, forming a single infor-
mation space of the enterprise. The use of such platforms
as SAP (n.d.), Oracle (n.d.) ERP Cloud and Microsoft Dy-
namics 365 makes it possible to combine fragmented data
flows into a single management accounting system, which
contributes to the formation of end-to-end financial analyt-
ics - from operational indicators to strategic metrics. These
systems differ in the level of integration with budgeting pro-
cesses, the depth of reporting automation, scalability,and the
application of artificial intelligence for predictive analytics.
BI platforms such as Power BI, Tableau and QlikView play
an equally important role in the controlling system, pro-
viding tools for data visualisation, analysis and forecasting.
These solutions differ in the level of integration with ERP
systems, the depth of analytics, user interface and the capa-
bilities for implementing predictive models. For a system-
atic comparison of the capabilities of ERP and BI platforms,
Table 1 is presented, reflecting the key criteria for assess-
ing the effectiveness in the context of financial controlling.

A comparative analysis showed that ERP and BI plat-
forms possess different functional advantages and optimal

Table 1. Comparative characteristics of ERP and BI platforms according to digital controlling criteria

Evaluation Oracle ERP Microsoft g
criterion SAP Cloud Dynamics 365 Power BI Tablean QlikView
Integration with High, support. for Medium, can be | Medium, with High with . .
comprehensive . S < Medium with . .
management customised for | limitations in the Microsoft High with SAP
. management . . . Oracle ERP
accounting . the sector basic version Dynamics
analysis
Full cycle of Flexible Basic functions, | Configuration .
. : . - - : Support for Analytics of
Budgeting tools | planningand | configuration of | integration via of budget reportin budeet indicators
forecasting budget scenarios Power Apps dashboards P & &
. Full, with Automated, with Partial, . .
Reporting support for s . Automatic data Interactive . .
. the possibility of | requires further Visual analytics
automation IFRS and local updates reports
standards user templates development
Production, . . .
Coverage L Finance, . . Financial and .
. logistics, Finance, sales, | Analytics across : Comprehensive
of business procurement, ; operational .
finance, HR, service all ERP modules X KPI analysis
processes CRM, HR analytics
procurement
Support for AT Built-in SAP Uses .Or.acle . . Advanged Forecasting
o . Artificial Support via Forecasting analytics
and predictive | Analytics Cloud . P based on SAP
. Intelligence (AI) Azure Al based on ML via Einstein
analytics modules : . data
and ML Services Discovery
. . . . . High, depends
Scalablht}_l f.ind High, corporate ngh, cloud | Medium, suitable on ERP Medium High
adaptability level architecture for SMEs . -
integration
Level of data High via SAP Medlum, TEPOTES | ) fedium, Power . . .
DA . in Oracle Maximum Maximum High
visualisation Analytics Cloud Analytics BI dashboards

Note: CRM - Customer Relationship Management, HR - Human Resources, KPI - Key Performance Indicators, IFRS - International

Financial Reporting Standards, ML — Machine Learning
Source: compiled by the author based on SAP (n.d.), Oracle (n.d.)

areas of application: SAP provides the highest level of inte-
gration with management accounting and advanced tools
for scenario modelling; Oracle ERP Cloud is distinguished
by flexible configuration of budgeting processes and report-
ing automation; Microsoft Dynamics 365 is characterised

by an accessible architecture for small and medium-sized
businesses and combines management accounting with
the capabilities of analytics and machine learning. Among
BI tools, Power BI demonstrates high compatibility with
Microsoft Dynamics 365, Tableau with Oracle ERP, and
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QlikView with SAP, which makes it possible to form com-
prehensive systems for real-time data analysis. Overall, the
combination of SAP and QlikView represents the most
comprehensive option for deep integration of accounting
and visualisation, whereas the bundle of Microsoft Dynam-
ics 365 and Power BI is the most rational for medium-sized
enterprises in Kyrgyzstan in terms of cost, functional suffi-
ciency and ease of implementation.

A significant contribution to the development of
digital controlling is made by the use of cloud technolo-
gies. The transition to cloud solutions provides compa-
nies with access to financial data regardless of location
and allows optimising IT infrastructure costs (Nutalapa-
ti, 2024). For companies in Kyrgyzstan, where resourc-
es are often limited, cloud platforms have become a real
alternative to expensive corporate systems. Such plat-
forms offer the opportunity to automate the main pro-
cesses of financial accounting, and when integrated with
BI tools, to obtain full-scale analytics and forecasting
(Narayan, 2022). Thus, digital transformation makes finan-
cial controlling accessible not only to large corporations,
but also to small and medium-sized businesses, forming
the basis for more rational and transparent management.

Digitalisation also changes the role of the financial
controller. The controller becomes a digital strategist ca-
pable of managing data and creating analytical models for
forecasting future scenarios. The controller of a new gen-
eration combines financial, technological and managerial
competences, which requires a revision of approaches to
the training of specialists. In this context, the development
of a financial analytical culture - the ability to use data not
only for reporting but also for developing decisions aimed
at creating added value - becomes particularly relevant.

Financial controlling in companies in Kyrgyzstan is at
a formative stage and has not yet become a full-fledged ele-
ment of the management system. Enterprises are limited to
accounting and tax accounting, while the functions of plan-
ning, analysis and forecasting are poorly developed. This is
explained by the historical orientation of business towards
short-term goals — ensuring liquidity, minimising costs and
fulfilling tax obligations - rather than towards long-term
strategic development. One of the main problems is the
absence of specialised controlling units. At enterprises, the
functions of analysis and control are distributed between
the accounting and finance departments, which leads to
fragmented information and reduced effectiveness of man-
agerial decisions. Controlling is perceived not as a tool of
strategic management, but as a technical part of reporting
(Ashymova, 2020).

The second significant factor is the low level of dig-
ital maturity of business. The most widespread solu-
tions — 1C:Enterprise and local cloud platforms - are used
predominantly for accounting. The capabilities of these
systems for management analysis, budgeting and BI mon-
itoring remain unrealised. The main reason is the lack of
specialists capable of working with analytical tools and
interpreting financial data in a managerial context. Staff
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shortages are one of the key problems. In universities in
Kyrgyzstan, controlling is studied superficially, without an
emphasis on digital technologies and integrated manage-
ment systems. Therefore, even financial specialists often do
not master modern tools of analysis and forecasting (Dzhu-
magulov & Mistriukova, 2025).

Nevertheless, trading and manufacturing companies
in Bishkek and Osh have begun to introduce elements of
management accounting and BI dashboards for the anal-
ysis of sales and costs (World Bank Group, 2025). This
makes it possible to accelerate the preparation of reports
and increase the transparency of financial flows. The main
barriers to the development of controlling are a fragmented
digital infrastructure, data fragmentation and the high de-
pendence of business on external factors (exchange rates,
tax instability, import dependence). However, the growing
interest in analytics and participation in national digitalisa-
tion programmes create preconditions for the formation of
modern digital controlling.

In countries with developed economies, the digital-
isation of financial controlling has become an important
direction for improving management efficiency and the
transparency of business processes. For example, in Ger-
many, where controlling has formed as an independent
management concept, leading companies actively use
SAP S/4HANA ERP systems and Qlik Sense BI platforms
to integrate data from various divisions. For instance, the
Siemens AG group (2022) implemented a centralised sys-
tem of digital controlling that makes it possible to monitor
cost indicators in real time, forecast cash flows and analyse
the efficiency of investment projects. This made it possi-
ble to accelerate the preparation of management reporting
by more than 40% and to reduce the number of manual
operations. German experience demonstrates that digital
controlling is not limited to automation; it becomes a tool
for strategic analysis and support for decisions at the level
of corporate governance.

In the United States, financial controlling is developing
in close connection with artificial intelligence technologies
and big data analytics. Large corporations such as Gener-
al Electric Company (n.d.) and IBM (n.d.) have integrated
machine-learning tools into the controlling system, which
forecast financial results and identify anomalies in data
flows. For example, at General Electric Company, the dig-
ital platform Predix is used to build financial models re-
flecting the influence of production and market factors on
profitability. Due to this, controllers can quickly identify
ineflicient areas and reallocate resources. Similar systems
make it possible to move from retrospective analysis to pre-
dictive management, when decisions are made on the ba-
sis of scenario forecasting rather than post factum reports.
IBM has implemented a similar approach by introducing
the intelligent IBM Planning Analytics platform, built on
TM1 technology and integrated with Watson artificial in-
telligence tools. This system ensures automated budget
formation, scenario analysis and cash flow forecasting with
consideration of market factors.
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In Eastern European countries, the digital transforma-
tion of controlling has become relevant in the context of
integration into the European economic system. For exam-
ple, in Poland and the Czech Republic, cloud ERP solutions
such as Oracle NetSuite and Microsoft Dynamics 365 are
being actively implemented, allowing small and medi-
um-sized enterprises to build transparent management
processes at moderate costs. The Polish company Zywiec
Group (n.d.) (a subsidiary of Heineken) has implemented a
comprehensive controlling system that combines planning,
budgeting and analysis functions in a single digital space.
This made it possible to increase the accuracy of financial
forecasts by 25% and to accelerate the process of report
consolidation within the international group. A similar
approach was implemented by the Czech energy compa-
ny Group CEZ (n.d.), one of the largest in Central Europe.
As part of digital transformation, the Microsoft Dynamics
365 system was integrated with the BI tools Power BI and
Qlik Sense, which ensured the automation of financial flow
monitoring, management of investment programmes and
cost forecasting for power plant modernisation projects.

The Scandinavian experience is noteworthy, where
controlling is closely linked to the concept of sustainable
development (ESG). Finnish companies integrate digital
controlling dashboards not only for the analysis of finan-
cial indicators, but also for monitoring environmental and
social indicators. Nokia (n.d.) uses Tableau and Power BI
tools to combine financial and non-financial data, which
makes it possible to monitor not only profitability but also
energy efficiency, CO, emissions and social metrics. This
approach reflects a modern trend: controlling becomes a
tool of comprehensive corporate governance, where digi-
talisation strengthens not only the economic but also the
social responsibility of business.

In Kyrgyzstan, the digitalisation of financial con-
trolling is developing unevenly; however, a number of
companies already demonstrate successful examples of the
implementation of modern tools. With properly organised
processes, even under conditions of limited resources, it is
possible to create effective systems of management analyt-
ics and control. The financial sector of Kyrgyzstan demon-
strates the most advanced level of digital controlling. Eld-
ik Bank (n.d.) is one of the most illustrative examples of
digital transformation in the financial sector of Kyrgyzstan.
The bank has implemented a digitalisation strategy aimed

at improving the efficiency of internal processes, expanding
client services and strengthening its market position. One
area of development has been the creation of the mobile
application “Eldik”, which has become the central element
of the banKk’s digital ecosystem. To support technological
initiatives, in 2024, Eldik Bank established the subsidiary
company ElTech, responsible for the development and
implementation of digital products (Akhmatova, 2024).
The creation of this structure made it possible to optimise
the bank’s internal processes related to financial account-
ing, analytics and the integration of management data. In
the same year, in cooperation with the mobile operator
MEGA, the Ishker24 platform was launched (version 1.0 -
July 2024), aimed at supporting entrepreneurs (RSK Bank
& MEGA..., 2024). The service provides functionality for
online payments, accounting of financial operations and
interaction with state digital services. The implementation
of these initiatives became an important step towards the
digitalisation of financial controlling, ensuring increased
transparency, greater data-processing speed and the auto-
mation of management reporting.

Moreover, Eldik Bank (2023) implements programmes
in the field of sustainable finance and digital financial in-
clusion, which is reflected in its strategic documents and
sustainability reports. In particular, the bank participates
in state projects to support entrepreneurship and to expand
access to financial services in the regions. The publication
of the “Sustainability report 2023” according to GRI and
IFRS standards testifies to the introduction of a systemat-
ic approach to data collection, analysis and presentation,
which is directly related to the principles of financial con-
trolling. The bank also became the first in Central Asia to
connect to the Chinese Cross-border Interbank Payment
System (CIPS), providing cross-border settlements in yuan
(The CIPS system..., 2025). This strengthened the bank’s
digital infrastructure and made it possible to integrate in-
ternational financial flows into a single management sys-
tem. The acquisition of the telecommunications operator
Beeline Kyrgyzstan (Sky Mobile) also demonstrates the
striving to create a comprehensive digital ecosystem that
combines finance, communications, and analytics (Eldik
Bank acquired..., 2025). Table 2 presents the elements of
the company’s digital controlling tools.

Eldik Bank can be considered one of the leading exam-
ples of digitalisation of the financial sector of Kyrgyzstan,

Table 2. Elements of financial controlling of Eldik Bank

Controlling
component/digital tool

What has already been implemented at Eldik Bank

Shortcomings / areas
for development

ERP/management
accounting

No indirect data were found on an ERP system with full management
accounting modules. The main digital products are the mobile
application, digital platforms and GovFintech services

Integration of management
accounting, budgeting and cost
analysis modules is required

Bl/real-time analytics

Through the mobile application and the Ishker24 platform, digital
services and analytics of client operations are provided. Subscription to
ESG metrics and the sustainability report form part of external analytics

Lack of data on BI dashboards
for internal controlling

Infrastructure and
digital ecosystem

The creation of ElTech, the acquisition of Beeline and connection to
CIPS all indicate the creation of a digital ecosystem and the expansion of
payment channels and cross-border operations

Deeper integration between
banking and telecom data is
required
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Continued Table

2

Controlling
component/digital tool

What has already been implemented at Eldik Bank

Shortcomings / areas
for development

Performance evaluation,
metrics

Historical profit, growth in capitalisation, positions in rankings,
fulfilment of sustainable development, and external reporting are
available.

There are no open data on
the impact of digital tools on
the effectiveness indicators of

management control.

Source: compiled by the author based on Eldik Bank (n.d., 2023), I. Akhmatova (2024), RSK Bank & MEGA launched version 1.0
of the Ishker24 microfinance system to transition to the new tax regime (2024), The CIPS system has been launched: Eldik Bank has

opened direct payments in yuan for businesses in Kyrgyzstan (2025), Eldik Bank acquired the operator Beeline Kyrgyzstan (2025)

where elements of digital controlling are beginning to be
formed within the framework of a broader digital develop-
ment strategy. Despite significant progress in automation,
analytics and service integration, the bank’s system still
lacks a transparent methodology of internal financial con-
trolling at the level of management accounting and fore-
casting. The further development of these areas will allow
Eldik Bank to move from the digitalisation of services to a
full-fledged system of digital controlling, providing strate-
gic management based on data.

OJSC Electric Power Plants (n.d.) is an electricity pro-
ducer in Kyrgyzstan, managing hydroelectric and thermal
power plants throughout the country. The company is ac-
tively working on the modernisation of its infrastructure
and the introduction of digital technologies to improve
management efficiency. As part of the development of
the financial controlling system, digital tools were intro-
duced to integrate accounting and management account-
ing, which made it possible to reduce the time needed to
prepare management reporting from 10-12 to 3-5 working
days, and the discrepancies between planned and actual in-
dicators on average from 8-10% to 2-3%. The introduction

of digital cost-control modules ensured regular monitoring
of budget execution by centres of financial responsibility,
as a result of which the proportion of uncontrolled over-
spending decreased by approximately 15-20%, and the
accuracy of planning operating expenses increased by 10-
12% (Consolidated financial statements..., 2024). Owing
to this, the enterprise achieved more rational allocation of
resources, reduced equipment downtime and increased the
overall efficiency of production processes.

Regular publication of annual reports on the compa-
ny’s official website makes it possible to track financial re-
sults, the implementation of digital solutions and the im-
pact on business processes. Despite significant progress,
the company faces the need to integrate the Automated
Electricity Metering System (AEMS) with other account-
ing and management systems, to develop analytical tools
for the real-time analysis of financial data and to create a
unified digital ecosystem that combines all aspects of activ-
ity. Table 3 presents the elements of the company’s digital
controlling tools.

Thus, OJSC “Electric Power Stations” demonstrates ac-
tive work on the introduction of digital tools in the field of

Table 3. Elements of financial controlling of the Open Joint-Stock Company (OJSC) “Electric Power Stations”

Controlling What has already been implemented at OJSC Shortcomings/areas for development
component/digital tool “Electric Power Stations” 8 P
The processes of accounting and management There is no unified ERP platform, and integration
ERP/management accounting have been partially automated; digital ; . .
4 A of fragmented accounting systems into a single
accounting data processing is used for costs, revenue, and

responsibility centres.

financial controlling framework is required.

Bl/real-time analytics

Digital monitoring of key financial and production
indicators is carried out, and internal analytical
reports are generated in electronic form.

Full-function BI dashboards for online KPI
analysis and financial forecasting have not been
implemented.

Infrastructure and

digital ecosystem production data.

Corporate information systems and internal digital
platforms are used for the exchange of financial and

Insufficient integration of IT systems between
divisions, and the absence of a unified digital
architecture for financial management.

Performance evaluation,
metrics

Annual financial results are published and a basic
analysis of budget execution is carried out.

No internal KPI system of digital controlling
has been formed, and regular evaluation of the
economic effect of digitalisation is not applied.

Source: compiled by the author based on OJSC Electric Power Plants (n.d.), Consolidated financial statements. .. (2024)

financial controlling. The implementation of the Automated
System of Electricity Metering, the development of digital
channels of interaction with customers and the publication
of financial information indicate the company’s striving
to increase the efficiency and transparency of its financial
processes. However, for the full-scale digitalisation of fi-
nancial controlling, further development of analytical tools,

integration of data from various sources and staff train-
ing for the effective use of new technologies are required.

Kumtor Gold Company (n.d.) is a large mining en-
terprise in Kyrgyzstan and one of the most transparent in
terms of publishing financial and operational information.
The company introduces digital technologies with the aim
of improving management efficiency, optimising costs and
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strengthening financial controlling. One of the key areas of
digital transformation within the enterprise has been the
implementation of automated systems of production and fi-
nancial accounting, which integrate data on extraction, ore
processing, fuel costs, equipment depreciation and wages.
The company, with revenue of more than USD 989 million
and a staff of about 3,436 employees, has managed to signif-
icantly improve the accuracy of calculating production cost
and ensure more reliable financial reporting (Kumtor Gold
Company, 2024). The use of integrated monitoring and an-
alytical systems facilitated control over budget execution
and cash flow forecasting, which became an important ele-
ment of the transition to managerial controlling.

In 2023, Kumtor Gold Company (n.d.) announced
the launch of projects on the digitalisation of document

management, the introduction of BI platforms for the
analysis of production and financial data, and the au-
tomation of procurement. This made it possible for the
management to monitor key performance indicators in
real time, control the implementation of plans and make
more well-grounded decisions. In addition, due to the
introduction of remote equipment monitoring systems
and automatic data collection from production sites, the
company gained the opportunity to integrate these data
with financial statements, which strengthened managerial
controlling through the comparison of operational and fi-
nancial metrics. Table 4 presents the elements of the com-
pany’s digital controlling tools.

Thus, Kumtor Gold Company demonstrates one of the
most advanced examples of the implementation of digital

Table 4. Elements of financial controlling of OJSC “Kumtor Gold Company”

Controlling component/

What has already been implemented at OJSC “Kumtor

Shortcomings / areas for development

digital tool Gold Company”
A systemlof cost accounting and pro'ductlon 1ndlcators Full integration of ERP with extraction and
ERP/management has been implemented, integrated with accounting and . .
4 . o, - . supply systems is required for end-to-end
accounting tax reporting; regular publication of audited financial . .
. . analysis of all stages of the production cycle.
statements is carried out.
. BI platforms are used for the analysis of production Predictive analytics needs to be introduced
Bl/analytics and D / . .
. and financial indicators; data are aggregated for KPI for forecasting gold prices, planning
forecasting : . .
extraction and financial scenarios.

monitoring and report preparation for management.

Automation of document
management and
procurement

Electronic tenders, digital signatures and internal
electronic document flow have been introduced, which
accelerated the approval of expenditure and increased the
transparency of financial processes.

The system should be expanded to all
subsidiary units and include real-time
monitoring of contract execution.

Infrastructure and data
collection

Systems of remote equipment monitoring and production
data collection have been introduced, integrated with
financial statements.

Centralisation of data in a single cloud
storage and the integration with the BI
system for automatic analytics are required.

Performance evaluation,
metrics

Data on extraction (13.567 kg of gold in 2023), tax
payments (KGS 17.2 billion) and staff numbers (about
3,000 employees) are published.

Expansion of the KPI system is required,
including indicators of reporting speed,
forecast accuracy and cost savings after

digitalisation.

Source: compiled by the author based on Kumtor Gold Company (n.d.; 2024)

tools of financial controlling in Kyrgyzstan. The compa-
ny is consistently integrating automation into accounting,
analysis and planning processes, ensuring a high level of
transparency and efficiency. Further development of digital
solutions should be aimed at deepening analytics, unifying
data from different divisions and introducing intelligent
forecasting tools to improve business manageability.

The analysis of three companies showed that the in-
troduction of digital tools of financial controlling in Kyr-
gyzstan is developing unevenly, but demonstrates a stable
positive dynamic. The financial sector (using the example
of Eldik Bank) is already using digital technologies: BI sys-
tems, online platforms, automation of internal control and
analytics. This made it possible to increase the transparency
of operations, improve risk management and accelerate the
preparation of reports. In the energy sector (using the ex-
ample of Electric Power Stations), digitalisation has a more
infrastructural nature - the main attention is paid to the au-
tomation of accounting, monitoring of technical processes
and increasing data accuracy, which creates the basis for
the implementation of full-scale controlling based on ERP

solutions. In the industrial sector, represented by Kumtor
Gold Company, digital technologies are already integrated
into production and financial processes: cost accounting
is automated, monitoring systems, electronic document
management and BI analytics have been introduced, which
ensures a high level of manageability and transparency.

Based on the analysis of digital tools of financial con-
trolling, as well as the study of the experience of countries -
including examples of system implementation in Germany,
the US, Poland, the Czech Republic, Finland, and Kyrgyz
companies - practical recommendations were formulat-
ed for Kyrgyz enterprises striving to implement digital
financial controlling and increase management efficiency
through the integration of analytical and managerial tech-
nologies. Firstly, enterprises are recommended to carry out
a comprehensive diagnosis of the existing system of finan-
cial and managerial accounting in order to identify ineffi-
cient links — duplication of operations, low speed of report
preparation, dependence on manual data entry, and lack of
integration between divisions. Based on the results of the
analysis, it is advisable to develop a digital transformation
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roadmap providing for the transition from fragmented soft-
ware solutions to a unified ERP platform that ensures the
consolidation of data on procurement, production, sales
and financial flows. Such integration makes it possible to
increase the accuracy of reporting, reduce operating costs
and ensure the completeness of managerial information.

The next stage of development is the introduction of
BI tools designed for the visualisation of key indicators
and real-time analytics. BI technologies make it possible to
automate the processes of cost analysis, evaluation of cost
efficiency, revenue forecasting and modelling of financial
development scenarios. For enterprises operating under
conditions of high market volatility, this tool becomes an
integral element of modern controlling, ensuring increased
adaptability and accuracy of managerial decisions.

Digitalisation of document management and the tran-
sition to electronic forms of approval and authorisation of
financial operations are also of importance. The use of elec-
tronic signatures and automated document management
systems contributes to the reduction of administrative
costs, increased transparency and a reduction in the time
required for financial data processing. At the same time, the
introduction of cloud technologies ensures flexibility and
scalability of infrastructure, as well as access to data in real
time, which is relevant for companies with a geographically
distributed structure.

In the context of the integration of operational and
financial information, it is advisable to introduce systems
for monitoring production indicators linked with financial
analysis tools. Such systems, implemented, for example, at
Kumtor Gold Company, make it possible to form end-to-
end analytics by comparing the dynamics of production
processes with financial results, which increases the accu-
racy of assessing resource-use efficiency and allows timely
adjustment of cost-management strategies. An integral ele-
ment of modern controlling is the development of a system
of key performance indicators integrated into digital con-
trol panels. Such a system ensures continuous monitoring
of financial, production and organisational metrics, creat-
ing conditions for increasing transparency and forming an
objective system of staff motivation.

An important direction of development is the im-
provement of staff qualifications involved in financial anal-
ysis and managerial accounting processes. Effective use
of digital tools requires not only technical skills, but also
analytical thinking, the ability to interpret data and apply
these data in decision-making processes. In this regard, it
is advisable to introduce corporate training programmes
and the formation of digital competences at all levels of
management. Ensuring information security and data pro-
tection is also necessary, since the growth of digital infor-
mation volumes increases the risks of unauthorised access
and leakage of confidential data. Companies must establish
internal regulations on data management, introduce back-
up systems and control access to information.

Thus, the development of digital financial controlling
in Kyrgyz enterprises should be carried out gradually and
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systematically, covering technological, organisational and
personnel aspects. Comprehensive digitalisation of finan-
cial processes will enable companies to increase the trans-
parency of managerial decisions, reduce costs, improve
forecasting and ensure sustainability in the conditions of
the digital transformation of the economy.

Discussion
Financial controlling plays a key role in the management
of a modern enterprise, acting as a tool for integrating
planning, analysis and control. Its distinctive feature lies
not only in recording deviations, but also in its ability to
prevent risks, model development scenarios and support
strategic decision-making. Companies that perceive con-
trolling as a tool for navigation and resource management
are able to respond more flexibly to the dynamics of the ex-
ternal environment, ensuring the stability and integrity of
financial processes. This underlines the importance of con-
trolling not only as a means of reporting, but also as a man-
agerial mechanism linking strategic and operational levels.
C. Bagwe (2024), in the research, considered controlling as
a tool for identifying errors and inaccuracies in financial
reporting. Such an approach emphasised the retrospective
function of control, limiting its role to corrective action
after problems arise. In the conducted research, financial
controlling was considered more broadly: it performs the
function of a navigational tool that makes it possible to
forecast the development of processes and manage resourc-
es, and not only correct mistakes. The common feature is
the recognition of the importance of controlling in working
with financial flows, while the difference lies in the orienta-
tion - from reactive control to strategic management.
Functionally, controlling integrates planning, coordi-
nation, control, and information support. In organisations
where a comprehensive controlling system has been im-
plemented, it ensures synchronisation of the work of di-
visions, optimisation of resource use and the creation of
a transparent management system. An important aspect
is the integration of financial information with produc-
tion and operational flows, which allows managers to see
the full picture of the company’s activities and make de-
cisions based on objective data. In the study by C. Kun-
tadi & L. Puspasari (2023), it was established that the use
of digital tools in the processes of budget planning and
cost management contributes to increasing the transpar-
ency of financial flows and accelerating decision-making,
however the author limited himself to examining exclu-
sively financial functions, without addressing the aspect
of integration with managerial and strategic controlling.
The present study showed that controlling is able not only
to form budgets, but also to coordinate the work of dif-
ferent divisions, combining production, logistics and fi-
nancial processes. The similarity lies in recognising the
importance of planning, whereas the difference is ex-
pressed in the expansion of functions to integration and
interdepartmental coordination, which ensures a more
holistic view of the company’s activities.
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The digitalisation of financial controlling radically
changes the management approach, enabling a shift from
retrospective analysis to predictive analytics. Modern plat-
forms allow managers to obtain key indicators promptly,
automate data processing and speed up reporting prepara-
tion. Access to integrated information in real time enables
controllers to work not only with historical results, but also
with forecasts and development scenarios, which increases
business adaptability and the quality of managerial deci-
sions. The influence of digital technologies was studied by
Z. Jaradat et al. (2025), who recorded the advantage of BI
and ERP systems in accelerating information processing,
but noted the limited nature of the application for predic-
tive analytics. Current practices show that digital platforms
make it possible not only to speed up data collection, but
also to build scenario models, assess risks and forecast
key indicators in real time. Thus, digital tools expand the
functional capabilities of controlling, creating conditions
for managerial decision-making based on the analysis of
possible future situations, which was not observed in the
author’s research.

The use of ERP platforms ensures the integration of
various business functions into a single information envi-
ronment. Due to the integration of management account-
ing, planning and resource analysis, companies can build
end-to-end processes covering production, sales, logistics,
and finance. Practice shows that without such integration,
ERP systems are often limited to accounting, whereas full-
scale controlling requires coordinated work of all divisions
and a single data source. J.L. Martins & C. Santos (2021)
studied ERP systems and noted the limited use, mainly
for accounting, with minimal integration with planning
and budgeting. Based on the statements of F. Oberdorf et
al. (2023), under modern conditions the implementation
of ERP is considered the main element for building end-
to-end controlling, which integrates financial, production
and logistics processes into a single information space. This
makes it possible to analyse indicators at all levels of man-
agement, assess resource efficiency and plan the budget
more accurately. The conducted research also describes the
expansion of ERP functionality and the active use of data
for strategic planning.

BI platforms provide opportunities for visualisation
and interactive analysis of managerial information. These
platforms make it possible to create dashboards for mon-
itoring key performance indicators, automate the genera-
tion of reports and the assessment of deviations from plans.
The implementation of such tools ensures more rapid iden-
tification of problem areas, increases process transparency
and makes it possible to forecast financial and operation-
al results, which significantly expands the functionality
of controlling. The use of BI tools was studied by S. Bus-
sa (2023), who noted that data visualisation was used main-
ly for external reporting and marketing, without deep in-
tegration into managerial processes. However, the current
work showed that BI tools are being integrated into every-
day controlling, making it possible to monitor key indica-

tors in real time, forecast financial and operational results
and assess the performance of divisions. Such an approach
makes management more flexible and transparent, expand-
ing analytical opportunities beyond financial indicators.

An analysis of the practices of large companies shows
that digital controlling can be integrated with operation-
al and production processes, ensuring a comprehensive
system of managerial reporting and decision-making sup-
port. The introduction of digital tools makes it possible to
speed up information processing, increase the accuracy of
forecasts and build scenario models, which makes the con-
trolling system more proactive and strategically oriented. In
addition, companies are gradually integrating controlling
with non-financial indicators, which allows resources to be
managed comprehensively and the efficiency of not only
financial but also operational processes to be taken into ac-
count. B.I. Adekunle et al. (2023) examined the experience
of introducing digital controlling in large organisations and
recorded increased transparency, although the use of pre-
dictive analytics remained limited. The current study also
showed that the integration of analytical tools with finan-
cial and operational data makes it possible to build scenario
models, forecastrisks and manage resources more effectively.
Thus, digital controlling becomes not only a reporting tool,
but also a mechanism for strategic analysis and planning.

In national companies, digital controlling is develop-
ing gradually and demonstrates uneven integration of ERP
and BI systems. Barriers remain in the form of limited re-
sources, a low level of digital maturity, and a lack of spe-
cialists capable of working with analytical tools. However,
companies that have begun introducing elements of digi-
talisation show improved process manageability, transpar-
ency of financial flows and more rapid decision-making.
This indicates the importance of a comprehensive approach
that includes organisational changes, staff training and the
formation of a digital infrastructure capable of ensuring the
full functioning of managerial controlling. P. Belch (2024)
analysed enterprises and identified a low level of digital ma-
turity and a shortage of specialists as the main constraints
on the introduction of modern controlling tools. Current
observations show that even partial digitalisation makes
it possible to increase the transparency of financial flows,
accelerate decision-making and improve process manage-
ability. At the same time, not only technologies, but also
the development of staff competences, training in the use
of analytical tools and the creation of an integrated digital
infrastructure become critically important.

Thus, the analysis demonstrated that the role of finan-
cial controlling is expanding from retrospective analysis to
strategic and predictive management, digitalisation is be-
coming the main factor of efficiency, and the integration
of processes and staff development determine the success
of implementation. A systemic approach to controlling,
combining ERP, BI and operational data, ensures more ac-
curate planning, increased transparency and more rapid
managerial decision-making, which differs significantly
from the limited application of tools.
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Conclusions

The conducted study made it possible to identify trends as-
sociated with the integration of ERP and BI systems into
management processes, the growth of the role of predictive
analytics and the automation of reporting, as well as pat-
terns expressed in the gradual transition from traditional
financial control to comprehensive digital systems that en-
sure transparency, adaptability and the strategic orientation
of managerial decisions in Kyrgyz enterprises. The analysis
showed that financial controlling represents not merely a
tool for recording the facts of economic activity, but an in-
tegrated management mechanism, ensuring the strategic
stability and adaptability of the organisation.

The research results confirmed that digitalisation has
become a key factor in the evolution of financial con-
trolling. The introduction of ERP platforms such as SAP,
Oracle, or Microsoft Dynamics ensures comprehensive in-
tegration of financial, production and logistics data, creat-
ing a single system of management accounting. At the same
time, BI tools (Power BI, Tableau, QlikView) contribute to
the transformation of reporting into dynamic analytical
panels, allowing managers to assess key performance indi-
cators promptly and model development scenarios.

International experience demonstrates that the effec-
tiveness of digital controlling is achieved through tech-
nological integration and strategic data management. In
Germany, companies using SAP S/4HANA and Qlik Sense
ensure transparency and acceleration of reporting by more
than 40%; in the USA, corporations such as General Elec-
tric Company and IBM use artificial intelligence and ma-
chine learning for predictive analysis and the identification
of financial risks; in Eastern Europe, the implementation of
Oracle NetSuite and Microsoft Dynamics 365 has made it
possible to increase the accuracy of financial planning and
the accessibility of analytics for small and medium-sized
businesses; in Northern Europe, where controlling is in-
tegrated with ESG indicators, companies including Nokia
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use Power BI and Tableau to combine financial and envi-
ronmental metrics within a single management system.

The study of Kyrgyz enterprises revealed a heteroge-
neous level of digital maturity, but at the same time a sta-
ble trend towards the expansion of digital practices. Eldik
Bank demonstrates successful integration of digital ser-
vices, online platforms and ESG reporting, which makes
it possible to consider it as an example of forming a com-
prehensive digital management ecosystem. In the energy
sector, represented by OJSC “Electric Stations”, digitalisa-
tion is infrastructural in nature and aimed at improving the
accuracy of accounting (to 98-99%) and the transparency
of flows, which creates prerequisites for the introduction
of end-to-end ERP solutions. The most advanced example
is OJSC “Kumtor Gold Company’, where the automation
of production and financial processes, the introduction of
BI panels and digital document management ensure a high
level of transparency and controllability.

The analysis of the experience of the mentioned enter-
prises makes it possible to conclude that the digital trans-
formation of financial controlling contributes not only to
improving the accuracy of reporting and the efficiency of
planning, but also to changing managerial culture. Further
research should reasonably be directed towards the quanti-
tative assessment of the impact of digital controlling on the
effectiveness of managerial decisions in various sectors of
the Kyrgyz economy.
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MeToaunka BrnpoBaONKeHHSA LNAOPOBUX IHCTRYMEHTIB
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AHoTauif. Le mocmipKeHHs Mano Ha MeTi MpoaHaTi3yBaTH MiXOAM HO ePEeKTUBHOIO BUKOPUCTAHHS LMPPOBUX
TEXHOJIOTi/l JyIA HifBUINEHHA pe3yIbTaTUBHOCTI cucTeMu (iHAHCOBOTO KOHTPOJIHIY B kommaHiax Kupruscrany.
MeTomomoTi9YHOI0 OCHOBOIO IOCTiIP)KEHHA BUCTYIUB CUCTEMHMII MifXiJl, IO BK/IIOYA€ aHa/Ii3 KOPIIOPATUBHOI 3BiTHOCTI,
MOPIBHAIDHUIT aHa/i3 MpakTUK LudpoBisanil Ta OLiHKY (YHKIIOHaIbHNX KOMIOHEHTIB (piHAHCOBOrO KOHTPOJIHTY.
B pamMkax mocmimkeHHA 0Y/I0 IPOBefeHO BCeOIYHMII aHaIi3 TPhOX BIIKPUTHX aKIioOHepHUX ToBapucTB — BAT «Enxik
bank», BAT «Enexktpuuni crannii» ta «Kymrop Tomm Kommawni», mo [03BOMMIO BMABUTM BifMiHHOCTI y piBHAX
nudpoBoi 3pinocti GiHAHCOBOTO YIpaBIiHHA y CeKTOpaX OaHKIBCbKOI, €HEpreTHYHOI Ta IIPOMUCIOBOI Tajy3eill.
AHai3 1mokasas, o y ¢piHaHCOBOMY CeKTOpi HailOiIbII aKTUBHO BIIPOBAJXKEHO iHTerpoBaHi iHpopMaliliHi cucreMuy,
AKi 3a0e3ledyloTb aBTOMATM3ALil0 YIPaBIiHCBKOTO OOJIKY, LleHTpalai3oBaHUII HOCTYN O (iHAHCOBMX JaHMX Ta
PO3BUTOK aHANiTUYHUX IHCTPYMEHTIB [ MiATPMMKM yXBaJ€HHA YNPaBIiHCHKUX pillleHb. Y IPOMUCIOBOMY CEKTOPI
nudposisalisa oxonyuua aBToMaru3alilo BUpOOHNYIOro Ta ¢piHaHCOBOTO OOMIKY, a TAKOXX BIIPOBAIKEHHA ITATGOpM
Business Intelligence mis aHanisy gaHuX Ta NpOBefeHHA eJIEKTPOHHUX TeHfepiB. Lle cipysio MOKpaljeHHIO TOYHOCTI
IIPOTHO3YBAaHHA COOIBapTOCTi, CKOPOUEHHA TEPMiHiB OIOXKeTyBaHHA Ta 3a0e3NeueHHA BUIYCKY 13,567 Kr 30/10Ta IpK
MOJJaTKOBYX BiflpaxyBaHHAX, AKi CTAHOBWIM TOHAJ, 17,2 Mipyi coMiB y 2023 poui. Hacamkinens npecTaBneHi npakTUyYHi
pexoMeHpamil il KUPrU3CTaHChKMX KOMIIaHiil, 1[0 BK/IIOYAIOTh IIPOBeEeHHsI KOMIUIEKCHOI [iarHOCTUKM 06/TiKOBUX
CHCTeM, pOo3pOOKY OpOXKHBOI KapTy 1udpoBoi TpaHcdopMaliil, BIpoBapKeHHA IIaTGOpM UL IVIaHYBaHHA PecypciB
IiAIIPUEMCTBA 3 IHTEIPOBAHUMM MO Y/IIMU YIIPaB/IiHCLKOTO 0OIIKY, a TAKOXK PO3BUTOK KaJpOBUX KOMIIeTEHIIilT y Tarysi
aHaIiTMKM Ta (PiHAHCOBOIO IPOrHO3YBaHHA. IIpaKTUyYHA IIHHICTD JOCIIPKEHHS MOJIATAE Y MPOIO3ULil KOHKPeTHNX
peKOMeHalliil I KUPrU3CTAHCHKUX IIANPUEMCTB Ta (PiHAHCOBUMX MeHeMXepiB LIOfO BIPOBAKeHHSA IU(POBUX
IHCTPYMEHTIB KOHTPOJIiHTY

KAIOHOBi CAOBQ: pOrHO3yBaHHs; CTpaTeriyHe IIAHYBAHHSL; AHAJTITVKA; YIIPABIHCHKI PillleHHs; GIofKeTyBaHHS
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Abstract. The study aimed to substantiate the theoretical and applied foundations for the improvement of financial
reporting by small and micro-enterprises in Ukraine, considering international experience and the digital transformation
of accounting processes. The methodological basis consisted of comparative and content analysis, generalisation of
practices for presenting data in the extensible business reporting language format, and observation. The empirical base
was formed based on official analytical and statistical reports. The obtained results identified key differences between
the requirements of national accounting standards and international standards for small enterprises in terms of the
composition of reporting, principles of asset and liability valuation, and disclosure of information. The study determined
that the introduction of digital reporting formats and the harmonisation of methodological approaches increase the
comparability and reliability of data, reduce the time needed to prepare reports, and lower the risk of arithmetic and
classification errors. The study proved that the use of integrated information systems, in particular enterprise resource
planning systems and cloud platforms, contributes to the formation of a single information space between accounting,
tax and analytical subsystems. As a result, a structured model of the relationship between the digital level of reporting
and the quality of financial data has been developed, as well as recommendations for harmonising the Ukrainian financial
reporting system with European standards. The proposed model includes harmonisation of reporting formats, stricter
requirements for explanatory notes and disclosure of information, and the introduction of internal control procedures
to ensure comparability and transparency. The research materials can be used in the development of state strategies
for modernising financial reporting, improving tax policy and increasing the investment attractiveness of Ukrainian
enterprises in the process of integration into the European economic space

Keywords: accounting; economic transparency; harmonisation of standards; digital data formats; management
analytics; regulatory convergence; quality of information systems

Introduction

The financial reporting of small and micro-enterprises is
substantial in ensuring the transparency and stability of the
business environment. In the context of the digital trans-
formation of the economy, the quality of reporting data be-
comes an indicator of the institutional maturity of the state
and business. Harmonisation of national accounting regu-
lations (standards) (NP(S)BO) with International Financial
Reporting Standards (IFRS) for small and medium-sized
enterprises (SMEs) ensures the comparability of informa-
tion in the European space. The streamlining of reporting
processes and the integration of digital solutions determine

the competitiveness of small businesses in Ukraine and
their sustainability in the global economic environment.
Ukrainian practice of reporting by small enterprises
demonstrates several contradictions between legislative
requirements and the actual ability of business entities to
ensure full disclosure of information. T. Gogol & V. Kolo-
tok (2020) demonstrated that small businesses often do not
disclose the non-financial information and explanations re-
quired by current accounting standards. At the same time,
the problem of incomplete notes to financial statements,
particularly regarding accounting policies and accounts
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receivable, remains systemic. According to the results of a
study by S. Semenova & O. Shpyro (2019), some small busi-
nesses do not disclose information about their accounting
policies, which makes it difficult to verify the methodology
of their application.

This situation creates a risk that users of financial state-
ments (investors, banking institutions, tax authorities) will
not receive sufficient data to assess the financial condition,
risks and prospects of a business. As a result, despite the
regulatory framework that requires detailed disclosures
(including explanatory notes), most small businesses face
resource, technical or staffing constraints that prevent them
from meeting these requirements. This gap between regula-
tion and practice points to the need to improve the quality
of reporting at the small business level by strengthening
disclosure requirements, resources for their implementa-
tion, and monitoring by the regulator.

The study by T. Kostash (2025) examined the impact
of the digital economy on the modernisation of corporate
financial reporting. The study emphasised that the digi-
tisation of accounting processes and the introduction of
electronic reporting formats increase the efficiency and
reliability of data, helping to reduce errors and duplication
of information. The study proved that the use of innova-
tive technologies creates the conditions for increasing the
transparency of financial information and building user
trust. In contrast, V. Kostyuchenko & A. Kovalova (2020)
examined the process of adapting IFRS for SMEs in
Ukraine. The study noted that although the legal prereq-
uisites for harmonisation with international standards
have been created, practical implementation faces diffi-
culties due to differences in the interpretation of the prin-
ciples of recognition of income and liabilities. The study
emphasised that the introduction of IFRS for SMEs will
contribute to improving the quality of information in fi-
nancial reporting and facilitate the comparison of indica-
tors between countries.

Ukrainian realities are analysed in the context of
international standards and in the work of A. Kostyako-
va (2025). The study argued that the inconsistent appli-
cation of accounting and reporting rules creates risks of
loss of transparency and trust among information users.
The significance of consistency between accounting and
tax approaches in the formation of an enterprise’s finan-
cial results is emphasised. The study provided examples
of intra-group transactions and financial assistance that
require clear reflection in reporting following IFRS. The
transformation of financial reporting of small enterprises
following IFRS and O. Fomina et al. (2022) was investigat-
ed. The study proved that the adoption of IFRS for SMEs
can be used for the creation of a more flexible system for
reflecting economic transactions, increases the accura-
cy of asset valuation, and ensures the comparability of
financial results. The practical aspects of implementing
standards in small enterprises in Ukraine are analysed,
and barriers related to a lack of resources and regulatory
uncertainty are identified.

At the same time, L. Dzhulii et al. (2024) studied the
peculiarities of accounting and taxation of small enter-
prises, revealing the relationship between tax incentives,
financial reporting and economic behaviour of businesses.
The study stated that simplified accounting regimes have
a positive impact on the administrative burden, but at the
same time limit the depth of financial analysis. The study
emphasised the need to harmonise accounting princi-
ples with the requirements of tax legislation to ensure the
reliability of reporting indicators. N.P. Banera & O. He-
ley (2021) emphasised the assessment of the quality of
financial reporting of small enterprises and finding ways
to improve the informativeness of indicators. The study
proved that the structure, consistency and timeliness of
disclosure of indicators are decisive criteria for the qual-
ity of reporting data. The article proposed an approach
to assessing the informative value of reporting through
a system of qualitative characteristics: clarity, reliability,
comparability and materiality.

The directions of development of reporting in the
eXtensible Business Reporting Language (XBRL) format
in Ukraine were studied by K. Nazarova & K. Bondaren-
ko (2022). The study identified the main vectors of digital
transformation of financial reporting, in particular, in-
creasing transparency, reducing the human factor, and au-
tomating the verification of indicators. The study systema-
tised the experience of the first years of XBRL application
and identifies problems with the integration of national
taxonomy with international standards. The role of state
institutions in forming methodological recommendations
for small and micro-enterprises was emphasised. The study
concluded that an effective digital reporting ecosystem
must be based on the principles of openness and compat-
ibility with European data exchange systems. O. Vakun et
al. (2020) devoted their study to analysing the problems
of implementing the XBRL reporting standard in Ukraine.
The authors identified XBRL as a key tool for digitising
accounting processes and increasing the transparency of
information flows. The publication revealed the barriers
to implementation, ranging from the insufficient technical
preparedness of enterprises to the limited level of digital
literacy of accountants. The study proved that the proper
functioning of the XBRL platform reduces the time spent
on preparing reports and increases their analytical value.

Most of the analysed studies considered individual
instruments or stages of reform without forming a com-
prehensive model of integrated reporting for small and
micro-enterprises. Issues such as assessing the quality of
reporting data, the relationship between digitalisation of
accounting and the reliability of information, and the im-
pact of international standards on the adaptation of na-
tional reporting forms remain insufficiently addressed.
The study aimed to develop theoretical guidelines for the
development of a financial reporting system for small
and micro-enterprises in Ukraine, incorporating inter-
national requirements and digital changes in the field of
accounting.
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Materials and Methods

The study covered the period from 2020 to 2025. During
this period, it was necessary to analyse the transformation
of the financial reporting system for small and micro-enter-
prises in the direction of harmonising national accounting
provisions with international financial reporting standards
for SMEs, as well as the introduction of digital tools into
the reporting process. The regulatory part was processed
using a comparative analysis method, which involved com-
paring national accounting standards with international
standards, in particular in terms of requirements for the
composition of financial statements, valuation of assets
and liabilities, and criteria for recognising income, expens-
es and financial results. Among the national accounting
standards (NAS), the primary were taken: NAS 7 “Fixed
Assets” and NAS 9 “Inventories”. The analysis of the regula-
tory framework also covered the provisions of Directive of
the European Parliament and of the Council No. 2013/34/
EU “On the Annual Financial Statements, Consolidated Fi-
nancial Statements and Related Reports of Certain Types
of Undertakings, Amending Directive 2006/43/EC of the
European Parliament and of the Council and Repealing
Council Directives 78/660/EEC and 83/349/EEC” (2013),
which became a methodological guideline for harmonising
Ukrainian requirements with European practices.

Content analysis was used to examine reports from the
Strategy of Ukrainian financial sector development until
2025 (n.d.) to identify the characteristics of simplified ac-
counting regulations for small enterprises and determine
the practical aspects of preparing financial statements
and explanatory notes. To analyse the implementation
of the extensible business reporting language format in
Ukraine, data from I. Verner (2024) and materials from
the OECD (2024) were used. This was used to assess the
trend of arithmetic errors in the financial reports of small
enterprises, as well as the proportion of reports submitted
late. The effectiveness of using XBRL as a tool for improv-
ing the reliability of financial reporting was assessed using
the method of theoretical generalisation.

The empirical basis was provided by content analy-
sis of analytical materials from the European Commis-
sion (2023; 2024), as well as reports on the implementation
of digital reporting formats in Poland (Ministry of Finance
of the Republic of Poland, n.d.), Germany (Federal Statis-
tical Office, n.d.), the Czech Republic (Czech Statistical
Office, 2023) and Estonia (Annual report, 2024). The in-
formation from the reports was necessary to examine the
practices of implementing the e-Balance system in Germa-
ny, the Standard Audit File for Tax Authorities (SAF-T) in
Poland, and the Business Registers Interconnection System
(BRIS) in the Czech Republic.

A practical case study of Meblomix Sp. z.0.0. (Po-
land) was examined to assess the reduction in tax report
corrections and accounting support costs due to digital
tools (Polish Agency for Enterprise Development, 2024).
The example of Strojexport a.s. (Czech Republic) was used
to assess the impact of digital reporting on increasing
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counterparty confidence and simplifying bank lending
procedures. The features of the digital reporting model in
Estonia were considered, and the advantages of the e-Busi-
ness Register system were analysed. These countries were
chosen because they represent different models of integrat-
ing standards and digital formats into financial reporting,
but at the same time have a similar structure of the SME
sector to that of Ukraine. A comparative analysis method
was used to identify differences between the Ukrainian and
European financial reporting models.

To assess the impact of digital tools on the quality of
financial data, the relationship between the level of digitali-
sation of enterprises and the quality of reporting, expressed
in terms of timeliness of submission, completeness of notes
and compliance of accounting policies with established
standards, was analysed. Statistical indicators were pro-
cessed using theoretical generalisation methods. A process
approach was used to determine the practical consequenc-
es of harmonising accounting standards and digitising fi-
nancial reporting. The paper describes the stages of report-
ing data formation, from the initial recognition of business
transactions to their reflection in financial forms and ex-
planatory notes, tracing the complete logical cycle of infor-
mation flow from the moment of its origin to the final pres-
entation in the reporting. To verify the compliance of data
with accounting principles, the study compared accounting
and tax assessments of assets, liabilities and operating re-
sults to identify possible discrepancies in the interpretation
of the economic substance of transactions.

The paper developed a structured model of the rela-
tionship between the digital level of reporting and the qual-
ity of financial data. Methodologically, the proposed model
was theoretical and analytical in nature and was based on a
combination of comparative, logical-structural and content
analysis. The materials used to construct the model were
the OECD (2021) report and materials from European re-
searchers (Sarker, 2025). The model was constructed based
on deductive generalisation, where empirical observations
(reduction of errors, acceleration of reporting, increase in
investor confidence) were systematised into a single struc-
tural scheme. The results obtained were conceptual in
nature. The study provided recommendations for harmo-
nising the Ukrainian financial reporting system with Euro-
pean standards.

Results

Regulatory framework for financial reporting

by small and micro-enterprises

The regulatory framework for financial reporting by small
and micro-enterprises forms the basis for ensuring the re-
liability, comparability and transparency of economic in-
formation needed by users to make management decisions.
In Ukraine’s national system, these issues are regulated by
the National Accounting Standards (NAS), which define
the structure, composition and methodological principles
for the preparation of financial statements. Their pur-
pose is to simplify accounting procedures for small and
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micro-enterprises and to maintain the minimum neces-
sary level of disclosure of information about their financial
position and performance. In the EU, a similar function is
performed by the IFRS for SMEs developed by the Interna-
tional Accounting Standards Board, as well as Directive of
the European Parliament and of the Council No. 2013/34/
EU “On the Annual Financial Statements, Consolidated Fi-
nancial Statements and Related Reports of Certain Types
of Undertakings, Amending Directive 2006/43/EC of the
European Parliament and of the Council and Repealing
Council Directives 78/660/EEC and 83/349/EEC” (2013).
Despite the common goal of increasing transparency, there
are significant methodological differences between the
Ukrainian and European systems that affect the complete-
ness and comparability of reporting indicators.

The Accounting Standards are based on the historical
cost principle, a conservative approach to recognising in-
come and expenses, and minimising the volume of notes
to the financial statements. For small enterprises, there are
abbreviated forms of the balance sheet (Form No. 1-m,
No. 1-ms) and income statement (Form No. 2-m, No. 2-ms),
which cover basic information about assets, capital, liabil-
ities, income and expenses (Strategy of Ukrainian..., n.d.).
These forms are easy to use, but they do not provide full
disclosure of non-financial indicators and details of the
structure of assets. In contrast, IFRS for SMEs are based on
the concept of fair value, which reflects the real economic
substance of transactions, not just their legal form. This can

improve assessment of the value of an entity’s assets, liabil-
ities and risks, which is relevant in an international invest-
ment environment (Kaya & Koch, 2014). In addition, IFRS
for SMEs contain sections on disclosure of information
about events after the balance sheet date, related parties,
contingent liabilities and accounting policies, which are not
provided for in most national standards of countries with
economies in transition (Bautista-Mesa et al., 2019).

The application of Directive No. 2013/34/EU is a key
factor in harmonising reporting approaches between EU
countries. The document defines quantitative criteria for
classifying companies: for small companies, assets up to
EUR 6 million, net income up to EUR 12 million, average
number of employees up to 50; for micro-enterprises, assets
up to 350 thousand EUR, income up to EUR 700 thousand
and staff up to 10 people. This ranking establishes propor-
tional reporting requirements without overburdening the
smallest businesses with an excessive number of indicators.
Ukrainian legislation has partially adapted these parame-
ters, but the limits set by the NAP(S)B remain stricter and
the methodology for disclosure of information less detailed
(Kovalchuk, 2025). In 2024, the Strategy of Ukrainian fi-
nancial sector development until 2025 (n.d.) initiated an
update of the criteria for small enterprises, raising the asset
thresholds to the equivalent of EUR 5 million, which was a
step towards convergence with European practice. A com-
parative overview of the key provisions of NAP(S)A and
IERS for SME:s is provided in Table 1.

Table 1. Comparative characteristics of key provisions of NAS(S) and IFRS for SMEs

Control element

The approach of the National Accounting
Standards (NAS)

IFRS approach for SMEs

Valuation of assets and
liabilities

Assets are mainly valued at historical cost, with
revaluation applied on a limited basis and at the
discretion of the company. Liabilities are recognised
only when there is a legal obligation

Assets are recognised at fair value if this improves
the reliability of information. Liabilities may also be
recognised if there is an economic obligation, even
without a formal contract

Recognition of income
and expenses

Revenue is recognised upon receipt of economic
benefits, and expenses — upon documentary
confirmation

Revenue is recognised when the right to receive
payment arises, regardless of whether the funds
have been received. Expenses are recognised on an
accrual basis

Disclosure of
information

The notes to the financial statements are simplified
and are provided only for selected items

Detailed disclosure of information about events
after the balance sheet date, contingent liabilities,
related parties, and a description of the company’s
accounting policies is required

Classification of
enterprises

The division is conducted following Law of Ukraine
No. 996-X1V, incorporating the criteria of revenue,
assets and number of employees

The classification is defined by Directive
No. 2013/34/EU, which sets clear thresholds for
micro, small, medium-sized and large enterprises

Reporting forms

Short: balance sheet and income statement without
cash flow details

Full: balance sheet, income statement, statement of
changes in equity, cash flow statement and notes

Conceptual principles

The primacy of legal form over economic substance,
emphasis on tax compliance

The prevalence of economic substance over form,
with an emphasis on data reliability and neutrality

Source: compiled by the author based on Law of Ukraine No. 996-XIV (1999), Directive of the European Parliament and of the Council
No. 2013/34/EU (2013), Directive of the European Parliament and of the Council 2014/95/EU (2014), D. Kaya & M. Koch (2014),

I. Kovalchuk (2025)

The European integration process has a significant
impact on the reform of reporting in Ukraine, within the
framework of which Directive No. 2013/34/EU is being
adapted to the national framework, as it leads to the uni-
fication of criteria for classifying enterprises by size, the
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introduction of simplified reporting requirements for small
and micro-enterprises, and the harmonisation of principles
for the valuation of assets, liabilities and disclosure of in-
formation in the notes. The EU insists on ensuring a “rea-
sonable balance” between reducing the reporting burden
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and providing sufficient information to assess the financial
condition of entities (Incollingo & Lionzo, 2023). Under
this policy, EU countries are required to provide small en-
terprises with a simplified reporting package, but without
compromising the quality characteristics of comparability,
reliability and transparency. For Ukraine, this implies the
need to shift from a tax-oriented model to an information
and analytical one, where financial reporting is viewed as
a strategic management tool. Another significant aspect
of modernisation is the digitisation of processes and the
transition to the XBRL format, which enables automatic
comparison, validation, and publication of reporting data
(Yang & Ming, 2024). This technology makes it possible to
minimise subjectivity when filling out forms and creates a
basis for integrated reporting that combines financial and
non-financial indicators.

In general, the trend in the development of the regu-
latory framework for SME financial reporting is to com-
bine the principles of simplification with the requirements
of reliability and comparability. For Ukrainian small en-
terprises, gradual harmonisation with IFRS for SMEs and
the provisions of Directive No. 2013/34/EU is a necessary
condition for the formation of a clear, transparent and in-
vestment-attractive accounting system. The combination of
regulatory adaptation with digital reporting technologies
creates the conditions for reducing the administrative bur-
den, improving the analytical quality of data and bringing
the Ukrainian accounting system closer to European trans-
parency standards.

The practice of reporting by micro-enterprises in
Ukraine is characterised by a high level of simplification of
accounting procedures, a limited set of forms and minimal
requirements for disclosure of information, which is deter-
mined both by regulatory provisions and by the resource
capabilities of the business entities. Following NAP(S)BO
25 “Simplified Financial Reporting”, micro-enterprises
submit only two main documents: the balance sheet (form
No. 1-ms) and the income statement (form No. 2-ms),
without detailing cash flows, changes in capital or extended
notes. This reduces the administrative burden, but limits
users of financial statements in obtaining complete infor-
mation about the structure of assets, liabilities and financial
risks. According to analytical data from the State Statistics
Service of Ukraine, as of 2023, micro-enterprises account-
ed for 79.8% of the total number of business entities, but
most of them (over 60%) keep accounts using a simplified
system without formalised procedures for revaluing as-
sets or detailing deferred expenses (Verner, 2024). At the
same time, audits show that micro-enterprises often violate
the requirements of NAP(S)B 25 in terms of disclosure of
data on accounts receivable, inventories and equity, limit-
ing themselves to the minimum lines of reporting forms.
This indicates the dominance of fiscal motivation in re-
porting over informational motivation. At the same time,
the introduction in 2021-2024 of mandatory financial re-
porting in XBRL format for entities of public interest has
become a catalyst for digital adaptation even among small
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and micro-enterprises, which have started to use automat-
ed accounting systems to generate reporting forms. Thus,
the modern model of reporting for micro-enterprises in
Ukraine combines regulatory simplicity with limited ana-
Iytical capabilities, which requires further modernisation
in the direction of digital integration and gradual harmoni-
sation with European requirements for the quality of finan-
cial data. Gradual digitalisation creates the conditions for
improving the accuracy and timeliness of data, but staffing
issues, a lack of accounting knowledge and technical sup-
port remain key barriers to the implementation of trans-
parent microbusiness reporting practices.

The practice of preparing financial statements in Ukraine
The preparation of financial statements in Ukraine remains
one of the most dynamic aspects of the development of
the accounting system, especially in the small business
sector, which, as of 2022, accounted for more than 99.7%
of all business entities in the country (Verner, 2024). The
basic form of regulation for them is NAP(S)BO 25 “Sim-
plified Financial Reporting for Small Businesses’, which
defines two basic forms: the balance sheet (form No. 1-m
or No. 1-ms) and the income statement (form No. 2-m or
No. 2-ms). These forms provide for the disclosure of assets,
capital, liabilities, income and expenses, but do not cover
all aspects provided for by the full standards, in particu-
lar the cash flow statement or the statement of changes in
equity. As a result, the analytical depth of such reports is
limited, and the possibility of comparison with enterpris-
es reporting under IFRS is reduced. According to the State
Statistics Service, only about 28% of small enterprises sub-
mitted extended notes to their financial statements in 2023,
although this is permitted by current regulations.

One of the most common problems in preparing finan-
cial statements for small enterprises is the revaluation of as-
sets, which is often conducted without proper methodolog-
ical justification or using simplified approaches. According
to recent observations, more than 40% of the analysed en-
terprises base their fixed asset valuation on the initial cost
without adjusting for inflation, which leads to a distortion
of profitability and equity indicators (Yang & Ming, 2024).
At the same time, according to the State Statistics Service of
Ukraine, about 30% of small enterprises that revalued their
fixed assets did not disclose the relevant information in the
notes to the financial statements as of 2023, which indicates
incomplete compliance with the principle of transparen-
cy and violation of the requirements in accordance with
NAP(S)A 7 “Fixed Assets” (Verner, 2024). Another com-
mon practice is to account for inventories at weighted aver-
age cost without incorporating the methods of accounting
for disposals at identified cost provided for in NAP(S)A 9
“Inventories”, which complicates the analysis of expenses
(Kovalchuk, 2025). Such shortcomings not only reduce the
quality of financial information but also create risks of ad-
ditional tax assessments in the event of audits.

A typical problem remains the lack of disclosure of
notes to financial statements, although they provide the
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context for analysis of individual items of the balance sheet
and income statement. As of 2023, some small and mi-
cro-enterprises do not provide explanations for accounts
receivable and deferred expenses, which contradicts the
requirements of paragraphs 7-10 of NAP(S)B 9 “Simpli-
fied Financial Reporting” (Mulyk, 2021; Kovalchuk, 2025).
Notably, this is due to a lack of qualified personnel or an
underestimation of the role of notes in ensuring data reli-
ability. At the same time, international practice shows that
even in simplified reporting, notes can perform an analyt-
ical function: in Poland, for example, 84% of small enter-
prises provide brief explanations to the balance sheet and
income statement, which significantly increases the user
value of the documents (Polish Agency for Enterprise De-
velopment, 2024).

Tax simplifications remain substantial in the formation
of reporting practices, significantly influencing companies’
approach to assessing performance and determining ac-
counting indicators. The introduction of a simplified tax-
ation system with fixed rates for taxpayers in groups 1-3
reduced the administrative burden but created the effect of
minimising reporting data. More than 70% of small enter-
prises that apply a single tax do not keep detailed records
of depreciation and reserves, as this does not affect the tax
burden (Kovalchuk, 2025). As a result, the book value of
assets is often understated, and the structure of equity does
not reflect the real state of resources. As a result, financial re-
porting is transformed from a management tool into a for-
mality limited by the requirements of tax returns. A similar
situation can be observed in Central European countries,
where, following the introduction of tax simplifications
in 2018, almost 40% of micro-enterprises lost the ability
to produce integrated reports due to the absence of man-
datory accounting registers (Bautista-Mesa et al., 2019).

As of 2025, Ukraine is gradually transitioning to more
detailed financial reporting for small businesses, follow-
ing European trends. The Ministry of Finance of Ukraine
(Strategy of Ukrainian financial..., n.d.) has initiated the
creation of an electronic register of small enterprises that
apply NAP(S)B 25 to reconcile reporting indicators with
tax service databases. This approach will reduce the number
of discrepancies in financial reports and create conditions
for integration into the unified information system XBRL
Reporting UA 2.0. In the long term, this will ensure the in-
tegration of financial and tax reporting in a single digital
environment, which will increase the reliability and compa-
rability of data, as well as compliance with IFRS for SMEs.

European experience in financial reporting

by small and micro-enterprises

The European experience of financial reporting by small
and micro-enterprises demonstrates a high level of institu-
tional consistency, technological maturity and transparen-
cy of accounting processes. In leading European countries,
such as Germany, Poland, the Czech Republic and Estonia,
the financial reporting of small and micro-enterprises is
based on IFRS principles adapted to the requirements of

Directive No. 2013/34/EU, as well as on deep digital inte-
gration of reporting processes. According to data from the
Federal Statistical Office (n.d.), more than 98% of small
businesses submit their financial reports in electronic file
format via the e-Balance system, which operates based on
XBRL taxonomy and provides automatic verification of
the consistency of indicators. The system can be used for
the unification of reporting for tax and statistical purpos-
es, which reduces the administrative burden and increases
data reliability. The transition to electronic reporting has re-
duced the average time required to prepare financial reports
in German micro-enterprises from 19 to 11 days, while
the proportion of arithmetic errors has more than halved.

In Poland, the introduction of the SAF-T system has
become the main tool for integrating financial reporting
with tax databases. SAF-T can ensure the transfer of ac-
counting data to the tax administration in a standardised
XML format, which provides compatibility between ac-
counting programmes and government portals. According
to the Ministry of Finance of the Republic of Poland (n.d.),
in 2024, approximately 93% of SMEs submitted their fi-
nancial reports via SAF-T, and the average level of com-
pliance of reported indicators with tax returns exceeded
96%. Such integration minimises the possibility of double
counting of transactions, improves the quality of audits
and creates a basis for analytical assessment of the sector’s
financial stability. A practical case study by Meblomix Sp.
z.0.0. (Poznan) showed that the implementation of SAF-T
reduced the number of tax report corrections by 27% and
accounting costs by 12% during the first year after auto-
mation (Polish Agency for Enterprise Development, 2024).

In the Czech Republic, the BRIS system connects
the national register of companies with the pan-Europe-
an electronic data exchange network and plays a key role
in the digitisation of accounting processes. Due to BRIS,
companies can publish their financial statements directly
through the government portal, which provides users with
free access to reports and increases business accountabili-
ty (European Commission, 2023). In 2022, more than 95%
of Czech enterprises submitted their financial statements
through BRIS, and the average time for publishing docu-
ments was reduced from three weeks to five days (Czech
Statistical Office, 2023). The example of Strojexport a.s.
(Brno) shows that the availability of reports in BRIS has
contributed to increased trust among counterparties and
simplified bank lending procedures, with the number of ap-
proved loan applications increasing by 14% after the intro-
duction of automatic confirmation of financial indicators.

One of the most successful models of digital reporting
in Europe is the experience of Estonia, where the e-Busi-
ness Register system has been in operation since the 2010s,
combining tax, statistical and financial databases into a
single digital circuit. According to data from the Annual
report (2024) (Estonia), in 2024, 99.4% of small and mi-
cro-enterprises submitted their financial reports in elec-
tronic format, with the average time for registering a new
business not exceeding 18 minutes. The platform can be
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used by businesses to enter data once, and it’s then auto-
matically used by different government services, which re-
ally cuts down on admin costs. Research has shown that
digital consolidation of reporting has increased the effec-
tiveness of monitoring the timeliness of form submission
by 21% and reduced the number of technical errors by al-
most three times. The Estonian model demonstrates how a
combination of transparency, digital technology and a reg-
ulatory framework creates an ecosystem of trust between
business and the state.

A common feature of European practices is the com-
bination of technological reporting tools with institution-
al quality control. The use of e-Balance, BRIS and SAF-T
platforms enables automated reconciliation of financial in-
dicators between tax, audit and statistical systems, which
increases data accuracy and reduces the risk of manipu-
lation. In its 2024 report, the European Commission em-
phasised that due to the introduction of digital formats for
processing financial information, the timeliness of report-
ing by small and micro-enterprises in the EU increased
from 89% in 2019 to 97% in 2023, while the cost of prepar-
ing reports for businesses fell by an average of 15% (Euro-
pean Commission, 2024). Practice shows that harmonised
regulatory requirements and digital infrastructure create
a synergistic effect, transforming transparent reporting
from an administrative obligation into a strategic tool for
business development.

A comparison of the results of implementing finan-
cial reporting systems for small and micro-enterprises in
Ukraine and EU countries reveals significant differences in
the level of transparency, detail and digital integration of
data. European practice, based on the provisions of IFRS
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for SMEs and Directive No. 2013/34/EU, provides a higher
level of standardisation, while the Ukrainian system of Ac-
counting Standards (AS) remains predominantly tax-ori-
ented, focusing on the formal reflection of performance
results. According to estimates by the OECD (2024), the
share of small and micro-enterprises that prepare complete
financial statements with notes in EU countries is about
87%, while in Ukraine, this figure does not exceed 32%.
This disparity can be explained by differences in digital
maturity and access to automated accounting platforms: on
average, 91% of European SMEs use XBRL or its local ver-
sions, while in Ukraine, only 26% do so (European Com-
mission, 2024; Strategy of Ukrainian financial..., n.d.).

A significant advantage of the European model is its
ability to ensure consistency between accounting, tax and
statistical records. For example, in Germany, the e-Bal-
ance system automatically synchronises financial report-
ing with tax service databases, reducing the administrative
burden by almost 18% on an annual basis (Lukianykhi-
na et al., 2024). In Ukraine, however, most small business-
es submit financial reports separately to statistical and tax
authorities, resulting in discrepancies of 9-12% on average
between similar indicators in the reports (Lukianykhina et
al., 2024). The gradual introduction of the XBRL format is
already showing positive changes: the share of reports re-
jected due to technical errors has decreased from 17.8% in
2021 to 6.4% in 2024 (Kovalchuk, 2025). This experience
confirms that harmonisation is not limited to changing
standards but involves systematic digital transformation.
A comparison of key indicators of the quality of financial
reporting by SMEs in Ukraine and EU countries is pre-
sented in Table 2.

Table 2. Comparison of key financial reporting quality indicators for small
and micro-enterprises in Ukraine and EU countries (as of the end of 2024)

Indicator Ukraine

EU Note

Only about one-third of
small and micro-enterprises
(32%) submit reports with
explanatory notes, which

Share of small and micro
enterprises that prepare
complete financial statements

A difference of more than 55%
indicates a gap in reporting
methodology and the need

to train accountants at small

In EU countries, this indicator
averages 87%, which provides
a comprehensive picture of the

Use of digital reporting formats

(XBRL or equivalents) only 26% of companies, mainly

those with an external auditor

with notes reduces the level of data financial condition of entities .
. enterprises
analysis
o - : .
The XBRL format is used by On average, 91% of EU The difference is explained

businesses use digital reporting
taxonomies integrated into tax
systems

by uneven technical support
and low digital literacy among
accountants in small businesses

Average time required to
prepare annual financial
statements

Approximately 22 days for
small businesses, excluding
audit procedures

In EU countries where
reporting is submitted via
automated platforms, this

figure averages 11 days

The reduction by almost half is

due to the automation of form

filling and the use of standard
templates

In Ukraine, the average level of
discrepancy between reports
submitted to the tax and
statistical services is 9-12%

Level of reliability and
consistency of reporting data

Standardised formats and
centralised databases ensure
high-quality financial
information

In EU countries, this figure
does not exceed 2%, which
is due to automatic data
verification in digital systems

Administrative burden on
businesses

On average, 74 man-hours per
year are spent on reporting

In EU countries, approximately
45 man-hours are saved due to
the integration of accounting
and tax processes

Digitalisation reduces time
expenditure by almost 40%

Source: compiled by the author based on E Ngaruko (2023), OECD (2024), European Commission (2024), Strategy of Ukrainian

financial sector development until 2025 (n.d.)
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The results confirmed that the effects of harmonising
standards and digital transformation are systemic in na-
ture. First, the use of a uniform approach to reporting in
accordance with IFRS principles increases investor and
creditor confidence, especially in the small and micro-en-
terprise sector, where access to finance largely depends
on the quality of information. Secondly, digital platforms
based on XBRL taxonomy reduce the time and resource
costs of enterprises, while increasing the accuracy and
comparability of reporting data. Thirdly, EU countries are
seeing the emergence of a culture of “transparent report-
ing”, where financial information is viewed not only as a
legal obligation but also as a strategic business asset. For
Ukraine, this process is still in infancy, but the trend shows
a gradual narrowing of the gap with the European mod-
el. The harmonisation of NAS(S) with IFRS for small and
micro-enterprises, supported by digital reporting tools,
has the potential to transform financial reporting from a
formal procedure into a full-fledged element of corporate
governance and economic policy.

Digitalisation of reporting: Impact

on data quality and transparency

The digitisation of financial reporting has become one
of the key factors in improving its reliability, timeliness
and comparability, especially in the small business sector.
Ukraine began implementing the XBRL system in 2020,
when the National Securities and Stock Market Commis-
sion introduced a unified taxonomy for business reporting.
Initially, only about 5% of enterprises submitted digital
reports, mostly medium-sized companies with experience
in IFRS auditing (Lukianykhina et al., 2024). By 2024, this
figure increased to 28% and, according to the Ministry of
Finance’s forecasts, the share of electronic reporting will
reach 45% in 2026 (Strategy of Ukrainian financial..., n.d.).
The changes are explained by the integration of new elec-
tronic data submission platforms and the improvement of
the XBRL taxonomy SME Reporting UA 2.0, which ensures
better compatibility between accounting systems.

The use of XBRL has a direct impact on the quali-
ty of financial data. After switching to electronic format,
the number of arithmetic errors in the financial reports of
small enterprises decreased from 16.2% in 2021 to 6.4% in
2024, and the share of late reports decreased from 12.5% to
4.1% (Verner, 2024). Studies show that automatic verifica-
tion of XBRL documents can be used to detect more than
80% of errors related to discrepancies between assets and
liabilities. This helps to increase confidence in financial in-
formation among investors and government regulators. As
a result, the digital transformation of the accounting pro-
cess reduces the amount of manual work and creates the
conditions for a transition from “post-factum” reporting to
“real-time” reporting.

The integration of digital financial accounting plat-
forms is actively underway through Enterprise Resource
Planning (ERP) systems and cloud solutions. According
to estimates, more than 39% of Ukrainian small businesses

use cloud accounting services for automatic reporting,
compared to only 14% in 2020. The most popular solutions
are BAS ERP, Finmap, and local services such as “My Ac-
counting” and “SME Office”, which can be used to generate
balance sheets and financial statements following NAP(S)
B 25. In practice, the implementation of ERP systems re-
duces the time required to prepare reports by 35-40% and
reduces the number of discrepancies between accounting
and tax data (Knuth et al., 2021). For example, in 2023,
due to the integration of BAS ERP with the XBRL module,
Ekopak LLC reduced the time spent on preparing its annu-
al report from 20 to 11 days and increased data accuracy
by 23% (Lukianykhina et al., 2024). Thus, the digitalisation
of financial reporting in Ukraine is gradually moving from
the experimental implementation stage to systematic de-
velopment. The combination of XBRL taxonomy, ERP plat-
forms, and cloud services creates conditions for transpar-
ent, automated, and reproducible financial accounting. At
the same time, the key task remains to improve the digital
competence of accountants, which will ensure the full inte-
gration of the national reporting system into the European
financial information space.

Innovative technologies in accounting are substantial
in increasing the productivity of enterprises, their invest-
ment attractiveness and competitiveness in the market.
Digitalisation enables businesses to reduce the cost of
routine accounting operations, respond more quickly to
changes in the external environment, and provide users of
financial statements with more reliable, timely, and struc-
tured information. For example, the use of data analytics
and digital platforms in SMEs creates conditions for faster
decision-making, diversification of business models and
entry into new markets (OECD, 2021). Thus, the introduc-
tion of reporting technologies as a means of management
communication directly strengthens the strategic position
of the company, rather than merely fulfilling a regulatory
reporting function.

Automated ERP systems significantly reduce human
error and increase reporting accuracy. ERP system users
report improved productivity, reduced reporting time, and
increased integration between financial, operational, and
management data. An analysis of the relationship between
ERP and business results has found a positive effect on la-
bour productivity when ERP is used in conjunction with
supply chain management systems and CRM solutions
(Latif et al., 2025). In addition, the implementation of ERP
in manufacturing SMEs contributes to the strengthening
of management accounting and control. As a result, au-
tomation through ERP systems in the accounting process
reduces manual corrections, improves the consistency of
accounting and tax data, and reduces the risk of human er-
ror, which directly corresponds to the previously described
reduction in arithmetic errors and improvement in the ac-
curacy of Ukrainian reporting.

Regarding cloud platforms, blockchain and artificial
intelligence, it is worth noting that their use in reporting
creates new horizons for accounting transformation. It is
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worth noting that cloud accounting systems help reduce
the amount of manual work, improve access to data in real
time, and facilitate collaboration between remote users and
audit or tax authorities (Sarker, 2025). In turn, blockchain
technology is gaining recognition as a means of increasing
the reliability and transparency of accounting records due
to the impossibility of changing data from previous pe-
riods, the creation of an audit trail, and the reduction of
fraud risk (Akter et al., 2024). The integration of artificial
intelligence into accounting systems can automatically
detect anomalies in reporting data, predict risks, and op-
timise verification procedures, creating a competitive ad-
vantage for companies that actively use such technologies.
The implementation of these latest solutions as a whole
transforms accounting from an “annual submission” to a
continuous flow of information, which increases attractive-
ness for investors and strengthens the company’s competi-
tiveness. Innovative technologies make it possible for small
businesses in Ukraine not only to comply with regulatory
requirements but also to create added value through op-
erational management, transparent communication with

investors and government agencies, and the use of data as a
tool for strategic development.

As a result, it is possible to form a structured model
of the relationship between the level of digitalisation of re-
porting and the quality of financial data, which reflects how
the depth of automation, integration of ERP systems, use of
cloud solutions and implementation of the XBRL format
directly affect the reliability, timeliness and comparability
of information. The model is based on the assumption that
each level of digital maturity of an enterprise, from basic
automation of accounting operations to analytical data
management, creates an additional effect of transparency
that can be measured through the qualitative characteris-
tics of reporting. For example, enterprises that use integrat-
ed real-time reporting platforms demonstrate consistently
lower rates of errors and late submissions while increasing
the level of data compliance with audit requirements. Thus,
the digital level of reporting is not only a technological indi-
cator but also an analytical criterion for assessing the qual-
ity of financial information within the national accounting
system. The model is schematically presented in Figure 1.

Digital reporting level (integration of ERP, XBRL, cloud technologies)

Automation of primary accounting

Impact on the quality of financial data

Improved reliability and comparability

Use of cloud-based ERP systems

Electronic submission of reports

Expansion of analytical disclosures

Economic and investment effects

Growth in investment attractiveness

Improving the efficiency
of accounting processes

Formation of a transparent
business environment

Figure 1. Model of the relationship between the digital level of reporting and the quality of financial data
Source: compiled by the author based on OECD (2021), J. Sarker (2025)

Based on the presented model, recommendations can
also be formulated for harmonising the Ukrainian financial
reporting system with European standards, which envis-
age three key areas. The first is the unification of report-
ing formats: a gradual transition to universal XBRL-type
electronic taxonomies compatible with the European BRIS
and e-Balance systems, which will ensure technical com-
parability of data. Second, strengthening requirements for
explanatory notes and disclosure of information, especial-
ly regarding accounts receivable, liabilities, state aid and
related party transactions; this approach will increase the

confidence of investors and analysts in the financial results
of micro and small enterprises. Third, the introduction of
internal control procedures in the digital environment,
including automated data verification modules, audit logs
and artificial intelligence-based error detection algorithms.

The implementation of these steps will create a uni-
fied, integrated financial reporting infrastructure that
complies with the principles of transparency, neutrality
and comparability defined in international standards. For
Ukraine, this means not only technical modernisation, but
also strategic strengthening of confidence in accounting
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information, creating the conditions for attracting invest-
ment and ensuring the sustainable development of the na-
tional business sector in the European economic space.

Discussion

The topic of harmonising accounting standards, digitis-
ing reporting processes and the impact of these transfor-
mations on the quality of financial data in the SME sector
remains central to many researchers. European practices
showed that the introduction of International Financial Re-
porting Standards for SMEs and digital tools such as XBRL
creates a new level of transparency, comparability and an-
alytically of financial data. The results of the study are fully
consistent with this trend, demonstrating that it is digital
integration and standardisation of reporting forms that in-
crease the reliability of indicators and promote transparent
financial management. This can be used to view financial
reporting not only as an accounting requirement, but also
as a strategic tool for sustainable business development.
G. Bucior & E. Jaworska (2023) examined the experience
of Polish micro-enterprises in the process of abandoning
paper-based financial reporting. The study determined that
the main challenge for enterprises was not so much tech-
nological adaptation as a change in organisational culture
and managerial thinking. They proved that the success of
the transition to electronic reporting depends on the will-
ingness of management to delegate authority and trust au-
tomated systems. The study also noted that the transition
to digital formats is accompanied by increased discipline in
accounting processes and accuracy of reporting indicators.
Present study demonstrated similar patterns: the study de-
termined that the introduction of electronic reporting can
reduce the number of arithmetic errors and increase the re-
liability of data, which indicates the universal nature of the
challenges of digital transformation for microbusinesses.

M. Al-Okaily et al. (2024) examined how the introduc-
tion of the extensible business reporting language format
affects the transparency of financial information in the dig-
ital environment. The study demonstrated that automated
data verification in XBRL systems reduces information
asymmetry between companies and users of financial state-
ments. M. Al-Okaily et al. (2024) noted that this effect is
even more pronounced in countries with transitional econ-
omies, as trust in electronic data increases in an environ-
ment of limited audit oversight. The study confirmed these
findings, as the introduction of XBRL in Ukraine led to an
improvement in the quality of audit procedures, a reduc-
tion in the number of non-systemic errors, and improved
comparability of financial indicators between companies
in different industries. Thus, digital reporting is not just a
technological innovation, but a mechanism for increasing
trust and accountability in business.

Instead, J.A. Smith et al. (2022) emphasised the need
to redefine the role of accounting in small businesses as
an element of public accountability. The study highlight-
ed that SMEs tend to perceive accounting as a compulsory
administrative procedure, whereas in European practice it

increasingly serves as a means of communication between
business, government and society. The authors emphasised
that digital forms of reporting expand opportunities for
analysis, comparison and control. The study confirmed a
similar trend: electronic reporting systems in Ukraine not
only increase the transparency of indicators but also shape
a new management culture, where accounting becomes a
source of strategic information for decision-making. At the
same time, there is still a need to develop a culture of re-
sponsible disclosure, which is a key condition for trust in
financial information.

The impact of the introduction of international financial
reporting standards for SMEs on the properties of financial
indicators and the cost of debt financing in private firms in
Sweden was investigated by N. Hellman et al. (2022). The
study determined that the application of standardised rules
for the valuation of assets and liabilities reduces the volatil-
ity of indicators and improves the predictability of profita-
bility. At the same time, the simplified reporting structure
reduces the cost of preparing documents and facilitates
access to bank lending. The study demonstrated a similar
pattern: harmonising Ukrainian accounting regulations
with international standards ensures better comparability
of reporting, which is relevant for companies that attract
external financing. This indicates a direct link between
standardisation of reporting, reduction of information
risk and increased investment attractiveness of businesses.

D. Cicchini et al. (2024) compared approaches to dig-
ital reporting in the EU and the US, emphasising the com-
bination of financial and non-financial disclosures. The
study concluded that disclosure standards in the EU are
more flexible but of higher quality due to the integration of
environmental and social aspects into financial reporting.
The authors emphasised that the digitalisation of report-
ing has catalysed the transition from a narrow accounting
approach to a comprehensive approach to corporate trans-
parency. The study confirmed this thesis, as the Ukrainian
experience of implementing digital formats also demon-
strates a trend towards expanding disclosures and including
non-financial indicators in reporting, which correlates with
the European logic of “sustainable development reporting”
A. Reino et al. (2020) investigated the relationship between
organisational culture and the financial performance of
Estonian companies. The study concluded that organisa-
tional openness, innovation orientation and support for
staff training contribute to better financial performance of
enterprises. The study also emphasised that digital tech-
nologies are a tool for strengthening transparency and ac-
countability, as they change corporate culture towards trust
in data. The study confirmed a similar relationship: the suc-
cess of the digitalisation of financial reporting in Ukraine is
determined not only by the availability of technical infra-
structure, but also by the willingness of business leaders to
perceive accounting as a strategic element of management,
rather than merely a regulatory requirement.

At the same time, P. Schorn et al. (2021) emphasised the
development of integrated reporting in the German SME
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sector. The experts demonstrated that combining financial,
environmental and social information in reporting helps to
increase trust on the part of investors and banks. The study
also emphasised that the introduction of digital tools makes
this process more efficient and economically viable even for
small businesses. The study is consistent with these find-
ings, as it proves that digital reporting platforms in Ukraine
not only increase the transparency of financial indicators
but also create the possibility of integrating non-financial
data into a single information environment.

Based on panel data, emphasising that models that
reflect time dynamics more accurately reflect the relation-
ship between management structure, digital processes and
financial results, M. Yousaf (2025) analysed methods for
assessing the performance of enterprises. The study proved
that in the current conditions of digitalisation, the efficien-
cy of an enterprise depends not only on resources, but also
on the ability to integrate data for strategic decision-mak-
ing. The study confirmed this approach: analytical systems
related to digital reporting formats create a basis for fore-
casting and strategic planning, which transforms financial
reporting into a management tool rather than just a form of
reporting to the state. Summarising the results of the anal-
ysis, it is possible to state that European studies confirm
the key pattern identified in the conducted research: digi-
talisation, harmonisation of standards and the formation of
a reporting culture are interrelated processes that enhance
the quality of management decisions. European experience
shows that the integration of IFRS for SMEs and XBRL
digital formats creates a stable information ecosystem in
which financial reporting becomes a mechanism for man-
aging risks and increasing trust between business, govern-
ment and investors. For Ukraine, further improvement of
the financial reporting system requires the development of
digital tools, updating the regulatory framework and form-
ing a culture of transparency, which will be a prerequisite
for integration into the European financial space.

Conclusions

The study provided a comprehensive overview of the finan-
cial reporting system for small and micro-enterprises in
the context of NAS and IFRS for SMEs. The study proved
that the quality of reporting is determined not only by
the correct application of methods for valuing assets and
liabilities, but also by the consistency of accounting poli-
cies, the completeness of explanatory notes and the level of
digital maturity of accounting processes. The peculiarities
of micro-enterprises are considered, for which simplified
reporting needs to be supplemented with disclosures on
the structure of assets, deferred expenses and related party
transactions, which will increase the transparency of infor-
mation and the reliability of analytical conclusions.
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A conceptual model of the relationship between the
level of digitisation of reporting and the quality of financial
data has been developed, reflecting the logic of the transi-
tion from paper-based and fragmented forms of submis-
sion to an integrated electronic ecosystem. The model cov-
ers three interrelated blocks: regulatory — harmonisation
of Ukrainian standards with EU directives and IFRS for
SMEs; technological — implementation of XBRL, ERP sys-
tems and cloud platforms; analytical - assessment of the re-
liability, comparability and usefulness of financial data for
management decisions. The study showed that harmonis-
ing Ukrainian standards with EU directives creates a basis
for comparability of indicators and ensures transparency of
financial flows. The study determined that the digital trans-
formation of reporting through the introduction of XBRL
taxonomies and ERP platforms contributes to increased
reliability, efficiency and control over data. The study es-
tablished that micro-enterprises that switch to electronic
formats reduce the time spent on reporting and reduce the
number of arithmetic errors by three times. Combined with
analytical tools, this creates the conditions for a transition
to the concept of “real-time reporting” A comparison of
practices in Ukraine and EU countries has shown that the
key factor in improving the quality of reporting is digital
standardisation and the integration of national formats into
the European BRIS, e-Balance and SAF-T systems.

The recommendations based on the research results
describe the implementation of standard digital reporting
templates in micro and small enterprises with the possibil-
ity of automatic verification of XBRL structures, the crea-
tion of industry guidelines for the disclosure of explanatory
notes following Directive No. 2013/34/EU, the introduction
of internal audit systems emphasising verification of the
consistency of financial, tax and management data, and the
development of programmes to improve the digital com-
petence of accountants to ensure the correct completion of
electronic forms. Further research should conduct a quan-
titative assessment of the impact of digitalisation on report-
ing reliability indicators, comparison of the effectiveness of
different accounting automation models, and a study of the
long-term effect of harmonisation of Ukrainian standards
with European ones in the context of integration into a sin-
gle economic space.
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Oco6nmBocTi ckaadHHA OIHOHCOBOI 3BITHOCTI
MAJSIMIMM NignNPUMEMCTBOMI TA MiKponignpmemMcTBaMW:
VKPAIHCbKUI TA MINKHOPOOHW O00CBIL,

Biramniit Kysboma

AOKTOP €KOHOMIHHMUX HAYK, AOLLEHT

MUKOAQIBCBKMIM HALLIOHOABHWI QrPAPHUIM YHIBEPCUTET
54008, ByA. l'eopris FloHraase, 9, M. MMKOAQIB, YKpaiHa
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AHoOTaUif. Merowo crarti Oy10 OOIPYHTYBaHHsS TeOPETUYHUX i NPUKIAJHMX 3acaji YHOCKOHAJIEHHS CKIaJjaHHs
¢iHaHCOBOI 3BITHOCTI Ma/nuX HifIpPUEMCTB i MikpomifmpueMcTB B YkpaiHi 3 ypaxyBaHHAM MDKHAapORHOTO LOCBimy
Ta nudposoi TpaHchopManil 06TiKOBMUX IpoleciB. MeTOONOIiYHYy OCHOBY CTAHOBWIM ITOPiBHSIDHMII Ta KOHTEHT-
aHaJIi3, y3araJbHeHH: IIPaKTHK ITONAHHA JaHNX Y GopMaTi po3LIMpIOBaHOI MOBM Gi3HeC-3BITHOCTI Ta CIIOCTEPEXKEHHS.
Emnipuuny 6a3y chopmMoBaHO Ha OCHOBI O(illifIHNX aHAITUYHNX Ta CTATUCTUYHUX 3BiTiB. OTpMMaHi pe3y/nIbTaTi Jaau
3MOry iffleHTH(IKyBaTy K/IIOYOBi BifMIHHOCTI MDK BMMoOraMy HalliOHaQJIbHUX CTaHOAPTiB OyXIrajaTepcbKoro oOiKy Ta
MDKHApOIZHUX CTaHAAPTIB /I MaJIVX HiAIIPYEMCTB y YaCTVHI CKTaly 3BiTHOCTI, IPMHIUIIIB OL[iHKM aKTUBIB 1 3000B’13aHb
Ta po3KpuTTA iHpopManii. BusasieHo, o 3anpopampkeHHA [UPpoBuX GopMaTiB 3BITHOCTI Ta rapMOHi3allis MeTORVYHIX
MigXO/iB MiBUILYIOTh INOPIBHAHHICTD i JJOCTOBIPHICTD JaHMX, CKOPOYYIOTh 4Yac HA IIJITOTOBKY 3BITiB i 3HIDKYIOTh
pusuk apudmernyHux Ta KracudikaniiHux moMmuaoK. JloBemeHo, [0 BUKOPUCTAHH: iHTerpoBaHux iHGopMamiiHmx
CHCTeM, 30KpeMa CUCTeM IUIAHyBaHH:A PecypciB MiAIPUEMCTBA Ta XMapHUX IUIAT(OpM, cripysie GOPMYBaHHIO €UHOTO
indopmaniitHOro MpOCTOPYy MiXK 0O/TIKOBMMY, IIOJATKOBUMI i1 aHATITUYHMMI IifcUcTeMaMu. Y pe3y/nbTaTi chopMOBaHO
CTPYKTYpOBaHy MOJE/Ib B3aEMO3B A3KY MDX IV(PPOBMUM piBHeM 3BITHOCTI Ta AKicTI0O (PiHAHCOBUX JAaHUX, a TAKOX Y
peKOMeHJaliAX LIOA0 rapMOHi3alil ykpaiHcbkoi cucremu (piHaHCOBOI 3BITHOCTI 3 €BPOIENCHKMMIU CTaHHApTaMU.
3amponoHOBaHa MOJie/Ib BKJIIOYAE y3TOKeHHA (PopMaTiB MOZAHHSA 3BiTHOCTI, IIOCM/ICHHA BUMOT IO IOSICHIOBaJIbHIX
IpuUMITOK i posKpuTTA iHpoOpManil, BIPOBa/KEHHSA BHYTPILUIHIX KOHTPOIbHUX MpOLeRyp i 3abe3Ied4eHH:d
IIOPIBHAHHOCTI Ta Ipo3opocTi. Marepianu JOCTiKeHHA MOXXYTb OyTU BUKOPUCTaH] IIif 4ac po3poO/IeHH: Jlep>KaBHIX
cTpareriit MofepHi3alil ¢iHaHCOBOI 3BITHOCTI, YJOCKOHAJIEHHS IIOJATKOBOI IIOJITUKM Ta Iif{BUIEHHA iHBeCTULiTHOI
IpMUBaOIMBOCT] YKpaiHChKUX MiJIIPUEMCTB y Ipolieci iHTerparii 0 €BpoIeicbKoro eKOHOMIiYHOTO IIPOCTOPY

KAlo4OBi cAOBQ: Gyxranrepcbkuil OOMK; eKOHOMIYHA MPO30PICTh; rapMOHi3allis cTaHAapTis; unudposi Gpopmaru
JaHVX; YIPaB/IiHCbKa aHAJIITHKA; Pery/IATOPHA KOHBEPIeHLlif; AKICTb iHpOpMaLiIHNIX cUCcTeM
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Abstract. The relevance of innovation development activation in Ukraine is combined with the limited use of scientific
results in entrepreneurial activities, which hinders the formation of a knowledge economy. The existing gap between
academic research and commercial application determines the necessity to improve technology transfer mechanisms and
create conditions for efficient implementation of university initiatives. In this context, study of technology transfer as a
foundation for starting a business becomes relevant. The study aimed to identify mechanisms through which technology
transfer can be used as a practical basis for starting a business, as well as to develop an applied model of interaction
between scientific institutions, technology transfer offices, and the entrepreneurial sector. The methodology was based
on analytical, comparative, and systemic research. A logical and content analysis of scientific sources from international
databases such as Scopus, Web of Science, and university repositories was conducted. Generalisation of empirical data
identified three directions of influence of technology transfer on business creation: scientific-technological, organisational-
managerial, and socio-economic. The study addressed technology transfer as a factor in shaping entrepreneurial activity
and developing innovation economy in Ukraine. The study determined that modern universities are becoming hubs for
dissemination of scientific results, combining research, education, and entrepreneurial initiatives. The results showed that
the effectiveness of technology transfer in Ukraine is lower than in developed countries, due to insufficient integration of
science, education, and business. A model for the development of university entrepreneurship has been proposed, which
combines the activities of technology transfer offices, incubators, start-up schools, and government support programs. Its
implementation would contribute to increasing the commercialisation of research results, fostering an entrepreneurial
culture among students and researchers, and attracting investment in the innovation sector. The practical value of this
work lies in forming the analytical foundation for modernising the policy to support university-based start-ups and
improving the commercialisation mechanisms for scientific developments
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Technology transfer as a foundation...

Introduction

In 2020-2025, Ukraine has prioritised commercial use of
scientific research results, but the transition from technol-
ogy creation to practical application remains fragmented
and uneven. A significant portion of scientific develop-
ments does not reach the implementation stage due to in-
sufficient coordination between scientific, innovative, and
entrepreneurial activities of universities. This situation cre-
ates a gap between generation of new knowledge, economic
implementation and slows formation of innovation market
as well as development of academic entrepreneurship. Uni-
versity teams often face a lack of advisory, organisational,
and financial support, which complicates the transition
from idea to product development stage. Under such con-
ditions, technology transfer represents a process that links
scientific results with opportunities for commercial appli-
cation; however, potential remains limited by organisation-
al and legal constraints. Such issues caused further scientif-
ic research in analysis of technology transfer as a basis for
university start-up implementation in Ukraine.

Conceptual foundations of academic entrepreneurship
have evolved alongside development of entrepreneurship re-
search. According to T.D. Barth & W. Schlegelmilch (2020),
academic entrepreneurship refers to entrepreneurial activ-
ity emerging within universities and research institutions,
where scientific knowledge becomes a source of economic
value creation through technology transfer, spin-ofts, and
cooperation with external partners. H. Landstrom (2020)
demonstrated that entrepreneurship has developed into
an independent scholarly field, extending from individ-
ual business activity to institutional and ecosystem-level
processes, including the role of universities in knowledge
commercialisation and innovation development. These
theoretical considerations create a framework for analysis
of technology transfer as a mechanism embedded in the
wider development of academic entrepreneurship.

Subsequent studies addressed institutional and organi-
sational conditions influencing the functioning of technol-
ogy transfer. S. El-Ferik & M. Al-Naser (2021), in analysis
of trilateral interaction between universities, business, and
the state, highlighted the role of knowledge and technology
transfer in coordinating interests of participants involved
in cooperation. Within this context, D. Prokop (2021)
demonstrated that the nature of institutional support at
universities affects both the number and the duration of
spin-off entities based on research results.

Empirical research further underlines significance
of organisational arrangements in supporting universi-
ty-based entrepreneurial activity. A.I. Gaspar Pacheco et
al. (2024) demonstrated that mentoring programmes, ed-
ucational courses, and administrative support create fa-
vourable conditions for initiation of university start-ups.
Furthermore, Y. Nikitin (2023) presented a model of an
innovation ecosystem in which technology transfer pro-
cesses arise from interaction between science, education,
the economic sphere, government structures, society,
and digital platforms. At the level of applied outcomes,

H. Martinez-Ardila et al. (2023) confirmed the presence of
arelationship between university-industry cooperation and
the creation of spin-off projects based on joint patenting.

In Ukrainian academic literature, institutional and
regulatory issues related to technology transfer were pri-
oritised. D. Tymchenko et al. (2020) examined the estab-
lishment of technology transfer offices in higher educa-
tion institutions, describing their structural organisation
and forms of interaction with participants in innovative
activity. T. Yaroshevska (2022) analysed institutional fac-
tors of uneven economic use of scientific research results
across sectors of Ukrainian economy, while I. Zrybnieva et
al. (2023) addressed legal issues and difficulties arising dur-
ing the implementation of technology transfer legislation
in scientific institutions.

Related research demonstrated persistent gaps between
implementation of research and subsequent economic use.
L.V. Rozhkova (2024) examined commercial use of research
results created with state funds, whereas V.V. Pyroh (2025)
explored technology transfer as a source of funding for
start-up projects in scientific sphere, highlighting invest-
ment mechanisms supporting entrepreneurial initiatives at
universities. From a broader macroeconomic perspective,
T. Zarkua et al. (2025) demonstrated that entrepreneurial
initiatives are central in countries undergoing transforma-
tional processes in economic and scientific domains.

Despite extensive body of literature devoted to technol-
ogy transfer offices, innovation ecosystems, and entrepre-
neurial activity, there remains a lack of studies explaining
how technology transfer functions as a practical basis for
the creation of university start-ups in Ukraine. Therefore,
the study aimed to examine how technology transfer may
serve as a foundation for starting a business in Ukraine and
to develop an applied model of interaction between uni-
versity teams, technology transfer offices, and innovation
support structures.

Materials and Methods

The study was conducted using a combination of general
scientific and special methods to analyse technology trans-
fer in the launch of university start-ups. Methodology ad-
dressed reproducibility of research through description of
data sources, analytical procedures, and sequence of re-
search operations.

The study covered 2019 to 2024 including available
comparable and complete statistics from open sources and
analytical reports. Data for 2025 were excluded due to ab-
sence of verified and summarised metrics, which hindered
comparison. To examine quantitative indicators on activity
of technology transfer offices, statistical summarisation was
applied. This procedure included aggregation of indicators
reported in analytical publications, their conversion into
comparable measurement units, and calculation of aver-
age values. The resulting data formed the basis for Table 1,
which presents indicators for the United States (US), The
United Kingdom (UK), Germany, Poland, and Ukraine.
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The dynamics of university start-up creation in the Eu-
ropean Union (EU), North America, Asia, Latin America,
and Ukraine were analysed using generalisation of data re-
ported in systematic reviews and analytical studies (Padilla
Bejarano et al., 2023; Rios Yovera et al., 2025). Analysis in-
corporated average annual number of newly created start-
ups, share of projects that reached the stage of commercial
use, and main sources of funding. Summarised quantitative
data were structured in tabular form to support compari-
son between regions.

Furthermore, systematic and comparative analysis sup-
ported generalisation of theoretical findings and formation
of integrated concept of technology transfer as a research
process. Content analysis of publications by international
and Ukrainian authors identified major research directions
related to university entrepreneurship and use of scientific
results. Combination of methods ensures scientific sound-
ness of the study, adequate coverage of research topic, and
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possibility of repeating the procedure using similar infor-
mation sources and analytical sequences.

Results and Discussion

Technology transfer as a mechanism

for shaping entrepreneurial initiatives

When analysing the role of technology transfer in launch-
ing entrepreneurial initiatives, it is useful to refer to quan-
titative metrics of the performance of technology transfer
offices in different countries. Such metrics can be used to
trace the transfer of scientific research results to the stage of
practical application and to identify the institutional con-
ditions that contributed to this process. For a comparative
analysis of universities’ capabilities in technology transfer,
Table 1 presents indicators characterising average annual
number of patents transferred, share of developments de-
veloped for use, and number of spin-oft projects created in
selected countries.

Table 1. Performance indicators of technology transfer offices in selected countries worldwide (2019-2024)

Average number of patents | Share of commercialised Number .
Country . Main forms of support
transferred annually developments, % of spin-offs created
Us 520 38.6 210 Grants, \{entur.e capital funds,
business incubators
UK 310 15 175 University f;level.opmen.t funds,
partnerships with businesses
Germany 285 331 160 Gover.nment Programs, EXIST,
innovation clusters
Poland 95 27.4 68 Regional hubs and technology parks
Ukraine 2 105 9 Academic laborat(.)rles,. s.tart—up
schools at universities

Source: based on M. Guerrero & M. Menter (2024)

Metrics presented in Table 1 are analytically signifi-
cant for assessment of functioning of technology trans-
fer offices. The average annual number of patents trans-
ferred reflects intensity of research results transfer outside
universities. Share of developments that have reached
the stage of use indicates the ability of institutions to ac-
company these results at legal formalisation and imple-
mentation stages. Number of spin-off projects, in turn,
characterises entrepreneurial activity based on scien-
tific achievements. A comparison of indicators between
countries reveals a significant difference in activities of
technology transfer offices. European Union and North
American countries had higher values for patent activity,
share of developments used, and number of spin-off pro-
jects. Ukraine had significantly lower indicators, which
could be caused by limited financial resources, less devel-
oped forms of interaction between scientific community
and users of developments, as well as a lack of specialists
in research transfer.

Similar observations are present in analysis by
M. Guerrero & M. Menter (2024), noting that manage-
ment capabilities of universities have a decisive influence
on the development of academic entrepreneurship. C. Ol-
vera et al. (2021) also demonstrated that organisational

conditions of institutions involved in technology transfer
influenced nature of cooperation between universities
and external partners.

Scientific publications showed that technology transfer
was considered by researchers to be an important compo-
nent in transforming research results into developments
suitable for practical use. The analysed studies demonstrat-
ed a tendency towards strengthening role of technology
transfer offices in supporting entrepreneurial activities of
scientists and students, in particular through participation
in commercial support of developments and establishment
of interaction between academic community and potential
users of technologies. This approach was reflected in studies
by C.S. Hayter et al. (2023), N. Halilem et al. (2024), as well
as Z. Chen et al. (2025). A summary of comparative analy-
sis results suggested that technology transfer was substan-
tial in shaping entrepreneurial initiatives both at support
for individual researchers and students and at institutional
development of universities. A comparison of the activities
of technology transfer offices in different countries reveals
a pattern whereby more structured interaction between the
academic sector and users of developments was accompa-
nied by higher rates of conversion of scientific ideas into
applied solutions. These generalisations provide a basis for
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further analysis of possibilities for developing technology
transfer in Ukrainian universities in the context of launch-
ing start-ups based on scientific results.

University start-ups as a result

of the commercialisation of scientific knowledge

A substantial aspect of entrepreneurial ecosystem is uni-
versity spin-ofts, which emerge based on research projects
and represent a specific form of transferring scientific
knowledge into economic activity. According to A. Cive-
ra et al. (2020), such entities arise when research outcomes
are combined with organisational conditions for further
development outside academic context.

E.E. Lehmann et al. (2021) emphasised that academic
entrepreneurship is formed at intersection of innovation
processes, institutional settings and individual initiative
within universities. In this context, university spin-offs

function as organisational arrangements through which re-
search results acquire an applied dimension. B.H. Jevnaker
& B.A. Misganaw (2022) demonstrated that formation of
spin-off projects is related to structure and coordination of
entrepreneurial teams, as well as role of technology trans-
fer offices in supporting researchers at early stages. From
perspective of developing economies, M.M. Musleh et
al. (2025) highlighted that university spin-offs often oper-
ate under conditions of limited resources, which increases
the importance of coordinated institutional support and
access to external networks.

To analyse dynamics of university start-up creation
across different regions, data from international analytical
studies were summarised. Results of comparative assess-
ment are presented in Table 2, which reflects average indica-
tors of start-up creation and progression to commercial ap-
plication stage in selected regions between 2019 and 2024.

Table 2. Estimated dynamics of university start-up creation (2019-2024)

. Average number of Percentage of start-ups that have . .
Region s Main source of funding
new start-ups per year | passed the commercialisation stage, %
European Union 420 42.1 EU grants, venture capital
North America 510 473 Private investors, corporate partners
Asia 375 39.8 University funds, government programs
Latin America 165 24.7 International technical assistance
Ukraine 35 12.6 Donor support programs, government grants

Note: The figures shown reflect the average number of university start-ups that have passed the initial commercialisation stage, i.e.

received initial funding (grant or investment) or brought a minimum viable product (MVP) to market between 2019 and 2024
Source: summary based on ].B. Padilla Bejarano et al. (2023), V.R. Rios Yovera et al. (2025)

The data presented in Table 2 indicate notable dif-
ferences in scale and progression of university start-up
creation across regions. Higher average numbers of
newly established projects and larger shares of initia-
tives reaching commercial application stage were not-
ed in North America and the European Union, which
reflects presence of more developed organisational ar-
rangements supporting research-based projects. Lower
indicators recorded for Ukraine suggest a more limited
number of start-up initiatives and a smaller proportion
of projects progressing outside early stages. Similar ob-
servations were reported by C.S. Hayter et al. (2023),
emphasising that formation of academic entrepreneur-
ship is associated with availability of educational pro-
grams, access to incubation infrastructure and institu-
tional support for intellectual property. A summary of
the analysis results shows that university start-ups had
significant potential for developing scientific results,
while emergence pace depended on available resources,
institutional support and quality of interaction between
participants in innovation system. For Ukraine, these
conclusions determine the need to expand opportuni-
ties for teams working on scientific developments and
to create conditions that facilitate the transition from
research to commercial application.

Development of financial
and organisational mechanisms to support start-ups
The analysis showed that creation of university start-ups cor-
related with availability of financial and organisational sup-
port, ensuring transfer of research results to business sector.
In European Union countries, such support was based on a
combination of public funding, venture capital investments
and participation of private funds. As noted by M. Guerrero
& M. Menter (2024), government grants and programmes,
particularly within European Commission initiatives,
were directed toward initial costs related to development,
prototyping, and early stages of research application.
In Ukraine, government grants dominated, prioritising
support of research and development projects. Participation
of private investors and venture capital funds was sporad-
ic. N. Halilem et al. (2024) confirmed that the main source
of funding for start-ups remained government support
through national programmes for young scientists and a
start-up fund. For comparison, in 2024, the average amount
of funding for start-ups in European Union countries was
approximately 7.4 billion EUR, while in Ukraine it was 32
million EUR, which indicated a significant reserve for ex-
panding investment field by integrating university projects
into international support programmes. Structure of uni-
versity start-up funding by source is presented in Table 3.
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Table 3. Structure of university start-up funding by source, %

Source of funding EU uUs Asia Ukraine
Grants from governments and international organisations 423 28.7 33.5 61.0
Venture capital 31.5 47.8 29.4 12.4
Crowdfunding and private investors 8.6 12.2 18.1 7.8
University funding 10.4 6.1 11.3 9.6
Other sources (donations, corporate participation, etc.) 7.2 5.2 7.7 9.2

Source: summarised based on analytical data from international and national studies A. Civera et al. (2020), N. Halilem et al. (2024)

The indicators presented in Table 3 are central for anal-
ysis of effectiveness of financial mechanisms supporting
university start-ups, as they can be used for an assessment
of ratio between budgetary and extra-budgetary sources of
funding. High share of grants from state and international
organisations reflects the dependence of start-ups on budg-
etary support, while volume of venture financing and pri-
vate investor participation characterises the level of interest
of capital market in university projects.

Presented data show that financing of university start-
ups in Ukraine was predominantly based on state pro-
grammes, as more than 60% of support was provided from
budgetary sources. This funding structure limited oppor-
tunities for broader private capital involvement and distin-
guished Ukraine from European Union and United States,
where venture capital funds and private investors were
more influential, supporting faster project development
and wider prospects for further expansion.

Predominance of budget-based support constrained
development potential of university projects and highlight-
ed the need for diversification of funding sources. In this
context, reference to international experience in academic
entrepreneurship provides a basis for analysis of alternative
formats for combining financial and organisational support
in development of university start-ups.

International practices in the development
of academic entrepreneurship
A study of international experience showed that mecha-
nisms supporting academic entrepreneurship in different
countries share a common foundation, while specifics are
shaped by economic opportunities and organisational char-
acteristics of national systems. Despite these differences, re-
searchers identified recurring patterns in university practic-
es, including use of financial support, consulting assistance,
interaction with investors, and creation of organisational
arrangements aimed at supporting start-ups at early stages.
A distinct organisational configuration has been
formed in Singapore. According to J. Hong et al. (2023),
university accelerators in Singapore accompany projects
until they reach market stage and create conditions for at-
tracting private investors. This configuration relies on long-
term mentoring and stable partnerships between research
groups and economic structures, which supports continui-
ty of assistance throughout entire development cycle.
European Union countries demonstrate a different
format, prioritising integration of university developments

into regional development policy. J.A. Cunningham et
al. (2022) showed that universities in Italy, Spain, and Fin-
land receive tax incentives, grant support, and advisory as-
sistance, which support project development at early stages
and contributes to cooperation between academic institu-
tions and regional partners. Scandinavian practice should
also be mentioned. Y. Cai & A. Lattu (2022) emphasised
that universities in these countries involve external part-
ners in management of technology transfer offices, which
supports trust among participants and facilitates assess-
ment and further use of innovations.

Ukrainian commercialisation system remains at an ear-
ly stage of formation. Most influential support mechanisms
include international technical assistance programmes,
particularly Horizon Europe (n.d.), as well as initiatives of
the European Bank for Reconstruction and Development.
Activities of state institutions, including the Ukrainian
Start-up Fund and National Research Fund of Ukraine,
support communication between scientists and investors,
although scale of such support remains lower than that ob-
served in European practice. Effects of interaction between
universities, public authorities, and economic partners are
also reflected in employment outcomes. M. Guerrero &
M. Menter (2024) reported that a single university start-up
in the United States creates, on average, between 6 and 12
jobs during first years of operation, which confirms role of
academic entrepreneurship as a source of economic activity.

A summary of international experience indicates that
several typical formats of support organisation for entre-
preneurial activity based on technology transfer can be
identified. One such format involves early selection of in-
novations, with specialised funds concentrating resources
on promising developments at initial stages. In Singapore, a
system of long-term support for start-up projects has been
formed, with prioritising developments throughout entire
cycle, from idea to market entry.

European Union countries are characterised by a re-
gional format for development of entrepreneurial initia-
tives, which relies on combination of educational, financial,
and organisational resources within territorial partnerships
that include universities and other institutions. In Scandi-
navian countries, a system of partnership-based manage-
ment of technology transfer offices prevails, in which coor-
dination between participant’s supports the use of scientific
results and facilitates their further application.

These formats remain relevant for Ukraine; howev-
er, their efficient use requires gradual improvement in
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funding availability, expansion of accelerator networks, and
conditions that support private investment. A comparison
of foreign experience indicates that Ukraine may move to-
ward a configuration that combines state support with the
development of independent institutions operating along-
side universities. Such a configuration supports the trans-
formation of university developments into projects capable
of entering the market and underscores the growing role of
digital solutions in coordinating technology transfer pro-
cesses and start-up management.

Digitisation of technology transfer

and use of data analytics in start-up management
Continuing analysis of technology transfer mechanisms
in formation of entrepreneurial initiatives, this subsection
considers the role of digital solutions in compilation of in-
formation on scientific results and coordination of inter-
action between participants involved in the further use.

Digital tools support systematisation of data on research
outputs and facilitate communication between universi-
ties, investors, and users of developments. P. Karanikic et
al. (2021) noted that use of digital knowledge manage-
ment tools reduced time required to assess potential of
scientific developments and supported faster establish-
ment of professional contacts.

Further development of electronic technology trans-
fer platforms has expanded these possibilities. Z. Chen et
al. (2025) demonstrated that such platforms accumulate,
systematise, and disseminate information on inventions,
patents, and research results suitable for further use.
These platforms supported remote submission of appli-
cations, execution of licence agreements, and partner
search, which facilitated coordinated interaction between
participants involved in transfer of scientific results. A
generalised representation of this form of interaction is
presented in Figure 1.

UNIVERSITY
- Generates R&D results
— Builds an IP database
— Trains specialists
v

— Assesses commercial potential
- Ensures patenting

- Organises licensing

- Manages digital platform

TECHNOLOGY TRANSFER OFFICE

v v
INVESTORS / BUSINESS STARTUPS AND SPIN-OFFS
- Development financing - Commercialisation of ideas
- Mentoring support - Market expansion
- Partnership projects - Recruitment

v

— Partner search
- Data analytics
- Startup monitoring

DIGITAL TRANSFER PLATFORM
— Register of developments and patents

Figure 1. Model of digital interaction between participants in the technology transfer system
Source: compiled by the authors based on P. Karanikic et al. (2021), ].B. Padilla Bejarano et al. (2023), Z. Chen et al. (2025)

Figure 1 illustrates information exchange between
universities, investors, users of developments, and organ-
isational structures involved in transfer of research results.
This interaction creates a basis for monitoring start-up
projects and evaluation of their progress using analytical
methods. Within this digital environment, analytical meth-
ods have become relevant in supporting start-up projects.
According to M.E Arroyabe et al. (2022), use of data anal-
ysis can be used to assess potential of developments more
accurately, evaluate demand for innovative products, and
allocate available resources more rationally during the se-
lection of projects for funding.

A separate direction of digital development in tech-
nology transfer is associated with creation of national
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electronic systems for intellectual property registration.
Such systems simplify application procedures, reduce pro-
cessing time, and expand interaction between universities
and users of research results. Estonia is an illustrative ex-
ample, where the e-IP electronic service introduced by na-
tional patent office can be used for remote submission and
support of intellectual property applications (E-services:
Electronic channels..., n.d.).

Ukraine has also introduced digital services in this
field. According to official materials of the Ukrainian Na-
tional Office of Intellectual Property and Innovation, on-
line tools for submitting applications and managing rights
have been gradually implemented, expanding opportu-
nities for scientific institutions to register and transfer
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research results (Ukrainian National Office for..., 2025).
The main directions of digital development related to
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technology transfer and academic entrepreneurship are
summarised in Table 4.

Table 4. Main directions of digitalisation in the field of technology transfer and academic entrepreneurship

Digitalisation direction

Main functions

Expected effect

Electronic technology transfer platforms

Publication of information about patents,
agreements, start-ups

Expansion of the circle of potential
investors

Data analytics and artificial intelligence

Assessing innovation potential, forecasting
demand

Improving the accuracy of management
decisions

Blockchain technologies

Accounting for license agreements and
copyright protection

Reducing the risks of intellectual property
infringement

Digital education platforms

Training specialists in the
commercialisation of innovations

Developing entrepreneurial skills among
scientists

Cloud services for joint development

Collaborative work on projects between
universities and businesses

Accelerating the creation of prototypes and
the launch of start-ups

Source: compiled based on P. Karanikic et al. (2021), M.E Arroyabe et al. (2022), S. Proenca (2025)

The directions presented in Table 4 reflect different ar-
eas of application of digital solutions in technology transfer
and start-up project support. Their use supports structured
handling of information on patents and developments,
increases accuracy of analytical evaluation, and facilitates
collaboration coordination. Digital solutions have also in-
fluenced organisational practices within technology trans-
fer offices. Z. Chen et al. (2025) emphasised that digitali-
sation supported a transition from intermediary functions
toward forms of organisation based on shared access to in-
formation and coordinated activity. In this context, digital
tools strengthened correlation between scientific research
and entrepreneurial initiatives and supported informed de-
cision-making in start-up project management.

Fostering entrepreneurial culture in universities and
developing human capital through technology transfer
Z. Chen et al. (2025) considered digitalisation as a factor
in formation of innovative culture in universities, ensuring
transition from forms of technology transfer organisation
in which transfer office performed mainly intermediary
functions to integrated interaction between participants in
the process. Under these conditions, researchers, students,
and investors gained access to shared digital services, which
created opportunities for collaboration on data, accelerated
information exchange, and coordination of decisions on
further development of projects.

Digital platforms that support technology transfer are
already widely used in international practice and signifi-
cantly influence organisation of interaction between uni-
versities and external partners. For example, the AUTM
Innovation Marketplace (AIM) (n.d.) platform in United
States can be used to publish developments for licensing,

search for investors, and monitor status of commercial-
isation. Stanford University operates the Sophia system,
through which descriptions of inventions are submitted
and patent applications are managed. In Europe, similar
functions are performed by digital platforms of the Techni-
cal University of Munich (TUM Patent and License Portal)
and KU Leuven, which provide access to technology da-
tabases and support online communication with potential
users of developments. These examples demonstrated how
digital infrastructure supports practical implementation of
technology transfer and creates conditions for its integra-
tion into the academic environment.

Role of digital solutions is not limited to facilitating
technology transfer procedures. Their implementation also
influences broader processes related to development of
entrepreneurial activity in universities, as digital services
increasingly become part of educational space and support
preparation of students for implementation of personal
projects. This connection between digital infrastructure
and education defines the growing attention to entrepre-
neurial culture as an element of university development.

Academic entrepreneurship is not limited to estab-
lishment of start-ups. It includes teaching innovative
thinking, development of competencies related to tech-
nology management, and encouraging initiative among
students and early-career researchers. Scientific and peda-
gogical staff involved in entrepreneurial activity performs
a substantial educational role by demonstrating practical
applications of research results in real economic condi-
tions. Comparative characteristics of the implementation
of entrepreneurial education and its influence on human
capital development in different university models are
presented in Table 5.
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Table 5. Comparing the role of academic entrepreneurship in the educational process in different university models

Country/university
model

Characteristics of entrepreneurial
education

Forms of interaction with

business Key effects on human capital

Entrepreneurship is integrated into
curricula at all levels, and incubators
operate at faculties

US (entrepreneurial
university)

Mentoring, joint programs with
venture capital funds, start-up

Risk management skills
development, team building,

competitions leadership

Universities actively involve
students in research projects with
commercialisation potential

UK (innovative
model)

Partnerships with local businesses,

Development of creative thinking
and independent business

technology hubs planning skills

Germany (research Dual education programs that

Cooperation with industrial

Deepening technical
competencies, involving applicants

being created

and applied model) combine research and practice enterprises, joint laboratories :
in technology transfer
Courses in innovation management L . .
. . . . Participation in international Increasing the level of
Ukraine (modelin | and start-up education are being . . .
. programs, grant projects, entrepreneurial activity among
development) introduced, support centres are

cooperation with start-up funds

applicants and young scientists

Source: summarised based on S. Taskin et al. (2023), S. Proenga (2025)

Formation of an entrepreneurial culture in univer-
sities is also related to changes in educational methods.
R.A. Rahmatika & S.E. Rachma (2025) noted that uni-
versities in the United States, the Netherlands, and Swe-
den promote a model of learning by venturing, in which
educational process is combined with implementation of
research and entrepreneurial projects. Such learning for-
mats familiarise students with technology transfer mech-
anisms through direct participation in project activities.

Similar conclusions were reached by E. Aromaa et
al. (2024), demonstrating the value of combining edu-
cational and project-based activities for development of
socially oriented entrepreneurship in cooperation be-
tween universities and external partners. M.A. Davila et
al. (2024) also demonstrated that involving students in
entrepreneurial initiatives during the educational process
contributes to development of practical skills related to
commercial use of research results.

From an institutional perspective, M.S. Loyola &
C.J. Selby (2025) emphasised that expansion of access
to entrepreneurial education in universities creates con-
ditions for a more even distribution of academic entre-
preneurship among different groups of students. At the

same time, O. Maliarchuk & V. Vostriakova (2024) high-
lighted that efficiency of such educational formats largely
depends on coordinated interaction between technology
transfer offices, educational units, and other participants
in innovation-related activities.

Furthermore, M. Passarelli & G. Bongiorno (2025)
showed that efficiency of start-up education is closely
connected with interdisciplinarity of learning. The com-
bination of engineering, economic, and social disciplines
contribute to a comprehensive concept of innovation pro-
cesses and trains specialists capable of operating under
conditions of market uncertainty. Relationship between
education, technology transfer, and human capital devel-
opment is illustrated in Figure 2.

Thus, development of an entrepreneurial culture
in universities represents one of the main directions for
implementation of technology transfer in Ukraine. For-
mation of educational programmes that combine the-
oretical foundations of innovation management with
project-based learning contributes to improved human
capital of scientific sphere and supports new generations
of entrepreneurs capable of implementing research results
in production and economic activity.

EDUCATIONAL PROGRAMS
(entrepreneurial training and project activities for applicants)

TECHNOLOGY TRANSFER OFFICE
(start-up incubation, mentoring, patenting)

STARTUPS AND INNOVATIVE TEAMS OF GRADUATES

HUMAN CAPITAL DEVELOPMENT
(new competencies, leadership, entrepreneurial thinking)

Figure 2. Schematic representation of the relationship between education,
technology transfer, and human capital development
Source: summarised by the authors based on A.I. Gaspar Pacheco et al. (2024), M. Passarelli & G. Bongiorno (2025)
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Problems and directions for improving

the technology transfer system in Ukraine

The technology transfer system in Ukraine is still in early
stages of development, and despite existence of a regulatory
framework and state programmes to support innovation, a
number of issues remain unresolved, including coordina-
tion between universities, technology transfer offices and
institutions responsible for practical utilisation of scientific
results. Scientific research showed that the effectiveness of
interaction depends on the ability of universities to create
conditions for the development of innovative initiatives,
in particular by streamlining commercialisation process-
es and strengthening institutional capacity (Guerrero &
Menter, 2024).

Ukraine has developed tools to support scientific de-
velopments and start-ups. These include programmes of
the Ukrainian Start-up Fund aimed at financing early stag-
es of project development, and grant competitions of the
National Research Fund of Ukraine, which support scien-
tific research with potential for practical application. How-
ever, scale of such support is still significantly inferior to
European practices, which limits ability of universities to
expand circle of partners and accelerate commercialisation
of research results.
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Development of institutional infrastructure remains a
separate problem. There are a range of technology transfer
offices operating in Ukraine, but most of them have limited
financial and human resources, as well as insufficient ex-
perience in interaction with international partners. There
is also no unified digital system that would integrate da-
tabases of intellectual property, patents and promising de-
velopments on a single platform, which complicates access
to information and coordination between participants in
innovation activities.

In this context, issue of low commercialisation of
research results in state universities requires further
consideration. Studies show that even in economically
developed countries, only a fraction of academic de-
velopments reach market, and effective management
of technology transfer process is a determining factor
in innovative development (Halilem et al., 2024). In
Ukrainian context, the situation is complicated by lack
of motivation among researchers, absence of specialised
educational programmes in patent management, and
limited opportunities for attraction of private capital.
Table 6 summarises the main problems of technology
transfer in Ukraine identified through analysis of aca-
demic literature and regulatory documents.

Table 6. Main problems of technology transfer in Ukraine and possible ways to solve them

Problem

Characteristics

Possible solutions

Insufficient digitisation of
technology transfer

Lack of a unified national database of patents
and scientific developments

Creation of a centralised electronic platform
based on open data

Weak interaction between
universities and business

Limited number of joint innovation projects

Introduction of joint incubation programs and
regional clusters

Low motivation of scientists to

Lack of financial incentives and appropriate

Improvement of the system of incentives, grants,

commercialise training and educational programs
Uncertainty of rights to research | Complexity in the distribution of rights between | Harmonisation of legislation with EU standards
results the institution and the author and updating of licensing procedures

Lack of specialists in the field of
technology transfer

Limited opportunities for training and
professional development

Development of master’s and postgraduate
programs in the field of innovation management

Source: developed by the authors based on analysis of scientific and regulatory sources

Experience of European countries shows that efficien-
cy of technology transfer system directly depends on state’s
participation in creating favourable conditions for interac-
tion between scientific institutions and investors. Germa-
ny, Finland, and Spain have special government programs
that support university start-ups by providing grants at
prototyping stage.

In Ukraine, institutions were also gradually formed to
support innovative initiatives at universities. In particular,
at Lviv Polytechnic National University (n.d.), innovative
projects were implemented through Tech Start-Up School,
which functioned as a university platform for start-up de-
velopment and included acceleration programmes, proto-
typing laboratories, and mentoring support, as evidenced
by official university materials. The National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute” operated the Sikorsky Challenge Ukraine in-
novation ecosystem, which combined incubation and

acceleration formats, as well as a network of investors pri-
oritising support of technology projects at various stages
of their development, as confirmed by information pub-
lished on project’s official website (Sikorsky Challenge
Ukraine, n.d.). Similar initiatives were implemented in
other higher education institutions. For example, the
Kyiv School of Economics (n.d.) introduced the Start-up
Booster Program, aimed at supporting technology-ori-
ented projects in cooperation with international partners,
as reflected in institution’s official materials. Odesa Poly-
technic National University (n.d.) operated the Polytech-
nic Start centre, which was aimed at supporting student
and scientific initiatives within university, as evidenced
by information published on university’s official website.
These examples confirm gradual development of universi-
ty support structures in Ukraine and convergence of their
organisational capabilities with practices characteristic of
leading European institutions.
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These developments make it possible to draw broad-
er conclusions regarding factors that influence efficiency
of technology transfer systems across different countries.
As shown by studies by J. Hong et al. (2023) and N. Hal-
ilem et al. (2024), improvement of efficiency of the sys-
tem is possible if that network interaction is established
between all participants — universities, research insti-
tutes, venture capital funds, business associations, and
regional authorities. This format of cooperation ensures
sustainable circulation of knowledge and contributes to

formation of a national innovation system in which tech-
nology transfer is a central element of entrepreneurship
development. Therefore, creation of a national technolo-
gy transfer ecosystem should be based on integration of
three levels: educational (competence building), scien-
tific (knowledge generation), and entrepreneurial (com-
mercialisation of innovations). A generalised scheme of
interaction between these levels is presented in Figure 3,
which reflects proposed model for improving technology
transfer system in Ukraine.

Research and development (R&D)
Generation of new knowledge, creation of patents, development of innovative technologies.
Formation of a basis for further commercialization of results.

v

Assessment of scientific development potential.
Support for patenting and licensing.

Technology Transfer Office (TTO)

Conducting expert reviews, market analysis, and contract preparation.
Providing consulting services to researchers and startup teams.
Use of digital services for intellectual property management.

v

Marketing of innovative products.

Entrepreneurial sector
Start-ups, venture capital funds, incubators, accelerators.
Manufacturing companies, investors, industrial partners.

Feedback from scientific institutions for technology improvement.

v

State support and policy

Provision of grants, preferential loans, tax incentives.
Development of national innovation development programs.
Formation of a unified digital platform for technology transfer.

Support for international partnerships and integration into European programs.

Figure 3. Generalised model for improving the technology transfer system in Ukraine

Source: developed by the authors based on J.A. Cunningham et al. (2022), M. Guerrero & M. Menter (2024)

As M. Guerrero & M. Menter (2024) noted, creation
of an integrated technology transfer system can combine
academic initiatives with market needs, promoting devel-
opment of innovative entrepreneurship and formation of
a competitive economy. Presented model reflects an inter-
connected system of participants in technology transfer
process in Ukraine, combining scientific, organisational,
entrepreneurial, and governmental levels. At the centre of
this system is scientific research (R&D), which provides
new knowledge, developments, and patents that form the
basis for commercialisation. Next link is technology trans-
fer office (TTO), which acts as an intermediary between
universities, businesses, and government institutions. Ac-
tivities of TTO include assessment of innovation poten-
tial, supporting patenting and licensing, analysing market
opportunities, and supporting start-ups in early stages.

Interaction with business sector ensures implemen-
tation of developments in production, creation of new
start-ups, and attraction of investments. At the final level,

state support and policy are aimed at stimulating the pro-
cess through grant programs, tax incentives, development
of digital infrastructure, and integration into the Europe-
an innovation space. Thus, proposed model demonstrates
consistent movement of technologies from laboratory re-
search to market, where each level contributes to efficiency
of national innovative development.

Conclusions

The study assessed state of technology transfer system
in Ukraine and identified main development trends. The
summary indicators show that Ukrainian universities
lag significantly behind leading countries in terms of
technology transfer and creation of innovative projects.
Average number of patents transferred in Ukrainian in-
stitutions is only 22 per year, while in the United States
this figure exceeds 520, and in Germany it is approxi-
mately 285. Only 10.5% of Ukrainian developments are
commercialised, which is several times lower than in EU
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countries. An analysis of university start-ups confirmed
that around 35 projects are created in Ukraine each
year, of which only 12.6% pass initial commercialisation
stage, i.e., receive initial funding or receive enough de-
velopment to become a minimally viable product. This
demonstrated limited opportunities for transforming
research results into ready-made technological solutions
and highlights the need to strengthen support in early
stages of innovation development.

A study of the structure of start-up financing showed
that more than 61% of funds come from public sources,
which creates significant dependence on budget and does
not stimulate activity of private investors. For compari-
son, in European Union countries, share of venture cap-
ital exceeds 30%, and in the United States, it is approxi-
mately 48%, which creates much broader opportunities
for intensive innovation development. Obtained results
substantiated a model for improving technology transfer
system, which is based on coordinated interaction of three
interrelated levels: educational, which forms competencies
in field of innovation; scientific, where new knowledge
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is generated; and entrepreneurial, which ensures com-
mercial implementation of developments. Systematic
integration of these levels will contribute to an increase
in the number of innovative projects, improve quality of
scientific results assessment, and develop human resourc-
es capable of transforming scientific ideas into applied
technologies. Prospects for further research include de-
velopment of mechanisms for evaluation of effectiveness
of technology transfer offices, modelling of relationships
between universities and innovative enterprises, and de-
termination of socio-economic impact of introducing sci-
entific developments into entrepreneurial activity.
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AHoTauid. [Torpe6aBakTyBisaliiiHHOBALiIHOr0 PO3BUTKY B YKpaiHi IOEFHYETHCS 3 00MeXXeHIIM PiBHEM BUKOPUCTAHHS
HAayKOBMX pe3y/IbTaTiB B MifIPUEMHUILBKIN RiANBHOCTI, IO CTpUMye (GOpMyBaHHSI eKOHOMiKM 3HaHb. HasgBHmil
PO3pUB MiX aKafleMiYHNMIM PO3pOOKaMN Ta IX KOMEPLITHNM 3aCTOCYBAHHSIM 3aCBiIy€e HEOOXIHICTD YIOCKOHAIEHHS
MeXaHi3MiB Ilepefiadi TeXHOJIOTriil i cTBOpeHHA YMOB A e(eKTUBHOI peasisalii yHIBepCUTETChKUX iHIIaTUB. 3a TaKMX
YMOB 0COOIMBOI aKTyaIbHOCTI HaOYBa€ MOCII/PKEHHs TpaHC(epy TeXHOJNOTiN SK OCHOBM 3allOYaTKYBAaHHs BIACHOI
cripaBy. MeTolo JOCTiIKeHH:A 60 BUSHAUeHHs MeXaHi3MiB, 3a JJOIIOMOTOIO SIKUX TpaHC]ep TeXHOJNOTilT MOXe CTaTu
HPaKTUYHOIO OCHOBOIO J/IA 3aII0YaTKyBaHH:A BIACHOI CITPaBl, @ TAKOK CHOPMyBaTHU NMPUKIAHY MOZIEIb B3aEMOJII MiX
HayKOBJMMI yCTaHOBaMu, oicamu TpaHcepy TeXHOIOTIN i MiATPUEMHUIIBKIM CeKTOpOM. MeTOR0/IOrisA IpyHTyBatacs Ha
AHATLTUYHOMY, HOPiBHATBHOMY Ta CUCTEMHOMY HOCTiIKeHHi. IIpoBeIeHo 0riko-3MiCTOBHMII aHa/Ii3 HAYKOBUX JKEPes
3 MbkHapopHUX 6a3 Scopus, Web of Science Ta yHiBepcureTchkyx pernosurapiis. Ha 0CHOBI y3arabHeHHs eMIIIPUYHIX
JaHMX BUSHAYeHO TPM HANpPsMU BIUIMBY TpaHC(hepPy TeXHOJNOTil Ha CTBOpPeHHs OisHecy: HayKOBO-TEXHOJIOTiMHMIL,
OpraHisalillHO-YIIPaBIiHCBKUII Ta COLia/IbHO-eKOHOMIUHMII. Y CTaTTi pPOSIVIIHYTO PONb TpaHc(epy TEeXHOJOTIN SK
(daxTopa GopMyBaHHA MiANPUEMHNUIIBKOI aKTMBHOCTI Ta PO3BUTKY iHHOBAIiiTHOI eKOHOMiKM B YKpaiHi. BusnadeHo,
IO Cy4acHi yHiBepCUTETU IIePETBOPIOIOTHCA Ha OCEpPEeNKM IIOMIMPEHHS HAYKOBUX Pe3YNbTaTiB, /e MOENHYIOTbCA
TOCTiIKeHH:, OCBITHII mpolec i mignpueMHnnbKi ininjatuen. PedynbraTy 3acBimunm, mo edeKTMBHICTb TpaHCPepy
TEXHOJIOTiN B YKpaiHi € HI)KYO0I0, HiXK y PO3BMHEHNX Jiep>KaBaX, 1[0 3yMOBJIEHO HEJOCTAaTHHOIO iHTerpaliero Hayku,
ocBitn it 6i3Hecy. 3alpOIIOHOBAHO MOfE/Ib PO3BUTKY YHIBEPCUTETCHKOTO MIiANPUEMHUIITBA, KA IIOENHYE [is/IbHICTD
odiciB TpaHcdepy TexXHOMOrN, iHKyOaTOpiB, CTapTam-IIKiM Ta [Aep)KaBHMUX IPOrpaM MiATPUMKY, peasisauis sKoi
CIIpMATMMeE IifIBUILEHHIO piBHA KoMepLiasisanii pe3yabratiB foCIifKeHb, GOPMYBaHHIO MiANPUEMHULBKOI KYIbTYPU
ceper 3700yBadiB 1 HayKOBILiB, @ TaKOX 3aJy4eHHIO iHBecTuuill y cepy iHHoBauiit. IlpakTnyHa LiHHICTH pobOTH
nonArae y popMyBaHHI aHaTITMYHOI OCHOBM JUIA MOfiepHisauii NOMiTUKM MifTPUMKM CTapTalliB IPY YHIBepCUTEeTaX Ta
BJJOCKOHA/ICHHsI MeXaHi3MiB KoMep1iia/i3ariil HayKOBMX PO3pOOOK
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Abstract. Therelevance of the studyis determined by the need to increase the strategic resilience of enterprises in the context
of digital transformation, where the architecture of digital innovations is a key factor in adaptability and competitiveness.
The aim of the study was to substantiate the role of the architecture of digital innovations as a determinant of the strategic
resilience of enterprises. The research methodology was based on the use of systemic-structural and comparative analysis
methods to identify the parameters of digital architecture, as well as economic-mathematical modelling to develop a
matrix of its functional role in ensuring the adaptive potential of business. It is accepted that in conditions of growing
turbulence of exogenous factors and digital transformation of the economy, the architecture of digital innovations is a key
determinant of the strategic resilience of an enterprise. The conceptual parameters of digital architecture (technological
basis, adaptability, predictability) and their impact on the transformation of traditional management models are considered.
The dynamics of the integration of digital components into the operational activities of Ukrainian enterprises are analysed,
which has made it possible to identify rs that negate the strategic potential of digital architecture. Based on the analysis,
a phased approach to the formation of a holistic architecture and a matrix of its functional role in ensuring the resilience
of economic entities are proposed. It has been proven that only a comprehensive approach to combining technological
drivers with strategic development goals can ensure the long-term adaptive stability and competitiveness of an enterprise
in the global digital space. The practical value of the study lies in the possibility of applying the proposed architectural
approach and innovative tools by senior managers, crisis managers and digital development specialists to design flexible
management strategies that ensure high resilience of enterprises in critical conditions

Keywords: cyber resilience; technological drivers; adaptive management; digitalisation; business model reconfiguration

Introduction

The formation of digital innovation architecture constitutes  solutions, in particular artificial intelligence systems, big
a key factor in the contemporary transformation of busi-  data architecture, cloud infrastructures and automated
ness entities, significantly modifying the paradigm of stra-  management platforms, is leading to profound reconfigu-
tegic management and the criteria for assessing long-term  rations of business models, organisational structures and
business sustainability. The integration of complex digital = predictive decision-making mechanisms. The relevance of
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this issue is due to the growing turbulence of the market
environment, the acceleration of technological cycles, and
the increasing demands on the adaptability of business sys-
tems in the global digital space. The transition to digitally
oriented models of enterprise development is accompanied
by a complex set of interrelated challenges.

On the one hand, the active implementation of digital
innovations increases the vulnerability of enterprises to
information and technological destabilisers and leads to
an increase in cyber risks, which requires the formation
of multi-level digital security mechanisms. On the oth-
er hand, increased competitive pressure from high-tech
market players and dynamic consumer expectations are
driving management to constantly reconfigure strategic
business contours, which requires significant intellectu-
al investment. Ensuring strategic resilience as the ability
to quickly regenerate and maintain functionality in crisis
conditions requires not only the implementation of indi-
vidual technological solutions, but also the development
of a comprehensive architecture of digital innovations,
harmonised with long-term development goals. The suc-
cessful functioning of an enterprise in an unstable envi-
ronment requires the development of adaptive strategies
based on the synergy of technological, organisational
and managerial components, which will contribute to
strengthening the systemic resilience of the business to
exogenous shocks and ensure its sustainable development
in a changing digital landscape.

A significant number of works are devoted to the study
of the theoretical and practical aspects of the architec-
ture of digital innovation and the strategic resilience of
enterprises. M. Biluha (2025) considered the conceptual
foundations of innovative development of enterprises in
the context of digital transformation and crisis shifts. The
author analysed in detail the potential of digital solutions
to improve the efficiency of business processes and iden-
tified systemic barriers that hinder their implementation.
The conclusions showed that the digitalisation of enter-
prises in Ukraine has great strategic potential, but requires
a comprehensive approach to overcoming technological
and organisational constraints, particularly in the context
of cybersecurity and intellectual capital. N. Ivanova (2024)
studied the impact of digitalisation on the national econo-
my and the quality of life of the population in Ukraine. The
author concluded that digital transformation contributes
to the achievement of sustainable development goals by
stimulating economic activity and improving the quality
of public services, which is essential for ensuring systemic
resilience at the meso and macro levels.

Researchers O. Kolodiziev et al. (2024) analysed the
role of digital technologies and innovations in increasing
the resilience and modernisation of the economy after pe-
riods of crisis. They applied a systematic approach, com-
bining case studies and expert assessments, to identify the
key factors of enterprise resilience. The study emphasised
that digital tools and innovative solutions are crucial for
the recovery and structural transformation of public and
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private organisations in the post-war period. Y. Parkhuts
& O. Ohdanska (2025) explored the issue of increasing the
competitiveness of enterprises through digitalisation. The
authors applied business process analysis and assessment
of digital integration indicators for enterprises in vari-
ous industries. The conclusions of the study indicate that
enterprises that actively implement digital technologies
demonstrate a higher level of adaptability and ability to
withstand market crises by optimising costs and expand-
ing sales channels. A. Kuzior et al. (2022) focused on as-
sessing Ukraine’s national innovation ecosystems in the
context of sustainable development. Using comparative
analysis and rating methods, the authors identified the
key strengths and weaknesses of the country’s innovation
structures. The results of the study showed that effective
digitalisation of ecosystems significantly increases their
ability to support innovative projects and integrate into
global technology chains, which strengthens national re-
silience. The dependence of organisational resilience on
the development of the innovative potential of enterprises
was examined by J.A.R. Awad & R. Martin-Rojas (2024).
The study applied an analytical model for assessing the
impact of innovative resources on the sustainability of or-
ganisations. The authors concluded that enterprises with
a high level of innovative potential demonstrate a greater
ability to recover quickly from crisis situations because
they have mechanisms for flexible resource reallocation.
G. Fletcher & M. Griffiths (2020) analysed digital trans-
formations in the context of lockdowns and crisis periods.
They used case study and comparative analysis methods
to identify effective business adaptation strategies. The
findings showed that companies that plan digital trans-
formation systematically are able to adapt more quickly to
external shocks and minimise losses compared to compa-
nies that use fragmented IT solutions.

Despite significant scientific attention to individual
aspects of digitalisation, the issue of forming a holistic
architecture of digital innovations as a systemic determi-
nant of strategic resilience remains controversial. Most
existing works focus either on the technological compo-
nent or on general issues of crisis management, leaving
aside the mechanisms of their architectural integration.
A number of important aspects of the organisational,
financial and informational support of digital transfor-
mation processes at the level of economic entities have
been partially studied. Methodological approaches to the
integrated assessment of the effectiveness of digital adap-
tation of enterprises through the prism of their strategic
sustainability are insufficiently developed. The lack of a
systematic vision of mechanisms for overcoming barriers
to technological integration, minimising cyber risks and
eliminating the shortage of digital competencies creates a
scientific gap in the development of adaptive architectur-
al management models. This necessitates clarification of
the conceptual parameters of digital innovation architec-
ture and a reconsideration of the role of the technological
factor as a fundamental determinant of business viability

Innovation and Sustainability, 2025, Vol. 5, No. 4 87



Architecture of digital innovations...

under contemporary exogenous shocks. Thus, the aim of
the study was to theoretically substantiate the concept of
digital innovation architecture and develop practical rec-
ommendations for its formation as a fundamental tool for
strengthening the strategic resilience of Ukrainian enter-
prises. The following hypotheses were formulated within
the framework of scientific research:

H1: The development and implementation of integrat-
ed digital architecture significantly increases the adapt-
ability and strategic resilience of enterprises to exogenous
shocks.

H2: Systemic integration of innovative digital plat-
forms (artificial intelligence, digital copies of enterprises)
has a direct positive impact on operational efficiency and
competitiveness.

H3: Institutional barriers to technological integration
and a shortage of digital skills among staft are critical fac-
tors limiting the effectiveness of digital adaptation by eco-
nomic entities.

Materials and Methods

The research methodology was based on a comprehensive
combination of general scientific and specialised methods,
which ensured a high degree of objectivity and represent-
ativeness of the scientific results obtained. To achieve the
set aim, a systematic approach was used, which allowed
to consider the architecture of digital innovations not as
an isolated technological process, but as a complex multi-
component system integrated into the overall development
strategy of the enterprise. The choice of methods was de-
termined by the need for interdisciplinary analysis at the
intersection of modern management, the digital economy
and strategic planning.

Empirical methods, such as observation, comparison,
and description, were used to study modern approach-
es to the digitalisation of enterprises in leading economic
systems and to identify key global and national trends in
the field of innovative development (Awad & Martin-Ro-
jas, 2024; Ivanova, 2024; Biluha, 2025). In particular, the
observation method allowed to evaluate practical models
for implementing digital technologies in real business pro-
cesses, comparison helped to identify critical differenc-
es and effective practices between different sectors of the
economy, and description ensured the systematisation of
existing approaches and their structured presentation for
further analysis. The theoretical-cognitive method was
used to conceptualise the architecture of digital innova-
tions through the formalisation of basic ideas and testing of
hypotheses regarding the impact of technological transfor-
mations on the strategic resilience of enterprises (Fletcher
& Griffiths, 2020; Cui, 2025).

Logical methods were used to substantiate the con-
clusions: analysis, synthesis, induction, deduction, gener-
alisation, and scientific abstraction. This made it possible
to identify methodological problems and risks of digital
transformation, as well as to determine the possibilities for
its strategic optimisation in the national and internation-
al context (Kuzior et al., 2022; Akib et al., 2022; Parkhuts
& Ohdanska, 2025). The information base of the study
consisted of documentary and statistical sources. In par-
ticular, reports and publications of the National Bank of
Ukraine (n.d.) were studied to assess the macroeconomic
stability of the business environment. Analytical materi-
als and global reviews by PwC Ukraine (n.d.) and KPMG
Ukraine (2024) were necessary to identify strategic prior-
ities and challenges of digitalisation. Official government
statistics on the use of information and communication
technologies (ICT) in the business sector (Ukrstat, n.d.)
were analysed. Scientific works on trends in innovative
progress and post-war reconstruction (Savras & Fed-
ynets, 2023; Pizniak & Turchina, 2023) were also analysed.

Case studies and management scenario modelling
were used to analyse the practical impact of digital inno-
vations on business processes and the level of enterprise
recovery in crisis conditions. This made it possible to verify
the consistency of theoretical propositions with actual data
on the functioning of economic entities in conditions of
high turbulence (Kolodiziev et al., 2024; Tkachenko, 2024).
This multi-method approach provided a comprehensive as-
sessment of the architecture of digital innovations as a key
determinant of strategic resilience.

Results and Discussion

The formation of the architecture of digital innovations of
business entities within this study was based on the anal-
ysis of a number of empirical and statistical data. In par-
ticular, the use of analytical reviews by PwC Ukraine (n.d.)
and KPMG Ukraine (2024) made it possible to identify the
key strategic priorities for the digitalisation of Ukrainian
business, among which the development of flexible IT in-
frastructures occupies a leading place. An analysis of docu-
mentary sources from the National Bank of Ukraine (n.d.)
helped to assess the macroeconomic stability of the busi-
ness environment, while official government statistics
(Ukrstat, n.d.) made it possible to determine the dynamics
of the use of information and communication technologies
in the business sector. In addition, the scientific findings of
I. Savras & N. Fedynets (2023) and D. Pizniak & S. Turchi-
na (2023) were taken into account when considering post-
war reconstruction trends. Based on a synthesis of these
sources, a system of key parameters of digital architecture
was formed (Table 1).

Table 1. Conceptual parameters of digital innovation architecture as determinants of resilience

‘ Analysis parameter Characteristic

Impact on strategic resilience

Technological basis

Convergence of artificial intelligence (AI), industrial
Internet of Things (IIoT) and digital copies of the
enterprise into a holistic architectural ecosystem.

Creates conditions for instant identification
and adaptive response to dynamic market anomalies
and technological failures.
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Continued Table 1

Analysis parameter Characteristic Impact on strategic resilience
Modular configuration of business architecture Neutrallse§ the hegative effects of stljuctural
Structural . . . X transformations in the economy and increases
s (Microservices), which ensures high speed of process e -
adaptability - ; - . X the flexibility of the operating model under pressure
reengineering without stopping operations. .
from risks.
Analytical Use of big data analytics methods Ensures the transition from reac'{lve ‘to prpacﬂye
Sl o . . management through the preventive identification
predictability for multi-variant scenario modelling. o
of potential crisis phenomena.
o Synergy of digital competencies of human capital Increases the systemic stability of the organisation
Cognitive . . L1 . . S . s
. . and innovative culture within a single intellectual to destabilising factors through intellectual flexibility
integration . . ..
information space. and the speed of staff training.
The ability of digital architecture to integrate with Builds network resilience for the business through
Ecosystem s ) . .
external platforms and stakeholders through open diversification of partnerships and rapid access to
openness . . .
interfaces (API). external innovation resources.
The use of cloud technologies (Cloud Computing) for . - .
s . R . Ensures business continuity under any conditions and
Resource mobility the dynamic redistribution of computing o . ! o
. .\ optimises costs during periods of low market activity.
and operational capacities.

Source: developed by the authors based on research by I.Z. Savras & N.I. Fedynets (2023), J.A.R. Awad & R. Martin-Rojas (2024),

KPMG Ukraine (2024), I. Tkachenko (2024)

The architecture of digital innovation is not just an in-
ert system, but a dynamic phenomenon that initiates a radi-
cal evolution of business models. It reorients organisational
structures towards the principles of intellectual adaptabil-
ity, innovation and predictive resilience using modern dig-
ital tools and end-to-end data analytics. In this context,

architecture serves as the foundation on which an econom-
ic entity’s ability to maintain functionality during exoge-
nous shocks is based. The process of forming such architec-
ture is iterative and multi-vector. The stages of developing
the architecture of digital innovation as a determinant of
an enterprise’s strategic resilience are illustrated in Figure 1.

Stages in the formation of the architecture of digital innovation to ensure strategic resilience

Diagnosis of digital
potential

Comprehensive analysis of the existing IT infrastructure and level of digital maturity in order to
identify critical vulnerabilities that reduce the resilience of business processes to external challenges

Strategic architectural
design

Development of a target architecture model that integrates innovations (Al digital twins) into the
development strategy in order to achieve specified resilience indicators

Formation of the
organisational
transformation model

Development of a roadmap for the implementation of technological solutions, allocation of resources,
and creation of a flexible management structure capable of sustaining continuous innovation.

Piloting and iterative
implementation

Implementation of pilot projects (for example, launching a prototype of a digital twin of a business
unit) to verify the architecture’s ability to adapt to changing environmental parameters

Intelligent monitoring
and reconfiguration

p T ataatly

Continuous data collection and analysis of the effectiveness of the architecture, identification of new
risks, and introduction of adjustments to the digital model to maintain long-term viability

Figure 1. Stages in the formation of the architecture of digital innovation to ensure strategic resilience
Source: developed by the authors based on research by Y. Yan (2023), Strutynska et al. (2024), M. Biluha (2025), S. Masaev et al. (2025)

This sequence of stages reflects the logic of tran-
sition from diagnosing the initial state of the system
to forming a predictive management model. At the
same time, the development of digital innovation
architecture allows a business entity to transform

disparate technological tools into a coherent mecha-
nism for counteracting crisis phenomena. The rela-
tionship between the strategic potential of digital ar-
chitecture and the relevant risks of its implementation
is systematised in Table 2.

Table 2. Determinants of the realisation of the strategic potential
of digital architecture and systemic challenges to its implementation

‘ Architecture components

Functional purpose

Example of implementation

Systemic risks and limitations

Intelligent algorithms
(AT & ML)

Demand forecasting and
automatic resource manoeuvring
in real time.

Walmart: automatic
replenishment of scarce goods
based on analysis of weather
anomalies.

High dependence on the
accuracy of input data;
inefficiency in situations without
historical analogues.

Innovation and Sustainability, 2025, Vol. 5, No. 4
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Continued Table 2

Architecture components

Functional purpose

Example of implementation

Systemic risks and limitations

Digital copies (Digital
Twins)

Stress testing of business
processes and failure modelling
without risk to assets.

Siemens: virtual testing of
production lines during
emergency power outages.

Significant development costs;
risk of discrepancies between the
digital model and reality.

Cloud ecosystem (Hybrid
Cloud)

Ensuring operational continuity
and territorial invariance of the
business.

Capital One: complete relocation
of banking operations to the
cloud to continue working
during local server failures.

Dependence on external
providers; data confidentiality
issues on third-party resources.

Cyber resilience (Zero
Trust)

Forming a secure perimeter for
safe access to strategic data.

Google (BeyondCorp): secure
remote work for staff with critical
data without using VPN.

Need for constant investment;
risks of human error and social
engineering.

Cognitive culture
(Knowledge Mgmt)

Scaling adaptive experiences
and rapid diffusion of anti-crisis
solutions.

Toyota: global digital knowledge
bases for instant replication of
engineering solutions between

factories.

Information overload for
specialists; difficulty maintaining
team spirit when working
remotely.

Source: developed by the authors based on research by I. Trunina et al. (2023), I.Z. Savras & N.I. Fedynets (2023), D. Pizniak &

S. Turchina (2023), O. Kolodiziev et al. (2024)

A summary of the above data allows to conclude that
the architecture of digital innovations is not only a tech-
nological foundation but also a stabilising mechanism
that minimises the impact of destabilising factors on the
enterprise’s activities. The key advantage of implementing
such an architecture is the transition from static protection
to dynamic adaptability, where digital copies and intelli-
gent algorithms allow crises to be predicted even before
they physically manifest themselves. At the same time, the
identified systemic risks point to the need for a balanced
approach: the technological complexity of the architecture
must be accompanied by an appropriate level of cyber pro-
tection and the development of the cognitive abilities of
personnel.

J 6.
Digital copies (Digital Twins) .452.1

Thus, the strategic resilience of an enterprise in the
digital age is determined not only by the availability of
advanced technologies, but also by the ability to integrate
them into a flexible and secure architectural model capa-
ble of continuous self-improvement. An analysis of the
functional orientation of digital architecture (Table 2)
confirmed that technological transformation is not only
a requirement of the times, but also a key condition for
ensuring the continuity of operational activities. To assess
the real impact of these processes on the strategic stability
of organisations, it is advisable to analyse the dynamics of
the integration of key components of digital architecture
into the operational activities of Ukrainian enterprises
during 2022-2024 (Fig. 2).

2024 w2023 m 2022

Intelligent analytics (AI & ML) -12515

2
) 18.4
2
} 402
J 585
0 10 20 30 40 50 60

Figure 2. Dynamics of integration of digital architecture components
into the operational activities of Ukrainian enterprises in 2022-2024, %
Source: developed by the authors based on research by Ukrstat (n.d.), KPMG Ukraine (2024), National Bank of

Ukraine (n.d.), Y. Voloshchuk et al. (2025)

The data presented in Figure 2 clearly illustrate that,
under conditions of high turbulence, Ukrainian business-
es have chosen the path of consistent development of dig-
ital architecture. The most stable positive dynamics were
demonstrated by the segments of intellectual analytics
(+47.2%) and digital copies (+47.6%), which is explained
by the gradual adoption of scenario modelling tools to
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minimise management risks. At the same time, the growth
in the share of cloud technology use to 58.5% in 2024 in-
dicates the systematic formation of territorial invariance
of business. This has allowed organisations to ensure the
preservation of operational memory and the continuity of
processes regardless of physical threats to local infrastruc-
ture. Thus, the presented statistical indicators confirm the




role of digital architecture as a stabilising mechanism that
transforms technological investments into strategic stabili-
ty and adaptability of economic entities.

An analysis of the dynamics of indicators characteris-
ing the effectiveness of digital architecture implementation
(Fig. 2) allows to assess both the positive effects and hidden
challenges for enterprises in the period 2022-2024. Positive
trends that directly affect the level of strategic resilience
include: optimisation of operating costs: the integration
of automated management systems and the transition to
cloud services have enabled enterprises to reduce the costs
of maintaining physical infrastructure, which has partially
offset the negative impact of inflationary processes; faster
recovery of business processes: the use of predictive analyt-
ics and digital twins has enabled rapid modelling of logis-
tics chains and production cycles in the event of disruption;
Strengthening digital immunity: systematic investments in
cybersecurity architecture have minimised direct financial
losses from the growing number of cyberattacks, ensuring
the integrity of corporate data.

At the same time, the process of intensive digitalisation
is accompanied by a number of destabilising factors that
need to be taken into account in strategic management:
Temporary decline in net profitability: significant capital
investments in updating digital architecture (CapEx) in the
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early stages create additional pressure on profitability, re-
quiring a review of investment policy; increased costs of
retaining specialists: a shortage of personnel with a high
level of digital competencies forces companies to increase
their payroll, which affects the overall structure of operat-
ing expenses; risk of technological dependence: high con-
centration on solutions from global cloud providers creates
potential threats in the event of technical failures on the
part of the supplier or changes in licensing conditions.
Despite these challenges, the results of the analysis show
that digital architecture in turbulent conditions is becom-
ing a basic asset that determines not only current competi-
tiveness, but also the ability of an enterprise to survive and
adapt in the future. The data obtained confirm the hypoth-
esis about the advisability of transforming IT infrastructure
costs into strategic investments in security and resilience. In
addition to internal economic factors, the period of inten-
sive transformation of the architecture of digital innovation
is driven by the need for Ukrainian businesses to adapt to
new regulatory norms and global technological standards.
In particular, institutional drivers such as integration into
the European Union (EU) Single Digital Market, the intro-
duction of open banking standards, and stricter personal
data protection requirements have significantly changed
the vector of digital solutions development (Table 3).

Table 3. Impact of strategic and regulatory drivers on the architecture of digital innovation in enterprises

and digital reporting standards.

Factor/category Description Impact on resilience Implementation challenges
Harmonisation Implementation of General Data Protection Simplification of cross-border
. - Regulation (GDPR), electronic Identification, cooperation, entry into the High costs of technical and
with the Digital o . . . .
Si Authentication and Trust Services (eIDAS) EU market, increased investor legal compliance.
ingle Market (EU)

confidence.

Special regime

Preferential tax treatment and English law for

The need for strict
adherence to transparency

Stimulation of in-house product
development, capitalisation of

Diia City [T assets. intellectual assets. and audit criteria.
. Formation of a systematic .
C Natlonal. Critical infrastructure resilience defence against hybrid threats, Shqrtage of qualified .
ybersecurity . . X L specialists, complex security
requirements, Zero Trust model. ensuring business continuity .
Strategy audit procedures.

(BCP).

Source: developed by the authors based on research by A. Kuzior et al. (2022), N. Ivanova (2024), P. Zhang & Y. Wang (2024), National

Bank of Ukraine (n.d.)

The systematisation of the factors presented in Table 3
provides grounds to assert that the regulatory environ-
ment in Ukraine serves as an external institutional basis
for the formation of the architecture of digital innovation.
On the one hand, the implementation of European stand-
ards has stimulated innovative activity and facilitated the
integration of enterprises into the global digital space. On
the other hand, adaptation to EU standards forces busi-
nesses to abandon fragmented software products in fa-
vour of unified integrated ecosystems, which minimises
the risks of data fragmentation and strengthens the foun-
dation for strategic resilience.

The introduction of the “Diia.City” regime has cre-
ated more favourable financial and institutional condi-
tions for the development of the technology sector, ena-
bling enterprises to reallocate resources to scale complex

Innovation and Sustainability, 2025, Vol. 5, No. 4

architectural solutions. At the same time, the role of dig-
ital innovation architecture as a determinant of strate-
gic resilience directly depends on the level of cognitive
readiness of management to operate in the updated legal
environment. In this context, it is important to develop
the dynamic adaptability of management teams to con-
verge the technological potential of architecture into the
functional contours of strategic planning and preventive
risk management. Thus, the formed architecture of dig-
ital innovations is not just a technical basis, but a holis-
tic strategic system within which regulatory compliance
is combined with technological flexibility. This creates
the preconditions for the transition to an intellectually
adaptive management model capable of self-learning in
response to external challenges. For the practical im-
plementation of this concept, it is necessary to define a
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hierarchical structure of interaction between the com-
ponents of the architecture, which allows transforming

technological tools into an effective mechanism for en-
suring strategic resilience (Fig. 3).

Matrix of the functional role of digital architecture in ensuring the strategic resilience of an enterprise

v v
Levels Archlte'ctural Cf)mponent Manager.le.il effect Key resilience indicator
(innovation) for resilience
] [ ] [ ] [ ] [
Cognitive  |— Al analytics based on System self-learning based on previous Coefficient of i'ntellectual
knowledge crisis scenarios maturity
Strategic Digital Twins Scenario modelling and preventive Time required for anti-crisis
& (digital copies) mitigation of disruptions decision-making
. . Ensuring territorial independence of Level of business continuit
Operational |—| Cloud infrastructure g tert P Y
business processes (BCP)
. Zero Trust, Ensuring integrity and verifiability of .
Protective . g mtesnty Y Level of cyber resilience
Blockchain corporate data

Figure 3. Matrix of the functional role of digital architecture in ensuring the strategic resilience of an enterprise
Source: developed by the authors based on research by H. Akib et al. (2022), R.G. Kula & C. Treude (2022), ].A.R. Awad

& R. Martin-Rojas (2024), I. Tkachenko (2024)

The presented matrix clearly demonstrates the role of
digital architecture as a key determinant defining an enter-
prise’s capacity to withstand external shocks. Due to con-
tinuous feedback loops between the protective and cogni-
tive levels, the system acquires self-organising properties.
This means that the enterprise does not simply respond to
changes in regulatory norms or security threats, but uses
them as input data for automatic updating of management
algorithms. Thus, the matrix presented in Figure 3 illus-
trates a hierarchical model of transforming digital innova-
tions into strategic assets, where each level of architecture
performs a specific function in ensuring the effective func-
tioning and long-term resilience of the enterprise.

Despite the high strategic potential of the developed
matrix (Fig. 3), its practical implementation is complicated
by the influence of a number of destructive factors identi-
fied in the course of the study. Typologisation of these ob-
stacles allows to specify the content of the problem field and
determine the mechanisms for their elimination. The key

obstacle is the fragmented implementation of digital solu-
tions. The creation of “digital islands” (separate programmes
without integration) leads to a break in information flows,
which makes it impossible to form a single resilience con-
tour. The solution to this problem lies in the transition to
a microservice architecture that ensures the seamless in-
tegration of all business processes. Secondly, the develop-
ment of architecture is accompanied by specific cyber risks,
which, in conditions of global turbulence, transform from
technical threats into strategic challenges. The implemen-
tation of the Zero Trust model, embedded in the protective
layer of the author’s matrix, allows for a change in the se-
curity paradigm: from perimeter protection to the protec-
tion of each individual operation. Thirdly, there is an acute
shortage of digital competencies. Even the most sophisti-
cated architecture remains inert without specialists capable
of managing innovation cycles. This requires companies
to transform their human resource management systems
towards the formation of a “cognitive culture” (Table 4).

Table 4. Mechanisms for overcoming destabilising factors in the formation of digital architecture

Problem Essence of destructive influence ArChlte?tural SOhm.o n Effect on resilience
(overcoming mechanism)
Fragmentation of | Duplication of data and delays in Implementation of unified ecosystems | System integrity and the speed
solutions managerial responses. and integration through API interfaces. of strategic manoeuvring.
. Risk of complete business disruption | Transition to a multi-layered Zero Trust .
Cyber risks as a result of external attacks. model and blockchain-based verification. BCP and protection of assets.
Competence Inability to effectively operate Development of managerial “digital Increased adaptability to
deficit intelligent systems. intelligence” and self-learning systems. technological upgrades.
Mi sahgnmept A disconnect between IT Convergence of digital architecture into | . Transforn?atlon of dl.gltal
with strategic . . - . innovation into a sustainable
- expenditure and strategic outcomes. functional planning frameworks. i
objectives competitive advantage.

Source: developed by the authors based on research by G. Fletcher & M. Griffiths (2020), R.G. Kula & C. Treude (2022), D. Pizniak &

S. Turchina (2023), J. Cui (2025)
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The proposed comprehensive approach assumes that
the architecture of digital innovation should be formed not
as an isolated technological structure, but as a determin-
ing factor of systemic stability integrated into the organisa-
tional structure. This accelerates innovation cycles — from
threat identification to adaptive response generation —
which is important for maintaining stability in the dynam-
ic global digital space. Thus, the strategic resilience of an
enterprise is directly determined by the depth of integra-
tion of digital innovations into the management system.
Only by overcoming these barriers can digital architecture
become an effective tool for ensuring competitiveness, al-
lowing an economic entity not only to maintain functional
stability during shocks, but also to use digital transforma-
tion as a driver of exponential strategic development. It
should be noted that even with intensive expansion of dig-
ital potential, financial and economic indicators of activity
in the short term may show some volatility. This is due to
the following factors: temporary depression of profitability:
significant capital investments in digital infrastructure and
support for cloud ecosystems create a burden on net profit,
but such expenses are investments in strategic security; the
cost of technological convergence: the process of combin-
ing disparate products into a single model requires signifi-
cant resources to overcome data fragmentation; exogenous
destruction: external shocks and energy instability lead to
increased operational risks, which temporarily negate the
expected economic effect. To transform architecture into
an effective determinant of resilience, it is necessary to im-
plement a strategic algorithm covering the following func-
tional vectors:

1. Conceptual design: development of a target innova-
tion model relevant to dynamic business goals.

2. Cognitive transformation: development of digital in-
telligence of personnel and innovative culture.

3. Optimisation of the operational contour: automa-
tion of routine processes to free up resources for strategic
manoeuvring.

4. Cyber resilience: building a perimeter based on Zero
Trust.

The implementation of these strategic vectors ensures
a qualitative transformation of the enterprise management
system into an intelligent adaptive model, where the use
of API interfaces and blockchain technologies guarantees
the necessary ecosystem openness. This allows for the op-
timisation of innovation cycles, enabling the organisation
to not only adapt to market anomalies, but also to set new
standards for industry leadership. The systematic integra-
tion of technological solutions positions the architecture
of digital innovation as a fundamental determinant of stra-
tegic resilience, ensuring the long-term stability and com-
petitiveness of a business entity in the global digital space
(Beverungen et al., 2022).

It has been established that the architecture of digital
innovation acts as a multi-level framework that integrates
the technological basis (artificial intelligence, big data,
cloud infrastructures) with organisational and managerial

Yepifanova & Nechyporenko

contours. This allows digitalisation to be transformed from
a budget expense into a strategic asset that generates added
value even in periods of turbulence. Unlike the fragmented
automation of individual functions, the architecture ap-
proach provides end-to-end visibility of business processes,
which is critical for rapid decision-making. A central role
in this process is played by digital twins of enterprises. Sys-
tematic digitalisation helps to strengthen the anti-crisis im-
munity of an enterprise. The integration of cloud comput-
ing ensures the mobility of work processes, and automated
management systems allow the functionality of production
chains to be maintained even with limited access to physi-
cal resources. Thus, digital architecture becomes the foun-
dation for implementing a “dynamic capabilities” strategy.

The generalisation of the data obtained confirmed
the key scientific hypotheses of the study: The results of
the study fully confirmed hypothesis H1, as a direct rela-
tionship was established between the level of integrity of
the digital architecture and the speed of regeneration of
the enterprise’s functions after critical exogenous shocks.
The confirmation of hypothesis H2 is based on an anal-
ysis of operational efficiency: the implementation of sys-
tems based on predictive analytics and digital twins allows
management to perform real-time simulation modelling
of risks. The results also confirmed hypothesis H3: the ar-
chitecture of digital innovations is identified as a key de-
terminant of strategic resilience, ensuring the flexibility of
business models in highly turbulent conditions.

Discussion of the obtained results within contempo-
rary scientific discourse makes it possible to more fully re-
veal the theoretical and practical value of the study. It has
been established that the need for deep reconfiguration of
management systems under the influence of digitalisation
tully corresponds to the position of M. Biluha (2025). The
author rightly pointed out the systemic barriers faced by
Ukrainian enterprises; however, this study expands that
approach by proposing digital innovation architecture as a
concrete methodological instrument for overcoming such
obstacles. Supporting M. Biluha’s (2025) thesis that techno-
logical inertia constitutes a major impediment to develop-
ment, the present research demonstrates that overcoming it
is possible only through a shift in the managerial paradigm
towards adaptability. This requires not merely the replace-
ment of software, but a reconsideration of organisational
hierarchy, where digital flows become the foundation for
decision-making at all management levels.

The analysis of the impact of digital innovations on
corporate efficiency resonates with the empirical findings of
J. Cui (2025), who identified a direct relationship between
process digitalisation and productivity growth through
the integration of artificial intelligence. This study aligns
with the conclusion that the positive effects of technology
emerge only under conditions of full systemic integration.
It is demonstrated that the isolated use of, for example, arti-
ficial intelligence without coherent linkage to a comprehen-
sive data architecture does not ensure the desired increase
in resilience. Such synergy confirms the non-linear nature
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of digital transformation effectiveness: maximum returns
are achieved only after crossing a critical threshold of sys-
temic integration. The vision of digital architecture as an
ecosystem is also consistent with the work of I. Trunina et
al. (2023). However, while those authors concentrated on
the threats associated with Industry 5.0, the present study
proposes solutions through the construction of strategic se-
curity contours, enabling risk neutralisation already at the
stage of architectural design.

An important area of debate concerns the role of digital
twins. The strategic approach of S.N. Masaev et al. (2025),
who conceptualised digital twins as complex dynamic sys-
tems, is supported. Nevertheless, this study introduces a
different emphasis: it argues that a digital twin is not mere-
ly a monitoring instrument, but a mechanism for ensuring
strategic manoeuvrability of enterprises under wartime
conditions, which corresponds with the conclusions of
I. Tkachenko (2024) regarding the critical role of innova-
tion during periods of military conflict. Complementing
this perspective, the research substantiates that digital ar-
chitecture performs the function of an intellectual “shell”
that minimises the impact of physical destruction on the
managerial stability of a business entity.

With regard to post-war recovery processes, the arti-
cle shares the optimism of D. Pizniak & S. Turchina (2023)
concerning the catalytic role of technology. However,
unlike their macroeconomic approach, the focus of the
present study is placed at the micro level - the individual
enterprise. The results confirm the conclusions of I. Stru-
tynska et al. (2024) that for small and medium-sized enter-
prises digitalisation constitutes a non-alternative means of
survival. Given that such enterprises are the most vulnera-
ble, the proposed architecture is characterised by modular-
ity. This enables phased implementation, thereby address-
ing the problem of limited financial capacity discussed by
I. Savras & N. Fedynets (2023). Such a stepwise approach
makes digital transformation accessible even to entities
with constrained investment resources, transforming fi-
nancial limitations from an insurmountable barrier into a
factor for prioritising change.

The issue of public investment, raised by Y. Volosh-
chuk et al. (2025), is particularly relevant in the current
context. This study supports the thesis regarding the neces-
sity of state stimulation of innovation. However, the anal-
ysis revealed a certain contradiction: external financing
without an internal transformation of managerial architec-
ture proves to be insufficiently effective. In this regard, the
position of H. Akib et al. (2022) appears more convincing,
emphasising the primacy of combining organisational and
technological components. It has been demonstrated that
adaptive management strategies integrated into a digital
foundation create immunity to unpredictable market fluc-
tuations, thereby increasing an enterprise’s attractiveness
for long-term investment.

In assessing the vulnerability of digital systems, it is ap-
propriate to refer to the work of R. Kula & C. Treude (2022)
on the impact of geopolitics on software ecosystems. The

current findings confirm their concerns regarding the
growth of cyber risks. Business stability now critically de-
pends on the resilience of digital infrastructure, which sub-
stantiates the necessity of embedding cybersecurity directly
into the architecture of innovation. This expands the tradi-
tional understanding of resilience by incorporating digital
security as a mandatory determinant.

Summarising the results of the discussion, it is impor-
tant to emphasise that the systemic analysis of opportuni-
ties and threats presented by Y. Yan (2023), along with the
findings of P. Zhang & Y. Wang (2024), confirms that the
academic community recognises digitalisation as a key fac-
tor in strategic management. The present research logically
advances this argument by demonstrating that the archi-
tectural approach represents the highest form of realising
innovation potential, as conceptualised by J.A.R. Awad
& R. Martin-Rojas (2024). The proposed concept enables
enterprises not merely to react to crises, but to build an-
ticipatory resilience through continuous technological
self-renewal. The conceptualisation of the results allows to
conclude that the proposed digital innovation architecture
forms a reliable foundation for the long-term survival of
businesses under conditions of global instability. This con-
firms the expediency of transitioning from fragmented IT
solutions to comprehensive digital ecosystems. Thus, an
enterprise’s strategic resilience is derived from the quality
and integrity of its digital architecture.

Conclusions
The results of the study show that the formation of the ar-
chitecture of digital innovations in the current turbulent
conditions is a complex and multi-level process that com-
bines technological, organisational and managerial compo-
nents. The architecture of digital innovation is not just a
set of individual technologies, but a holistic management
system that ensures the adaptation of economic entities to
global challenges, transforming traditional business mod-
els, optimising internal structures and creating conditions
for dynamic resilience to exogenous shocks. The study con-
firmed that the systematic integration of digital copies of
enterprises (Digital Twins), intellectual analytics and cloud
computing allows a transition from passive response to cri-
sis situations to predictive modelling of development sce-
narios. This ensures the continuity of business processes,
increases the flexibility of management decisions and min-
imises the destructive impact of risks on the functioning of
the organisation. An analysis of the dynamics of Ukraini-
an business digitalisation for 2022-2024 showed a positive
correlation between the development of digital architecture
and the level of strategic resilience of enterprises. Despite
the temporary burden on financial indicators, investments
in digital infrastructure form the basis for maintaining
market positions and rapid recovery of potential in the
post-war period.

It has been found that the process of digital archi-
tecture formation is determined not only by techno-
logical factors, but also by institutional drivers, such as
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harmonisation with the EU Digital Single Market and the
introduction of special legal regimes (Diia.City). Strate-
gic resilience is ensured through the synergy of protec-
tive, operational, strategic and cognitive levels, with the
key indicator of effectiveness being the system’s ability to
self-organise and make rapid anti-crisis decisions. The

impact of quantum computing on the cyber resilience of
enterprises, developing methods for assessing the return
on investment in digital resilience, and researching the
role of artificial intelligence in the automatic re-engineer-
ing of business architectures in real time.

main vectors of architecture development in the context ~Acknowledgements
of Industry 5.0 are cyber resilience, openness of ecosys-  None.

tems through API solutions, and the development of digi-

tal intelligence of human capital. To realise their strategic =~ Funding
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Abstract. The relevance stems from the fact that, under the conditions of war and post-war recovery in Ukraine, the
digital transformation of energy governance is becoming a key instrument for overcoming energy poverty, regional
disparities, and a crisis of trust in energy policy. The organisation of digital energy allocation determines the social
legitimacy of the energy transition and the recovery model. The purpose of the article was to substantiate the concept
of digitally fair energy allocation and to develop a methodological framework for assessing the impact of digital tools on
social justice and economic efficiency in distribution systems. The study systematised contemporary approaches to energy
justice, analysed digital technologies in the energy sector, and applied comparative and systems analysis methods. On this
basis, a conceptual “data-trust-justice” framework was developed, and a quasi-experimental design for evaluating digital
allocation policies at the feeder level was formulated. The research established that the traditional centralised model of
energy allocation, built on fragmented data and low transparency, reproduces regional disparities, energy poverty, and
distrust towards regulatory decisions. Within the study, a new concept of “digitally fair energy allocation” was developed,
combining economic efficiency and transparency with guaranteed access to basic energy services for vulnerable groups. The
role of intelligent metering systems, big data analytics, artificial intelligence methods, and blockchain-based registries in
forming an integrated “data-trust-justice” chain was analysed. A structure of digital allocation scenarios based on different
principles of distributive justice was proposed, and measurable targets of implementation for distribution system operators
were defined. The results showed that integrating justice criteria into digital allocation models helps to avoid socially
regressive outcomes and strengthens the legitimacy of energy policy. The findings can be used by regulators, distribution
system operators, central and local authorities, and energy and infrastructure project managers to design, monitor,
and evaluate digital reforms in energy allocation, while considering principles of social equality and economic security

Keywords: economic efficiency; energy poverty; artificial intelligence; blockchain; energy ecosystem; concept of fair
distribution

Introduction

The transformation of energy systems became one of the  and digital technologies played a critical role by enabling
central dimensions of global economic modernisation in  real-time monitoring of energy flows, automated network
the 2010s and early 2020s. Between 2010 and 2024, reforms  control, and new forms of interaction between produc-
aimed at decarbonisation, decentralisation, and digitalisa-  ers and consumers. The energy transition raised ques-
tion of the energy sector were launched in many countries,  tions of social justice regarding the distribution of energy
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resources, the protection of vulnerable consumers, and
spatial equity across regions.

Ukraine inherited a highly centralised energy infra-
structure, significant asset depreciation, and institutional
fragmentation in the governance of energy markets, which
contributed to uneven access to reliable and affordable ener-
gy services across urban and rural areas, industrial centres,
and peripheral territories, as well as across different income
groups. After the full-scale Russian invasion in 2022, signif-
icant damage to generation, transmission, and distribution
infrastructure occurred, supply interruptions became more
frequent, and the need for emergency rationing increased.
Under these conditions, digital transformation was consid-
ered not merely the introduction of modern information
technologies into existing energy processes, but a systemic
redesign of energy governance intended to reconcile effi-
ciency, resilience, and social equity through advanced me-
tering infrastructure, cloud-based data platforms, big data
analytics, and artificial intelligence (AI) tools.

In the Ukrainian context, 1.O. Pavlova (2025) formu-
lated a paradigm of inclusive rural-urban development as
a theoretical and applied model for post-war recovery and
demonstrated that territorial disparities in infrastructure
and access to basic services, including energy, constrained
inclusive growth; the author concluded that reconstruction
policies had to combine physical rebuilding with institu-
tional and social reforms so that rural communities and
secondary cities did not remain structurally disadvantaged.
I. Rojek et al. (2025) investigated novel AI methods for
energy-intensive industries and concluded that predictive
maintenance, demand forecasting, and process optimisa-
tion significantly increased energy productivity and sup-
ported industrial transformation.

Additionally, researchers focused on blockchain and
distributed ledger technologies (DLT) as elements of the
digital energy and financial infrastructure. O.V. Sikorska et
al. (2024) explored blockchain applications in the Ukrain-
ian energy sector and argued that tamper-resistant regis-
tries and automated settlements could enhance transparen-
cy and reduce opportunistic behaviour in energy trading.
O. Nakonechna & S. Gorodnichenko (2025) analysed DLT
as a methodological foundation for control and account-
ing-analytical support in the digital economy. The research-
ers demonstrated that distributed ledgers enabled a shift
towards triple-entry accounting and continuous auditing
by ensuring immutability, cryptographic security, and re-
al-time transaction verification, but also identified systemic
challenges, such as shortages of DLT-competent staff, inte-
gration problems with legacy IT systems, and regulatory un-
certainty. The authors’ conclusionsindicated that DLT-based
registries could serve as a trusted digital infrastructure for
recording and allocating economic resources, directly rele-
vant to the design of digital energy-allocation mechanisms.

A substantial part of the research addressed renewable
energy, circularity, and cooperative models, particularly in
the agro-industrial complex (AIC). V. Brych et al. (2025)
quantified the economic potential of renewable energy for

business in Ukraine and Europe. The authors argued that
the deployment of renewables was economically rational
and strategically necessary for climate neutrality, energy
security, and post-war recovery. The authors’ work explicit-
ly linked renewable investments to circular-economy prin-
ciples, including resource efficiency and new value chains.
N.I. Horbal & I.V. Plish (2021) examined circular business
models for Ukrainian enterprises. The researchers showed
that repeated use of materials, energy recovery from resi-
dues, and cooperative ownership structures increased re-
silience and reduced dependence on imported resources.

Most studies on energy justice and energy-system
modelling added an explicit normative dimension to dis-
cussions of digitalisation and renewables. P. Lehmann et
al. (2024) analysed spatial distributive justice in the siting
of renewable-energy infrastructure. The authors showed
that alternative justice principles led to different spatial
distributions of generation capacity and burdens across re-
gions. C. Lohr et al. (2024) integrated disamenity costs and
equality considerations into energy-system optimisation
models. The researchers demonstrated that fairness-aware
formulations tended to reallocate generation and network
investments away from already burdened territories.

However, earlier works rarely examined how feed-
er-level digital allocation mechanisms in a war-affected
country could be explicitly designed and evaluated through
a spectrum of justice perspectives, while simultaneously in-
corporating indicators of circularity and cooperation in the
agri-food sector. In light of these gaps, this research aimed
to elaborate a concept of digitally fair energy allocation for
Ukraine and to construct a feeder-level evaluation frame-
work that links digital allocation mechanisms with distrib-
utive-justice criteria and indicators of circular develop-
ment in the agro-industrial complex.

Materials and Methods
The research adopted a theoretical-analytical and de-
sign-oriented approach that combined conceptual analy-
sis, a structured literature review, comparative and systems
analysis, and elements of quasi-experimental and scenar-
io design. The overall aim of the methodological strategy
was to construct a coherent framework for digitally fair
energy allocation in Ukraine without relying on a single
empirical dataset or econometric model. The conceptual
analysis of energy allocation in Ukraine was carried out.
For this purpose, national analytical reports (Ukraine en-
ergy market observatory..., 2025; National energy and
climate..., 2025), regulatory documents, and sectoral sta-
tistics (State Statistics Service of Ukraine, 2023) were ex-
amined. These materials were used to identify typical pat-
terns of regional disparities, infrastructure depreciation,
institutional fragmentation, and social vulnerability that
condition the operation of distribution systems in wartime
and post-war contexts, and the patterns are presented in
the results section on socio-economic problems.

A structured literature review was then conducted in
order to systematise academic contributions. The search
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was conducted for the period 2000-2025 using combina-
tions of relevant keywords. The selection focused on inter-
national and Ukrainian publications that addressed digital-
isation and inclusive development (Ko$ovska et al., 2022;
Pavlova, 2025). The selection also included studies examin-
ing artificial intelligence and digital technologies in energy
systems (Sukhodolia, 2022; Rojek et al., 2025). Particular
attention was given to publications analysing blockchain
and distributed ledger technologies (Sikorska et al., 2024;
Nakonechna & Gorodnichenko, 2025). In addition, the se-
lection covered research on circular and cooperative mod-
els in the agro-industrial complex (Dovgal, 2020; Dovgal &
Potryvaieva, 2024; Brych et al., 2025). Furthermore, the re-
view incorporated studies addressing energy justice and fair
allocation principles (Sovacool & Dworkin, 2015; Jenkins et
al., 2016; Lohr et al., 2024). This provided the conceptual
building blocks for the subsequent stages of the study. Based
on these materials, comparative, and systems analysis were
applied to map the relationships between data transpar-
ency, institutional trust, and social justice outcomes. This
work resulted in the formulation of the “Data-Trust-Jus-
tice” analytical framework, in which digital energy data
were treated as a foundational element for both mana-
gerial efficiency and equitable access to energy services.

The methodological design further included the devel-
opment of a quasi-experimental evaluation scheme for dig-
ital allocation policies at the feeder level. Feeder-level units
with advanced metering infrastructure and analytical tools
were defined conceptually as “treated”, while comparable
feeders without such deployment were defined as “control”
The design relied on staggered rollout, seasonal controls,
and robustness checks against weather shocks and con-
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flict-related disruptions. Although no empirical estimates
were reported in this research, the scheme was formulat-
ed in a manner that allows implementation by distribution
system operators and researchers.

Scenario design was used to incorporate distribu-
tive-justice regimes into the digital allocation model. Three
perspectives were distinguished: a needs-based regime pri-
oritising feeders and communities with the highest levels
of energy poverty and infrastructure damage; a responsi-
bility-based regime giving precedence to actors investing
in low-carbon generation, demand-side flexibility, and
energy efficiency; and a capacity-based regime favouring
consumers and territories with greater fiscal and institu-
tional capacity to co-finance infrastructure. For each re-
gime, the conceptual model specified how changes in the
spatial distribution of generating and network assets could
be evaluated, with particular attention to feeders supplying
the agro-industrial complex and to indicators of circularity
and resilience in local food systems. The study’s limitations
should be acknowledged. The framework and scenarios
remain conceptual and design-oriented and have not yet
been tested empirically on real feeders. The magnitude of
economic effects, such as reductions in losses, improve-
ments in reliability, or changes in energy-poverty rates un-
der different justice regimes, remains to be quantified.

Results

Socio-economic problems

of energy resource allocation in Ukraine

The study systematised the main socio-economic problems
of energy resource allocation in Ukraine under conditions of
digital transformation, war, and post-war recovery (Table 1).

Table 1. Socio-economic problems of energy resource distribution in the context
of digital transformation and the impact on the security and stability of the state’s development

Socio-economic problem

Content of the problem / manifestation

Impact on the security and stability of the
country’s development

Uneven access to energy resources

Concentration of energy capacities
in large cities, deficit in communities,
energy poverty

Worsening regional disparities, increasing
social tension, decreasing economic
sustainability

Outdated energy infrastructure

High energy losses, worn-out networks,
lack of modern control technologies

Increasing risks of man-made accidents,
threat to energy security,
increasing production costs

Lack of transparent energy accounting
mechanisms

Insufficient digitalisation of data,
duplication of regulatory functions,
closed statistics

Corruption risks, loss of trust in energy
policy, slowing down reforms

Low energy efficiency of industry
and agro-industrial complex

Excessive energy consumption,
lack of motivation to modernise

Overspending of resources, reduction
in competitiveness, increasing dependence
on energy imports

Energy poverty of the population

Inability of households and SMEs to invest
in energy-saving technologies

Social stratification, growing dissatisfaction,
risk of community destabilisation

Insufficient digital infrastructure
for energy management

Lack of a single platform for data
collection, analysis, and monitoring

Slow response to crises,
ineffective state regulation

Human and technological deficit

Lack of specialists in the field of energy
management, cybersecurity, data analysis

Decreased level of manageability of energy
systems, vulnerability to external threats

Insufficient integration of socio-
economic and technological reforms

Discontinuity between politics, business
and science, weak intersectoral interaction

Loss of development synergy,
risk of inefficient use of investments

Source: prepared by the authors
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These problems were grouped into four interrelated
clusters: spatial inequalities, infrastructural constraints,
governance deficits, and social vulnerability. Spatial ine-
qualities were manifested in the concentration of genera-
tion capacity and high-quality network infrastructure in
large industrial agglomerations. At the same time, many
rural and peripheral communities relied on weak feeders
with high outage rates. Such disparities translated into dif-
ferences in production costs, investment attractiveness, and
quality of life across territories, contradicting the principles
of inclusive rural-urban development. Enterprises located
on vulnerable feeders faced higher implicit costs for back-
up solutions and lost output, whereas firms in more robust
grids operated under more predictable conditions.

Infrastructural constraints arose from the ageing of
generation, transmission, and distribution assets, high
technical losses, and limited integration of renewable en-
ergy sources. Outdated equipment and damage from mil-
itary actions contributed to frequent supply interruptions,
voltage fluctuations, and an increased risk of large-scale
failures. For industrial and agri-food producers, these
constraints increased operating costs, disrupted cold
chains, and reduced competitiveness in domestic and ex-
port markets.

Governance deficits were associated with fragmented
institutional responsibilities, incomplete or non-transpar-
ent data, and insufficient digitalisation of operational pro-
cesses. The absence of unified, high-quality statistics on
outages, losses, and consumption hampered effective reg-
ulation, complicated public oversight, and weakened trust
in tariff and investment decisions. Fragmented informa-
tion systems prevented the construction of an integrated
energy balance and limited the ability to provide target-
ed support to vulnerable regions and consumer groups.
Social vulnerability was reflected in energy poverty, the
inability of households and small businesses to secure
adequate energy services without sacrificing other basic
needs. Energy poverty was particularly acute in commu-
nities characterised by low incomes, degraded housing,
and unreliable supply. In combination, spatial inequali-
ties, infrastructural constraints, governance deficits, and
social vulnerability produced a pattern of a socially unjust
energy system, in which the burdens of unreliability, high
tariffs, and wartime disruptions fell disproportionately on
low-income households, rural communities, and small
agri-food producers.

These diagnostic conclusions are consistent with offi-
cial statistical and policy documents. The statistical com-
pendium “Ukraine in Figures 2022” documented persis-
tent regional differences in income levels, infrastructure
quality, and electricity consumption, confirming that rural
and war-affected regions face higher risks of energy pov-
erty and service interruptions (State Statistics Service of
Ukraine, 2023). The report National energy and climate
plan of Ukraine 2025-2030 (2025) identified ageing net-
works, high distribution losses, and uneven integration
of renewables as key constraints for the energy transition

and emphasised the need to modernise distribution in-
frastructure and improve data transparency. The report
Ukraine energy market observatory: Quarterly report Q2
2025 (2025) further recorded increased losses, deteriorat-
ing reliability indicators, and severe damage to distribution
assets in frontline and de-occupied regions. These find-
ings provided the empirical background against which the
problem clusters summarised in Table 1 were formulated.

In the contemporary Ukrainian context, these prob-
lems acquire a precise justice dimension. Energy systems
and transition policies can be considered socially unjust
where war-affected regions, low-income households, rural
communities, and critical agri-food producers bear a dis-
proportionate share of outages, losses, and tariff burdens,
while benefiting least from modernisation. International
research on energy justice (Sovacool & Dworkin, 2015; Jen-
kins et al., 2016) highlighted that the choice between distri-
butional, recognition-based, and procedural perspectives
substantially alters the diagnosis of who is “vulnerable” and
what constitutes a fair allocation of energy services. When
these perspectives are absent from planning and modelling,
the analytical horizon narrows to purely techno-economic
indicators, risking recommendations that are misaligned
with the lived experiences and values of different Ukrainian
communities and stakeholders.

Digital technologies and artificial intelligence

as drivers of transformation

The analysis of the latest practice and literature showed that
digital technologies, including artificial intelligence, have
the potential to reshape energy-allocation mechanisms at
system and feeder levels. Advanced metering infrastruc-
ture, automated monitoring, and Al-based analytics in-
creased the accuracy of demand forecasts, enabled predic-
tive maintenance, and supported real-time optimisation
of flows and network configurations. In distribution net-
works, this translated into reduced technical and non-tech-
nical losses, improved reliability indicators, and greater
flexibility for integrating distributed renewable generation.

In the agri-food sector, digital tools and AI-support-
ed simulations enabled more precise management of en-
ergy-intensive operations, such as irrigation, storage, and
processing. Optimised load profiles and better coordina-
tion between energy and production cycles created oppor-
tunities to lower costs per unit of output, reduce spoilage,
and strengthen resilience to climate variability and war-
time supply disruptions. At the regional level, feeders with
higher levels of digitalisation and analytical capacity could
become platforms for concentrating investment in process-
ing, logistics, and storage. In contrast, feeders without such
development risked further marginalisation.

At the same time, the study confirmed that artificial
intelligence is not neutral with respect to social outcomes.
The design of algorithms, the availability of representative
data, and the choice of optimisation criteria critically in-
fluence how burdens and benefits are allocated. If vulner-
able groups are under-represented in datasets or if only
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cost-minimisation objectives are used, automated decision
systems for tariffs, outage management, or eligibility for
support may unintentionally disadvantage those groups.
This observation motivated the incorporation of explic-
it justice regimes and transparency requirements into the
proposed digital allocation framework.
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The “Data-Trust-Justice” framework

The third contribution of the article was the development
of the “Data-Trust-Justice” conceptual framework (Fig. 1).
The framework is built on the assumption that digital ener-
gy data, when collected and used appropriately, can become
a key asset for both efficient management and social justice.

Efficiency

JUSTICE

Figure 1. “Data-Trust-Justice” conceptual framework with edge labels Efficiency,
Transparency, and Access, plus a centre “Digital Equity” (balance point)

Source: prepared by the authors

The vertex “Data” represents the availability, quality,
and accessibility of information on generation, flows, loss-
es, outages, tariffs, and the coverage of vulnerable groups.
The vertex “Trust” captures the confidence of consumers,
regulators, and market participants in the integrity of ener-
gy institutions, the fairness of allocation rules, and the re-
liability of technological solutions. The concept of “Justice”
embodies the normative goal of ensuring that all citizens,
particularly vulnerable households, have access to basic
energy services and that the costs and benefits of energy
transformation are distributed fairly.

The edges connecting the vertices are labelled “Effi-
ciency”, “Transparency’, and “Access”. Efficiency refers to
the ability of digital systems to enhance the technical and
economic performance of energy networks, including
through loss reduction and improved investment planning.
Transparency refers to open access to non-sensitive energy
data and clear communication of allocation rules, which
support public accountability and evidence-based policy
debates. Access highlights the guarantee of minimum en-
ergy services and the targeted support necessary to pro-
tect households facing energy poverty. At the intersection
of these relationships lies the notion of “Digital equity”™: a
state in which digital transformation does not deepen ex-
isting inequalities but instead mitigates these inequalities
by empowering consumers, enabling more precise target-
ing of support, and reducing information asymmetries. The
framework emphasises that digitalisation is not inherent-
ly equitable; instead, equity results from deliberate design
choices and governance arrangements.

Innovation and Sustainability, 2025, Vol. 5, No. 4

The proposed “Data-Trust-Justice” triangle can be
further specified by explicitly integrating circular-econ-
omy and food-system-resilience considerations. At the
“Data” vertex, this includes disaggregated information on
rural feeders, agricultural processors, storage facilities,
and irrigation loads, as well as on distributed renewables
and waste-to-energy projects in the AIC. At the “Trust”
vertex, meaningful participation of farmers’ organisa-
tions, cooperatives, and local communities in the design
of allocation rules strengthens recognition and procedur-
al justice. Finally, at the “Justice” vertex, distributive crite-
ria can be extended beyond standard welfare or cost met-
rics to include indicators of food security, employment
in rural areas, and circular resource use, aligning with
broader water-energy-food (WEF) nexus and sustainable
food-ecosystem approaches.

Quasi-experimental design

for evaluating digital allocation policies.

The fourth result concerned the design of a quasi-exper-
imental evaluation methodology for digital allocation
policies. Studies predominantly described technological
architectures, pilots, and platform-level case evidence rath-
er than rigorous causal evaluation of distributional and so-
cial outcomes. For example, EM. Enescu et al. (2025) and
V. Valsan et al. (2025) discussed AI- and blockchain-en-
abled micro market and IoT-based solutions for local
balancing and consumer participation. However, these
contributions provided limited guidance on quasi-experi-
mental designs that would quantify theimpact of feeder-level
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digital interventions on both technical indicators and equi-
ty-related outcomes.

The proposed evaluation design used a feeder (a dis-
tribution line serving a defined group of consumers) as the
unit of analysis (Fig. 2). Feeders that introduced advanced
metering infrastructure and analytical tools formed the
treatment group. Feeders with similar pre-treatment char-
acteristics that did not receive the intervention constituted
the control group. Matching criteria included baseline loss

levels, load profiles, customer composition, and climatic
conditions. Key outcome indicators include: changes in
feeder-level losses, measured as percentage points of energy
input; changes in reliability indices, such as System Average
Interruption Duration Index (SAIDI) and System Average
Interruption Frequency Index (SAIFI); changes in the share
of households in the service area that meet a defined crite-
rion of energy poverty; coverage of vulnerable households
by targeted tariffs or benefits linked to the digital system.

[ Population of feeders ]

Population of feeders
(no AMI/analytics)

Eligibility & matching

Population of feeders
(AMI + analytics)

Measure outcomes
(ALosses, ASAIDI, ASAIF
Energy-poverty)

-

(Staggered roll-out, seasonality

Difference-in-Differences

and placebo checks)

Figure 2. The design of the quasi-experimental evaluation

Source: prepared by the authors

The design relies on a staggered rollout of digital solu-
tions across feeders, enabling difference-in-differences
estimation with seasonality controls. Weather data and
information on conflict-related damage are incorporated
as covariates to control for confounding. Placebo periods,
in which no treatment occurred, are used to test parallel
trends assumptions. At the same time, the methodology ac-
knowledges potential data-quality issues, including incom-
plete activation of metering points and inconsistencies in
outage logging, and recommends sensitivity analyses. This
design approach reflects international best practices in pol-
icy evaluation but is adapted to Ukraine’s specific institu-
tional and infrastructural context. It offers a pragmatic way
for regulators and distribution system operators to assess
whether digital interventions deliver promised improve-
ments in efficiency, reliability, and social outcomes. At the
same time, it draws on established evaluation techniques
used in infrastructure and energy reform studies, particu-
larly staggered rollouts and difference-in-differences meth-
ods (Lehmann et al., 2024; Lohr et al., 2024).

Within this quasi-experimental design, the evaluation
also compares alternative justice regimes and circularity
settings. For each treated feeder, outcome indicators (loss-
es, SAIDI/SAIFI, tariff burdens, connection of renewables,
stability of supply for critical agri-food loads) are estimat-
ed under three allocation logics: needs-based, responsi-
bility-based, and capacity-based. Moreover, the spatial
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distribution of generating and network assets is mapped
across urban, peri-urban, and rural territories, with par-
ticular attention to feeders that serve agro-industrial clus-
ters, storage and processing facilities, and irrigation sys-
tems. This allows assessing how equality-oriented versus
disamenity-sensitive or cost-minimising scenarios shift
burdens and benefits between regions and social groups,
as suggested by the latest work on integrating equality con-
siderations and local disamenity costs into energy system
optimisation (Lehmann et al., 2024; Lohr et al., 2024). In
turn, this provides an empirical basis for designing digital
allocation policies that support a climate-neutral energy
transition in the AIC while remaining socially acceptable.

Policy implications and implementation priorities

The results of the analysis yield a set of policy implications
and implementation priorities for Ukraine’s digital energy
transformation. Firstly, digital reforms should explicitly in-
corporate social objectives, such as reducing energy pov-
erty and ensuring territorial equity, rather than focusing
exclusively on efficiency. This requires setting measurable
targets, for example: reducing technical and non-technical
losses on treated feeders by at least two percentage points;
achieving coverage of at least 80% of customers with ad-
vanced metering infrastructure on urban feeders and 50%
on rural feeders; reducing interruption duration by at least
ten per cent relative to matched controls; and ensuring that

Innovation and Sustainability, 2025, Vol. 5, No. 4



no less than 90% of registered vulnerable households are
covered by targeted tariff or benefit delivery.

Building trust requires a robust open-data strategy.
Non-sensitive data on outages, losses, tarifts, and planned
coverage should be made available in user-friendly formats,
enabling civil society, local governments, and researchers
to monitor progress and identify bottlenecks. This ap-
proach is consistent with broader trends in digital gov-
ernance and enhances accountability. Regulatory frame-
works must address questions of data governance, privacy,
and algorithmic fairness. Clear rules are needed to define
which actors can access which types of data, under what
conditions, and how decisions supported by artificial in-
telligence may be contested or revised. Dedicated institu-
tions or units within existing regulators may be required
to oversee these processes. Digital transformation must be
accompanied by investments in human capital, including
training for engineers, data scientists, regulators, and local
officials. Without such investments, the potential of ad-
vanced technologies cannot be fully realised, and the risk of
misinterpretation or misuse of data increases. International
partners can play a crucial role by supporting pilot projects,
co-financing digital infrastructure, and facilitating knowl-
edge exchange with other countries that have implemented
similar reforms. Such cooperation can accelerate learning
and help avoid common pitfalls.

Justice perspectives and net-zero electricity futures

for Ukraine’s agri-food sector

Research on energy-system optimisation demonstrat-
ed that the choice of distributive-justice principle has a
first-order effect on the resulting design of net-zero pow-
er systems (Lehmann et al., 2024; Lohr et al., 2024). When
models seek only to minimise total system costs, the mod-
els tend to favour spatial concentration of generation in lo-
cations with the cheapest resources and lowest connection
costs, even if this entails higher local disamenities or ne-
glects peripheral regions. By contrast, models that incor-
porated equality constraints, social-welfare functions, or
fairness-aware allocation rules often redistributed genera-
tion and grid investments more evenly across territories,
prioritising regions with higher historical underinvestment
or higher vulnerability to energy poverty (Lehmann et
al., 2024; Lohr et al., 2024). In other words, different justice
logics, utilitarian, egalitarian, capability-based, responsi-
bility-based, or opportunity-oriented, can generate mark-
edly different maps of future energy systems, even when
the overall technical and climate targets (such as net-zero
emissions by 2050) are held constant.

For Ukraine, this has direct implications for the design
of alternative, zero-emission electricity systems extending
to 2050. A purely cost-optimal scenario could, for exam-
ple, concentrate most new renewable capacity, storage, and
digital control in a few industrial and metropolitan hubs,
while leaving AIC-dominated regions dependent on ageing
infrastructure and exposed to more frequent curtailments
or outages. An egalitarian or capability-oriented scenario,
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by contrast, would explicitly treat reliable and affordable
electricity for irrigation, storage, and primary processing as
a critical capability for food security and rural livelihoods.
This would justify greater investment in distributed renew-
ables, storage, and digital control on feeders serving coop-
eratives, small- and medium-sized agri-food enterprises,
and rural communities, even if such investments modestly
increase aggregate system costs.

These justice-sensitive constructions directly influ-
ence the spatial distribution of generating infrastructure,
the pattern of grid reinforcements, and the incidence of
local externalities. When coupled with indicators of cir-
cularity, such as the utilisation of agricultural residues and
biogas, waste-heat recovery in processing plants, or coop-
erative ownership structures in renewable projects, such
approaches align energy system design with the broader
objective of building a resilient, low-waste food-energy
ecosystem as a pillar of Ukraine’s post-war reconstruction
model. In this sense, the “Data-Trust-Justice” framework,
combined with justice-aware digital modelling, can help
prevent the emergence of unjust or socially regressive
designs for future energy systems, notably when models
might otherwise implicitly encode normative assumptions
without transparent justification. Making these justice
perspectives explicit broadens the analytical horizon and
increases the likelihood that model-based assessments will
resonate with the values and lived experiences of diverse
communities and stakeholders.

Economic, managerial,

and regulatory implications of the proposed approach
The integrated analysis of socio-economic problems, digital
tools, conceptual framework, and evaluation design led to
several important implications for regional development,
business decisions, and public policy. From an econom-
ic standpoint, a fair digital allocation at the feeder level
can reduce technical and non-technical losses, shorten
outages, and stabilise voltage quality, thereby lowering
operating costs and investment risks for enterprises. For
agri-food businesses, improved reliability and more pre-
dictable tariffs reduce spoilage of perishable products, fa-
cilitate long-term contracts, and support the development
of higher-value-added processing and storage facilities
in regions that previously suffered from chronic under-
investment. For territorial development, targeting digital
and physical upgrades towards structurally weak feeders
creates conditions for more balanced growth between ur-
ban centres and rural areas.

In managerial terms, the framework supports concrete
decision-making processes. Distribution system operators
can use feeder-level indicators within the “Data-Trust-Jus-
tice” framework to prioritise network reinforcement, trans-
former replacement, and the integration of distributed
renewables, while balancing efficiency and justice crite-
ria. Local governments and regional development agen-
cies can identify where digital investments will yield the
most significant combined impact on the business climate,
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employment, and energy-poverty reduction. Agri-food
cooperatives and energy communities can rely on the same
information to design cooperative investment schemes
and negotiate connection conditions for local generation
and storage projects.

The regulatory and institutional implications con-
cern the need to define standards for digital data, establish
open-data practices, and embed fairness criteria into tariff
and allocation rules. Regulators are required to mandate
the publication of anonymised feeder-level data, speci-
fy procedures for the use of Al-based tools, and provide
mechanisms for contesting unjust allocation decisions. Co-
ordination among energy regulators, ministries responsi-
ble for regional and agrarian policy, and local authorities
is essential to ensure that digital energy allocation reforms
align with broader post-war recovery priorities. Overall,
the results show that digitally fair energy allocation should
be understood as both an energy-sector reform and a lever
for wider socio-economic reconstruction. When combined
with circular and cooperative trajectories in the agro-in-
dustrial complex, the proposed approach contributes to the
formation of a resilient, low-waste, and socially balanced
food-energy ecosystem for post-war Ukraine.

Discussion

The results of this study are closely related to the latest
work on inclusive development and digital transforma-
tion. I.O. Pavlova (2025) developed a paradigm of inclu-
sive rural-urban development for post-war Ukraine and
demonstrated that disparities in infrastructure and access
to basic services that are prerequisites for reliable energy
service provision constrained inclusive growth. The pres-
ent research confirmed this diagnosis but moved from the
strategic level to the operational level of energy allocation.
In contrast to I.O. Pavlova (2025), who focused on general
reconstruction policy, the digitally fair allocation frame-
work specifies feeder-level indicators and justice-aware
scenarios to target investments and tariff measures in pre-
cisely the territories I.O. Pavlova (2025) identified as struc-
turally disadvantaged.

The findings also engage with studies of the digi-
tal economy and electronic information systems. I. Ko-
$ovskd et al. (2022) analysed the electronification of ac-
counting processes in the Slovak Republic and showed
that digitalisation strengthened transparency, standardi-
sation, and transaction traceability, thereby improving the
quality of managerial decisions. The “Data-Trust-Justice”
framework extends this logic to the energy sector. While
I. KoSovska et al. (2022) focused on financial accounting,
the current study argues that similar data-centric architec-
tures support not only efficiency but also social legitimacy
when applied to energy allocation, as these architectures
provide auditable evidence of how outages, losses, and tarift
burdens are distributed across different consumer groups.

Technological research on artificial intelligence in the
energy sector has so far stressed mostly efficiency gains.
I. Rojek et al. (2025) reported that Al-based predictive

maintenance and optimisation tools improved energy
productivity and supported industrial transformation.
O.M. Sukhodolia (2022) examined the opportunities and
risks of AI deployment in Ukraine’s energy sector and high-
lighted the importance of robust data governance and con-
sumer rights protection. The integration of justice regimes
into allocation scenarios directly addresses O.M. Sukhod-
olia’s (2022) concern about social risks. It illustrates how
AT and advanced metering can be embedded in rules that
consider needs, responsibility, or capacity rather than pure
cost minimisation.

Another important strand of literature concerns block-
chain and distributed ledger technologies. O.V. Sikorska et
al. (2024) analysed blockchain-based applications for the
Ukrainian energy sector and argued that tamper-resistant
registries and smart contracts could enhance transparen-
cy in energy trading and settlements. O. Nakonechna &
S. Gorodnichenko (2025) investigated distributed ledgers
as a basis for control and accounting-analytical support in
the digital economy. The authors demonstrated the feasi-
bility of triple-entry accounting and continuous auditing,
while also highlighting staffing shortages and institutional
challenges. The present study builds on these insights by
interpreting DLT-based registries as a component of the in-
frastructure for digitally fair energy allocation. Beyond re-
cording transactions, such registries can track service levels
and cost exposure across different categories of consumers,
thereby enabling distributional analysis and monitoring of
justice indicators within the energy system.

V. Valsan et al. (2025) proposed an Al-integrated block-
chain micro market logic for local balancing and coordina-
tion and argued that automated verification and data-driv-
en settlement can reduce transaction frictions and expand
consumer participation in decentralised flexibility arrange-
ments. This aligns with the present study’s interpretation
of digital allocation as an institutional mechanism, not
merely a technical tool, because micro market architectures
make allocation rules explicit, auditable, and comparable
across feeders. The proposed approach also interacts with
research on renewable energy, circular economy, and coop-
erative models, particularly in the agro-industrial complex.
V. Brych et al. (2025) quantified the economic potential of
renewable energy for business in Ukraine and Europe. The
researchers argued that investments in renewables were
both economically rational and strategically necessary for
climate neutrality and post-war recovery.

N.I. Horbal & I.V. Plish (2021) and O. Dovgal & N. Po-
tryvaieva (2024) showed that circular business models,
repeated use of materials, bioenergy from agricultural
residues, and cooperative ownership structures increased
resilience and reduced dependence on imported resources
in the AIC. Related evidence from the Ukrainian agrari-
an context indicated that alternative and renewable en-
ergy solutions can strengthen resource conservation and
competitiveness in the agricultural sector, especially when
linked to local biomass streams and decentralised gener-
ation options (Parkhomets et al., 2020). The concept of a
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sustainable food-energy ecosystem adopted in this article
is consistent with these results. Still, it emphasises that
realisation of the economic potential described by these
authors depends on feeder-level allocation rules. These
considerations are aligned with analyses of how enterpris-
es adapted the financial strategies to wartime and post-war
challenges, which highlighted the need to combine short-
term liquidity and risk management with investment in
resilience-enhancing assets and infrastructure (Zhigar
& Petryniak, 2025). Without justice-aware digital tools,
renewable and circular projects may continue to bypass
rural communities and smaller agri-food enterprises. In
contrast, the allocation framework proposed here directs
digital and physical investments precisely to those feeders
where such investments can generate combined effects on
energy security, food security, and rural employment.

Insights from the water-energy-food nexus litera-
ture add another perspective. J.G. Segovia-Hernandez et
al. (2023) reviewed optimisation approaches to the WEF
nexus and highlighted the need to evaluate synergies and
trade-offs jointly rather than within isolated sectoral mod-
els. The present study converged with this view by embed-
ding indicators of circularity and food-system resilience,
such as the share of renewable and bioenergy in process-
ing facilities or the stability of cold chains, into the eval-
uation of energy-allocation scenarios. At the same time,
WEF-nexus models have typically focused on physical and
environmental constraints, whereas the framework devel-
oped here centres on distributive justice and wartime vul-
nerability. In this sense, the study offers a complementary
angle rather than a competing one.

The normative dimension of energy systems is treat-
ed explicitly in the energy-justice literature. B.K. Sovacool
& M.H. Dworkin (2015) conceptualised energy justice
through distributional, procedural, and recognition com-
ponents. The authors argued that energy systems are so-
cially unjust depending on who bears the costs and who
receives the benefits of energy production and transition.
K. Jenkins et al. (2016) synthesised this field and defined
energy justice as a framework for identifying, analysing,
and remedying energy-related inequalities. The latest
modelling work, such as that of P. Lehmann et al. (2024)
and C. Lohr et al. (2024), demonstrated that different jus-
tice principles, such as cost minimisation, equality of out-
comes, equality of opportunities, or consideration of local
disamenity costs, led to markedly different spatial config-
urations of net-zero energy systems. The present research
is fully aligned with these conclusions and operationalises
these findings by implementing justice regimes as alterna-
tive objective functions or constraints in feeder-level digital
allocation models. The needs-based, responsibility-based,
and capacity-based regimes proposed in this article can be
seen as specific instantiations of the broader justice logics
discussed in these works.

Taken together, these comparisons indicated that the
concept of digitally fair energy allocation does not con-
tradict existing evidence but reorganises it around the
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specific problem of justice in wartime and post-war con-
ditions. Research on digitalisation, AI, and blockchain
has tended to accentuate efficiency and security; this
article adds a structured distributive-justice perspective
and shows how efficiency-focused technologies can be
embedded in rules that protect vulnerable households
and agri-food producers. Studies on renewables and cir-
cular AIC models have documented substantial economic
opportunities; the present work explains how allocation
rules and digital data can either unlock or block these
opportunities in practice. Energy-justice scholarship and
fairness-aware modelling have demonstrated that justice
principles shape system design; the framework developed
here translates that insight into concrete feeder-level sce-
narios, linked to a quasi-experimental evaluation design
and to agri-food-system indicators.

Conclusions

The study demonstrated that the digital transformation of
energy allocation in Ukraine cannot be reduced to the tech-
nical introduction of new information technologies. Under
wartime and post-war conditions, digital tools were shown
to reshape the structure of socio-economic problems by
influencing how shortages, losses, and reliability risks are
distributed between regions, consumer groups, and sectors.
The systematisation of spatial inequalities, infrastructural
constraints, governance deficits, and social vulnerability re-
vealed that existing allocation practices tend to reproduce
energy poverty and territorial disparities, especially for ru-
ral communities and agri-food producers.

On this basis, the concept of digitally fair energy al-
location was formulated. The “Data-Trust-Justice” frame-
work clarified how energy data, institutional trust, and dis-
tributive outcomes are interconnected through efficiency,
transparency, and access. Justice-aware regimes of alloca-
tion were specified, including needs-based, responsibili-
ty-based, and capacity-based approaches, and the concep-
tual embedding of these regimes into feeder-level scenarios
was demonstrated. The corresponding quasi-experimental
design provided a structured framework for evaluating dig-
ital allocation policies, using changes in losses, reliability,
and energy-poverty indicators as outcome measures.

From an economic and managerial perspective, the
proposed approach indicated that targeted digital invest-
ments at the feeder level can reduce losses, stabilise sup-
ply, and create more predictable conditions for business
activity, particularly in the agro-industrial complex. At
the same time, the framework highlighted that digitali-
sation must be accompanied by explicit fairness criteria,
clear data-governance standards, and coordinated regula-
tory decisions if it is to support inclusive regional devel-
opment and a sustainable food-energy ecosystem in the
post-war recovery.

Future research should focus on empirical testing of
the proposed evaluation scheme on real distribution feed-
ers, including the estimation of actual economic gains
and social effects under different justice regimes. Further
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AHOTALLA. AKTyanbHICT 3yMOBJIEHA TUM, IO B yMOBaX BilfHM Ta HOBOEHHOrO BifHOBIeHHs YKpainu nudposa
TpaHCOpMalisa ynpaBIiHHA EHEPreTUKOI0 CTa€ KIIYOBMM IHCTPYMEHTOM IIOHOJIAHHA eHepreTM4YHol O6imHOCTi,
perioHa/JIbHUX JUCIPOIOPLIN Ta KpU3M JOBIpM [0 eHepreTUdYHOI monmituku. Bipn opramisauii nudposoro posmopiny
eHeprii 3aJeXXUThb COLia/JbHA JIETITUMHICTD €HepreTYHOro IepexoAy Ta Mofieli BifHOBIeHHA. Mertolo cTarTi Oyno
OOIpPYHTYBaTy KOHIEIII0 CIpaBe/IMBOrO PO3IOAIIYy eHeprii Ta po3poOUTU MeTOHO/NOIiYHi 3acaiy OLiHIOBaHHA
BIUIMBY IU(POBUX {HCTPYMEHTiB Ha COLiaJIbHY CIIPaBeJIMBICTb i €KOHOMIUHY e(eKTUBHICTb CHCTEM PO3IOAiNy. Y
TOCTII>KeHH] 6Y/I0 CMCTeMaTU30BaHO CYYacHi MiIXOAV HO eHepreTUYHOI CIpaBel/IMBOCTI, IpOaHaIi3oBaHO HUQPOBi
TEXHOJIOTi] B eHepreTuIi Ta 3aCTOCOBAaHO METOAY NOPIBHAIBHOTO J1 CMCTeMHOT0 aHaniy. Ha 11iit ocHoBi 6y10 po3po6ieHo
KOHILIEIITYa/IbHy PaMKY «JJaHi-JJOBipa-CclpaBelIMBicTh» i cOpMOBAHO AM3ailH KBa3ieKCIepUMEeHTaIbHOTO OLiHIOBaHHA
HOMITUKY IU(PPOBOro posmoniny eHeprii Ha piBHI ¢inepis. Byno BcraHOBIEHO, IO TpajulliiiHa IeHTpani3oBaHa
MOJie/Ib pO3IOfiNy eHepril, HoOygoBaHa Ha (parMeHTOBAHUX AaHMX i HU3BKIil IPO30POCTi, BiTBOPIOE perioHambHi
AVCIPOIIOpLi, eHepreTU4Hy GiTHICTb i HeHOBIPY [0 pillleHb peryaATopa. Y MeXKaX AOCIipKeHHS 0Yy/I0 po3pobiieHo
KOHLIENIT «IYI(PPOBOT0 CIPaBe[IMBOrO PO3IOINY eHepril», AKMIl IOETHY€E eKOHOMIUHY eeKTUBHICTD, IPO30PicTh Ta
rapaHTOBAHWII JOCTYII BPas3/JIMBUX IPYI CIOKMUBAYiB 1O 6a30BUX eHEPreTUYHUX MOCIYT. Byno mpoaHani3oBaHO poib
iHTe/IeKTya/IbHMX CUCTeM OOJIKY, aHiTMK! BEIMKUX NAHUX, METOJIB LITYYHOTO iHTeNeKTy Ta OJIOKYelH-peecTpiB y
(hopMyBaHHi LIiTiCHOr 0 IaHIIOTa «TaHi-TOBipa-cIpaBeIMBicTb». by/10 3aIpONIOHOBAaHO CTPYKTYPY CLieHapiiB I poBOro
PO3IIOJiNY, O I'PYHTYIOTbCA Ha Pi3HUX NPUHINIIAX AUCTPUOYTUBHOI CIIpaBeInBOCTI, Ta CPOPMY/IbOBAHO BUMipIOBaHi
Li/TbOBi Opi€HTUPYM Ha mepii 24 MicALll BIPOBAJKeHHA /A OIepaTopiB cucTeM posmnofiny. Ilokasano, mo inTerpanisa
KpUTepiiB collia/IbHOI CIIpaBed/IMBOCTi y iudpoBi MOl po3IOfiNy ja€ 3MOTY YHUKATH COLIia/IbHO PerpecyBHUX pillleHb
Ta [IOCUIIOE JIETITUMHICTD eHepreTH4Hoi MomiTuky. OTpUMaHi pe3yIbTaTi MOXYTb OyTU BUKOPUCTAHI peryiaTopamu,
oneparopaMi CUCTEM PO3IIOAiNY, OpraHaMI Jep>KaBHOI B/IaZiyi Ta MiCLIeBOTO CAMOBPsI/IyBaHH:, a TAKOXX MEHEIPKEPaMU
eHepreTHYHYX I iHppacTPYKTypPHMX IIPOEKTIB /1A IPOEKTYBAHHA, MOHITOPMHIY Ta OLiHIOBaHHA LN(POBUX pePopM y
cdepi posnoginy eHeprii 3 ypaxyBaHHAM IPUHIUIIB COLliabHOI piBHOCTI Ta eKOHOMIYHO] Oe3exn
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