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Addressing the Limitations of the Futures 
Cone: Introducing the Adaptive Futures Mesh

Abstract

This paper aims to address the limitations of tradi-
tional strategic foresight methodologies, specifically 
the Futures Cone (FC), by introducing and evaluat-

ing a novel framework called the Adaptive Futures Mesh 
(AFM). The study employs a conceptual analysis, drawing 
on systems thinking, complexity science, and participa-
tory design principles to develop the AFM. The AFM is 
structured around key components including a dynamic 
mesh network, uncertainty gradients, adaptive feedback 
loops, and an emergence engine. The analysis finds that 
the AFM offers a more robust approach to navigating un-
certainty by explicitly incorporating unknown unknowns 
(dark matter nodes). It visualizes cascading impacts, 

emphasizing human agency, and enables continuous ad-
aptation through feedback loops. Research limitations 
include the lack of empirical validation and potential chal-
lenges in implementing the AFM across diverse contexts. 
However, the AFM offers significant practical implications 
for strategic planning. It enables organizations to move be-
yond prediction and cultivate futures-readiness. Socially, 
the AFM promotes more inclusive and equitable futures by 
democratizing foresight and empowering stakeholders to 
shape their own destinies. The originality and value of this 
paper lie in its articulation of a novel, adaptive framework 
that enhances strategic resilience in facing complexity and 
multiple crises.
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Introduction
The Futures Cone (FC) has long been a conceptual 
framework in the field of Futures Studies (FS) (Gall 
et al., 2022). It provides a visual representation of 
various potential futures that can emerge from the 
present. It has helped individuals and organizations 
think about the future and explore different scenar-
ios. However, as foresight practitioners continue to 
evolve in their understanding of time, complexity, 
and uncertainty, it is essential to gently re-evaluate 
this framework to ensure it remains relevant and ef-
fective in addressing emergent challenges.
This analysis acknowledges that the FC is a simple 
visual and adjusts desired expectations accord-
ingly. It is not intended to undervalue or downplay 
the significant contributions that previous studies 
based on the FC have made. Many practitioners 
have utilized this model to stimulate discussions 
about future possibilities and guide strategic plan-
ning (Mao, Liu, 2023; Migone, Howlett, 2024; Park, 
Shin, 2024). Instead, the study aims to facilitate a 
constructive dialogue about how to enhance con-
temporary approaches to FS. This analysis recog-
nizes the limitations of the FC, such as its linear as-
sumptions and susceptibility to cognitive biases. It 
opens up new perspectives that may better capture 
the complexities of time and future developments.
Considering the changes and uncertainties orga-
nizations encounter today, it feels timely to think 
about alternative frameworks that embrace a more 
interconnected and dynamic understanding of 
time and future possibilities. In this way, the study 
builds upon the foundation laid by previous work 
and adapts to new insights from philosophy, quan-
tum physics, and cognitive psychology.
Based on that premise, this study analyzes the FC 
as a two-dimensional or three-dimensional shape 
expanding in one direction to visually represent 
a range of alternative potential futures (Migone, 
Howlett, 2024). Characterized by its cone-like 
shape, this framework illustrates how various fu-
tures branch out from the present. It originated 
from the work of Henchey (1977) who proposed 
four categories of future scenarios: possible (any 
future that could happen), plausible (a future that 
makes logical sense), probable (a highly likely fu-
ture based on current trends), and preferable (the 
best possible future). These categories were later 
visualized by Hancock and Bezold (1994), and rein-
terpreted by Voros (2003) to illustrate the expand-
ing range of potential futures as one moves forward 
in time. As demonstrated by Figure 1, this model 
encourages the exploration of alternative scenarios. 
It stimulates thinking about complex problems and 
dynamics.
However, the FC is not without limitations. While 
useful for visualizing potential futures, it is essen-
tial to examine its underlying assumptions and 

potential shortcomings. This analysis will evaluate 
the FC from philosophical, scientific, and cogni-
tive perspectives to identify areas where the frame-
work may oversimplify or misrepresent the nature 
of time and future possibilities. This examination 
will consider challenges to the cone’s assumed lin-
ear progression of time, its handling of uncertainty, 
and its susceptibility to cognitive biases. It offers 
recommendations for improving the process of en-
visioning future possibilities.
In light of the comprehensive critique, this analy-
sis will propose an alternative framework. It is a 
groundbreaking framework that addresses the lim-
itations inherent in the FC. The Adaptive Futures 
Mesh (AFM) integrates dynamic systems thinking, 
participatory agency, and uncertainty absorption 
to model futures more effectively and responsive-
ly. Figure 2 represents an overview of the AFM in 
which its core components—emergence engine, 
adaptive feedback loops, and uncertainty gradi-
ents—are highlighted. Thus, this analysis aims to 
provide a more reliable and robust framework for 
understanding potential futures.
The current study sets the stage for a thorough eval-
uation of the FC and the proposition of an alterna-
tive framework that addresses its limitations. This 
exploration will contribute to the ongoing dialogue 
in FS. It enhances the tools and approaches used 
to envision and prepare for the future. This criti-
cal review also serves as an invitation for reflection 
and growth within the field of FS. As practitioners 
continue to learn from one another, it will be criti-
cally important to remain open-minded and sup-
portive in joint efforts to envision futures that are 
not only possible but also preferable for all.
The subsequent sections outline the methodol-
ogy, theoretical framework, problems with the FC 
framework, an interdisciplinary analysis, and the 
alternative framework. Finally, the need for adopt-
ing the proposed framework to better conduct 
foresight studies will be noted in light of acknowl-
edging the study’s limits and recommending fur-
ther research.

Method
The methodology utilized in this study involves a 
structured and interdisciplinary approach (Hvidt-
feldt, 2018). It integrates insights from philosophy, 
quantum physics, and cognitive psychology. A key 
question drove this study: How can foresight prac-
titioners develop more adaptive frameworks for 
envisioning the future? This question was raised 
by acknowledging the complexities of uncertainty 
and the interconnectedness of potential outcomes. 
It was aimed at going beyond the limitations of tra-
ditional models like the FC. It encouraged the ex-
ploration of innovative approaches for FS.

Hejazi А., pp. 6–18
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This study examines the philosophical, scientific, 
and cognitive foundations of the FC to determine 
if an alternative framework is warranted. Then, the 
study develops a methodology for an alternative 
framework. It also assesses its feasibility and util-
ity in supporting strategic decision-making within 
complex domains such as AI-driven and climate-
related strategies.
The study is both epistemological and ontological 
in its approach. It is epistemological as it focuses 
on how future possibilities are considered through 
the FC. It questions how knowledge about poten-
tial futures is constructed and validated. It inves-
tigates the assumptions underlying the FC and 
how these assumptions affect the epistemological 
stance toward envisioning futures. It also explores 
how different disciplines like philosophy, quantum 
physics, and cognitive psychology contribute to 
practitioners’ understanding of future possibilities.
It is ontological as it deals with the nature of time 
and reality. The study explores what can exist in 
terms of future possibilities. It considers whether 
the FC reliably represents the potential realities 
that could emerge. It examines whether the con-
cept of “possible” futures in the FC aligns with the 
current understanding of physical laws and cogni-
tive limitations. Ontologically, it proposes an alter-
native framework concerned with how a different 
model may better capture the essence of future re-
alities. This involves exploring how quantum phys-
ics offers insights into the nature of reality that 
could inform new ways of conceptualizing future 
possibilities and how cognitive psychology reveals 
biases in the perception of future scenarios.
The analysis process began with a review of the lit-
erature that created a foundational understanding 
of the FC and its application. The review involved 
examining primary sources on the FC, including 
its origins and adaptations over time, as well as ex-
ploring philosophical theories of time. Key works 
by Hancock and Bezold (1994) provided essential 
insights into the framework’s development, while 
philosophical texts by Eliade (2018) and Hawking 
(2011) offered critical perspectives on the nature of 
time as they challenged the linear assumptions that 
underpin the cone.
Figure 3 represents the research flow briefly. Fol-
lowing the literature review, a philosophical analy-
sis was conducted to scrutinize the underlying as-
sumptions about time within the FC framework. 
The analysis highlighted how the assumption of 
linear time fails to account for cyclical and com-
plex views that emphasize the interconnectedness 
of past, present, and future. Insights from Eastern 
philosophies, which view time as a repeating cycle, 
alongside modern physics concepts such as loop 
quantum gravity (Rovelli, 2007) revealed that the 
FC’s linear model is limited in its ability to reflect 

the intricate relationships that shape future possi-
bilities. 
The next phase involved a scientific critique of the 
FC’s treatment of uncertainty and predictability. 
This critique drew on principles from quantum 
physics and complex systems theory to illustrate 
how these fields introduce concepts of uncertainty 
that challenge traditional models. Quantum me-
chanics reveals that outcomes are probabilistic 
rather than predetermined (Bohr, 2011; Heisen-
berg, 2013), while complex systems theory em-
phasizes emergent phenomena and non-linear dy-
namics (Érdi, 2008; Sterman, 2000). The analysis 
underscored how the FC’s static categorization of 
futures into “probable,” “plausible,” “possible,” and 

“preferable” oversimplifies the complexities inher-
ent in anticipating future developments.

Source: (Hancock, Bezold, 1994).

Figure 1. The Futures Cone 
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In addition to philosophical and scientific perspec-
tives, cognitive biases were examined to understand 
their influence on how individuals interpret and 
apply the cone. The analysis identified common 
biases such as confirmation bias and anchoring 
bias that can distort futures thinking. The recogni-
tion of these biases revealed that decision-makers 
might prioritize specific outcomes while neglect-
ing alternative scenarios (Ramos, 2019). This in-
sight led to a discussion of strategies for mitigat-
ing these biases through diverse perspectives and 
inclusive decision-making processes.
Building upon these critiques, an alternative frame-
work was proposed. This approach emphasizes the 
interconnectedness of past, present, and future 
while acknowledging uncertainty and complexity. 
It advocates for incorporating multiple perspec-
tives to mitigate cognitive biases and recognizes 
the dynamic nature of time and potential futures. 
Adopting an interdisciplinary approach offers a 
more reliable model for understanding uncertainty 
and complexity.

Theoretical Framework
The networked perception of the future aligns with 
several theories and approaches, including networked 
foresight, systems thinking, and concepts related to 
social-ecological systems. These theories emphasize 
interconnectedness, dynamic interactions, and the 
importance of multiple perspectives, which are cen-
tral to the networked perception framework.

Systems Thinking
Systems thinking is a holistic approach that focus-
es on understanding the relationships among parts 
of a system rather than analyzing the individual 
components in isolation. It emphasizes that the in-
teractions and feedback loops between its elements 
determine the behavior of a system (Meadows, 
Wright, 2008). In the context of FS, systems think-
ing encourages practitioners to consider the broad-
er social, technological, economic, environmental, 
and political factors that shape future outcomes 
(Hynes et al., 2020). Systems thinking analyzes 
these interdependencies and helps to reveal poten-
tial leverage points and unintended consequences 
that linear approaches likely overlook.

Interdisciplinary Approach
Including multiple perspectives is an essential com-
ponent of a networked or complex perception. Tak-
ing such an approach requires practitioners to go 
beyond the conventional borders of the foresight 
field and embrace views from other disciplines, in-
cluding cognitive psychology. For instance, cogni-

tive biases can significantly distort human under-
standing of the future, leading to narrow and inac-
curate predictions.
Similarly, modern physics has introduced theories 
such as loop quantum gravity, which imply that 
spacetime itself may be fundamentally non-linear 
(Rovelli, 2007). These insights highlight the limi-
tations of viewing time through a linear lens and 
underscore the need for a wider understanding of 
how time operates. For example, quantum physics 
challenges the FC’s assumptions by introducing 
concepts of uncertainty and non-linearity. At the 
quantum level, particles exist in superpositions of 
states until they are measured. This indicates that 
outcomes are not predetermined but probabilistic 
(Heisenberg, 2013). The inherent uncertainty sug-
gests that the future cannot be envisioned or antici-
pated based solely on present conditions.
Practitioners may seek out diverse viewpoints and 
challenging assumptions to mitigate the impact of 
these biases and gain a more comprehensive un-
derstanding of the range of possible futures. This 
approach also aligns with creating environments 
where all voices are heard and collective intelli-
gence is harnessed (van den Ende et al., 2022). Per-
ceived societal anomie, as a negative perception 
of the present, can shape imagined futures. Again, 
this further emphasizes the need for diverse per-
spectives.

Source: author.

Figure 3. The Research Flow
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Dynamic Perspective
A networked perception emphasizes the dynamic 
and evolving nature of the future. Unlike the FC, 
which presents a static view of potential outcomes, 
this approach recognizes that a multitude of inter-
acting factors shape the future constantly. If deci-
sion-makers embrace such a dynamic perspective, 
they can remain agile and responsive to changing 
conditions and adapt their strategies as new infor-
mation emerges. This approach aligns with net-
worked thinking. It encourages unbounded explo-
ration and embraces the chaotic nature of the jour-
ney (Stechert, 2006). Network analysis can reveal 
structural linkages between trends and emerging 
issues, and thereby enrich foresight analysis.

Social-Ecological Outlook
The concept of social-ecological systems (SES) 
recognizes that human societies and natural eco-
systems are intertwined and co-evolve (Walker et 
al., 2004). Understanding SES dynamics is critical 
for sustainable futures. It highlights the reciprocal 
relationships between human actions and environ-
mental impacts (Partelow, 2018). In FS, an SES per-
spective encourages practitioners to consider how 
social and ecological systems interact and influ-
ence each other over time (Drees et al., 2022).
This approach often involves engaging diverse 
stakeholders, including scientists, business owners, 
government officials, landowners, and nonprofit 
representatives, to develop integrated plans for 
managing resources and building resilience in the 
face of uncertainty. The SES concept also highlights 
the importance of considering outcomes where ad-
vanced technologies or large-scale systems result 
in immense suffering. Addressing these risks in-
volves ethical foresight and robust frameworks to 
prevent scenarios where suffering could persist or 
multiply across vast scales.

Futures Literacy
Futures literacy involves the ability to imagine and 
shape the future, i.e., how the future influences 
perception and actions, and learning to apply 
strategies to build resilience and opportunities for 
the futures (Miller, 2018). This capacity has been 
recognized as an important skill for education to-
day. It can enhance the exploration of new ways 
of engaging with what is happening in the world. 
From the perspective of educational technology, it 
provides learners with a method to anticipate the 
ethical, social, and economic challenges that may 
arise in the new educational landscape and to de-
sign policies and practices that promote equity and 
inclusion in an increasingly digital world (Mang-

nus et al., 2021). Futures literacy aligns with the 
network perception of the future.
The networked perception framework integrates 
these concepts, theories, and approaches to pro-
vide a more holistic and adaptive approach to FS. 
It aligns with the interdisciplinary and systematic 
study of technological and social advancement. 
This theoretical foundation makes the exploration 
of potential futures possible and facilitates the de-
velopment of robust strategies for navigating com-
plexities and interconnections.

Main Problems with the FC
The FC framework, while a valuable tool in strate-
gic planning, presents significant limitations when 
confronted with the complexities of real-world sce-
narios. Its primary deficiency lies in its inability to 
adequately account for unknown unknowns, those 
unpredictable and unforeseen events that can dras-
tically alter the course of future outcomes, as well 
as the inherent dynamic, non-linear nature of re-
ality (Heisenberg, 2013). These shortcomings can 
lead to strategic plans that are ultimately rigid and 
ill-prepared for the challenges of uncertain futures. 
An overview of the main problems with the FC 
framework is offered below.

Linear Conception
The FC inherently presumes a linear progression 
of time. It is an assumption that faces considerable 
scrutiny from philosophical and physical science 
perspectives. This linear model suggests that the 
future unfolds sequentially from the present and 
branches out into a range of possibilities. The FC 
operates under static and linear assumptions that 
do not reflect the intricate dynamics of reality (Mi-
gone, Howlett, 2024). The framework implies a 
linear progression from the present to various po-
tential futures. It neglects the complex interdepen-
dencies, feedback loops, and emergent phenomena 
that constantly reshape the world.
Furthermore, it cannot often dynamically adapt as 
new information emerges. It offers strategies that 
can quickly become outdated and irrelevant. Con-
stant change and interconnectedness characterize 
the world. Thus, a linear and static model can prove 
inadequate. As depicted by Figure 4, even later rep-
resentations of the FC framework that attempted 
to optimize its structure amplified that concept of 
linearity (Gall et al., 2022).
However, a significant body of philosophical 
thought challenges this notion. They argue that 
time is not necessarily a straight line but may ex-
hibit cyclical patterns (Overton, 1994), complex 
interdependencies (Hawking, Penrose, 2015), or 
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even be an illusion altogether (Jaffe, 2018). This is-
sue will be discussed further in the upcoming sec-
tion.

Illusion of Comprehensiveness
One of the most significant drawbacks of the FC is 
the false sense of comprehensiveness it can engen-
der. The framework categorizes potential futures 
into discrete segments such as “probable,” “plausi-
ble,” “possible,” and “preferable.” It creates an illu-
sion that all critical scenarios have been accounted 
for. However, practitioners’ current knowledge 
base inherently limits this categorization. The FC 
struggles to address blind spots or so-called black 
swan events, unpredictable, high-impact develop-
ments that fall outside existing frameworks of un-
derstanding (Taleb, 2010). Because it relies on what 
is already known or anticipated, it inherently fails 
to account for what decision-makers cannot know.

Overlooking Human Agency and Interaction
Another key limitation of the FC is that it over-
looks the critical role of human agency and inter-
action in shaping future outcomes. The cone tends 
to treat futures as passive results rather than recog-
nizing the influence of proactive decisions, innova-
tion, and the complex interplay between different 
scenarios and stakeholder actions. The framework 
is merely a simplified representation of an assump-
tion that does not adequately model the multifac-
eted interactions that can significantly alter the 
course of events. Thus, it diminishes the impact of 
human actors.

Underestimating Uncertainty
The FC runs the risk of underestimating the true 
extent of uncertainty as it structures the future 
into distinct categories. This categorization can 
create a sense of overconfidence in strategic plans. 
It may lead organizations to prioritize “probable” 
or “plausible” paths and neglect the potential for 
radical disruption. This can leave them vulnerable 
to unanticipated challenges and ill-prepared to 
navigate the complexities of a changing environ-
ment. When uncertainty is downplayed, resilience 
is compromised.
There is a growing need for adaptability and agil-
ity in making future-focused decisions. Strategic 
plans that rely solely on the FC framework may 
prove rigid, incomplete, and ultimately ineffective. 
To develop truly resilient strategies, decision-mak-
ers must embrace adaptability, scenario agility, and 
a sense of humility in the face of the unknown. Ef-
fective strategy requires acknowledging the limita-
tions of anticipatory models and cultivating the ca-
pacity to respond effectively to unforeseen events—
elements that the FC does not inherently address.

Analysis
To propose an alternative framework to the FC, it 
was necessary to integrate insights from several 
disciplines, including philosophy, quantum phys-
ics, and cognitive psychology. In this way, a com-
prehensive understanding of how humans envision 
potential futures could be achieved. Therefore, the 
limitations of the FC were examined through an 
interdisciplinary lens. This analytical framework 
aims to highlight the complexities of time, uncer-

Source: (Gall et al., 2022).

Figure 4. The Revised FC
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tainty, and human cognition in shaping percep-
tions of future possibilities.

Philosophical Perspective
Philosophical viewpoints on time vary widely. Some, 
like Aristotle, define it as a “measure of movement” 
and inextricably linked to change (Hutton, 1977). 
Others, such as Newton, posited the existence of 

“absolute time,” flowing uniformly and indepen-
dently of external events (Schliesser, 2013). In 
contrast, relationists like Leibniz argued that time 
is not independent of events but rather a series of 
moments defined by the relations of “earlier-than” 
and “simultaneous-with” among co-existing events 
(Futch, 2008). These contrasting views highlight a 
fundamental debate about whether time is an ob-
jective reality or a construct dependent on percep-
tion and the events that unfold within it.
The concept of cyclical time (Oosterling, Tiemers-
ma, 1996), prevalent in many early cultures and 
religions like Hinduism, Buddhism, and Jainism, 
further undermines the linear assumption of the 
FC. These traditions perceive time as consisting of 
repeating ages and periods. They suggest that the 
future may echo patterns from the past (Bendor et 
al., 2021). This cyclical view contrasts sharply with 
the FC’s unidirectional projection, where the fu-
ture is seen as a divergence from the present rather 
than a recurrence of past trends.
Modern philosophical perspectives also challenge 
the traditional understanding of time. Some phi-
losophers propose that time might be an illusion, 
with everything happening simultaneously, and 
that the perception of sequential events is merely 
a construct of mind (Merleau-Ponty, 2004). Oth-
ers focus on subjective time. They emphasize how 
consciousness and changing perceptions shape the 
human experience of time (Varela, Depraz, 2005). 
Kant suggested that time and space are forms that 
the mind projects (Copenhaver, 2019). They in-
fluence how humans perceive the external world. 
These ideas suggest that human’s understanding of 
time is not a direct reflection of an objective reality 
but is filtered through cognitive processes (Nozick, 
2001).
Consequently, the FC’s depiction of the future as a 
set of possibilities branching out from the present 
may be an oversimplification. Influenced by past 
patterns, present conditions, and the subjective ex-
periences of individuals, a more reliable approach 
might envision the future as a complex web of in-
terconnected events. This perspective aligns with 
complex systems theory (Estrada, 2024), where 
small changes can lead to significant and unpre-
dictable outcomes. This view emphasizes the in-
terconnectedness and emergent properties of the 
future.

Scientific Perspective
Quantum physics fundamentally alters the as-
sumption of determinism. At the quantum level, 
particles do not have definite states until they are 
observed. Instead, they exist in a superposition of 
states (Colosi, Rovelli, 2009). This principle sug-
gests that the future is not merely a linear exten-
sion of the present but is influenced by probabi-
listic outcomes that are not predetermined. As a 
physicist, Niels Bohr famously stated, “We must 
be clear that when it comes to atoms, language can 
be used only as in poetry” (Anderson, 1971). This 
highlights the limitations of classical deterministic 
models in anticipating future events. The FC’s reli-
ance on probability overlooks this quantum uncer-
tainty and presents a misleadingly simplistic view 
of how future events may unfold.
Moreover, complex systems theory further compli-
cates the linear notion of time. In complex systems, 
small changes can lead to disproportionately large 
effects—a phenomenon known as the butterfly ef-
fect. This unpredictability means that while certain 
trends may appear probable based on current data, 
they can be disrupted by unforeseen variables or 
interactions within the system. As noted by physi-
cist Edward Lorenz, “The flapping of a butterfly’s 
wings in Brazil can set off a tornado in Texas” (Érdi, 
2008). Thus, the structure of the FC may imply a 
false sense of security regarding the ability to pre-
dict future outcomes based solely on present con-
ditions.
On the other hand, deterministic assumptions in 
complex systems often hold only within specific 
spacetime scales. For instance, while short-term 
anticipations may yield reasonable accuracy due 
to more stable conditions, long-term forecasts 
become increasingly unreliable as more variables 
and uncertainties come into play. This limitation 
is crucial for understanding how the FC might 
misrepresent the fluidity and complexity of future 
scenarios. As noted by researchers like Sterman 
(2000), neglecting these dynamics can lead to over-
simplified models that fail to capture the intricate 
interdependencies present in real-world situations.
In light of these scientific insights, it becomes 
evident that the FC framework requires re-eval-
uation. Rather than viewing the future as a series 
of branching paths emerging from a fixed present 
moment, it may be more productive to conceptual-
ize it as a dynamic network of interconnected pos-
sibilities influenced by a myriad of factors, both 
predictable and unpredictable, namely, a mesh. If 
practitioners embrace the inherent complexity and 
uncertainty of the future as described by quantum 
mechanics and complex systems theory, they may 
develop more robust models that reflect the true 
nature of time and future outcomes.
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Cognitive Perspective
The FC is inherently susceptible to cognitive biases 
that can significantly distort foresight and antici-
patory thinking. Cognitive biases are systematic 
patterns of deviation from the norm or rationality 
in judgment. They arise from the way the human 
brain processes information (Muntwiler, 2023). 
These biases can affect how individuals perceive 
the present, interpret signals, and imagine future 
possibilities. They may lead to errors in judgment 
and decision-making.
One of the primary cognitive pitfalls of the FC is 
the tendency for individuals to focus on a particu-
lar image of the future and neglect alternative sce-
narios. This often results from confirmation bias, 
where people selectively seek out and interpret in-
formation that confirms their pre-existing beliefs 
or hypotheses (Nickerson, 1998). For instance, if 
someone believes that renewable energy will domi-
nate the future, they might overemphasize trends 
supporting this view and dismiss evidence that 
suggests otherwise. This narrow focus can lead to a 
skewed and incomplete understanding of the range 
of possible futures. It can limit the effectiveness of 
strategic planning and risk assessment (Cristofaro 
et al., 2021).
The structure of the FC itself can inadvertently re-
inforce confirmation bias. By categorizing futures 
into “possible,” “plausible,” “probable,” and “prefer-
able,” the cone may create a cognitive framework 
that encourages individuals to prioritize scenarios 
that align with their current expectations or de-
sires. This can result in a self-fulfilling prophecy 
and drive efforts that are concentrated on realizing 
a specific future while neglecting the exploration 
of alternative paths that may be more beneficial or 
resilient in the face of unanticipated events.
Anchoring bias also poses a significant challenge 
when using the FC. This bias refers to the tendency 
to rely too heavily on the first piece of information 
encountered when making decisions (Chapman, 
Johnson, 1994). In the context of futures thinking, 
the initial assumptions or trends considered can 
disproportionately influence the subsequent analy-
sis and scenario development. This can limit the 
ability to see beyond the probable spectrum. It may 
eliminate chances of finding plausible or possible 
alternatives.
To mitigate the impact of cognitive biases, deci-
sion-makers must be aware of these tendencies 
and actively employ strategies to overcome them 
(Winkler, Moser, 2016). This includes seeking di-
verse perspectives, challenging assumptions, and 
using structured decision-making processes to en-
sure that a wide range of possibilities is considered. 
Additionally, scanning the environment for weak 
signals and emerging trends can help to identify 

potential disruptions that might be overlooked due 
to cognitive biases (Tabatabaei, 2011).
Recognizing that worldviews are tacit, with prac-
titioners participating in future exercises unaware 
of their biases, it becomes essential to expand the 
FC (Kunseler et al., 2015). This requires consider-
ing the past and present to ensure a more effec-
tive and inclusive supervisory style of foresight. 
Consideration of likelihood, interdependence, and 
power dynamics can enrich future scenario plan-
ning and ensure that the range of possible futures 
is captured.

Adaptive Futures Mesh
Instead of the FC’s linear approach, an alterna-
tive perspective, particularly a networked one can 
offer a more robust and adaptable framework for 
understanding the nature of time and the future. 
The Adaptive Futures Mesh framework, AFM, is 
designed to handle unexpected events through sev-
eral key components. Its components work togeth-
er to provide a more comprehensive and reliable 
understanding of the future. This approach recog-
nizes the intricate interconnectedness of the past, 
present, and future. It acknowledges the inherent 
uncertainty and complexity that characterizes fu-
ture outcomes. This approach integrates multiple 
perspectives and actively mitigates cognitive biases. 
It emphasizes the dynamic and evolving nature of 
the future and leads practitioners toward a better 
foresight practice.

Principles
At the heart of the AFM are several core principles 
that redefine how it conceptualizes futures. Firstly, 
it emphasizes the ‘non-linear interconnectedness’ 
of futures. It replaces the linearity of cones with a 
dynamic network that reflects the complexity of re-
al-world interactions. Secondly, it treats uncertain-
ty as a core variable rather than an afterthought. 
This creates a more realistic representation of fu-
ture scenarios. Thirdly, the concept of participa-
tory emergence is introduced. In this sense, futures 
are co-created by both human and non-human ac-
tors. Lastly, the framework promotes continuous 
adaptation. It utilizes feedback loops that replace 
static scenarios with evolving strategies.

Components
One of the fundamental aspects of the AFM is its 
mesh structure. Instead of visualizing futures as 
a simple cone, this framework models them as a 
three-dimensional network composed of intercon-
nected nodes. These nodes represent various cat-
egories: known knowns, which include established 
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trends and data; known unknowns, encompassing 
identified risks; and unknown unknowns. Inspired 
by astrophysics, the AFM represents them as “dark 
matter nodes” that absorb ambiguity (Choudhury, 
2023).
In the fields of space science and astrophysics, dark 
matter is believed to make up more than 80 percent 
of the universe’s matter, but it remains invisible to 
scientists. Since it emits neither light nor energy, it 
cannot be detected using traditional methods. Dark 
matter appears to be dispersed throughout the uni-
verse in a web-like structure, with galaxy clusters 
forming at the intersections of these cosmic fibers 
(Garrett, Duda, 2011). Likewise, the nodes within 
the AFM dynamically adjust in size and position 
based on real-time data, stakeholder actions, and 
external shocks. Figure 5 represents the key com-
ponents of this mesh.
Drawing from cognitive science, another signifi-
cant element is the concept of “uncertainty gradi-
ents” (Skov, Nadal, 2023). Each node is evaluated 
based on three distinct gradients: “predictability,” 
which assesses how well we understand it; “impact 
potential,” which gauges the magnitude of poten-
tial disruption; and “agency leverage,” which mea-
sures how much influence stakeholders can exert 
over it. Together, these gradients create a heat map 
that guides strategic resource allocation as repre-
sented by Figure 6.
The AFM also incorporates adaptive feedback 
loops (Zavala Rodríguez et al., 2019). This involves 
small-scale experiments known as probes, which 
test assumptions and generate signals to update the 
mesh accordingly. Resilience thresholds are estab-
lished to define critical tipping points where strate-
gies must pivot in response to significant changes. 
Moreover, participatory weaving allows stakehold-
ers to collaboratively add or remove nodes, ensur-

ing that emerging risks are flagged by those closest 
to them. Figure 7 shows how feedback loops con-
tribute to updating the mesh.
Lastly, an “emergence engine” serves as a layer for 
emergent futures that arise from interactions be-
tween nodes (Maltarich, Havrylyshyn, 2023). For 
instance, debates on artificial intelligence (AI) 
ethics combined with climate migration can lead 
to new governance models. This engine leverages 
generative AI or crowdsourcing techniques to sim-
ulate various combinatorial possibilities. Figure 8 
models these components and flows.

Dealing with the FC’s Problems
The AFM effectively addresses several shortcom-
ings of the traditional FC. It incorporates the “dark 
matter nodes” metaphor and acknowledges the ex-
istence of unknown unknowns. In this way, it en-
courages humility in foresight by explicitly reserv-
ing space for unimaginable scenarios. The non-
linear structure visualizes cascading impacts. For 
example, if a supply chain node collapses, it may 
significantly alter geopolitical dynamics. Further-
more, human agency is emphasized. Stakeholders 
have the power to rewire the mesh through their 
decisions and actions. Finally, adaptive feedback 
loops ensure that strategies evolve more swiftly 
than disruptions can occur.

Superiority
The AFM promotes an resilient approach that 
thrives on volatility by viewing uncertainty as a 
catalyst for innovation rather than an obstacle. It 
democratizes foresight by involving diverse voices 
in shaping future trajectories through collaborative 
weaving. Most importantly, it shapes a living strat-

Source: author.

Figure 5. The Key Components of Adaptive Futures Mesh
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egy where plans are never final but evolve organi-
cally in response to changing circumstances. This 
framework represents a crucial shift from merely 
anticipating futures to actively cultivating futures-
readiness. This is an essential capability in today’s 
era characterized by poly-crisis challenges (Racz-
kowski, Komorowski, 2025). Organizations inter-
ested in operationalizing this approach can explore 
tailored applications specific to their industries.

Example
Consider a company that strategizes for climate-re-
lated initiatives by 2030. A traditional FC approach 
might focus narrowly on plausible carbon taxes. 
However, applying the AFM allows for a broader 
perspective. The company could map nodes such 
as “geoengineering start-ups,” “water conflicts,” 
and “unknown climate feedback loops.” Through 
this comprehensive modeling, they might identify 
a dark matter node—like permafrost methane re-
lease—that poses significant risks to other elements 
within their strategy. If they invest in innovative 
methane-capture prototypes while continuously 
monitoring Arctic conditions, they can adapt their 
strategy as new nodes emerge — such as youth-led 
climate litigation.

Conclusion
This analysis has critically examined the FC, a 
prominent framework in futures studies that cat-
egorizes potential futures into probable, plausible, 
possible, and preferable types. While the FC serves 
as a useful tool for visualizing alternative futures 
and stimulating strategic thinking, it is not with-
out limitations. The reliance upon a linear pro-
gression of time oversimplifies the complexities 
and uncertainties inherent in forecasting future 
developments. Philosophical critiques challenge 
the notion of linear time, suggesting instead that 
time may be cyclical or complex, where past, pres-
ent, and future are interconnected. Furthermore, 
scientific insights from quantum physics and com-
plex systems theory highlight the unpredictability 
of future outcomes, emphasizing that they are in-
fluenced by chance and new conditions rather than 
deterministic pathways.
Additionally, cognitive biases play a crucial role in 
shaping how individuals interpret and engage with 
the FC. Confirmation bias and anchoring bias can 
lead to a narrow focus on specific futures while ne-
glecting alternative scenarios. This underscores the 
importance of incorporating diverse perspectives 
and challenging assumptions to mitigate these bi-
ases. If decision-makers recognize these limitations, 
they can avoid complacency and develop a more 
comprehensive understanding of potential futures.
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To address the shortcomings of the FC, this analy-
sis proposed the AFM alternative framework. This 
approach emphasizes the interconnectedness of 
past, present, and future while acknowledging un-
certainty and complexity. This framework incor-
porates multiple perspectives and recognizes the 
dynamic nature of future developments. It offers a 
more reliable understanding that can better inform 
strategic planning and decision-making. Embrac-
ing this complexity allows organizations to remain 
agile in the face of uncertainty and adapt their 
strategies as new information emerges.
The exploration of alternative frameworks like 
networked perception is essential for enhancing 
practitioners’ ability to envision and prepare for 
the future. As organizations navigate an increas-
ingly complex world characterized by change and 
uncertainty, adopting comprehensive approaches 
to futures thinking will be crucial for empowering 
resilience and adaptability. The AFM moves be-
yond the limitations of the FC. It embraces a more 
holistic view of potential futures that better equip 
decision-makers to respond effectively to emerg-
ing challenges and opportunities.
While this study introduces and details the AFM 
as a novel framework for strategic foresight, it is 
inherently limited by its primarily theoretical and 
conceptual nature. The proposed framework re-

quires extensive empirical validation across di-
verse real-world scenarios and organizational con-
texts. Furthermore, the effectiveness of specific 
components, such as the dark matter nodes and 
the emergence engine, requires rigorous testing to 
determine their practical contribution to improved 
decision-making. The study also acknowledges the 
potential challenges in implementing the AFM, 
including the need for cross-functional collabora-
tion, data availability, and stakeholder engagement, 
which may vary significantly depending on the 
specific context.
Future research should focus on empirically vali-
dating the AFM framework through case studies 
and experimental designs. This includes develop-
ing quantifiable metrics to assess the performance 
of the AFM in comparison to traditional strategic 
foresight methods like the FC. Investigating the 
optimal methods for identifying and managing 
dark matter nodes, as well as exploring the ethi-
cal implications of using AI and crowdsourcing in 
the emergence engine, are critical areas for future 
research. Furthermore, studies should address the 
practical challenges of implementing the AFM in 
various organizational settings, including develop-
ing best practices for team composition, data gov-
ernance, and stakeholder engagement to maximize 
the framework’s effectiveness and impact.
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1 The section is prepared on the basis of (Horowitz et al., 2020).
2 https://www.chathamhouse.org/2017/01/artificial-intelligence-and-future-warfare, accessed 18.01.2025.
3 https://samf.substack.com/p/does-artificial-intelligence-change?utm_source=+substack%26utm_medium=email, accessed 07.02.2025.

Introduction
The dynamic development of new technologies is 
radically transforming a wide range of activities in 
both the civilian and military spheres. This is es-
pecially true for dual-use technologies, including 
artificial intelligence (AI). The increased integra-
tion of AI into military strategies is reformatting 
the sphere of global security, changing the nature 
of strategic planning, and data collection. (John-
son, 2019; Mori, 2018). Qualitatively different 
approaches to decision-making are emerging, it 
becomes possible to more accurately predict the 
tactics and strategies of opponents, and the ar-
senal of means for retaliatory steps is expanding. 
The dynamics of the balance of power in inter-
national relations are closely related to economic 
and technological development. According to 
some estimates, by 2030, thanks to the spread of 
AI technology, global GDP may increase by $15.7 
trillion, with 70% of this increase coming from 
the two most influential powers, the United States 
and China (PWC, 2017). The rivalry between these 
countries, including in the creation of technologies 
for the military sector, is increasing global tensions. 
The Center for a New American Security (CNAS) 
compares this kind of technological competition 
to the space race of past decades (Horowitz et al., 
2018). The critical role of this technology in shap-
ing the future geopolitical landscape is emphasized 
not only for world-leading states but also for other 
players (Fernández-Montesinos, 2019). For smaller 
countries, this means a widening technological gap 
that will make them critically vulnerable to a wide 
range of complex challenges. Unlike major powers, 
such entities do not have sufficient technological 
and military resources to compete directly. As a re-
sult, the risks of destabilization for them increase. 
However, if they engage in multilateral interna-
tional cooperation and form strategic alliances that 
promote the ethical governance of AI, they have 
greater opportunities to strengthen their security 
and sovereignty.
This study fills a critical gap in the existing litera-
ture: researchers have rarely considered the long-
term impact of AI on global power dynamics and 
its implications for different states. We analyze the 
transformative effect of AI on future conflicts be-
tween the United States and China, focusing on 
the military and geopolitical domains. We devel-
op a set of possible scenarios up to 2050. We of-
fer practical recommendations to help small states 
navigate the rapidly changing international system 

based on flexibility, adaptability, and proactivity. 
The analysis of risks and opportunities presented 
in this paper can provide a solid foundation for fu-
ture research and policy development in the era of 
AI-influenced geopolitics.

Literature Review
General Trends in the Development of AI in the 
Military Sphere1 
As AI technologies advance, their potential to alter 
the global balance of power and strategic stabil-
ity is increasingly being revealed (Boulanin et al., 
2020). Most of these breakthroughs, which have 
resulted from the combined efforts of the com-
mercial and academic spheres, have already led to 
significant changes in the dynamics of weapons.2 
The formation of a critical mass of publicly avail-
able basic research and tools has allowed for sig-
nificantly reducing the cost of development and 
accelerating their adaptation to military applica-
tions (Morgan et al., 2020). States are beginning 
to recognize the potential of such innovations and 
are changing their defense strategies accordingly 
(Horowitz et al., 2020). Many researchers agree 
that AI is pushing the limits of technology per se, 
creating uncertainty in terms of strategic stability 
(Larson, 2021). There is growing concern about the 
ethical implications associated with this process 
(Johnson, 2020). The literature provides numer-
ous assessments of the changing nature of warfare, 
with emerging political, social, and technological 
trends leading to conceptual shifts in approaches 
to resolving military conflicts.
Another view is that AI can improve the effective-
ness of all types of military operations by working 
through established systems and interacting with 
other, more established forms of military power.3 
This technology is seen as an important comple-
mentary resource to traditional military operations. 
The introduction of an AI system can add some 
level of creativity to certain routine tasks. How-
ever, there are limits when it comes to adapting 
to new contexts and developing transformational 
strategies. Emerging unprecedented contexts re-
quire creating new rules and capabilities. Strategy 
remains an “essential human competence” (Payne, 
Warbot, 2021). Like any advanced technology, AI 
eliminates some existing problems, but at the same 
time new “black boxes” (Gardner, 2021) and issues 
of trust in information sources arise. One potential 
side effect of the introduction of more powerful 
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computing resources and data analytics is the in-
creased risk of miscalculation by decision-makers 
when they rely on unreliable sources of informa-
tion.4 AI systems and their databases may contain 
vulnerabilities, with opportunities for adversaries 
to deliberately distort content, creating uncertainty. 
New challenges will arise from mechanical failures, 
algorithmic degradation, biased data, and adver-
sarial or counter-technologies. In other words, the 
use of AI in military operations requires a fine-
grained trade-off between opportunities and risks 
across a wide range of options.

The Potential of the USA and China
As the geopolitical landscape shifts toward a more 
multipolar world, the US and China are banking 
on the development of AI technologies to maintain 
their strategic advantages.
In the United States, research and development 
(R&D) into military AI has been underway since the 
1950s. For example, Defense Advanced Research 
Projects Agency (DARPA) has been implementing 
projects related to natural language processing, fa-
cial recognition, and predictive analytics (Morgan 
et al., 2020). Since 2016, a special strategic R&D 
program in the field of AI has been implemented 
(the National Artificial Intelligence Research and 
Development Strategic Plan) aimed at strengthen-
ing national defense and security (Johnson, 2021). 
When introducing new technologies, a key focus is 
on cooperation between the state and technology 
companies. An example is the Maven project, car-
ried out jointly by Google and the US Department 
of Defense. Within its framework, computer vision 
algorithms are being developed to recognize and 
identify classes of objects in video footage from 
reconnaissance drones. Based on this information, 
decisions are made on potential targets for destruc-
tion (Malmio, 2023). Another program, Sea Hunt-
er, aims to create an autonomous vessel to counter 
submarines.5 Despite significant investments in AI 
development by the government, technology com-
panies, and universities in the United States, their 
volumes remain lower than expected. As a result, 
a number of experts question the ability of the 
United States to maintain its leadership position in 
the long term (Hunter et al., 2023), predicting that 
China will take over the lead in the next 10 years 

(NSCAI, 2023). However, other experts, while ac-
knowledging certain challenges, still believe that 
the United States will retain its lead in military AI 
development, and do so by a large margin.
As in the US, China sees AI as a key competitive 
tool in its bilateral geopolitical rivalry. It is pre-
dicted that by 2030, the country’s GDP could be 
increased by $600 billion annually as a result of 
AI technology implementation (for comparison: 
Shanghai’s GDP in 2021 was $680 billion).6 The 
growth will occur mainly due to such sectors as the 
automotive industry, transportation and logistics 
services, manufacturing, manufacturing software, 
healthcare, and life sciences.7 
China’s first-mover strategy in AI development in-
volves a broad conceptualization that the defense 
sector synthesizes into a holistic framework for fu-
ture “intelligent” military operations and strategic 
superiority (Johnson, 2019). A three-stage strategy 
has been developed to achieve global leadership 
in AI by 2030 (He, Ji, 2023). The creation of an 
AI system is considered key as a tool for military 
modernization. The R&D spectrum ranges from a 
drone program8 to the widespread integration of 
advanced cloud computing, surveillance, and fa-
cial recognition technologies.9 These initiatives are 
seen as an entry point into the AI race with other 
powers.
China has been actively responding to the US re-
strictions on access to chip manufacturing tech-
nology. Even before the deterioration of bilateral 
relations, China believed that rapid technologi-
cal transformation would turn into a zero-sum 
race between major powers and recognized the 
need to reorganize the national innovation system 
(Cheung, 2022). China officially designated AI de-
velopment as a national priority in 2017. Specific 
areas include algorithms, advanced semiconduc-
tors, high-performance computer chips, quantum 
computing, big data, brainmatics, brain-computer 
interfaces, computational neuroscience, brain-
cognition, among other fields. A wide range of 
national players are involved in new AI develop-
ments. Military applications of AI are seen as a fast 
and effective way to modernize the defense sector. 
Key areas of AI application in military operations 
include: unmanned combat platforms for pinpoint 
destruction of enemy targets; operational collec-

Colmenares-Zapata A.J., pp. 19–27

4 https://securityintelligence.com/articles/data-poisoning-big-threat/, accessed 19.01.2025.
5 https://www.nationaldefensemagazine.org/articles/2020/6/19/navy-industry-eager-to-develop-bigger-robo-ships, accessed 19.01.2025.
6 https://www.mckinsey.com/capabilities/quantumblack/our-insights/the-next-frontier-for-ai-in-china-could-add-600-billion-to-its-economy, date 

01/16/2025.
7 Since the turn of the millennium, China has overtaken Germany and Japan to become the world’s second-largest R&D funder after the United States. No-

tably, the gap in R&D funding between the United States and China is rapidly narrowing, as the United States, although increasing its own investments, has 
done so at a significantly slower pace since 2000 (https://www.nature.com/articles/d41586-020-00084-7, accessed 15.02.2025 ) .

8 https://www.businessinsider.com/chinas-underwater-drone-allies-in-pacific-2019-10, accessed 02.03.2025.
9 https://www.wired.co.uk/article/china-social-credit-system-explained, accessed 02.03.2025.
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tion, processing, and analysis of data; defensive 
and strike cyber systems.
China has been heavily investing in UAV develop-
ment since the late 1990s, building the world’s larg-
est UAV manufacturing capacity to produce a full 
range of military drones (He, Ji, 2023). Next-gener-
ation technologies are being developed, including 
directed energy systems and human-machine sys-
tems (Hunter et al., 2023). Development has been 
accelerated significantly by the government’s close 
cooperation with technology giants Huawei and 
Tencent (Johnson, 2021; Lu, 2021).

Conceptual Basis of the Study
Our analysis is based on two basic concepts that 
are critical to understanding the dynamics of the 
balance of power and constructing future scenari-
os: realism in international relations and strategic 
foresight. In the course of our research, based on 
expert opinions, four scenarios were developed 
that describe the impact of AI on military and geo-
political strategies. Specialized foresight tools were 
used, including expert surveys, PESTEL analy-
sis, and the Régnier Abacus10 and Schwartz Axes 
(Schwartz, 1997). The presented results can be use-
ful for developing national strategies to prepare for 
global shifts caused by the introduction of AI.
Since the 1930s, the behavior of countries in the 
system of international relations has been viewed 
primarily through the prism of “political realism.” 
According to this paradigm, states as rational ac-
tors prioritize maximizing their influence to ensure 
security and development (Velázquez, González, 
2016). Historically, the dynamics of the balance of 
power have manifested themselves through con-
flicts, often driven by territorial and economic in-
terests. In light of the geopolitical confrontations 
of recent decades, realism has evolved into a struc-
tural paradigm (or neorealism), acquiring a sys-
temic perspective. Distinctions are made between 
the hierarchical nature of domestic politics and the 
unstructured framework of international relations, 
based on the assumption that the balance of power 
arises from the interaction of systemic processes, 
rather than the actions of individual states (Waltz, 
1979). According to this approach, major powers 
play a central role, and global competition is deter-
mined by the distribution of power and systemic 
constraints.
The international system is currently largely deter-
mined by the geopolitical competition between the 
United States and China and their desire for domi-
nance. The processes taking place within it inevita-

bly have a large-scale impact on other states. Look-
ing through the prism of the realist paradigm helps 
to better understand the broader implications of 
the influence of these processes (including the in-
troduction of AI) on the prospects for global secu-
rity and national strategies. Given that the coun-
tries in question seek to dominate in the field of 
AI, their actions are consistent with the principles 
of realist theory, since they are determined by the 
desire to maximize their strategic advantages in a 
competitive international system. In this scenario, 
technological innovation, military potential, and 
strategic alliances play a central role as key com-
ponents of national security (Morgenthau, 2005; 
Mearsheimer, 2014).
Alfred Whitehead defines foresight as “the ability to 
see through apparent confusion to notice develop-
ments before they become trends, to see patterns 
before they are fully manifested, and to understand 
the particular social currents that will determine the 
direction of future events” (Whitehead, 1967; Tsou-
kas, Shepherd, 2004). In contrast to deterministic 
approaches, foresight starts from the multiplicity 
and uncertainty of potential scenarios for the de-
velopment of events (futuribles) and emphasizes the 
role of man in their formation (de Jouvenel, 1964). 
This concept is based on the understanding that de-
cisions made today significantly affect future devel-
opments (Godet, 1994; Godet, Durance, 2011; Mo-
jica, 2005). In other words, Foresight complements 
political realism by offering the prospect of working 
with alternative futures to restructure actions in the 
present to ensure the implementation of the most 
preferred options.

Methodology
From a methodological point of view, the study 
was carried out in several stages. First, an in-depth 
analysis of the military use of AI in the United 
States and China was conducted. In particular, a 
bibliometric review of scientific publications, re-
ports from various organizations, and government 
documents was carried out to identify trends and 
drivers of change. An analysis of political, eco-
nomic, social, technological, environmental, and 
legal aspects (Politics – Economy – Social – Tech-
nology – Environment – Legal, PESTEL) allowed 
us to comprehensively assess the factors deter-
mining the development of military AI for use in 
a potential conflict between the United States and 
China (Table 1). We also studied expert opinions 
on the development of AI and the geopolitical 
consequences of this process.11 Then, the variables 
determining geopolitical competition in the field 

10 https://www.colorinsight.fr/?lang=2, accessed 03.03.2025.
11 A non-probability sampling method was used to select experts in military AI, geopolitics, and international relations. Participants were selected based on 

their research experience, professional reputation, and contributions to debates on relevant topics. This provided qualified expert assessments of potential 
future scenarios.
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of AI were identified and evaluated. The variables 
were ranked using the Rainier mosaic panel meth-
od, which consisted of marking expert assessments 
of the degree of significance of a particular factor 
using a color scale. Two key drivers acted as axes 
of the scenario matrix, namely: “Cybersecurity 
and Digital Manipulation” and “Militarization and 
Space Race.” Based on the matrix, four internally 
consistent scenarios were constructed (Figure 1) 
with a horizon up to 2050. Let us consider them in 
more detail.

AI Use Scenarios to 2050
Scenario 1: Masters of Cyberspace, Peace in the 
Stars
This scenario depicts a future where the geopo-
litical competition between the United States and 
China moves forward to cyberspace, leaving the 
physical space virtually demilitarized. In this sce-
nario, high-tech data manipulation and digital 
control become the central hub in the conflict, and 
the global powers use artificial intelligence to af-
fect the public discourse and destabilize their op-
ponents without the need for direct military con-
frontation. Advanced surveillance systems and cy-
ber espionage will then lead all the national secu-
rity strategies, while cyberwar will virtually replace 
traditional conflicts. 
In the meantime, in outer space, a cooperative ap-
proach is applied, and both the United States and 
China have agreed to preserve this as a weapon-
free environment. The aforementioned is expressed 
through their collaboration in scientific missions 
and the joint development of technologies for 
space exploration, instead of an armed race. This 
scenario reflects a delicate balance between the 

digital war on Earth and peace in space, with an 
emphasis on the growing relevance of cyberspace 
as the new geopolitical battlefield. 
Implications: For small countries, this scenario 
highlights the need to strengthen their cybersecu-
rity capacities and to develop policies to regulate 
the use of AI for data manipulation. Likewise, it 
implies active commitment in the field of interna-
tional diplomacy to ensure that outer space con-
tinues to be a space for scientific cooperation and 
does not become a theater of operations. 

Scenario 2: Digital Supremacy and the Conquest 
of Space
In this scenario, both cyberspace and physical 
space are the main battlefields in the competition 
between the United States and China. Artificial 
Intelligence, with the support of advancements in 
quantum computing, has boosted the development 
of surveillance, espionage, and social control tech-
nology, while the militarization of space has oc-
curred due to the construction of armed satellites, 
combat stations, and military bases on the Moon 
and Mars. The conquest of space is assumed not 
only as a national prestige affair but also as a sur-
vival and geopolitical supremacy issue. 
Artificial intelligence plays a key role in military lo-
gistics, as it optimizes the deployment of forces and 
allows rival powers to efficiently reply to threats, in 
real-time. This scenario depicts a future where the 
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Dimensions Variables
Politics • Geopolitical competition

• Governmental policies
• International alliances

Economy • Investment in AI
• Industrial competitiveness
• Global economic power

Social Field • Ethical challenges
• Privacy
• Human rights
• Unequal access to technology

Technology • Advancement in AI
• Autonomous systems
• Changes in war

Environment Indirect environmental impact of military 
technology

Legal Issues • Regulation of autonomous weapons
• Ethical rules enforcement

Source: author.

Table 1. Results of PESTEL Analysis
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war in cyberspace and physical space are intrin-
sically intertwined and lead to an unprecedented 
military escalation.  
Implications: For small states, this scenario high-
lights the need to participate in international fora 
on space governance and the regulation of artifi-
cial intelligence for military purposes. Addition-
ally, it shows the relevance of developing a strategy 
for the protection of critical infrastructure facing 
potential cyberattacks, as well as the preparation 
for a potential environment where space becomes 
increasingly militarized. 

Scenario 3: Echoes of Demilitarization and Digi-
tal Protection
In this scenario, the military tensions between the 
United States and China are reduced and open the 
gates for an era of progressive demilitarization and 
international cooperation. In this case, artificial 
intelligence, while still present, has not advanced 
as fast as projected, due to ethical concerns and the 
high costs linked to its development. Cybersecurity 
and data manipulation are ruled by international 
standards aimed at protecting digital rights and en-
suring privacy. 
In this scenario, outer space becomes a field for 
scientific collaboration. The space powers have 
dismantled their arsenals and shifted their efforts 
toward research and peaceful exploration. In this 
world, global stability is a priority over conflict and 
the nations choose diplomacy and cooperation in-
stead of the arms race. 
Implications: This scenario provides smaller na-
tions with the chance to play a significant role in 
space diplomacy and the protection of digital pri-
vacy. Simultaneously, it underscores the impor-
tance of adapting technological innovation poli-
cies to ensure that emerging technologies evolve 
ethically, allowing less powerful states to thrive 
in a more cooperative and less militarized global 
landscape. 

Scenario 4: Land Battles and Technology on Hold
In this last scenario, space militarization reaches 
an alarming level, while the development of digital 
technologies, particularly those linked to artificial 
intelligence, has stagnated. The United States and 
China are focused on competing for the control of 
strategic resources in outer space and set innova-
tion in cybersecurity and data manipulation aside. 
Space, once perceived as the last border of pacific 
exploration, becomes a highly militarized battle-
field, with bases and satellites orbiting around the 
Earth. 

Tensions intensify on Earth, and the capacities for 
digital surveillance and cybersecurity have not pro-
gressed at the required pace to face the new threats. 
This scenario depicts a future where the war is fought 
both on Earth and in space, and where the absence of 
technological progress in cybersecurity leaves most 
nations vulnerable to face attacks and destabilization. 
Implications: In this scenario, small states must fo-
cus on strengthening their traditional and digital 
defenses, in preparation for a world where military 
tensions and space conflict have intensified. Ad-
ditionally, countries will have to invest in improv-
ing the resilience of their technological and energy 
infrastructures aimed at mitigating the impact of 
potential destabilization caused by the competition 
between the superpowers. 

General Comments and Policy Recommendations 
for Small States
An analysis of the prospects for the development 
of AI and geopolitics in the period up to 2050 has 
shown that AI is becoming a major factor in the 
dynamics of the balance of power in the world. The 
scenarios presented in this article illustrate the dif-
ferent paths that the United States and China could 
take: from cyberwarfare and the militarization of 
space to cooperation and active demilitarization. 
For smaller countries, all scenarios emphasize the 
need for active policies on cybersecurity, AI gov-
ernance, and space diplomacy. Strategic foresight 
and flexibility will be key to countering new chal-
lenges and seizing emerging opportunities. Policy 
recommendations are summarized in Table 3.
 
Conclusions
This study analyzed the impact of AI on future con-
flicts between the United States and China, success-
fully addressing the research objectives. A prospec-
tive approach facilitated the exploration of various 
scenarios through 2050, highlighting how AI could 
reshape geopolitical dynamics and military strate-
gies for both major powers. These insights are cru-
cial for less powerful states, enabling them to begin 
formulating national security policies despite insti-
tutional and infrastructure constraints.
The first stage of this work included a detailed 
analysis of the development and implementation of 
AI for military purposes in both countries through 
a methodology encompassing bibliometric review 
and Delphi surveys, aimed at identifying key vari-
ables and strategic axes that may influence the geo-
political competition. This approach facilitated the 
understanding of the current capacities in terms of 
AI while anticipating their evolution and impact 
regarding deterrence and conflict escalation. 
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Subsequently, four prospective scenarios were 
constructed, outlining potential trajectories in the 
geopolitics of AI, ranging from digital supremacy 
to demilitarization and enhanced digital protec-
tion. These scenarios not only offer a structured vi-
sion of possible futures but also provide a strategic 
framework through which smaller nations can craft 
proactive national security policies while adapting 
to an ever-evolving international landscape. 
Given the findings of this study, it is evident that AI 
will play a pivotal role in shaping future conflicts 
between the United States and China, as well as 
in influencing global power dynamics up to 2050. 
This research contributes to bridging the gap in the 
existing literature on AI’s impact on future con-
flicts while laying a foundation for further studies 
in this critical field. By deepening the understand-
ing of how technology might redefine international 
relations, this work serves as a reference for schol-
ars and policymakers alike.  
This context presents significant challenges, par-
ticularly for nations with limited geopolitical influ-
ence, as they must navigate an increasingly com-
plex environment shaped by technological compe-
tition. AI presents not only opportunities but also 
risks that could threaten national security and sta-
bility, making it imperative to adopt forward-look-
ing policy strategies. The recommendations below 
aim to assist smaller states in strengthening their 
position within this evolving landscape by foster-
ing resilience and international collaboration in AI 

governance. The ultimate goal of these proposals 
is to mitigate the risks associated with AI while 
maximizing its potential benefits in the realms of 
security and strategic development.
Within the geopolitical rivalry between the United 
States and China, smaller nations will encounter 
both obstacles and opportunities as they navigate 
the landscape of emerging technologies and stra-
tegic competition. By implementing the proposed 
recommendations, these states can develop a long-
term vision that strengthens their position in an 
evolving global order.
Thus, their approach to AI, particularly in the con-
text of military and geopolitical challenges, must 
be characterized by resilience, adaptability, and 
strategic foresight. By proactively anticipating 
change and preparing accordingly, less powerful 
states can safeguard their national interests while 
contributing to global stability in the AI era.
The recommendations outlined in this study seek 
to level the playing field, enabling smaller nations 
not only to address the challenges posed by AI and 
military advancements, but also to seize the op-
portunities arising from technological shifts. By 
incorporating these strategies, they can help shape 
a global landscape that is secure, competitive, and 
strategically balanced. Furthermore, by navigating 
the complexities of AI-driven geopolitics with fore-
sight and collaboration, these nations can enhance 
their influence and ensure their long-term stability 
in an increasingly technology-driven world.

Table 2. Policy Recommendations for Small Countries
Key Message Measures to be Undertaken

Strengthening National Cybersecurity
Cybersecurity is a priority for 
facing the increased use of AI 
in conflicts

• Develop a National Cybersecurity Strategy to protect critical infrastructure. 
• Collaborate with regional and international scoped cybersecurity initiatives.
• Train staff in the fields of cybersecurity and advanced technologies, aimed at mitigating potential 

attacks. 
Regulation and Governance of AI

AI implies risks for the 
sovereignty of small states

• Create regulatory frameworks that promote transparency and responsibility regarding the use of AI. 
• Participate in the preparation of international standards on AI. 
• Promote research in AI at the local level and through international partnerships aimed at reducing 

technology dependence.
Preparation for the Scenarios of Space Militarization

Outer space is a new field for 
geopolitical competition

• Develop special policies to protect their interests, particularly in the fields of communications and 
satellite security. 

• Strengthen international cooperation in space issues to fully take advantage of advanced technology. 
• Train experts in space rights for participation in international negotiation. 
Promotion of Strategic Partnership in the Security and Defense Areas

Strategic partnerships may 
improve the defensive 
capacities of small states.

• Participate in regional military exercises to reinforce their capacities to respond to threats. 
• Develop an adaptive defense strategy that encompasses new technologies such as drones and AI. 
• Strengthen relations with key global actors to balance their relations with world powers like the 

United States and China.
Development of a Multidimensional Approach to National Defense

Defense should integrate 
traditional capacities and 
cybersecurity, together with AI.

• Include cybersecurity in their national defense strategy, through specialized units. 
• Coordinate the efforts of the governments, private sector, and academic institutions to develop a 

comprehensive defenses.
• Monitor global trends in the fields of technology and security to adapt their defense strategies.

Source: author.
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Scenarios of Development for Non-Ferrous 
Metal Markets amid the Spread  

of Alternative Fuel Vehicles

Abstract

Advances in technology, growing concern about cli-
mate change, and the setting of greenhouse gas 
emission reduction targets in many countries have 

contributed to a significant increase in the demand for al-
ternative fuel vehicles globally over the last decade. Electric 
vehicles, which include all-electric vehicles (BEVs) and 
plug-in hybrids (PHEVs), are the most promising alterna-
tive to conventional hydrocarbon vehicles. It is very likely 
that in some regions of the world electric vehicles will domi-
nate the market as early as the 2030s. However, compared 
to internal combustion engine vehicles, the production of 
electric vehicles requires a wider range of non-ferrous met-
als, which may become one of the bottlenecks for further 

electrification of transportation. This paper presents a sce-
nario analysis of the development of the electric vehicle 
market, and then calculates the key metal requirements for 
each of the scenarios considered. The results of this analysis 
reveal that, between now and 2050, the accelerating spread 
of electric vehicles will have a significant impact on the co-
balt market, a moderate impact on the lithium, nickel, and 
copper markets, and a minor impact on the manganese and 
aluminum markets. The results of the analysis demonstrate 
that the increasing use of electric vehicles in the coming de-
cades opens up significant opportunities for countries spe-
cializing in the production of non-ferrous metals, including 
Russia, to increase their supply to global markets.
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Introduction
Transport is the second largest contributor, after the 
energy industry, to greenhouse gas emissions, es-
pecially carbon dioxide. According to the Interna-
tional Energy Agency (IEA), in 2023 the transport 
sector accounted for 21.8% of global CO2 emissions, 
with road transport’s share being about 75% of that 
(IEA, 2024).

Electric vehicles with zero direct greenhouse gas 
emissions are seen as a key way to reduce the trans-
port sector’s carbon footprint (IPCC, 2022). How-
ever, compared to internal combustion engine (ICE) 
vehicles, electric ones have certain design, techno-
logical, and operational features limiting their mass 
adoption. One of the key constraints is the need for 
parts and components which require materials the 
automotive industry either did not previously use at 
all or used in much smaller quantities. This primar-
ily concerns certain non-ferrous metals.

As the world markets’ carbon regulation becomes 
more ubiquitous and stringent, demand for low-
carbon vehicles will increase, especially electric 
vehicles as the segment with the greatest potential. 
These vehicles’ increased adoption, supported by 
government subsidies, will result in lower produc-
tion and operating costs due to economies of scale. 
Such changes will inevitably have a significant im-
pact on metal markets. However, the opposite effect 
is also possible: the changes in metal prices might 
affect electric vehicles’ global prospects.

The impact of electric vehicles on related industries, 
including the non-ferrous metals sector, has been 
widely covered in academic research and industry 
analytics. The value of such studies largely depends 
on the relevance of the underlying data (the electric 
vehicle market only started to emerge in the second 
half of the 2010s), and on the models applied. Xu et 
al. (2020) present three most likely scenarios for the 
development of electric vehicle battery technologies, 
assess the likelihood of their implementation and 
future demand for certain non-ferrous metals. To 
map battery-powered electric vehicles (BEVs) and 
plug-in hybrid electric vehicles (PHEVs) adoption 
trajectories, the authors relied on the IEA vehicle 
fleet figures and scenario estimates (IEA, 2020), tak-
ing into account various long-term factors (Xu et al., 
2020).

The BloombergNEF 2023 report presents two sce-
narios for the electric vehicle market growth: the 
Economic Transition Scenario (ETS), dominated 
by market incentives with no significant regulatory 
changes, and Net Zero 2050 scenario aimed at mak-
ing the global vehicle fleet carbon-neutral by 2050. 

In the less ambitious ETS, the share of electric ve-
hicles in global passenger vehicle sales by 2040 is 
estimated at 73%. To achieve carbon neutrality by 
2050, fossil-fuel vehicle sales must be completely 
phased out by 2038. Significant growth in demand 
for lithium, copper, aluminium, and nickel is pro-
jected, to ensure sufficient battery production levels. 
To qualitatively assess demand for non-ferrous met-
als, the report compares cumulative demand with 
the available reserves and envisaged production ca-
pacity (BloombergNEF, 2023; 2024).

This study examines potential changes in global non-
ferrous metals markets based on three scenarios for 
the electric vehicle segment growth. The scenarios 
are presented for both the electric vehicle market as 
such, and the derived demand for metals required to 
produce vehicle components. To estimate the long-
term global electric vehicle market growth (until 
2050), the development of disruptive technologies 
was modeled through scenario analysis based on the 
most recent available data (for 2024). The cumula-
tive demand for non-ferrous metals was estimated 
individually by battery types in which these metals 
are used. Electric vehicles’ impact on non-ferrous 
metal markets was assessed using criteria suggested 
in various sources.

The objective of this paper is to identify, through 
scenario analysis, non-ferrous metal markets to be 
particularly affected by the increased adoption of 
electric vehicles, and consequently determine the 
metals, the insufficient supply of which may hinder 
the development of electric transport. The second 
section compares the main alternative vehicle fuel 
types and assesses the prospects for replacing tra-
ditional hydrocarbon-powered vehicles with elec-
tric ones. The third section models automobile 
market growth and presents a scenario analysis of 
the growth of the electric vehicle segment based on 
the S-curve concept and retrospective data, taking 
into account a number of long-term factors. The 
fourth section assesses the cumulative demand for 
non-ferrous metals needed to produce key electric 
vehicle components and the effect of consumer re-
orientation to electric transport for various industry 
markets. The conclusion summarizes the scenario 
analysis results and describes compensatory mecha-
nisms on the markets under consideration.

The Potential of Alternative-Fuel Vehicles
The structure of motor vehicles’ greenhouse gas 
emissions is dominated by direct emissions of the 
products of hydrocarbon fuel combustion. Reduc-
ing automobiles’ carbon footprint is primarily envis-
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aged by abandoning traditional fuel types such as 
petrol, diesel, and other oil products. It would hard-
ly be possible to achieve global and national climate 
goals without decarbonizing the transport industry. 
Countries with active climate agendas (in particular 
the European Union (EU) nations, the United King-
dom, and Canada) are already announcing plans to 
ban non-zero emission cars, while some companies 
intend to cut the production of ICE vehicles (IEA, 
2023; IEA, 2024). This will significantly increase the 
use of alternative fuels and demand for them.

An analysis of existing alternative fuel types’ life cy-
cles reveals a number of major environmental limi-
tations in their use.

Firstly, petrol and diesel can be replaced by natural 
gas, propane, alcohol and its derivatives, synthetic 
fuel components and their mixtures with traditional 
fuels, and so on. However, the combustion of these 
fuels also produces greenhouse gases such as CO2, 
CH4 (methane), and N2O (nitrogen oxide), which 
contradicts the global emission reduction goals, in-
cluding achieving carbon neutrality and keeping the 
increase in global average temperature within 1.5-
2°C above pre-industrial levels (as stated in the 2015 
Paris Agreement).

Secondly, though biofuel cars do exist, many biofuel 
production technologies are based on processing 
plant materials (sugar cane, corn, soybeans, etc.) 
suitable for human and animal nutrition (first-gen-
eration biofuels).1 The use of biofuels in the trans-
port sector reduces the carbon footprint, but in 
some cases may contradict the social responsibility 
principle and the objective of eradicating hunger - 
one of the UN Sustainable Development Goals.2 The 
production and broad use of such fuel types as the 
mainline replacement for traditional fuel potentially 
may be limited or prohibited.

As to advanced biofuels made of non-food materi-
als (waste fats and oils, wood biomass, organic waste, 
algae) and carbon-neutral synthetic fuels, high capi-
tal intensity and insufficient production capacity 
reduce their medium-term prospects to facilitate a 
major reduction in motor vehicles’ carbon inten-
sity (IEA, 2024). Until 2050, cars running on such 
fuels will remain inferior to electric and hydrogen 
vehicles regarding their potential to reduce the total 
cost of ownership (TCO) (Khomutov et al., 2021). 
There are practically no carbon-neutral synthetic 
fuels on the market and the envisaged capacities for 
their production remain orders of magnitude below 
the current needs of the economy (Krajinska, 2021).

Thirdly, despite its potential, the hydrogen electric 
vehicle segment is developing slowly due to limited 

hydrogen production and its specific nature as an 
energy carrier. The production of fuel cell systems 
is technologically complex and involves the use of 
expensive platinum group metals, so the costs are 
comparable to the price of a small ICE car. Also, un-
like standard fuel types, hydrogen’s chemical and 
physical properties require the transformation of 
the entire logistics chain including transportation, 
storage, and refueling. With low sales, fuel stations’ 
and other infrastructure projects’ profit margins 
will remain insufficient (Khomutov et al., 2021). 
Hydrogen production also remains inefficient: low 
demand hinders investment in new capacities and 
process optimization, leading to higher prices for 
hydrogen fuel and cars running on it, which under-
mines their competitiveness. In turn, high TCO and 
insufficiently developed infrastructure hinder the 
emergence of mass demand for hydrogen electric 
vehicles. A vicious circle arises, overcoming which 
requires the introduction of comprehensive non-
market support mechanisms.

Today, BEV and PHEV electric vehicles have the 
greatest potential among alternative-fuel vehicles. 
In the former, the electric motor converts stored en-
ergy into mechanical energy, while in the latter an 
electric motor supplements the internal combustion 
engine, which engages when the battery is exhausted.

Electric vehicles’ potential is determined by two key 
factors. The first is the annual reduction in costs 
due to the availability of cheaper components, pri-
marily batteries (see Figure 1) and the economy of 
scale (fixed capital costs are distributed over a larger 
number of vehicles). When electric vehicles are in-
troduced on national markets, government subsi-
dies to purchase low carbon footprint cars play an 
important role (as shown in the experience of EU, 
US, and China). The prices also drop due to vehicle 
manufacturers’ competition as the market grows 
(IEA, 2023).

The second factor is the fact that the direct carbon 
footprint of an electric vehicle is minimal, since the 
conversion of electrical energy into mechanical en-
ergy does not involve chemical combustion and CO2 
emissions. The indirect carbon footprint of burning 
fossil fuels to generate electricity still remains sig-
nificant, but will decrease with the development of 
low-carbon renewable energy.

In addition to the electric vehicle types mentioned 
above, various intermediate options are available on 
the market, such as hybrids (hybrid electric vehicles, 
HEV), powered primarily by an internal combus-
tion engine, which charges the battery when the car 
is used thus eliminating the need to connect it to an 
external power source. Such designs are structurally 
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close to conventional cars and, due to high direct 
emissions, will not be classified as electric vehicles 
or taken into account in the further analysis. Long-
term IEA and BloombergNEF forecasts predict that 
the share of BEVs in sales will grow, while that of 
PHEVs will gradually decline (IEA, 2024; Bloom-
bergNEF, 2024).

The Current State and Specific Features 
of the Electric Vehicle Market
The BEV market began to emerge in the 2010s fol-
lowing the development of electricity storage tech-
nologies, first of all, rechargeable lithium-ion batter-
ies for home appliances and electronics. Compared 
to other common types (such as lead and nickel bat-
teries), lithium ones have a higher specific energy 
capacity by weight and volume, and a longer service 
life, i.e., it maintains performance characteristics 
over a greater number of charge-discharge cycles 
(Liang et al., 2019). Their light weight and small size 
allowed for using them more widely in the automo-
tive industry, without the need to make significant 
design changes.

To date, electric vehicles have become the fastest-
growing passenger car segment. In 2020 their sales 
grew by 43% y/y, against a 16% decline in global de-
mand for passenger cars. In 2021 this figure exceeded 
120% y/y amid a shortage of components due to the 
pandemic. In 2022, amid geopolitical instability and 
the disruption of global supply chains, it decreased 
to 55% y/y. In 2023, growth slowed to 35% due to a 
reduction in subsidy programs for the purchase of 
electric vehicles on a number of major markets and 
limited penetration into developing markets (IEA, 
2024). As a result, this segment’s share in global pas-
senger car sales increased from 2.8% in 2019 to over 
18% in 2023  (Figure 2).

Direct subsidies and tax deductions for the purchase 
of electric vehicles remain the key demand driv-
ers on the largest European, North American, and 
Asian markets, along with economies of scale and 
high fossil fuel prices (IEA, 2023). There is also a 
long-term investment flow from the conventional 
cars segment to the production of new electric vehi-
cles due to the adopted course for decarbonization. 
The rapid penetration of BEVs is accompanied by 
the development of relevant infrastructure, such as 

charging stations (CS) and specialized service cen-
ters. By the beginning of 2024, the number of public 
CS in the world has reached 3.9 million (IEA, 2024).

The share of BEVs is also growing in the commercial 
segment, having reached 3.4% of total sales in 2023. 
However, the requirements for increased range and 
priority of load capacity limit the use of batteries 
as an energy source (Figure 3). Increased battery 
capacity and the greater density of the ultra-high-
power charging station network would facilitate the 
electrification of these segments.

Despite the significant growth of electric vehicles’ 
share in global sales, their geographical distribution 
remains uneven. China, Europe, and North America 
account for about 95% of all passenger electric ve-
hicle sales and for more than 85% in the commer-
cial segment (Figure 4). China is the absolute world 
leader in electric vehicle sales in both segments. In 
2023, its share in sales of passenger electric vehicles 
has reached 60%, and in the commercial segment, 
about 55%.

China’s leadership remains sustainable due to a com-
bination of several factors including government 
support programs for buyers and producers offered 
during the market’s early development stage, suf-
ficient control over global supply chains for metals 
and minerals critical to battery production, and the 
large-scale domestic production of various classes 
of electric vehicles.

Source: authors, based on (BloombergNEF, 2023).

Figure 1. Weighted Average Battery Component 
Cost (Electrochemical Cell and Case/Container) 

(USD per kWh)

1 https://bigenc.ru/technology_and_technique/text/3878201, accessed on 15.03.2025.
2 https://www.undp.org/sustainable-development-goals, accessed on 15.03.2025.
3 We analysed the passenger car market using OICA data adjusted for North America due to the peculiarities of statistical accounting of large SUVs and 

pickup trucks. These vehicles are widely used in the region as personal transport, but are not included in the passenger car segment.
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The shares of Europe and the United States and 
Canada in passenger electric vehicle sales in 2023 
amounted to 23% and 11%, respectively. In the com-
mercial segment, in addition to China and Europe, 
South Korea’s share is also worthy of note: the sales 
of electric light commercial vehicles (LCV) and 
electric buses made by the national manufacturers 
Kia and Hyundai are rapidly growing.

Electric Vehicle Market Growth Scenarios
The following key parameters were used to build 
scenarios for the analysis of non-ferrous metal mar-
kets:

1. The target modeling parameter was global new 
electric vehicle sales (BEV and PHEV).

2. The model was based on the S-curve concept 
mathematically expressed by the sigmoid func-
tion. This approach has demonstrated high ac-
curacy in studies of disruptive technologies, in 
particular electric vehicles (Foster, 1986; Geros-
ki, 2000; Mahajan, Muller, 1979).

3. The analysis time horizon was the period un-
til 2050. This milestone serves as a benchmark 
for most long-term greenhouse gas emission 
reduction targets set by international climate 
agreements and national decarbonization pro-
grams.

4. We have built three scenarios describing the 
electric vehicle market growth trajectories. 
Each scenario was determined by factors af-

Source: authors, based on (IEA, 2024; OICA, 2024).

Figure 2. Growth of Global Passenger Electric 
Vehicle Sales in 2011-2023 (million)

Note: The commercial segment includes light commercial vehicles, 
trucks, and buses.
Source: authors, based on (IEA, 2024; OICA, 2024) data.

Figure 3. Growth of Global Commercial Electric 
Vehicle Sales in 2011–2023 (million)

Source: authors, based on (IEA, 2024).

a) Passenger vehicle segment b) Commercial vehicle segment

Figure 4. Geographical Structure of Passenger and Commercial Electric Vehicle Sales in 2023
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fecting only the rate of electric vehicle adop-
tion; the growth of electric vehicles’ share was 
considered a stable long-term trend. A detailed 
description of the differences in the scenarios is 
presented in Table 1.

5. Given the heterogeneity of the electric vehicle 
market and the differences in transportation 
models and government policies across coun-
tries, global demand was estimated by aggregat-
ing the results of regional markets’ modeling. 
The characteristics of the latter are presented in 
Tables 2 and 3.

6. The distribution of BEV and PHEV market 
shares is based on historical data and the rel-
evant IEA estimates for 2025, 2030, and 2035 
(IEA, 2024)

7. Sales were modeled separately for the passenger 
and commercial vehicles segments.

The scenario analysis was based on historical data 
on new electric vehicles sales in 2012-2023 pub-
lished by the IEA (IEA, 2024), and by the European 

Automobile Manufacturers’ Association (ACEA)4; 
on sales data for all vehicle types in 2005-2023 pub-
lished by the International Organisation of Motor 
Vehicle Manufacturers (OICA) (OICA, 2024), and 
by analytical agencies (S&P Global, 2024). This data 
was aggregated in line with the methodology de-
scribed above.

Let us take a step-by-step look at the modeling of 
new electric vehicle global sales.

At the first stage, the sales of all vehicle types were 
estimated. Passenger car sales for the period until 
2031 were estimated on the basis of S&P Global 
world light vehicle (up to 6 tons) market forecasts for 
the regions under consideration (S&P Global, 2024). 
In 2031-2050, the growth of sales in the passenger 
car segment was assumed to be equal to the fore-
casted per capita GDP growth rate. The choice of per 
capita GDP as a proxy measure was due to the fact 
that demand for electric vehicles mainly comes from 
households. Sales in the commercial segment for the 
entire 2024-2050 period were modeled on the basis 
of real GDP growth in each region, by equating the 
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Table 1. Electric Vehicle Market Growth Scenarios
Model configuration Model and scenario characteristics Examples of application

Scenario 1. Generalised logistic function

Where t is the sequence number of the year 
(the first year in the time series is set at 1);  is 
the share of electric vehicles in sales at time ;  
is the parameter that determines the growth 
rate;  is the parameter that affects the change 
in the curvature of the function (function 
value at the inflection point), and thus the 
function’s growth rate at the asymptotes.

- A generalised sigmoid function with flexibly adjusting 
S-curve. The S-curve flexibly adjusts to match the 
historical data; the function’s inflection point has a 
floating ordinate value.

- Low probability of complying with the declared 
deadlines for banning sales of internal combustion 
cars.

- Gradual increase in the share of BEVs and decrease in 
the share of PHEVs.

Assessing the level of 
motorisation in China (Huo, 
Wang, 2012)

Scenario 2. The Gompertz function

Where t is the sequence number of the year 
(the first year in the time series is set at 1);  is 
the share of electric vehicles in sales at time ;  
is the parameter that determines the growth 
rate;  is the parameter which determines the 
function’s shift along the abscissa axis.

- A type of asymmetric (relative to the inflection point) 
sigmoid function which reflects rapid growth at the 
initial stage of technology adoption, followed by a 
smooth slowdown after reaching the inflection point.

- A slower adoption of electric vehicles when 
government support initiatives are curtailed.

- Low probability of complying with the declared 
deadlines for banning sales of internal combustion 
cars.

- Gradual increase in the share of BEVs and decrease in 
the share of PHEVs.

- Modeling the size of the 
automobile market in China 
(Qian, Soopramanien, 2014)

- Modeling electric vehicle sales 
in 20 large countries (Kumar et 
al., 2022)

- Modeling the level of 
motorisation in 59 countries 
(Rota et al., 2016)

Scenario 3. Standard logistic function

Where t is the sequence number of the year 
(the first year in the time series is set at 1);  
is the share of electric vehicles in sales at 
time ;  is the parameter that determines the 
function’s intersection point with the ordinate 
axis (the shift along the abscissa axis); and  is 
the parameter that determines the growth 
rate.

- Standard logistic function with a symmetrical S-curve 
relative to the inflection point, with a constant ordinate 
value of 50% and a steeper slope on the modeled time 
horizon.

- Faster growth rates of the share of electric vehicles, 
and of abandoning ICE vehicles, in some cases 
matching the declared deadlines for the complete 
decarbonisation of transport.

- Faster growth in the share of BEVs, and decrease in 
the share of PHEVs.

- Modeling the size of the 
automobile market in China 
(Qian, Soopramanien, 2014)

- Modeling electric vehicle sales 
in 20 major countries (Kumar 
et al., 2022)

- Modeling the electric vehicle 
fleet in 26 countries in various 
regions of the world (Rietmann 
et al., 2020)

Source: authors.

4 https://www.acea.auto/nav/?content=publications, accessed on 15.03.2025.
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Regional market Specific features
China The world’s largest electric vehicle market in absolute terms, the global component production hub

Scandinavia Leading countries in electric vehicle penetration. Includes Denmark, Iceland, Norway, Finland, and 
Sweden

Europe with a mature electric 
vehicle market A mature electric vehicle market comprising major Western and Central European economies

Rest of Europe An emerging electric vehicle market, primarily comprising Eastern European and smaller Western 
and Central European nations

Japan and South Korea Highly developed Asian countries with established electric vehicle markets

US and Canada North American nations actively adopting electric vehicles. Regional features include long routes, 
and a car-centric culture/

Australia and New Zealand These countries promote electric vehicles adoption, and experience energy limitations due to their 
isolated geographic location

Rest of the world Other countries with low EV penetration
Source: authors.

Regional market Specific features
China World leader in commercial electric transport, a high rate of public transport electrification

Europe (EU + EFTA) Large EU and EFTA economies are the second commercial electric transport development hub. Active 
market scaling is taking place in Western and Central Europe

Japan and South Korea Asian nations with growing commercial electric transport segments; their leading automakers have 
sufficient competences in the production of electric trucks

Rest of the world Countries with rudimentary or non-existent commercial electric vehicle market
Source: authors.

Table 2. Regional Electric Vehicle Markets and Their Specific Features: The Passenger Car Segment

Table 3. Regional Electric Vehicle Markets and Their Specific Features: Commercial Segment

5 https://www.oecd.org/en/data/indicators/real-gdp-long-term-forecast.html?oecdcontrol-ed8cfcbb26-var3=2005&oecdcontrol-ed8cfcbb26-var4=2060, ac-
cessed on 15.03.2025.

6 Appendices are available at the separate file (see the link on the article webpage https://foresight-journal.hse.ru/article/view/24480

growth rate of sales to that of GDP. The current esti-
mates of the long-term real GDP growth until 2060 
were published by the Organisation for Economic 
Cooperation and Development (OECD) in 2023.5 
This indicator was chosen because the commercial 
segment is more dependent on the overall economic 
situation and foreign trade flows. The modeling was 
carried out separately for each region and vehicle 
type; details are presented in Tables 2 and 3, the 
complete results are in Appendix 1.6

At the second stage, the share of electric vehicles in 
total vehicle sales was modeled, using the S-curve 
concept. The choice of modeling a relative value 
was due to the need to adjust for the limiting factor 

- sales of all vehicle types. This allowed the authors 
to avoid unrealistic predictions exceeding market 
demand and the automobile industry’s production 
capacity.

Various modifications of the sigmoid functions with 
a distinctive S-shaped form were applied to map 
three growth trajectories for the electric vehicle 
market (Table 1).At the second stage, the share of 
electric vehicles in total vehicle sales was modeled, 

using the S-curve concept. The choice of model-
ing a relative value was due to the need to adjust for 
the limiting factor - sales of all vehicle types. This 
allowed to avoid unrealistic predictions exceeding 
market demand and the automobile industry’s pro-
duction capacity.

Various modifications of sigmoid functions with a 
distinctive S-shaped form were applied to map three 
growth trajectories for the electric vehicle market 
(Table 1).

The flexibility of the function applied in Scenario 1 
allowed for adjusting the S-curve to historical data, 
setting the baseline electric vehicle market growth 
trajectory while maintaining current trends. The 
Gompertz function applied in Scenario 2 reflects a 
rapid growth at the lower asymptote, followed by a 
gradual slowdown after the inflection point (fixed 
1/e value). This allowed for modeling a market slow-
down after the curtailing of government demand 
support programs.

Scenario 3 represents an optimistic market growth 
option. Electric vehicle penetration can be promot-
ed and accelerated by several factors:
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1) fluctuations in hydrocarbon fuel prices and prog-
ress in renewable energy generation, which can fa-
cilitate relevant changes in consumer preferences;

2) increased investments in research and develop-
ment (R&D) to reduce the key battery component 
costs and the per kWh cost of energy produced by 
the batteries;

3) the implementation of ambitious plans to ban 
fossil fuel vehicles due to the priority of the climate 
agenda;

4) increased attention to energy security, along with 
a wider range of energy sources.

At the modeling stage, the functions’ lower asymp-
tote is assumed to be 0 (the smallest possible share 
in sales) and the upper one - 1 (the largest possible 
share). The analysis of the passenger car segment 
was based on historical data for 2012-2023 and of 
the commercial segment - on historical data for 
2013-2023. Models for the three scenarios were 
trained using the nonlinear least square method ap-
plied to fit nonlinear curves.

At the final stage of the calculations, the target vari-
able was computed using the results of modeling 
total vehicle sales and the share of electric vehicles: 
new electric vehicle sales in absolute terms. The re-
sults of modeling the electric vehicles’ share in sales 
by world region are presented in Appendix 2. The 
growth of electric vehicles’ shares in global passen-
ger and commercial vehicle sales is shown in Figure 
5.

At the third stage total global sales of electric vehi-
cles were examined. The ratio of BEV to BEV+PHEV 
was calculated using historical data for 2012-2023. 

To forecast this ratio for the period until 2050, IEA 
estimates for 2025, 2030, and 2035 (IEA, 2023) and 
regression analysis were used. On the basis of the 
obtained proportions, global sales of new electric 
vehicles were broken down into BEVs and PHEVs.

Thus, in Scenario 1 in the passenger car segment, the 
share of BEVs in global vehicle sales will increase to 
42.8% by 2030, to 74.5% by 2040, and to 91.7% by 
2050. Meanwhile the share of PHEVs will peak at 
10.1% in 2029 and then gradually decline until 2050. 
In the commercial segment, the share of BEVs in to-
tal sales will reach 76.1% by 2050; while PHEVs will 
only amount to 3.8% (Figures 5 and 6).

The growth of the EV market under Scenario 2 has 
turned out to be very close to the trajectory obtained 
in Scenario 1. In the passenger car segment, the 
share of BEVs in global sales could reach 42.2% in 
2030, 73.1% in 2040, and 90.3% in 2050. The share of 
PHEVs will reach its top value of 10% in 2029, and 
then gradually decline. In the commercial segment, 
the share of BEVs in total vehicle sales will increase 
to 73.1% by 2050; and that of PHEVs decrease to 
3.7% (Figures 5 and 6). This similarity of the sce-
nario results suggests that the historical sales data 
largely reflects the pattern of initial rapid growth of 
electrical vehicles’ share in sales, followed by a slow-
down after reaching 37%, which corresponds to the 
ordinate value of the Gompertz function’s inflection 
point.

Under Scenario 3, the penetration of both electric 
vehicle types is expected to accelerate: the share of 
BEVs in global car sales could reach 56.8% by 2030, 
97.7% by 2040, and 100% by 2050. The share of 
PHEVs will increase from 6.9% in 2024 to 10.9% in 
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Note: actual (historical) data until 2023, followed by modeling results until 2050.
Source: authors, based on (IEA, 2024; OICA, 2024) data.

а) Passenger Vehicle Segment     b) Commercial Vehicle Segment

Figure 5. Electric Vehicles’ Shares in Global Passenger and Commercial Vehicle Sales (%)
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2030, and then gradually decline in favor of BEVs. 
In the commercial segment, the share of BEVs could 
reach 90% of all vehicle sales by 2050, with PHEV 
sales ceasing completely from 2045 onwards (Fig-
ures 6 and 7).

Long-Term Demand for Non-Ferrous 
Metals for Electric Vehicle Components
Non-ferrous metals are used to make various elec-
tric vehicle components. The ones which could sig-
nificantly affect raw material markets as the adop-
tion of electric vehicles accelerates include batteries 
and related electrical conductors7.

Electric vehicle batteries vary in the chemical com-
position of their components, but lithium-ion ones 
are the most popular. The most common batteries 
are lithium-nickel-cobalt-manganese-oxide (NCM), 
lithium-nickel-cobalt-aluminium-oxide (NCA) or 
their mixtures (more than 90% of the market in 
2020), and lithium-ferrum-phosphate (LFP) batter-
ies used in early electric vehicle models, which are 
gaining popularity again given the rising prices of 
nickel and cobalt (IEA, 2022). Battery type is deter-
mined by the composition of the cathode, while the 
anode is usually made of graphite.

In addition to lithium-ion batteries, lithium-sulphur 
and sodium-ion ones have good prospects since they 
offer a number of advantages (Kumar, 2024). Lithi-

Source: authors. 

Figure 6. Shares of Passenger BEVs  
and PHEVs in Global Vehicle Sales until 2050,  

All Scenarios (%)

Figure 7. Shares of Commercial BEVs  
and PHEVs in Global Vehicle Sales until 2050,  

All Scenarios (%)

Source: authors. 

7 https://about.bnef.com/blog/lithium-ion-battery-pack-prices-hit-record-low-of-139-kwh/, accessed on 15.03.2025.
8 https://carnewschina.com/2023/12/27/volkswagen-backed-jac-yiwei-ev-powered-by-sodium-ion-battery-starts-mass-production-in-china/, accessed on 

15.03.2025.
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um-sulphur batteries have a relatively high energy 
density, while sodium-ion ones boast a long service 
life. Plus, they are potentially more economical and 
environmentally friendly than their lithium-ion 
analogues. Currently, these battery types are just be-
ginning to enter the electric vehicle market (mass 
production of sodium-ion battery electric vehicles 
was launched for the first time only in 2023)8, which 
makes it difficult to forecast demand in the medium 
and long term.

The development of electric vehicles can change the 
market situation not only for metals used in battery 
cathodes, but also for copper and other non-ferrous 
metals. Electrification of the automotive indus-
try will require a significant increase in the share 
of materials with high electrical conductivity. The 
list of key non-ferrous metals markets for which are 
affected by the proliferation of electric vehicles, is 
presented in Table 4.

Now we will estimate electric vehicles’ impact on 
the non-ferrous metal markets described above un-
til 2050, using a scenario approach. The relevant ef-
fects were in several stages:

1. The market for lithium electric vehicle batteries 
quickly changes due to active R&D, which lead to 
replacing some of the chemical components with 
others. Two battery types with the largest potential 
were identified: NCX (NCM and NCA), and LFP 
(Xu et al., 2020; Maisel et al., 2023).
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The shares of each battery type were determined on 
the basis of estimates available in (Maisel et al., 2023). 
The scenarios presented in this study, initially built 
for the period until 2040, were extrapolated to 2050 
maintaining the original logic. The authors built 
two battery market growth scenarios depending on 
the prevailing electric vehicle technology. The NCM 
scenario assumes the dominance of NCM-type bat-
teries, with a gradually increasing share of nickel. 
The key metals here are lithium, nickel, cobalt, man-
ganese, and aluminium. The LFP scenario is based 
on the predominance of LFP-type batteries, with key 
metals being lithium and aluminium.

Each scenario assumes similar battery designs for 
both the passenger and commercial segments; the 
only difference being in capacity.

Data on different battery types’ metal content in 
relation to their power, used to calculate battery 
composition and build the scenarios, is presented in 
(Maisel et al., 2023). Data on battery power required 
for passenger and commercial BEVs is available in 
the IEA reports for 2023 and 2024 (IEA, 2023; IEA, 
2024). Considering that the commercial segment 
includes three vehicle types (light commercial ve-
hicles, trucks, and buses), the market structure data 
for 2023 was used to calculate the average battery 
power (IEA, 2023). In the end, the required power 

for passenger BEVs was set at 60 kW, for passenger 
PHEVs at 15 kW, for commercial BEVs 211 kW, and 
for commercial PHEVs at 50 kW. The composition 
of various battery types is described in Appendix 3.

Composition was considered at the battery level, so 
materials needed to make wiring and casing, includ-
ing copper and aluminium, have not been directly 
taken into account when building the scenarios.

2. Empirical data was used to calculate the amount 
of copper in an electric vehicle. A passenger BEV 
contains 89 kg, a commercial one 200 kg, a pas-
senger PHEV 40 kg, and a commercial PHEV 89 kg 
(ICA, 2017). Unlike other metals, which have been 
taken into account only regarding their application 
in batteries, copper content values were calculated 
at the level of the entire battery pack ready for in-
stallation in the vehicle.

3. At the final modeling stage, scenarios for cumula-
tive demand for each non-ferrous metal for 2024-
2050 were built, on the basis of the following esti-
mates::

1) chemical composition of electric vehicle batteries;

2) non-ferrous metals’ content in batteries, fuel 
cells, and conductors;

3) new electric vehicle sales.
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Non-ferrous 
metal Application in electric vehicles Specific characteristics

Lithium
A key cathode component in all 
types of lithium-ion batteries 
(positively charged ions carry 
electric charge)

About 95% of the production and 80% of the reserves are concentrated in four 
countries: Australia (4 enterprises), China (3), Argentina (2), and Chile (2). More 
than 90% of battery and component production capacities are located in Asian 
countries, first of all China (over 70%).

Nickel Cathode component in NCM- and 
NCA-type batteries

The main application is the production of steel and alloys. The largest producers 
are Indonesia and the Philippines (about 60% of global output). Russia, Australia, 
and Brazil also have significant reserves. Russia is a leading supplier of high-quality 
nickel for electric vehicle batteries (20% of global supply).

Cobalt Cathode component in NCM- and 
NCA-type batteries

More than 70% of global production is concentrated in the Congo, which has 
almost half of the world’s reserves. Global supply chains are controlled by China, 
which is the world leader in the production of industry-ready cobalt.

Manganese Cathode component in NCM-type 
batteries

The main consumer is metallurgy (steel production). Global reserves are estimated 
as significant; about 85% of profitable reserves are located in South Africa, 
Australia, Brazil, China, and Ukraine. Can be replaced by aluminium in the widely 
used NCA technology.

Aluminium

Cathode component in NCM-type 
batteries; also applied to make 
elements and packaging (electrode 
foil, case material) for all battery 
types

Applied in areas where the weight of the product is critical. About 90% of bauxite 
(raw material) mining is concentrated in Australia, Guinea, China, Brazil, 
Indonesia, and India. More than 50% of the enrichment and primary metal 
production are carried out in China; other countries’ shares do not exceed 6%-7%. 
Can be easily recycled many times over.

Copper The main cable and wire material 
in all electric vehicle types

The largest global players are Chile and Peru. Reserves have been discovered and 
explored on all inhabited continents and are estimated to be sufficient.

Source: authors, based on (US Geological Survey, 2024; Xu et al., 2020; Yao, Luman, 2021).

Table 4. List of Non-Ferrous Metals under Consideration, Their Specific Characteristics,  
and Application in Electric Vehicles
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For metals applied in batteries, an additional break-
down into NCM and LFP was made.

4. The obtained estimates of demand for non-ferrous 
metals were then compared with the data on their 
explored reserves and available resources. The latter 
was understood as the availability of the chemical 
elements in the earth’s crust in a form and quanti-
ty, which would economically justify mining, now 
or in the future. Reserves were understood as the 
part of available resources mining which would be 

feasible in the current economic situation, given the 
present-day requirements for raw materials’ physi-
cal and chemical characteristics and the technology 
level.

Graphs for comparative analysis are presented in 
Figure 8, numerical values in Appendix 4.

The electric vehicles’ impact on non-ferrous metal 
markets can be minimal, moderate, significant, or 
substantial. The following criteria were used to clas-
sify the metals into these categories:

Figure 8. Cumulative Demand for Non-ferrous MetalsApplied in Electric Vehicle Batteries, Under 
Different Scenarios (thousand tons)

Lithium Nickel

Cobalt Manganese

Aluminium Copper

Source: authors. 
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9 https://www.wired.com/story/cars-going-electric-what-happens-used-batteries/, accessed on 15.03.2025.
10 https://ar2020.nornickel.com/commodity-market-overview/copper, accessed on 15.03.2025.
11 https://www.aluminum.org/Recycling, accessed on 15.03.2025.

1) how much metal is needed to meet the demand 
for electric vehicles;

2) country structure of metal production, reserves, 
and available resources;

3) possibility of metal recycling and secondary use.

Substantial Market Impact: Cobalt

Under the NCM scenario, demand for cobalt may 
exceed the available reserves. Even under the LFP 
scenario, demand would reach 55%-77% of the re-
serves. Given that 74% of the current production 
and 55% of proven reserves are in the Democratic 
Republic of the Congo, significant price discrimina-
tion is possible if the shortage increases.

Currently, recycling lithium-ion batteries is often 
less profitable and riskier than mining and purchas-
ing the metal. The main reasons include commodity 
markets’ volatility, the remote location of recycling 
plants, problems with transporting batteries, and 
their diverse designs. Shipping batteries to a recy-
cling site accounts for about 40% of the overall pro-
cess costs (Slattery et al., 2021). This is due to their 
large weight and the high technical requirements for 
transportation. Sometimes it is easier for car dealers 
to ship the entire electric vehicle to the recycling site 
than extract and transport the battery.9 

Given that battery production is expected to keep 
growing, not only for electric vehicles but also for 
energy storage systems, its impact on the cobalt 
market could be significant).

Significant Market Impact: Lithium and Nickel

Total demand for lithium to manufacture electric 
vehicles could reach 55%-78% of the current re-
serves, which is significant given the high demand 
for lithium-ion batteries in other industries. Lithi-
um-free alternatives do exist, but their technological 
readiness remains low. An additional factor is the 
fact that 79% of reserves are concentrated in four 
countries, while more than 90% of production ca-
pacities are located in the Asia-Pacific region and 
South America. This strengthens their negotiating 
positions in the dialogue with North American and 
European manufacturers.

The demand for nickel may amount to 40%-94% of 
the reserves, while batteries currently account for 
about 7% of this metal consumption (IEA, 2022). 
The share of nickel in NCM-type batteries will grow, 
replacing more expensive elements, first of all cobalt 
(Barber, Marshall, 2021). The future of the nickel 
market will be affected by multidirectional factors: 
about 20% of the world’s battery-grade nickel is pro-
duced in the Russian Federation, which in the cur-
rent geopolitical situation creates market pressure 
(IEA, 2022). On the other hand, recycling and reuse 
capacities are being developed in nickel’s main ap-
plication area, alloy production.

Recycling used batteries to recover lithium and 
nickel has the same limitations as in the case of co-
balt, but lithium and nickel recovery is even less 
cost-effective (Barber, Marshall, 2021).

Moderate Market Impact: Copper

By 2050, cumulative demand for copper for use 
in electric vehicles may amount to 23%-30% of its 
reserves. Despite the availability of sufficient pro-
cessing capacities, this value is significant, since 
the main consumers of copper are the energy and 
construction sectors where the development of re-
newable energy sources and distributed generation 
support high demand.10 Growing demand for cop-
per in the automotive industry may lead to a struc-
tural change in the market, and the emergence of 
competition for available supply with the traditional 
consumers of the metal.

Minimal Market Impact: Manganese and 
Aluminium

Aluminium and manganese markets were estimated 
to be minimally affected by the increased adoption 
of electric vehicles because of the small aggregate 
demand for these metals relative to their reserves 
in 2050: less than 0.1% for aluminium, and 1.3%-
2% for manganese. Though only aluminium directly 
used in batteries was considered in this paper, this 
metal’s reserves significantly exceed the demand 
for it. Also, aluminium is relatively easy to recycle 
and is already among the most recycled and reused 
materials. About 75% of mined aluminium still re-
main in circulation. 11 Aluminium and manganese 

Makarov I., Baranov G., Chistikov M., с. 28–41
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reserves are sufficient to meet the demand for elec-
tric vehicle batteries.

Conclusion
The study analyzed how increased the adoption of 
alternative-fuel vehicles will affect global non-fer-
rous metal markets until 2050.

Electric vehicles (BEVs and PHEVs) have the great-
est potential to dominate the alternative-fuel vehicle 
segment. They are characterized by a near-zero di-
rect carbon footprint, growing penetration of glob-
al markets, and steadily declining prices and TCO 
supported by incentives offered by national govern-
ments and created by economies of scale.

According to our scenario analysis, by 2050 the 
share of passenger BEVs in sales may reach 90%-
100%, while the share of PHEVs will reach a peak 
of 10%-11% around 2030 and then begin to decline. 
In the commercial segment, the share of BEVs by 
2050 may reach 73%-90%, while that of PHEVs will 
not exceed 4% throughout the entire period under 
consideration. The demand for non-ferrous metals 
to manufacture electric vehicles was compared with 
the main characteristics of these metals’ markets: 
the amount of reserves and resources, the country 
structure of production, and major industry con-
sumers. It was established that in the long term, 
wide adoption of electric vehicles can significantly 
impact the cobalt market, moderately impact the 
lithium, nickel, and copper ones, and only mini-
mally affect the manganese and aluminium markets.

Setting up a network of enterprises recycling elec-
tric vehicle components, which would cover major 
electric vehicle development hubs; increasing the 
density of electric charging station networks to al-
low the use of smaller-capacity batteries; and reus-
ing spent electric vehicle batteries for stationary en-
ergy storage could facilitate balancing non-ferrous 
metal markets. The risk of significant shortages of 

nickel and cobalt can be overcome by redistributing 
the market in favor of LFP-type batteries that do not 
use these metals. Today, NMC batteries are being ac-
tively replaced by LFP ones. In particular, according 
to some estimates, the share of cobalt-containing 
batteries in China in 2024 will be 31%, compared 
to 44% in 2022.12  The sustainability of the copper 
market can be improved by increasing investments 
in secondary processing, and in exploring ore de-
posits currently classified as available resources.

The results of electric vehicle sales modeling are 
consistent with emerging market trends and the 
specifics of regional automotive markets, but the 
presented scenarios have a number of limitations 
and uncertainties, in particular:

1) highly uncertain prospects for the hydrogen seg-
ment, due to hydrogen-powered vehicles’ being sig-
nificantly inferior to PHEVs in terms of TCO and 
infrastructure availability parameters, which are key 
for consumers;

2) the rate of electric vehicle penetration into devel-
oping countries’ markets with weak CO2 emission 
regulations and low economic and technological de-
velopment;

3) potential disruptions in related industries, such 
as electricity generation and distribution;

4) potential disruptions in global component and 
material supply chains due to growing geopolitical 
tensions.

For energy storage and transmission technologies, 
key uncertainties are related to the possibility of 
radical changes in their components (e.g., the intro-
duction of new lithium-sulphur and lithium-air bat-
teries to the market) and the improvement in their 
recycling. 

The article was prepared within the framework of the Basic 
Research Program of the HSE University.   
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Exploring the Relationship Dynamics  
in Entrepreneurial Ecosystems  

and Their Impact upon Innovation 

Abstract

This study investigates how key entrepreneurial ecosys-
tem (EE) factors interact and are reconfigured in re-
sponse to economic turbulence. Using Russia as a case 

study, we analyze the systemic dynamics of EE through the 
lens of the Complex Adaptive Systems (CAS) theory, iden-
tifying the most influential factors driving ecosystem re-
silience. A quantitative approach was employed using the 
fuzzy Decision-Making Trial and Evaluation Laboratory 
(DEMATEL) method. Data were collected from highly expe-
rienced experts, including academics and market profession-
als with extensive knowledge of urban EEs in Russia. Their 

evaluations provided a robust understanding of causal rela-
tionships and the adaptability of EE factors under economic 
instability. The regulatory environment emerged as the pri-
mary driver of EE reconfiguration, significantly influencing 
other factors. Human capital and access to capital were also 
critical for sustaining entrepreneurship in turbulent contexts, 
whereas innovation was highly dependent on external con-
ditions rather than acting as an independent driver. These 
findings highlight the need for adaptive policies to enhance 
EE resilience, offering a novel methodological framework for 
understanding EE adaptability in emerging economies.
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Introduction
The concept of an entrepreneurial ecosystem has been 
widely used to gain a better understanding of the phe-
nomenon of high-growth entrepreneurship, as well as 
the complex interactions between entrepreneurs and 
their environments (Vedula, Kim, 2019). The interact-
ing elements of ecosystems encompass systemic fac-
tors as well as entrepreneurs, considering the synergy 
between stakeholders and the institutional aspects that 
shape the context for entrepreneurial initiatives (Au-
dretsch et al., 2019; Stam, 2015).
The Russian entrepreneurial ecosystem faces unique 
challenges and opportunities in the global political 
disputes and the current conflict. In this context, with 
global turbulence influencing domestic policies and 
economic structures, innovation plays a key role in 
economic development (Aeeni, Saeedikiya, 2019; Arici 
et al., 2024). By using the theoretical framework of en-
trepreneurial ecosystems to analyze this situation, it is 
possible to have a profound understanding of future 
directions in the face of the complexities and uncer-
tainties experienced by companies (Altshuller, 2017; 
Ansell et al., 2017; Brondoni, 2022).
With regard to complexity, Complex Adaptive Systems 
(CAS) and Entrepreneurial Ecosystems (EE) involve 
several interacting agents, resulting in unpredict-
able emergent behaviors due to their extensive inter-
connectivity (Daniel et al., 2022). Such agents adapt 
and evolve in response to disturbances, altering their 
properties or environment. Crises accentuate their 
interconnectivity and interdependence, accelerating 
co-evolution and requiring rapid adaptation (Cloutier, 
Messeghem, 2022; Phillips, Ritala, 2019). Path depen-
dence is crucial in this debate, where initial advantages 
can result in entrenchment. The CAS theory can ad-
dress gaps in understanding the development of EE by 
integrating structural and dynamic approaches. 
Yet, empirical evidence in this context remains scarce, 
and current studies primarily focus on the early stages 
of EE development (Han et al., 2021; Carter, Pezeshkan, 
2023). Hence, although the EE literature encompasses 
a systemic view of entrepreneurial events, the bulk of 
contributions remain oriented towards assessments 
that look into EE dimensions as separate blocks, not 
as interrelated elements that simultaneously affect and 
are affected by one another, constantly coevolving and 
shaping dynamic conditions that enable (or hinder) 
entrepreneurship. In light of these considerations, this 
research aims to identify the main factors that impact 
the development of EE in cities and, more importantly, 
how these factors relate to each other. Accordingly, our 
research question can be stated as follows: How do key 
entrepreneurial ecosystem factors interact and recon-
figure in contexts of economic turbulence? This ques-
tion emphasizes the systemic nature of EE, shifting the 
focus from individual components to their relational 
dynamics. 
Our empirical setting involves the case of Russia. The 
analysis conducted by Shirokova et al. (2022) reveals 

that, notwithstanding the present challenges, the Rus-
sian milieu offers distinct opportunities for entrepre-
neurship research. This underscores the necessity of 
adopting a novel approach that delves into local speci-
ficities, thereby enhancing the applicability of EE on 
a global scale. Our analytical approach relies on the 
fuzzy Decision-Making Trial and Evaluation Labora-
tory (DEMATEL) method based on primary data col-
lection with 25 EE experts in this country. 
 
Theoretical Background
Entrepreneurial Ecosystems Factors
Isenberg (2010) underscores the need for solutions 
that originate locally and are tailored to the specific 
conditions of well-known EEs. The EE is seen as a dy-
namic community comprising interdependent actors 
and systemic contexts, emphasizing both the contex-
tual realm and individual decision-making (Audretsch 
et al., 2019). Therefore, the EE differs across regions 
and entrepreneurial stakeholder groups, leading to the 
formulation of hypotheses about the perceived robust-
ness of sustainable and resilient EE (Spigel, Harrison, 
2018). The significance of adapting the development of 
EEs to local conditions is highlighted, reinforcing the 
multi-scalar and multi-actor nature of these systems 
(Brown Mason, 2017).
As described by Stam and van de Ven (2021), the fac-
tors of the EE consist of six pivotal pillars essential for 
the development and sustainability of an EE: regula-
tory environment, infrastructure, market, innovation, 
access to capital, human capital, and entrepreneurial 
culture. The regulatory environment, influenced by le-
gal and political forces, plays a central role in the devel-
opment of the EE, impacting marketing strategies and 
presenting challenges and opportunities for entrepre-
neurs (Zhao et al., 2023). Beyond physical conditions, 
the infrastructure includes digital assets and various 
amenities that foster an environment conducive to 
entrepreneurial activities (Audretsch, Belitski, 2017; 
Stam, van de Ven, 2021). Market dynamics, driven by 
potential demand for innovative products or services, 
require strategic market direction for entrepreneurial 
success (Stam, 2015; Zhao et al., 2023).
Innovation, involving the proactive generation and 
implementation of new ideas, processes, and collabo-
rations, is essential for nurturing nascent firms and 
fostering alliances within the EE (Kuratko et al., 2017). 
Access to capital, including human, social, and finan-
cial assets influenced by entrepreneurial decisions, is 
critical for sustained entrepreneurship, emphasizing 
reliance on personal financial resources and substan-
tial financial backing for development (Zhao et al., 
2023). Human capital, providing intellectual support 
and entrepreneurial knowledge closely linked to in-
novation, is an essential contributor to entrepreneurial 
activities (Stam, van de Ven, 2021; Zhao et al., 2023). 
Lastly, entrepreneurial culture shapes entrepreneurial 
intentions and perceptions. An entrepreneurial cul-
ture is identified as substantial for EE prosperity, in-
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fluencing motivation, innovativeness, and risk-taking 
(Audretsch, Belitski, 2017; Stam, van de Ven, 2021; Vi-
centin et al., 2024).

Complex Adaptative Systems
The CAS theory was first proposed by Simon (1962), as 
a reaction to the mechanistic and equilibrium-based 
view of the world, and was widely adopted by many 
scholars focused on entrepreneurial systems (van De 
Ven, 1993; Stam, van de Ven, 2021). By definition, CAS 
are characterized by numerous interacting elements or 
agents, resulting in emergent behaviors that are inher-
ently difficult to predict solely by observing individual 
interactions (Bone, 2016; Fredin, Lidén, 2020). The 
complexity within these systems arises from their ex-
tensive interconnectivity and the challenges associated 
with predicting their behavior. CAS are large-scale sys-
tems whose behaviors can change, evolve, or adapt in 
response to disturbances, thereby maintaining a stable 
state by modifying their properties or the surround-
ing environment (Cloutier, Messeghem, 2022; Phillips, 
Ritala, 2019). 
The complexity of a CAS results from the interaction 
and interconnectivity between its elements and the 
environment. Similarly, EEs consist of a diverse set of 
agents, such as entrepreneurs, investors, educational 
institutions, government entities, and customers, inter-
acting in complex and interdependent ways (Daniel et 
al., 2022). In both CAS and EEs, there is no single cen-
tralized control mechanism (Aeeni, Saeedikiya, 2019). 
During a crisis, the interconnectivity, and interdepen-
dence of the elements within the system become even 
more pronounced (Fredin, Lidén, 2020). For instance, 
economic sanctions, political instability, and changes 
in government policies directly impact businesses, in-
vestors, and consumers within the EE (Khurana et al., 
2022).
As highlighted by Roundy et al. (2018), CAS theory 
can address gaps in the characterization of EE trajecto-
ries by integrating structural and dynamic approaches 
that consider the continuous evolution of sub-ecosys-
tems (Carter, Pezeshkan, 2023; Malecki, 2018). These 
approaches help one understand how EEs develop 
through phases of impulse, creation, and structuring, 
revealing the inherent complexity of their function-
ing and evolution (Cantner et al., 2021). Nevertheless, 
these conceptual approaches have not produced em-
pirical evidence of EE framed within the complexity of 
CAS, and they have mainly concentrated on the early 
stages of EE development (Han et al., 2021).
In the context of EE, turbulence is defined as a state 
of tension and transformation and includes a wide 
range of disruptive events and changes, not just crises 
but also social, economic, and political transforma-
tions. Therefore, the concept of turbulence from the 

perspective of an EE provides a lens for examining the 
challenges and opportunities arising in an EE char-
acterized by constant flux. It empowers us to analyze 
complexity and uncertainty as essential elements in 
understanding and navigating the collective future of 
organizations within transforming ecosystems (Aeeni, 
Saeedikiya, 2019; Arici et al., 2024).

Method
Given the proposed goals, the methodology adopted in 
this study is based on field research with exploratory, 
explicative, and propositional research characteristics. 
This study adopts a quantitative approach utilizing the 
fuzzy DEMATEL method to systematically identify 
and analyze the primary factors influencing the devel-
opment of EEs in urban areas, with a particular focus 
on the Russian context. Our goal is to elucidate the 
relationships among these factors, assess their impact, 
and determine the most influential ones within the dy-
namic environments of urban EE.

The Russian Context 
In the current Russian context, which is marked by 
significant political changes and international conflicts, 
unique challenges and opportunities for entrepreneur-
ship arise. Global turbulence dynamics directly impact 
domestic policies and economic systems, creating an 
environment where innovation becomes a important 
driver for economic development (Altshuller, 2017; 
Ansell et al., 2017; Brondoni, 2022; Nowinska et al., 
2025).
Since 2000, Russia has undertaken reforms to strength-
en state control and clarify bureaucratic guidelines, of-
ten through ambiguous regulations (Yakovlev, 2006). 
This complex and ever-changing regulatory environ-
ment requires entrepreneurs to carefully navigate a se-
ries of regulatory and bureaucratic challenges to main-
tain operational legitimacy.
Simultaneously, the government has encouraged the 
strengthening of the economy through innovation, 
aiming to diversify economically and achieve competi-
tive advantages (Shakib et al., 2023). Innovation, sub-
stantially supported by public funding, is seen as essen-
tial for economic growth, with approximately 70% of 
this funding coming from the public sector.1 This focus 
on innovation has helped Russia improve its position 
in the Global Competitiveness Index, demonstrating 
progress in various innovation indicators (Davidson et 
al., 2018; Shakib et al., 2023).
A literature review by Shirokova et al. (2022) high-
lights that, despite adversities, the Russian context 
offers unique opportunities for research and develop-
ment in entrepreneurship, influenced by geographical, 
socioeconomic, and ethnic disparities. The need for a 

1 https://www.forbes.ru/tehnologii/366587-put-k-innovaciyam-rossiya-tratit-na-nauku-1-vvp-hvatit-li-etogo, accessed 19.03.2025.
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2 Of the 25 interviewees, 60% were female and 40% were male. On average, experts have 6.9 years of professional experience. Regarding the areas of work, 
24% work in information technology, 12% in education, 12% in business and 12% in innovation, and the rest of the sample belongs to the following areas: 
technology transfer, public policy, electronic device development, energy, entrepreneurship and marketing, project management, accounting, and analytics.

‘third wave’ of contextualization in entrepreneurship 
research is emphasized, aiming for a deeper under-
standing of the local nuances that shape entrepreneur-
ship theories and promoting an expanded dialogue 
between local and global researchers.

Data Collection
In 2024, an electronic survey (Google Forms) was ad-
ministered to 25 Russian experts specializing in ur-
ban EEs to gather information about the relevance of 
various factors within these systems in Russian urban 
contexts.2 All respondents held postgraduate degrees 
in entrepreneurship and innovation, and had over six 
years of practical market experience, ensuring a high 
level of expertise in both academic and professional 
domains. Subsequently, the survey introduced seven 
factors based on the frameworks provided by Stam 
and van de Ven (2021): regulatory environment, in-
frastructure, market, access to capital, innovation, hu-
man capital, and entrepreneurial culture. The experts 
then assessed the relevance of these factors to the EE 
in the cities, completing the statement, “Indicate, in 
your opinion, the relevance of each of the following 
elements for a city’s entrepreneurial ecosystem.” Fol-
lowing this assessment, they analyzed the influence of 
each factor upon one another in the EE analysis.
 
Fuzzy DEMATEL Method 
The fuzzy logic and DEMATEL models are combined 
to create a decision-making framework. This model 
processes the vague assessments of experts into pre-
cise values using fuzzy sets for a direct influence ma-
trix. The evaluation starts with experts employing a 
fuzzy linguistic scale to determine mutual influences 
between factors, defining causal relationships despite 
judgment imprecision. Terms such as “None (No), 
Very Low Influence (VLI), Low Influence (LI), Mod-
erate Influence (MI), High Influence (HI), Very High 
Influence (VHI)” are employed, with each expert 
contributing their influence matrix, as demonstrated 
in Table 1. Also, Figure 1 illustrates the membership 
functions for fuzzy linguistic terms and their corre-
sponding fuzzy numbers. Consequently, given n fac-
tors represented by the set F = {F1, F2,..., Fn} to be evalu-
ated by l experts represented by the set E= {E1, E2,..., El}, 
each expert must assess the pairwise influence of factor 
Fi on factor Fj. This procedure generates an individual 
direct influence fuzzy matrix k = [ k

ij]n×, in which k
ij = 

(zk
ij1, z

k
ij2, z

k
ij3), represents the fuzzy evaluation from an 

expert k (Zhang et al., 2023). 
In the second step, we combine the evaluations of 
experts to create the collective direct-influence fuzzy 
matrix . After forming the individual matrices k (k= 

1,2,...,l), the composite direct-influence fuzzy matrix 
k = [ k

ij]n×n

 
is derived by amalgamating the assessments 

from all experts. Here, ij is treated as a Triangular 
Fuzzy Number (TFN) (0,0,0), and ij

 
is computed as:

ij = (zk
ij1, z

k
ij2, z

k
ij3) = (1/l)∑l

k=1
k
ij = ((1/l)∑l

k=1z
k
ij1, 

(1/l)∑l
k=1z

k
ij2, (1/l)∑l

k=1z
k
ij3)              (1)

In the third step, fuzzy evaluations are defuzzified 
using the CFCS (Converting Fuzzy Data into Crisp 
Scores) method to form the crisp direct-influence ma-
trix Z .
In the fourth step, this matrix is used with the DEMA-
TEL method to create the normalized direct-influence 
matrix X and the total-influence matrix T, which are 
essential for developing the influential relation map 
(IRM). The derivation of the normalized direct-influ-
ence matrix X is achieved by:

Linguistic terms Triangular fuzzy numbers
None 0 (No) (0, 0, 0)
Very Low Influence (VLI) (0, 0, 0.25)
Low Influence (LI) (0, 0.25, 0.5)
Moderate Influence (MI) (0.25, 0.5, 0.75)
High Influence (HI) (0.5, 0.75, 1)
Very High Influence (VHI) (0.75, 1, 1)
Source: adapted from (Singh, Sarkar, 2020; Zhang et al., 2023).

Table 1. Fuzzy Linguistic Terms  
with Related Fuzzy Numbers

Source: authors.

Figure 1. Membership Function of All Linguistic 
Terms from Fuzzy DEMATEL

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0        0.1      0.2     0.3     0.4      0.5      0.6      0.7      0.8     0.9       1

(NO) (VLI) (LI) (MI) (HI) (VHI)



2025      Vol. 15  No 2 FORESIGHT AND STI GOVERNANCEFORESIGHT AND STI GOVERNANCE 47

X = Z/s, s = max(max1≤i≤n ∑n
j=1 zij, max1≤i≤n ∑

n
i=1 zij),     (2)

Where all elements are adhered to 
 
0 ≤ xij <1.0 ≤ ∑n

j=1 xij 
≤ 1

 
and at least one i such that i ∑n

j=1 zij ≤ s. 
Subsequently, the total-influence matrix T is computed 
using:

T = X + X2 +... +Xh = X (I – X)–1,       (3)
When h → ∞, in which I is represented as an identity 
matrix (Rouhani et al., 2013).
Finally, the formulation of an IRM is facilitated with 
the horizontal axis denoted by (R + C) and the verti-
cal axis by (R – C), depicting the sum of the rows and 
columns from the total-influence matrix T, defined re-
spectively by:

 
R = [ri]n×1 = ∑n

j=1 tij]n×1, C = [cj]1×n = ∑n
i=1 tij]

T
1×n ,  (4)

Where, ri represents the sum of influences a factor Fi 
exerts on others, while cj totals the influences received 
by factor Fj . These calculations  determine each factor’s 
centrality as the horizontal axis vector (R + C) (named 
Prominence) and its role as either a net influencer or 
influenced entity as the vertical axis vector (R – C) 
(named Relation) within the network. These values are 
visualized in an IRM by plotting the dataset of (R + C, 
R – C), which plots the combined influence scores to 
aid in decision-making.

Steps for Using the Fuzzy DEMATEL Method
The steps to develop the fuzzy DEMATEL method are 
shown in Figure 2. Initially, data collection was per-
formed with the identification of entrepreneurship 
ecosystem factors (ITij) and the opinion of the 25 Rus-
sian experts specializing in urban EEs about the rela-
tionships and interactions between these factors. After 
identifying key criteria, the influence matrix is created 
using linguistic terms and fuzzy numbers to represent 

the complex relationships as identified by EE experts. 
Subsequently, each decision-maker attributes scores 
based on the expert evaluations among the EE factors.
Thereafter, the matrix of relationship influences, des-
ignated as “Z”, is computed using the CFCS method. 
The traditional DEMATEL method is then applied in 
the subsequent steps. Consequently, the “Z” matrix is 
normalized to form a new matrix “X”. Following this, 
the “T” matrix, which synthesizes the direct influences 
among the EE factors in the Russian context, is calcu-
lated to construct the IRM. The vertical axis vectors “R” 
and “C”, named “Relation”, are calculated to visualize 
and analyze both direct and indirect influences among 
the factors, thereby facilitating the understanding of 
the dynamics of the EE in the Russian context.

Results
Initially, the variables of the fuzzy DEMATEL model 
are expressed by an assessment of EE factors and de-
scriptions, as discussed by Stam and van de Ven (2021), 
as detailed in Table 2, while applying the proposed 
framework.
As previously stated, empirical data were gathered on 
seven factors about EEs, categorized as IT1 through 
IT7. A total of 25 specialists in EEs responded to the 
questionnaire, providing insights into the relation-
ships among these factors and their influence upon 
EEs within urban settings, with a particular focus on 
the Russian context.
In this context, we utilize the CFCS (Converting Fuzzy 
data into Crisp Scores) technique to convert fuzzy as-
sessments into precise values. Fuzzy assessments for 
these dimensions are presented in Appendices 1 and 
2, with their corresponding fuzzy numbers detailed in 
Table 1.
Applying our proposed method, we present the paired 
importance and cause-effect outcomes from varied 
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Source: authors.

Figure 2. Steps for Using the Fuzzy DEMATEL method

Identification of entrepreneurship 
ecosystem factors (ITn) and the 

opinion of the 25 Russian experts 
specialized in urban EE about the 
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Each decision maker  
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Aggregate all the scores in only 
one matrix of relationships 

Influences (Matrix ‘Z’)
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decision-making
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IT1 IT2 IT3 IT4 IT5 IT6 IT7

IT1 1.461 1.780 2.062 1.812 2.167 1.790 1.986
IT2 1.263 1.320 1.673 1.453 1.795 1.493 1.613
IT3 1.553 1.716 1.875 1.788 2.138 1.755 1.978
IT4 1.445 1.635 1.908 1.527 2.004 1.633 1.820
IT5 1.441 1.617 1.918 1.663 1.859 1.628 1.863
IT6 1.483 1.605 1.900 1.652 2.039 1.536 1.871
IT7 1.605 1.736 2.062 1.780 2.186 1.803 1.849

Note: The table highlights represent the values obtained higher than the 
relation matrix T average of the 1.743. Thus, it is possible to observe how 
the factors relate to each other, and which are most influenced by the 
others, as in the case of IT5, IT3 and IT7 which have values greater than 
the average of the T matrix, representing a significant influence of other 
factors.

Source: authors.

IT1 IT2 IT3 IT4 IT5 IT6 IT7

IT1 0.000 0.670 0.663 0.640 0.623 0.557 0.583
IT2 0.293 0.000 0.513 0.417 0.660 0.630 0.443
IT3 0.500 0.513 0.000 0.680 0.677 0.550 0.717
IT4 0.440 0.623 0.687 0.000 0.653 0.467 0.517
IT5 0.400 0.527 0.720 0.573 0.000 0.427 0.720
IT6 0.547 0.407 0.553 0.460 0.737 0.000 0.683
IT7 0.637 0.477 0.687 0.497 0.750 0.650 0.000

Source: authors.

Factor R C R + C R – C
IT1 – Regulatory Environment 13.058 10.250 23.308 2.809
IT2 – Infrastructure 10.610 11.409 22.019 -0.799
IT3 – Market 12.804 13.398 26.201 -0.594
IT4 – Access to Capital 11.972 11.675 23.647 0.297
IT5 – Innovation 11.987 14.189 26.176 -2.202
IT6 – Human Capital 12.085 11.636 23.722 0.449
IT7 – Entrepreneurial Culture 13.020 12.980 26.000 0.040
Source: authors.

Position Factor R – C
1 IT1 2.809
2 IT6 0.449
3 IT4 0.297
4 IT7 0.040
5 IT3 -0.594
6 IT2 -0.799
7 IT5 -2.202

Source: authors.

Table 3. Defuzzified Relationship Matrix Z

Table 4. Relation Matrix T

Table 5. Тraditional DEMATEL

Table 6. Ordering of Factors

Factor Description
IT1 Regulatory Environment
IT2 Infrastructure
IT3 Market
IT4 Access to Capital
IT5 Innovation
IT6 Human Capital
IT7 Entrepreneurial Culture

Source: authors.

Table 2. The Influential Factors in EE perspectives, alongside their average performance, in 
Appendix 3. 
Subsequently, all scores were aggregated into a single 
matrix of relationship influences, called matrix “Z”. 
The aggregation process can be carried out using sim-
ple arithmetic averages of the judgments to generate 
the corresponding fuzzy numbers, as shown in Table 3.
After defuzzification, the traditional DEMATEL steps 
were followed, employing equations (1-4) and present-
ing Tables 4 and 5.
In Table 5 and Table 6, it is evident that the regulatory 
environment factor is the primary driver, followed by 
human capital, access to capital, and entrepreneurial 
culture whereas innovation emerges as the most im-
pacted factor. To simplify the assessment, Figure 3 
graphically illustrates the cause-and-effect relationship 
of EE factors in the Russian context.
Analyzing the positions of the most influential and in-
fluenceable factors within the EE in the Russian con-
text, based on the results obtained and their positions 
on the fuzzy DEMATEL interrelationship graph, a 
detailed interpretation of each factor can be provided, 
as per the four-quadrant IRM diagram presented and 
observed in Figure 4. Accordingly, the regulatory envi-
ronment factor (IT1) is positioned in Quadrant I, rep-
resenting a driving factor with a powerful relationship. 
Consequently, the regulatory environment has a high 
capacity to influence other factors. The human capital 
factor (IT6) also belongs in Quadrant I, functioning as 
a driving factor and influencing another factor. The ac-
cess to capital factor (IT4) is also located in Quadrant 
I, although with a lower capacity to influence other 
factors. The entrepreneurial culture (IT7) is positioned 
in Quadrant II, identified as a central factor, although 

Source: authors.

Figure 3. Distribution of the Studied Factors 
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its value appears minimal compared to the other fac-
tors in Quadrant I. Meanwhile, the innovation factor 
(IT5) is situated in Quadrant III, presenting itself as 
highly prominent but with low impact. This indicates 
how significant innovation is and that it is primarily 
influenced by other factors. Strategies to improve in-
novation should consider strengthening the regulatory 
environment, human capital, access to capital, and en-
trepreneurial culture, which all influence it directly.
In Figure 4, it is noted that the arrows represent the 
relationships between the factors. The blue arrows rep-
resent the relationship of influence of the factors on 
others, in which it is possible to observe that the factor 
IT1 exerts influence over all factors, as it occupies the 
first position. The yellow arrows represent the relation-
ship of influence that they receive from other factors; 
as we can see, the IT5 factor receives influence from all 
other factors.

Discussions
In this study, we aimed to understand the main factors 
that impact the development of EE in the Russian con-
text and how these factors relate to one another using 
the fuzzy DEMATEL method. As approached in our 
theoretical background, through the lens of the CAS 
theory, it is possible to have a holistic and intertwined 
view regarding the geography and evolution of entre-
preneurship as the interplay between the system and 
its environment (Fredin, Lidén, 2020).
The EE is considered a complex system that involves 
multiple entities and levels and a diversity of interac-
tions between components, individuals, and social 
contextual factors (Carter, Pezeshkan, 2023). EEs are 
also considered open systems with feedback loops 
characterized by non-linear relationships (Fredin, 
Lidén, 2020) and the notion of path dependence 
by incorporating continuity and change (Cloutier, 
Messeghem, 2022). As a consequence, a large number 
of scholars consider that EEs are CASs (Fredin, Lidén, 
2020; Cloutier, Messeghem, 2022; Carter, Pezeshkan, 
2023), mainly because entrepreneurs can be consid-

Source: authors.
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ered agents that affect the development of an EE (Cart-
er, Pezeshkan, 2023), and simultaneous and parallel ac-
tions occur, making these EEs pursue self-organizing 
behavior  (Fredin, Lidén, 2020). Yet, systematic assess-
ments about how EE dimensions are interconnected 
are rare, hampering a thorough examination of the 
systemic nature of contextual conditions leading to en-
trepreneurship. 
In this respect, self-organization is a process by which 
agents spontaneously mutually adjust their behavior in 
a way that allows them to cope with changing internal 
or external environmental forces (Fredin, Lidén, 2020). 
During periods of crisis and turbulence, CASs, charac-
terized by internal interactions and feedback processes, 
learning, and adaptability, serve as controlling mech-
anisms. Thus, CASs are self-organizing, capable of 
reaching order without external management (Fredin, 
Lidén, 2020). In this inquiry, the Russian context illus-
trates a case in which there are simultaneously incen-
tives for entrepreneurial activities and growth of the 
country’s competitive advantage, while entrepreneurs 
face significant regulatory and bureaucratic challenges 
to maintain operational legitimacy. This case, through 
the lens of the CAS theory, reinforces the influence of 
the self-organizing behavior of an EE.
In other words, Russian entrepreneurs consistently 
faced economic instability and turbulence throughout 
the nation’s history. However, nowadays, the govern-
ment is taking meaningful steps to help entrepreneurs 
start and run their businesses in a less bureaucratic 
way. Our results reflected such conditions regarding 
the regulatory environment as the main factor affect-
ing the Russian EE. Following (Fredin, Lidén, 2020), 
for example, higher-level regulations are often the re-
sult of simple rules and local interactions at the lower 
level. 
Although Russian incentives toward entrepreneur-
ship are focused on innovation (Davidson et al., 2018; 
Shakib et al., 2023), our analysis indicates that innova-
tion dynamics are the less important factor impacting 
an EE in this country. We can consider, thus, that for 
Russian entrepreneurs to be innovative, it is primarily 
critical to be part of an adaptative system, as it is a fac-
tor affected by all ecosystem elements. These systems 
enabling them to create, replace, develop, restructure, 
or adapt from within so that they can respond to envi-
ronmental changes and affect their surroundings.
In the same vein, it is possible to argue that the self-or-
ganizing behavior of a Russian EE allows these entre-
preneurs to maintain their competitive advantage even 
in turbulent times, exposing them to a coevolutionary 
process of identifying, exploiting, and creating new op-
portunities. In accordance with Carter and Pezeshkan 
(2023), these dynamics indeed support and explain the 
emergence of sustainable viability of an enterprise or 
segment of enterprises in turbulent times.
Based on our findings, this study offers significant con-
tributions. Regarding our methodological approach, 
we can summarize the main advantages of using the 
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fuzzy DEMATEL method, which employs an innova-
tive approach to handling diffuse assessments. This 
approach allows for the preservation of more compre-
hensive information throughout the analysis of rela-
tionships among the factors within the EE in the Rus-
sian context. As a result, we can analyze the cause-and-
effect relationships from various perspectives, taking 
into account the expertise and knowledge of specialists 
in EEs. Therefore, the findings indicate that, in crisis 
conditions, such as those found in Russia, the regula-
tory environment, human capital, access to capital, and 
entrepreneurial culture impact innovation in EE more 
significantly than in more stable economic contexts, 
thereby corroborating Hypothesis 1 of this study.
Furthermore, the method accounts for the uncertainty 
in expert information, addressing this practical and in-
evitable issue in real-world situations, especially dur-
ing turbulent times. Through this approach, it becomes 
possible to analyze the interrelations among EE factors 
in the Russian context, a perspective that has not yet 
been explored in the literature. Thus, this suggests that, 
in turbulent times, both the regulatory environment 
and human capital should be prioritized in terms of 
actions and public policies to foster innovation in EE, 
especially in the Russian context.
Additionally, by merging the theoretical character-
istics of CAS theory and EE, we could understand a 
case in a specific context, the Russian one, and the sig-
nificant influence of a self-organizing behavior (Carter, 
Pezeshkan, 2023). Thus, managerially, this innovative 
study contributes to expanding analytical possibilities 
and decision-making in EEs during turbulent periods. 
It also facilitates a deeper and more comprehensive 

exploration of the regulatory environment, human 
capital, access to capital, entrepreneurial culture to 
promote greater innovation.

Concluding Remarks
This study contributes to advancing scientific knowl-
edge in its field and provides valuable insights for 
professionals working with EEs. It introduces an in-
novative approach to understanding the main factors 
influencing the development of EEs in cities and elu-
cidates how these factors relate to each other through 
the application of the fuzzy DEMATEL method. By 
identifying the regulatory environment, human capi-
tal, access to capital, and entrepreneurial culture as the 
most influential factors in fostering innovation in EEs, 
this study highlights the effectiveness and robust per-
formance of the proposed approach in turbulent times.
Recognizing the practical application context, it is pre-
sumed that there is significant interdependence among 
these factors within EEs. However, it is important to 
note that the sampling procedure in this study differs 
from traditional multivariate analysis, as it involves 
samples extracted based on expert insights. Addi-
tionally, it is essential to observe that this research is 
limited by its application within a specific geographic 
and contextual context, namely Russia. Thus, it would 
be beneficial for future research to explore analogous 
problems using the fuzzy DEMATEL method and con-
duct comparative analyses across different countries or 
models.

The article was prepared within the framework of the Basic 
Research Program of the HSE University.   
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Appendix 1. Fuzzy Relationship Matrix  (IT01)

IT1 - IT1 IT1 - IT2 IT1 - IT3 IT1 - IT4 IT1 - IT5 IT1 - IT6 IT1 - IT7

R1 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.75,1,1]

R2 [0.0,0.0,0.0] [0.75,1,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1]

R3 [0.0,0.0,0.0] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1]

R4 [0.0,0.0,0.0] [0.0,0.25,0.5] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.25,0.5,0.75] [0.0,0.25,0.5] [0,0.25,0.5]

R5 [0.0,0.0,0.0] [0.5,0.75,1] [0.75,1,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75]

R6 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75]

R7 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1]

R8 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.25,0.5,0.75]

R9 [0.0,0.0,0.0] [0.75,1,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1]

R10 [0.0,0.0,0.0] [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.75,1,1] [0.25,0.5,0.75]

R11 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.25,0.5] [0.0,0.25,0.5] [0.0,0.25,0.5] [0.25,0.5,0.75]

R12 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.25,0.5]

R13 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1]

R14 [0.0,0.0,0.0] [0.5,0.75,1] [0.75,1,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75]

R15 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75]

R16 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75]

R17 [0.0,0.0,0.0] [0.5,0.75,1] [0.0,0.25,0.5] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.0,0.25,0.5]

R18 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1]

R19 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.5,0.75,1] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.0,0.25,0.5]

R20 [0.0,0.0,0.0] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1]

R21 [0.0,0.0,0.0] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.25,0.5,0.75] [0.25,0.5,0.75]

R22 [0.0,0.0,0.0] [0.0,0.0,0.25] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1]

R23 [0.0,0.0,0.0] [0.5,0.75,1] [0.75,1,1] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.75,1,1]

R24 [0.0,0.0,0.0] [0.75,1,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1]

R25 [0.0,0.0,0.0] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.0,0.0,0.25] [0.25,0.5,0.75] [0.25,0.5,0.75]

Aggregate [0.0,0.0,0.0] [0.44,0.68,0.89] [0.43,0.68,0.88] [0.40,0.65,0.87] [0.39,0.63,0.85] [0.32,0.56,0.79] [0.35,0.59,0.81]
Source: authors.
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IT1 - IT1 IT1 - IT2 IT1 - IT3 IT1 - IT4 IT1 - IT5 IT1 - IT6 IT1 - IT7

R1 [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.0,0.0,0.25] [0.75,1,1] [0.75,1,1] [0.0,0.0,0.0]
R2 [0.5,0.75,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R3 [0.5,0.75,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.75,1,1] [0.0,0.0,0.0]
R4 [0.0,0.0,0.25] [0.0,0.0,0.25] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R5 [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R6 [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R7 [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R8 [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.0,0.25,0.5] [0.75,1,1] [0.75,1,1] [0.0,0.0,0.0]
R9 [0.5,0.75,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.0,0.0]

R10 [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.75,1,1] [0.0,0.0,0.0]
R11 [0.5,0.75,1] [0.5,0.75,1] [0.0,0.25,0.5] [0.0,0.25,0.5] [0.0,0.25,0.5] [0.0,0.25,0.5] [0.0,0.0,0.0]
R12 [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.0,0.0,0.0]
R13 [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R14 [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R15 [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R16 [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R17 [0.25,0.5,0.75] [0.5,0.75,1] [0.75,1,1] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.25,0.5] [0.0,0.0,0.0]
R18 [0.0,0.25,0.5] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R19 [0.5,0.75,1] [0.5,0.75,1] [0.75,1,1] [0.75,1,1] [0.75,1,1] [0.75,1,1] [0.0,0.0,0.0]
R20 [0.25,0.5,0.75] [0.0,0.0,0.25] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.0,0.0,0.0]
R21 [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.5,0.75,1] [0.0,0.0,0.0]
R22 [0.5,0.75,1] [0.25,0.5,0.75] [0.0,0.25,0.5] [0.5,0.75,1] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.0,0.0,0.0]
R23 [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.25,0.5,0.75] [0.5,0.75,1] [0.0,0.0,0.0]
R24 [0.5,0.75,1] [0.0,0.25,0.5] [0.5,0.75,1] [0.0,0.25,0.5] [0.75,1,1] [0.25,0.5,0.75] [0.0,0.0,0.0]
R25 [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.25,0.5,0.75] [0.0,0.0,0.0]

Aggregate [0.40,0.64,0.87] [0.24,0.47,0.72] [0.46,0.70,0.91] [0.27,0.49,0.73] [0.53,0.78,0.94] [0.42,0.67,0.86] [0.0,0.0,0.0]
Source: authors.

IT1 IT2 IT3 IT4 IT5 IT6 IT7

IT1 [0.0,0.0,0.0] [0.44,0.68,0.89] [0.43,0.68,0.88] [0.4,0.65,0.87] [0.39,0.63,0.85] [0.32,0.56,0.79] [0.35,0.59,0.81]
IT2 [0.09,0.27,0.52] [0.0,0.0,0.0] [0.28,0.52,0.74] [0.2,0.41,0.64] [0.43,0.66,0.89] [0.39,0.63,0.87] [0.23,0.43,0.67]
IT3 [0.26,0.51,0.73] [0.27,0.52,0.75] [0.0,0.0,0.0] [0.44,0.69,0.91] [0.44,0.69,0.9] [0.31,0.56,0.78] [0.49,0.73,0.93]
IT4 [0.24,0.43,0.65] [0.38,0.63,0.86] [0.46,0.71,0.89] [0.0,0.0,0.0] [0.43,0.67,0.86] [0.23,0.46,0.71] [0.27,0.52,0.76]
IT5 [0.16,0.4,0.64] [0.29,0.53,0.76] [0.49,0.74,0.93] [0.34,0.58,0.8] [0.0,0.0,0.0] [0.2,0.42,0.66] [0.5,0.75,0.91]
IT6 [0.32,0.55,0.77] [0.19,0.4,0.63] [0.31,0.56,0.79] [0.23,0.46,0.69] [0.51,0.76,0.94] [0.0,0.0,0.0] [0.55,0.8,0.933]
IT7 [0.4,0.64,0.87] [0.24,0.47,0.72] [0.45,0.7,0.91] [0.27,0.49,0.73] [0.53,0.78,0.94] [0.42,0.67,0.86] [0.0,0.0,0.0]

Source: authors.

Appendix 2. Fuzzy Relationship Matrix  (IT07)

Appendix 3. Fuzzy Relationship Aggregated Matrix 

Vicentin D.B., Marcondes de Moraes G.H.S., Bianca do Prado N., Fischer B.B., Campello B.S.C., Anholon R., pp. 43–53
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Modeling and Forecasting the Diffusion  
of Unicorn Startups

Abstract

Unicorn startups have become symbols of entrepre-
neurial success and fundamental drivers of innova-
tion and wealth creation. This study examines the 

diffusion process of unicorns across eight countries (the US, 
China, India, the UK, Germany, France, the Netherlands, 
and Sweden) and three industries (Fintech, Health, and 
Transport). The aim of this research is to model and fore-
cast the diffusion of unicorn startups using three- and 
four-parameter Logistic and Gompertz sigmoid growth 
models, leveraging data from the Dealroom database. By ad-
dressing this research gap, the study seeks to provide valu-
able information for policymakers and investors regarding 
the ultimate potential number of unicorns and the time to 
saturation. The findings indicate that the Gompertz model 
generates highly optimistic estimates of unicorn saturation 
levels, while the Logistic model produces more realistic pro-
jections for both fitting existing data and forecasting future 

trends. Specifically, the three- parameter Gompertz model is 
suited for analyzing unicorn diffusion in China. The three- 
parameter Logistic model is appropriate for analyzing uni-
corn diffusion in the USA, the UK, and all studied sectors. 
Meanwhile, the four-parameter Logistic model is the best 
model for explaining unicorn diffusion in India, Germany, 
France, the Netherlands, and Sweden. The results also reveal 
that India has the highest estimated speed of unicorn diffu-
sion (97%), while the US exhibits the highest saturation level 
(6,241 unicorns). Sectoral analysis shows that Fintech has 
the lowest estimated diffusion speed (43.1%), but the high-
est saturation level (1,630 unicorns). Our forecasting analy-
ses suggest that all selected countries and sectors — except 
the US and Fintech — are likely to reach unicorn saturation 
by around 2030. These findings provide critical insights for 
planning, regulation, policy formulation, and portfolio de-
cision-making.
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Introduction
Over the past decade, the term “unicorn startup”, re-
ferring to privately held companies valued at over 
$1 billion, has become a symbol of entrepreneurial 
success and technological innovation. Since its intro-
duction by Aileen Lee in 2013,1 the global number of 
unicorns has increased exponentially, from just 38 in 
2013 to over 2,600 by early 2023.2 Despite this rapid 
expansion, unicorns remain rare phenomena. In Eu-
rope, for instance, only one in 100 seed-funded start-
ups achieves this valuation milestone3.
Unicorns typically emerge at the nexus of disruptive 
technologies and highly scalable business models, re-
shaping traditional industries by offering more effi-
cient, accessible, and often digital solutions (Stadler, 
2016; Meek, Cowden, 2023; WIPO, 2023). Their rise 
was particularly accelerated in the wake of the CO-
VID-19 crisis: 472 new unicorns were created in 2021 
alone, fueled by global digitization, abundant ven-
ture capital, and increasingly supportive regulatory 
frameworks. This surge translated to nearly one new 
unicorn per day in the United States, approximately 
every ten days in India and China, almost every 15 
days in Germany and the UK; every month in France; 
and every two months in the Netherlands and Swe-
den.
While most unicorns take at least five years on aver-
age to reach this valuation (Venâncio et al., 2023), a 
subset — including ClickHouse (US), Gorillas (EU), 
and iCarbonX (China) — achieved unicorn status in 
in less than a year, highlighting the exceptional agil-
ity of certain ventures during periods of systemic dis-
ruption (Kuckertz et al., 2020; Rodrigues, 2021).This 
rapid emergence raises an important question: Is the 
unicorn phenomenon sustainable or is it approach-
ing a saturation point?
Despite the high failure rate of startups and grow-
ing macroeconomic volatility, the proliferation of 
unicorns represents both a strategic challenge and a 
major opportunity for innovation-driven economies. 
The concept of creative destruction (Schumpeter, 
1943) remains particularly relevant for understand-
ing the disruptive force of these firms. Yet the scale, 
speed, and uneven distribution of unicorn emer-
gence remain poorly understood and insufficiently 
theorized. 
A growing body of literature has attempted to iden-
tify the key drivers of unicorn success. For instance, 
Guo and Zhang (2021), using fuzzy set qualitative 
comparative analysis, highlight the role of emerg-
ing industries, enabling ecosystems, platform-based 
business models, and access to capital in unicorn de-
velopment in China. Venâncio et al. (2023), analyzing 

766 unicorns across 39 countries, emphasize the im-
portance of innovation capacity, infrastructure, and 
resource availability. Kutsenko et al. (2022) add an 
important dimension by examining founder mobility, 
showing that nearly 40% of unicorns involved foreign 
entrepreneurial talent.
While these studies offer valuable insights, they of-
ten fall short of providing analytical frameworks 
capable of systematically modeling or forecasting 
unicorn diffusion across countries and industries. 
Although some scholars acknowledge the non-linear 
and abrupt nature of unicorn growth, analyses often 
rely on anecdotal evidence or descriptive analyses of 
individual business models (Urbinati et al., 2018; Tra-
bucchi et al., 2019). Consequently, they offer limited 
guidance for anticipating future trends or for bench-
marking national innovation ecosystems.
This research aims to address this gap by modeling 
the diffusion dynamics of unicorn startups across 
eight countries — namely the United States, China, 
India, the United Kingdom, Germany, France, the 
Netherlands, and Sweden — and three major sectors: 
fintech, healthtech, and transportation. Drawing on 
data from the Dealroom database, which tracks the 
cumulative number of unicorns from 2000 to 2022, 
we apply three- and four-parameter Logistic and 
Gompertz growth models to estimate the diffusion 
trajectories of unicorn startups. This methodological 
approach represents an advance over previous stud-
ies by offering a robust, quantifiable framework for 
capturing non-linear growth and forecasting satura-
tion points.
The study is guided by the following research ques-
tions:

1. Can unicorn growth be effectively modeled using 
S-curve diffusion models?

2. Which model variant — logistic vs. Gompertz, 
three- vs. four-parameter — best captures the dif-
fusion dynamics of unicorns across countries and 
industries?

3. How do diffusion trajectories differ across na-
tional and sectoral contexts?

4. What explains these differences?
5. What are the projected saturation points or upper 

limits of unicorn creation in each country or sec-
tor?

6. What strategic insights can be derived for inves-
tors, policymakers, and innovation ecosystem 
stakeholders?

This study makes several key contributions to the lit-
erature. First, to our knowledge, it is the first to apply 
Logistic and Gompertz growth models — tradition-

Teffahi B., Bouaziz L., pp. 54–67

1  https://techcrunch.com/2013/11/02/welcome-to-the-unicorn-club/, accessed 12.09.2024.
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3  https://2020.stateofeuropeantech.com/chapter/state-european-tech-2020/, accessed 06.02.2025.
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ally used in technology adoption studies — to the 
diffusion of unicorn startups. Grounded in Rogers’ 
(1962) innovation diffusion theory, our study extends 
the applicability of S-curve models from product-
level to firm-level valuation phenomena. Contrary 
to critiques regarding the incompatibility of sigmoid 
curves with rapid, exponential startup growth (Urbi-
nati et al., 2018), our results show that these models 
effectively capture the core dynamics of unicorn pro-
liferation with Logistic models outperforming Gom-
pertz in most national and sectoral contexts
Second, by employing both three- and four-parameter 
specifications, we improve the precision and flexibil-
ity of diffusion modeling. Prior studies (e.g., Akin et 
al., 2020; Korkmaz, 2020) indicate that four-param-
eter models provide more accurate forecasts in sce-
narios characterized by delayed take-off or early satu-
ration. Our results support this conclusion, showing 
that four-parameter models most effectively capture 
the unique growth dynamics of unicorn startups.
Third, the study offers a comparative, cross-country, 
and cross-sectoral perspective. By linking estimated 
diffusion trajectories to contextual variables such as 
venture capital intensity, regulatory landscape, and 
entrepreneurial mobility, we identify why certain 
countries (e.g., the US and China) and sectors (e.g., 
fintech) exhibit faster unicorn proliferation. The com-
parative lens also enables us to identify countries and 
industries approaching saturation, versus those with 
untapped growth potential.
From a practical standpoint, our findings yield ac-
tionable insights for investors, policymakers, and 
entrepreneurs. Reliable forecasting of unicorn emer-
gence can inform venture capital allocation, guide 
innovation policy formulation, and scaling strategies 
for high-growth ventures. For instance, our results 
indicate that fintech unicorns are likely to reach satu-
ration more gradually than those in the health tech 
and transportation sectors — suggesting differenti-
ated approaches for public support and investment 
strategy. Entrepreneurs can benchmark their growth 
trajectories against diffusion curves, optimizing their 
scaling approaches, while corporate strategists can 
use these insights to anticipate market disruptions 
and refine acquisition or partnership strategies.
Although some scholars caution against overempha-
sizing unicorns as representative of entrepreneurship 
(Aldrich, Ruef, 2018), there is strong evidence that 
unicorns play a critical role in advancing innova-
tion, creating jobs, and driving economic dynamism 
(Shane, 2009; OECD, 2021; Testa et al., 2022; Shahid, 
2023). In 2021 alone, Europe’s unicorns generated 
over 135,000 jobs (Huebl et al., 2022). Furthermore, 
unicorn density has become a core indicator in global 
innovation rankings (WIPO, 2023). Supporting their 
emergence is thus a matter of strategic importance for 
national development agendas (Kuratko, Audretsch, 
2021; Kuckertz et al., 2020, 2023). 

In an increasingly competitive and innovation-driven 
global economy, the ability to model and forecast uni-
corn diffusion is of critical strategic value. By bridg-
ing innovation diffusion theory with the empirical re-
alities of startup ecosystems, this study offers a novel, 
data-driven framework for understanding and antici-
pating the trajectories of high-growth firms. 

Theoretical Framework and Hypothesis 
Development
This study is anchored in the Diffusion of Innovation 
(DoI) theory and utilizes the logistic and Gompertz 
diffusion models as its principal analytical frame-
works for modeling the growth trajectories of uni-
corn startups.
The conceptualization of innovation diffusion was 
first systematically articulated by Rogers (1962). Ac-
cording to Rogers, diffusion is defined as the process 
by which an innovation — understood as a new idea, 
practice, or technology — is communicated over 
time through specific channels among members of 
a social system. He identifies five core elements that 
shape this process: the innovation itself, commu-
nication channels, time, the social system, and the 
adoption decision process. Rogers also proposed a 
classification of adopters into five groups — innova-
tors, early adopters, early majority, late majority, and 
laggards — laying the foundation for understanding 
how and why innovations spread unevenly within 
populations.
Building on this theoretical base, subsequent research 
has introduced quantitative models to capture the 
temporal dynamics of innovation diffusion. Among 
the most prominent are the Logistic and the Gom-
pertz models, both of which exhibit the characteristic 
S-shaped curve of cumulative adoption. This curve 
typically unfolds in three phases: (1) a slow initial up-
take, (2) a rapid acceleration phase as the innovation 
gains legitimacy and traction, and (3) a deceleration 
as the market approaches saturation.
Originally rooted in 19th century biological and de-
mographic studies, the Gompertz and the Logistic 
model have been widely adopted in fields ranging 
from marketing and technology forecasting to epide-
miology. Their empirical relevance was notably reaf-
firmed during the COVID-19 pandemic, where they 
were extensively employed to simulate the spread of 
infection (Pelinovsky et al., 2022; Satoh, 2021).
While these models have proven robust in many con-
texts, their suitability for modeling digital-era, high-
velocity innovations, such as unicorn startups, has 
been the subject of scholarly debate. Unicorns often 
embody unique dynamics: platform-based scalability, 
global scalability, and substantial venture capital in-
fusion — factors that may generate diffusion patterns 
deviating from traditional S-curves (Urbinati et al., 
2018; Trabucchi et al., 2019). 
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However, historical evidence shows that even para-
digm-shifting innovations — such as the automobile, 
electricity, or television — can be effectively modeled 
using growth-based frameworks when appropriately 
parameterized (Meade, Islam, 2015). This under-
scores the adaptability and enduring relevance of 
these models, even in the face of disruptive techno-
logical change.
As previously noted, unicorn startups share key fea-
tures of transformative innovations: they are digitally 
native, disruptive, and rapidly adopted, often reshap-
ing entire industries. These characteristics make 
them particularly well-suited for empirical modeling 
through non-linear diffusion curves, especially the 
Logistic and Gompertz functions. 
By leveraging both models, this study conducts a 
comparative analysis of diffusion patterns across 
countries and sectors, enabling the estimation of crit-
ical parameters such as maximum market potential 
(M), growth rate (α), and inflection point (β). The Lo-
gistic model, which assumes a symmetrical S-curve, 
is optimal for contexts with balanced early and late 
adoption, while the Gompertz model — character-
ized by an asymmetrical S-curve — is better suited 
to scenarios where early adoption is gradual but fol-
lowed by a rapid acceleration in later stages.
Recent studies (e.g., Akin et al., 2020; Korkmaz, 2020) 
have shown that four-parameter extensions of the 
Gompertz and Logistic models often outperform their 
three-parameter counterparts in terms of fit and fore-
casting accuracy. The three-parameter model (Logis-
tic or Gompertz) constrains the curve to start at zero, 
which may not accurately represent the data. In reality, 
some countries might already have a baseline level of 
entrepreneurial activity or an existing tech ecosystem. 
The four-parameter model, with its lower asymptote, 
accounts for this non-zero starting point. This model 
offers greater flexibility in fitting the data, even if the 
initial data points are not perfectly accurate.
Accordingly, following the methodologies of Jha & 
Saha (2020) and Akin et al. (2020), this study employs 
both three-parameter and four-parameter versions of 
the Logistic and Gompertz models, as detailed in the 
subsections below.

Logistic Model
The Logistic curve is symmetrical about its inflection 
point. The three-parameter logistic model (LM3P) is 
as follows:

 ,                                                          (1)

M, β and α, are all positive parameters.
M is the market potential or the maximum number 
of possible unicorns, α is the growth rate or the pace 
of unicorn adoption and β is the inflection point, 
which indicates the point at which the growth of uni-

corn adoption reaches its peak and begins to decline. 
This is generated when the diffusion of unicorns has 
reached half of its maximum level (M / 2).  
The Logistic model with four parameters (LM4P) is 
as follows: 

 ,                                                 (2)

Where A is a location parameter and acts as the lower 
asymptote, B is the asymptotic amount of unicorn 
growth that occurs as t increases, and A+B=M.

Gompertz Model
The Gompertz curve has the property of being asym-
metric about the inflection point. The three param-
eter Gompertz model (GM3P) is:  

,                                                        (3)
M is the market potential or the maximum number 
of possible unicorns, α is the growth rate or the pace 
of unicorn adoption, and β is the inflection point, 
which indicates the point in time at which the growth 
of unicorn adoption peaks and begins to decline. This 
occurs when the diffusion of unicorns reaches the 
share 1/e ≈ 36.8% of its maximum level (M/e). 
The Gompertz model with four parameters (GM4P) 
is as follows: 

 ,                                             (4)

Where С is a location parameter and acts as a lower 
asymptote, D is the asymptotic amount of unicorn 
growth that occurs as t increases, and C+D=M.

Research Hypotheses
By operationalizing unicorn diffusion through es-
tablished growth models, this study empirically 
evaluates the extent to which Logistic and Gompertz 
functions can capture the cross-national and cross-
sectoral trajectories of unicorn startup proliferation. 
The following hypotheses are proposed and tested :
H1: The diffusion of unicorn startups follows an S-
shaped growth trajectory that can be effectively mod-
eled using either the Logistic or Gompertz function, 
consistent with classical innovation diffusion theory.
H2: The Gompertz model provides a superior fit in 
contexts characterized by rapid early-stage growth 
followed by premature saturation, often influenced 
by regulatory or structural constraints.
H3: The Logistic model is better suited for countries 
where structural, economic, and institutional condi-
tions support balanced, sustained scaling, aligning 
with its assumptions of symmetrical growth around 
an inflection point.
H4: Unicorn diffusion patterns differ significantly 
across countries, driven by heterogeneity in insti-
tutional frameworks, innovation capacity, access to 
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venture capital, and national entrepreneurship eco-
systems.
H5: Sector-specific factors — such as regulatory bar-
riers, technological maturity, and product lifecycle 
dynamics — significantly influence the shape, speed, 
and ultimate ceiling of unicorn diffusion trajectories.

Methodology and Data
Our analysis begins with a descriptive examination of 
the dataset (detailed in the following subsection) to 
provide a preliminary assessment of our first hypoth-
esis concerning the applicability of the Logistic and 
Gompertz diffusion models to the context of unicorn 
startups. Following this, we adopt a three-stage meth-
odological approach.
Stage 1: Model Estimation. We estimate the parame-
ters of the diffusion models outlined in Equations (1) 
through (4) for each country and industry in the sam-
ple using Nonlinear Least Squares (NLS) regression. 
For each case, the model with the highest adjusted R² 
and the lowest Root Mean Square Error (RMSE) is 
selected as the best-fitting model for historical data.
Stage 2: Forecasting and Validation. Using the estimat-
ed parameters, we forecast the diffusion of unicorns 
by country and industry for the period 2023–2033. 
To evaluate forecasting accuracy, we rely on two pri-
mary error metrics: the Mean Absolute Error (MAE) 
and the Mean Absolute Percentage Error (MAPE). 
The model exhibiting the lowest MAE and MAPE is 
considered the most reliable for projection purposes.
Stage 3: Comparative Analysis of Diffusion Dynam-
ics. To explore heterogeneity in diffusion patterns, 
we compare the fitted parameters — such as growth 
rate, inflection point, and market potential — across 
countries and sectors. This comparison enables us to 
assess the influence of institutional frameworks, digi-
tal infrastructure, and innovation ecosystems on uni-
corn diffusion by country, and the role of technologi-
cal maturity, regulatory complexity, and innovation 
cycles at the sectoral level.

Data and Descriptive Analysis
This paper focuses on assessing the goodness of fit 
and predictive ability of the Logistic and Gompertz 
models for the diffusion of unicorns. To this end, we 
use time series data on cumulative unicorns from the 
Dealroom database, specifically the so-called “Uni-
corn Club”. Launched in 2013, the Dealroom data-
base provides information on technology companies 
founded since 1990, with a particular focus on the 
EU market. Dealroom is recognized as a leading data 
provider for high-growth companies, offering de-
tailed funding round histories, valuation milestones, 
and investor networks (Veugelers, Amaral-Garcia, 
2025). It is one of the most widely cited and used da-
tabases for tracking startups, scaleups, and unicorns, 
making it highly relevant for studying their diffusion 
process. Several previous studies have relied on this 

database, such as (Burstrom et al., 2023; El-Dardiry, 
Vogt, 2023; Testa et al., 2022). Furthermore, its trans-
parent methodology for identifying unicorns — de-
fined as privately held startups exceeding a $1 billion 
valuation — ensures consistency in firm classification, 
making it well-suited for analyzing the diffusion pat-
terns of these companies across different geographies 
and industries.
The Unicorn Club is particularly well suited for re-
search as it is updated daily and is structured in an ac-
cessible way (Retterath, Braun, 2020). It enables near 
real-time tracking of new unicorns, exits, and fund-
ing activities. Unlike traditional data sources, Deal-
room provides up-to-date information, minimizing 
delays in data availability (van Meeteren et al., 2022). 
Dealroom offers granular data on the number of new 
and cumulative unicorns by continent, country, and 
industry since 2000. Compared to other databases 
(e.g., CB Insights, Crunchbase, PitchBook), Deal-
room stands out for its global scope, particularly on 
emerging markets, and its integration of proprietary 
and publicly available data sources. It gathers infor-
mation using multiple methods including automated 
harvesting of public data (e.g., press releases, VC re-
ports, job boards, domain registries), partnerships 
with government agencies to supplement startup re-
cords, and manual verification to ensure data accura-
cy (El-Dardiry, Vogt, 2023). Furthermore, Dealroom 
provides broader sectoral tags and deeper coverage 
of European ecosystems (Burstrom et al., 2023; Leen-
dertse et al., 2022).
Despite its strengths, Dealroom — like other venture 
capital databases — has limitations. As with many 
commercial startup data providers, its datasets can be 
incomplete due to the private nature of many invest-
ment deals, inconsistent reporting by some investors, 
or selective reporting of certain deal types (Testa et 
al., 2022). Moreover, while Dealroom offers extensive 
global coverage, regional gaps persist, particularly in 
the Asia-Pacific ecosystem. However, van Meeteren 
et al. (2022) validated Dealroom’s coverage by com-
paring it with Crunchbase. Their findings revealed 
similar sectoral and geographical distribution pat-
terns in both datasets, with most companies concen-
trated in North America and Europe. This suggests 
that while some limitations exist, Dealroom remains 
a reliable source for studying unicorn diffusion on a 
global scale.
According to the Dealroom database, there are cur-
rently 2,615 unicorn companies worldwide, 90% of 
which are in just 15 countries. Among these coun-
tries, the US and China alone account for 54% and 
12.42% of the total number of unicorns, respectively. 
The most represented industries are fintech, with 517 
companies in this category, healthcare with 433 uni-
corns and transportation with 234 unicorns. 
The dataset used for this paper was downloaded in 
December 2022. It covers the period 2000-2022 and 
includes information on the number of cumulative 
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unicorns in eight countries (US, China, India, UK, 
Germany, Sweden, France and the Netherlands) and 
three industries (fintech, health, and transport). Our 
database represents 80% of the world’s unicorns. The 
size of this database is consistent with diffusion and 
forecasting studies such as (Armstrong, 2001; Micha-
lakelis et al., 2008; Lee et al., 2011). 
Figures 1 and 2 describe the growth paths of the uni-
corns in the eight countries and three sectors selected 
during the study period. As can be seen from these 
figures, the shapes of the unicorn curves follow an S-
curve pattern. Therefore, using forecasts based on lin-
ear extrapolation may lead to under- or overestima-
tion. The distribution of unicorns varies considerably 
across countries and sectors. As noted above, Figure 1 
shows that most unicorns are concentrated in the US 
and China, with the former leading the pack. Among 
European countries, the UK has the most unicorns, 
followed by Germany, the Netherlands, Sweden, and 
France. However, India seems to outperform the 
EU27 countries in terms of the number of unicorns, 
especially from 2020 onwards. Figure 1 also shows 
that the number of unicorns has increased continu-
ously since 2014 in all the countries examined. 
The largest increase in unicorns came in 2021, when 
all countries except China, the Netherlands, Sweden, 
and the UK saw the highest rate of unicorn growth. 
However, it appears that the growth rate of European 
and Indian unicorns in 2021 outpaced that of their 
US and Chinese counterparts. The same patterns are 
observed for the growth rate of unicorns in the three 
sectors examined (Figure 2). Figure 2 shows that 
most unicorns are active in the health and fintech 
sectors followed by unicorns active in the transpor-
tation sector. A continuous increase in the number 
of unicorns has been observed since 2014, reaching 
a peak in 2021.

Results and Discussions
Logistic and Gompertz models with three and four 
parameters are used as growth models in this research.  
We use the non-linear least squares (NLS) and STATA 
15 software to estimate the parameters in (1), (2), (3), 
and (4), after providing appropriately chosen initial 
values, since the two curves are non-linear in the pa-
rameters of interest. The estimated parameters can 
then be used to obtain forecasts of the variable U.
The quality of the fit to the data is excellent for each 
model. All models show a high accuracy with an ad-
justed coefficient of determination (Adj_R2) greater 
than 95%. All the parameters of the models are al-
most statistically significant at the 1% level. In the fol-
lowing sections, we detail our results by country and 
by sector. 

Analysis of Unicorn Diffusion by Country
The results of the analysis for the eight countries are 
summarized in Table 1. The models obtained for all 

countries in the study are statistically significant and 
all the parameters of the models are statistically sig-
nificant at the 1% level, except for the saturation point 
parameter in the case of the USA, UK, and Germany 
(Table 1). From Table 1, we can conclude that the Lo-
gistic model is suitable for analyzing the diffusion of 
unicorns in the USA, India, Germany, the UK, France, 
the Netherlands, and Sweden. Indeed, this model 
yields a lower RMSE and a higher adjusted R2 than 
the Gompertz model. In the case of China, however, 
the Gompertz model is more appropriate to describe 
unicorn diffusion.
Our Logistic model results for unicorn diffusion in 
the USA indicate a maximum level of 6,241.574. The 
speed of convergence to the saturation level is 0.322, 
and half of the maximum level will be reached in 
2026. Using the Logistic model with four parameters, 
we find almost the same results as those reported 
above. The results of the Gompertz model indicate an 
overestimation of the potential maximum number of 
unicorns and a very low speed of diffusion (0.017). 
The values of adjusted R2, RMSE, MAE, and MAPE 
indicate that the three-parameter Logistic model is 
the best to describe and forecast unicorn diffusion in 
the USA. Our forecasting analysis shows that the sat-
uration of unicorn diffusion in the USA, generated by 
the Logistic model, is predicted to be reached in 2052.
The results of the Logistic model for the diffusion 
of unicorns in China indicate a maximum level of 
335.796, with a convergence speed to the saturation 
level of 0.694. According to the model, unicorn dif-
fusion reached half of its maximum level in 2018. 
The Gompertz model results suggest a maximum 
diffusion level of 380.713, a diffusion speed of 0.378, 
and that 36.8% of the maximum level was achieved 
in 2017. Based on the values of adjusted R², RMSE, 
MAE, and MAPE, the three-parameter Gompertz 
model demonstrates superior performance in both 
describing and forecasting unicorn diffusion in Chi-
na. Our forecasting analysis predicts that the satura-
tion of unicorn diffusion in China, as estimated by 
the Gompertz model, will be reached in 2032.
For the UK, our results from the three-parameter Lo-
gistic model for unicorn diffusion show a maximum 
level of 545.113 (but not statistically significant). The 
speed of convergence to the saturation level is 24.5% 
(significant at 1%) and half of the maximum level will 
be achieved in 2027. Using the Gompertz model, we 
find similar results to the USA case. The potential 
maximum number of unicorns is also overestimated, 
while the speed of diffusion is underestimated. The 
values of adjusted R2, RMSE, MAE, and MAPE indi-
cate that the Logistic model is the best to describe and 
forecast unicorn diffusion in the UK. Our forecasting 
analysis shows that the saturation of unicorn diffu-
sion in the UK, as generated by the Logistic model, is 
predicted to be reached after 2032.
For India, the results of the four-parameter Logistic 
model for unicorn diffusion indicate a maximum 
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level of 139.889 and the speed of convergence to the 
saturation level is 97%. Unicorn diffusion reached 
half of its maximum level in 2021. The results of the 
Gompertz model indicate a maximum diffusion level 
of 313.211 (but not statistically significant), the speed 
of diffusion is 0.298 and 36.8% of its maximum level 
was achieved in 2022. From Table 1, we can conclude 
that the four-parameter Logistic model provides 
more accurate results in describing and forecasting 
the unicorn diffusion in India, which is reflected in 
its high adjusted R2 and low RMSE, MAE, and MAPE. 
Our forecasting analysis shows that the saturation 
point of unicorn diffusion in India, as generated by 
the Logistic model, is predicted to be reached in 2030.
The results of the four-parameter Logistic model for 
the diffusion of unicorns in France show a maximum 
level of 91.9 and the speed of convergence to the satu-
ration level is 0.496. Unicorn diffusion achieved half 
of its maximum level in 2023. The Gompertz model 
strongly overestimates the ultimate potential number 
of unicorns and underestimates the speed of diffu-
sion. The four-parameter ogistic model is found lto 
be suitable for describing the process of unicorn dif-
fusion in France, while the Gompertz model is the 
best for predicting unicorn diffusion. However, given 
that the predictive performance of the Logistic and 
Gompertz models is not significantly different and 
considering that the ultimate market potential esti-
mate of the Logistic model is more realistic (91.9), we 
choose the Logistic model over the Gompertz model 
to forecast the unicorn diffusion in France.  Accord-
ing to our forecast results generated by the Logistic 
model, the saturation of unicorn diffusion in France 
will be reached in 2032. 
The four-parameter Logistic model also performs 
well in describing and forecasting the diffusion pro-
cess of unicorns in Sweden and the Netherlands. In 
Sweden, the maximum potential number of unicorns 
is 48 and half of this number was reached in 2021. In 

the Netherlands, it took a year longer to reach half of 
the maximum potential number of unicorns, which is 
57. Our results also show that unicorns in Sweden are 
diffusing at 2.4 times the speed of unicorn diffusion 
in the Netherlands. Regarding our forecasting results, 
we find that while Sweden will achieve its saturation 
point of unicorn diffusion in 2027, the Netherlands 
will need five more years to reach its maximum po-
tential number of unicorns.
For the case of Germany, the performance analysis 
of non-linear growth models based on adjusted R2 
and RMSE shows that the three-parameter Gompertz 
model is more suitable for describing and forecast-
ing the diffusion of German unicorns. However, the 
saturation value is strongly overestimated, while the 
speed of growth is underestimated, and these values 
do not seem plausible with the German data. This es-
timation problem has also been identified by several 
previous researchers such as (Gamboa, Otero, 2009; 
Jha, Saha, 2020) in the telecommunications industry. 

Source: authors.

Figure 1. Growth Path of Unicorns by Country
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Figure 2. Growth Path of Unicorns by Sector
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Parameter Country
USA (n=23) China (n=12) UK (n=13) India (n=13)

Model Logistic Gompertz Logistic Gompertz Logistic Gompertz Logistic Gompertz
M_3P 6241.574 8.94e+09 335.796 * 380.713* 545.113 452195.2 196.359* 6.94e+08
M_4P 5 545,489 - 342,582* 378,268* 381.833 2 358,319 139.889* 313.211
_3P 0.322 * 0.017* 0.694* 0.378* 0.245* 0.024 0.678* 0.028*
_4P 0.331* - 0.637* 0.385* 0.276** 0.066 0.97* 0.298**
_3P 2025.629* 2182.154* 2017.603* 2016.996 * 2026.676* 2109.214* 2021.719* 2121.446*
_4P 2025.065* - 2017.574* 2017.007* 2024.435* 2038.416* 2020.835* 2022.305*

In-sample
Adj R2_3P 0.995 0.995 0.998 0.999 0.997 0.996 0.987 0.985
Adj R2_4P 0.993 - 0.996 0.998 0.991 0.991 0.988 0.983
RMSE_3P 34.047 34.978 8.122 5.119 3.683 3.727 4.532 4.849
RMSE_4P 34.825 - 7.583 5.304 3.853 3.841 3.685 4.386

Out-of-sample
MAE_3P 15.412 16.437 5.898 3.791 2.252 2.339 3.227 3.309
MAE_4P 15.685 - 5.194 3.6 2.181 2.151 2.37 2.745
MAPE_3P 0.132 0.135 0.415 0.238 0.063 0.068 0.465 0.373
MAPE_4P 0.417 - 0.467 0.19 0.055 0.052 0.451 0.483

Parameter Country
Germany (n=13)   France (n=13) Sweden (n=13) Netherlands (n=14)

Model Logistic Gompertz Logistic Gompertz Logistic Gompertz Logistic Gompertz
M_3P 2648.196 3.59e+08 15139.13 4.64e+08 81455.96 1.82e+08 186.937 1.26e+08
M_4P 301,384 1.08e+08 91.9** 1.11e+08 48,308* 88,65*** 56,765** 236,871
_3P 0.285* 0.017* 0.355* 0.021* 0.319* 0.021* 0.236* 0.013*
_4P 0.349 0.020* 0.496* 0.024* 0.834* 0.295** 0.347*    0.091***
_3P 2035.042* 2182.009* 2039.03* 2157.377* 2046.163 2153.066* 2029.22  2224.1 *
_4P 2025.92 * 2154.355 * 2022.98* 2132.8* 2020.632* 2021.679* 2022.15*   2030.601*

In-sample
Adj R2_3P 0.982 0.984 0.991 0.991 0.983 0.985 0.995 0.996
Adj R2_4P 0.955 0.960 0.991 0.990 0.990 0.985 0.992 0.991
RMSE_3P 3.557 3.408 1.117 1.124 1.982 1.865 0.837 0.82
RMSE_4P 4.138 3.888 0.950 0.980 1.131 1.39 0.776 0.794

Out-of-sample
MAE_3P 2.48 2.461 0.817 0.894 1.456 1.488 0.603 0.618
MAE_4P 2.59 2.594 0.546 0.572 0729 0.937 0.523 0.541
MAPE_3P 0.4 0.344 0.338 0.399 0.246 0.306 0.108 0.112
MAPE_4P 0.235 0.226 0.143 0.123 0.260 0.301 0.084 0.086

Note: Significance level: *, p < 1%; **, p < 5%; ***, p < 10%. Some values are not reported since the modeling failed to achieve the convergence criteria 
even after thousands of iterations..
Source: authors.

Table 1. Estimated Parameters of the Unicorn Diffusion Models by Country

Furthermore, we find that the NLS estimation pro-
cedure requires more than two thousand iterations 
to reach the convergence criteria, in contrast to the 
Logistic model, which requires only a few iterations. 
Since the maximum potential number of unicorns es-
timated with the Logistic model is more realistic, we 
chose the Logistic model over the Gompertz model 
to describe and forecast the diffusion processes of 
unicorns in Germany. For the choice between a Lo-
gistic model with three or four parameters, we refer 
to Figure 3. We find that the Logistic model with four 
parameters best fits the real adoption curve. There-
fore, we consider this model to be the most suitable 
for describing and predicting the diffusion of uni-
corns in Germany. The results show that the growth 
rate is 34.9%, the saturation level is 301.384, and half 
of this saturation level will be reached in 2026. Ac-
cording to our forecasting analysis results, generated 

by the four-parameter Logistic model, unicorn diffu-
sion in Germany will reach 128 in 2025.
Comparing the estimated parameters of the best fit-
ted models for our sample of countries, the results 
show that India has the highest estimated speed of 
diffusion (97%), followed by Sweden (83.4%) and 
China (37.8%). As for the maximum diffusion of uni-
corns, our results show that the US has the highest 
level (6,241.574), followed by the UK (545.13) and 
China (380.713). Therefore, the US will continue to 
be the top country for unicorns. We also find that 
China, India, France, Sweden, and the Netherlands 
have already reached half of their maximum diffusion 
of unicorns. Conversely, the US, UK, and Germany 
still need one to two years to reach this level. Further-
more, we find that all the countries selected in our 
analysis, except the US, will reach their maximum 
level of unicorn diffusion around 2030.
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Results of the Unicorn Diffusion Analysis by Sector
In this section, we report the results of our analysis of 
the unicorn diffusion process by sector. The results of 
the analysis, for the three selected sectors, are sum-
marized in Table 2.
The models obtained for all the sectors in the study 
are statistically significant and almost all the parame-
ters of the models are statistically significant at the 1% 
level. From Table 2, we can conclude that the Logistic 
model is suitable for analyzing the diffusion of uni-
corns in all three sectors, as it provides a lower RMSE 
and a higher adjusted R2 than the Gompertz model.
For the fintech sector, our Logistic model results in-
dicate a maximum level of 1,630.231. The speed of 
convergence to the saturation level is 0.431 and half 
of the maximum level will be reached in 2024. Us-
ing the Logistic model with four parameters, we find 
similar results. The Gompertz model results indicate 
an overestimation of the potential maximum number 
of unicorns and a very low speed of diffusion (0.022). 
The adjusted R² and RMSE values indicate that the 
three-parameter Logistic model is well-suited for de-
scribing unicorn diffusion in the fintech sector, while 
the Gompertz model performs better for predicting 
diffusion. However, given the Logistic model’s more 
realistic estimate of the ultimate market potential 
(1,630.231), as illustrated in Figure 4, we have chosen 
the three-parameter Logistic model for forecasting 
unicorn diffusion in the fintech sector. According to 
our analysis, unicorn diffusion in the fintech sector is 
expected to reach saturation by 2040.
For the health sector, the three-parameter Logistic 
model results indicate a maximum level of 619.390 
unicorns, with a convergence speed to the saturation 
level of 50.8%. Unicorn diffusion reached half of its 
maximum level in 2020. The Gompertz model re-
sults indicate a maximum diffusion level of 1,440.596, 
a diffusion speed of 15.9%, and 36.8% of the maxi-
mum level reached in 2023. Based on the adjusted 
R², RMSE, MAE, and MAPE values, we find that the 
three-parameter Logistic model performs best in 
describing and forecasting unicorn diffusion in the 
health sector. Our forecasting analysis predicts that 
the saturation of unicorn diffusion in the health sec-
tor will be reached in 2030. 
For the transport sector, the three-parameter Logistic 
model results indicate a maximum level of 318.955 
unicorns, with a convergence speed to the saturation 
level of 50.4%. Unicorn diffusion reached half of its 
maximum level in 2020. The Gompertz model results 
indicate a maximum diffusion level of 615.22, a dif-
fusion speed of 17.6%, and 36.8% of the maximum 
level reached in 2022. From Table 2, we can conclude 
that the three-parameter Logistic model provides 
more accurate results in describing and forecasting 
unicorn diffusion in the transport sector, as reflected 
in its high adjusted R2, low RMSE, MAE and MAPE. 
Our forecasting analysis predicts that the saturation 

of unicorn diffusion in the transport sector will be 
reached in 2030. 
Comparing the estimated parameters of the best-fit 
models for our selected sectors, the results show that 
the fintech sector has the lowest estimated speed of 
diffusion (43.1%) but the highest saturation level 
(1,630). We also find that selected sectors have already 
reached half of their maximum diffusion of unicorns. 
Furthermore, the transportation and health sectors 
are expected to reach their maximum unicorn diffu-
sion in seven years, while the fintech sector will need 
ten more years to reach this level.   

Discussion
This study is the first to systematically apply Logistic 
and Gompertz models to analyze the diffusion of uni-
corn startups across major countries and sectors. The 
findings provide several key insights into growth tra-
jectories, ecosystem maturity, and the influence of in-
stitutional environments on entrepreneurial success.
Validation of S-Curve Dynamics. First, we confirm H1: 
the diffusion of unicorns follows an S-shaped curve, 
consistent with established patterns in product and 
technology adoption. Contrary to earlier concerns 
(e.g., Urbinati et al., 2018), S-curve models effectively 
capture the early acceleration and eventual saturation 
of unicorn creation.  In line with previous studies 
(Akin et al., 2020; Korkmaz, 2020), four-parameter 
models improve forecasting accuracy, particularly in 
cases of delayed take-off or early saturation. 
Model Performance: Logistic vs. Gompertz. Consis-
tent with H2 and H3, the Logistic models generally 
outperform Gompertz, especially in market-oriented 
ecosystems such as the US, India, and most Euro-
pean nations. These environments are characterized 
by steady access to venture capital and organic en-
trepreneurial growth, making the symmetric nature 
of the Logistic curve an appropriate fit. In contrast, 
the Gompertz model is better suited for China, where 
unicorn creation is front-loaded due to state-driven 
initiatives like “Made in China 2025,” followed by a 
sharp decline owing to regulatory constraints. This 
explains China’s early saturation point (2032) and 
lower ceiling (381 unicorns), as supported by recent 
analyses on the revival challenges of Chinese uni-
corns (Jian et al., 2024). Conversely, the United States 
exhibits consistent annual growth of 32.2%, progress-
ing toward a saturation ceiling of 6,241 unicorns — a 
pattern well aligned with Logistic dynamics.
Country-Level Diffusion Patterns. As predicted by 
H4, unicorn diffusion dynamics vary significantly 
across countries. The US leads in saturation (6,241 
unicorns), with the highest saturation ceiling, sup-
ported by mature financial markets, extensive R&D 
networks, and robust startup ecosystems. India dem-
onstrates the fastest annual growth rate (97%), driven 
by a large market and rapid tech adoption (Startup 
Genome, 2022), though its ultimate ceiling is lower 
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Parameter
Sector

Fintech (n=21) Healthcare (n=19) Transport (n=17)
Model Logistic Gompertz Logistic Gompertz Logistic Gompertz
M_3P 1630.231***  3.11e+09   619.390* 1440.596**   318.955*  615.22*
M_4P 1 373,545**  239 642,95   599,396* 1 179,559**   315,394* 541,338*
_3P 0.431*  0.022*   0.508* 0.159*   0.504* 0.176*
_4P 0.459*  0.052   0.532* 0.184*   0.512* 0.196*
_3P 2023.707* 2148.927*  2020.128* 2022.922 *  2019.911* 2021.68 *
_4P 2023.045 * 2056.553*  2020.007* 2021.828 *  2019.87* 2021.032*

In-sample
Adj R2_3P 0.992 0.992 0.996 0.994 0.998 0.997
Adj R2_4P 0.989 0.988 0.995 0.993 0.996 0.996
RMSE_3P 14.75 15.026 9.925 12.301 4.598 5.098
RMSE_4P 14.967 15.639 9.986 12.062 4.750 4.905

Out-of-sample
MAE_3P 6.961 6.538 5.457 7.447 2.674 3.210
MAE_4P 6.678 6.732 5.191 6.814 2.5 2.501
MAPE_3P 0.334 0.295 0.302 0.492 0.249 0.392
MAPE_4P 0.474 0 .415 0.402 0.768 0.154 0.219
Note: Significance level: *, p < 1%; **, p < 5%; ***, p < 10%. 
Source: authors.

Table 2. Estimated parameters of the unicorn diffusion models by sector

due to limitations in capital, depth, and infrastruc-
ture. This contrast illustrates a classic trade-off: rapid 
diffusion may come at the cost of long-term scalabil-
ity. European countries exhibit moderate diffusion 
patterns and mid-range saturation potential. While 
their capital markets are more fragmented, stable 
institutional environments provide a foundation for 
sustained, but slower, unicorn development (Testa et 
al., 2022).
Sectoral Dynamics and H5 Validation. H5 is also vali-
dated. The fintech sector demonstrates the slowest 
diffusion rate but the highest projected long-term po-
tential (1,630 unicorns), reflecting persistent regula-
tory hurdles and trust concerns (CB Insights, 2023). 
By contrast, health and transportation sectors display 
faster adoption, fueled by clear demand signals and 
fewer institutional constraints. These differences un-
derscore the need for sector-specific policy and in-
vestment strategies.
Theoretical Contributions and Diffusion Mechanisms. 
These findings affirm Rogers’ diffusion of innova-
tions theory, emphasizing the role of social systems 
and institutional factors in shaping S-curve trajecto-
ries. In market-oriented environments (e.g., the US, 
India, Europe), unicorn diffusion typically proceeds 
through the classic phases of slow initiation, rapid 
acceleration, and eventual saturation. These patterns 
align with the Logistic model. Conversely, in state-
led ecosystems such as China, diffusion is asymmet-
ric, with strong early-stage support followed by regu-
latory constraints — well captured by the Gompertz 
model.
Implications for Policymakers and Investors. This 
study offers practical implications for both policy-

makers and investors. For investors, understanding 
cross-country saturation levels and sectoral adoption 
speeds is critical for timing entry and exit strategies. 
In China, regulatory volatility presents a key risk, 
whereas in the US, market saturation could limit fu-
ture returns. Geographic diversification — balancing 
high-growth potential in China and India with the 
stability of the U.S. and Europe — can help mitigate 
these risks.
Policymakers should anticipate market saturation and 
support unicorn scaling through targeted reforms. In 
the US, continued investment in venture capital in-
frastructure and innovation leadership is essential. 
China must transition toward more market-orient-
ed policies to enable long-term scaling, beyond the 
initial growth push. Its lower saturation ceiling (es-
timated at 335–380 unicorns) underscores the need 
for sectoral deregulation and deeper capital markets. 
Europe, meanwhile, must address its scale-up gap by 
harmonizing policies, improving cross-border invest-
ment flows, and supporting regional innovation clus-
ters.
To accelerate unicorn diffusion, governments should 
focus on sector-specific enablers — such as regula-
tory reform in fintech, increased R&D investment in 
health, and risk-sharing mechanisms for early-stage 
ventures in all high-potential sectors.

Conclusion
This study investigates the global diffusion of unicorn 
startups through the lens of Logistic and Gompertz 
models, offering a novel application of innovation 
diffusion theory to the startup ecosystem. By analyz-
ing cross-country and sectoral trends — particularly 
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Notе: plog4= forecasting by LM4P, plog3 = forecasting by LM3P, pgom3= forecasting by GM3P, pgom4 = forecasting by GM4P.
Source: authors.

Figure 3. Unicorn Diffusion and Forecasting by Country
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in the United States, China, India, and key European 
countries, as well as in the fintech, health, and trans-
portation sectors — the research uncovers significant 
insights into the dynamics shaping unicorn emer-
gence and growth.
The results demonstrate that Logistic models outper-
form Gompertz models in market-driven ecosystems 
such as the US, India, and most European nations, 
where organic entrepreneurial activity and venture 
capital access are prominent. Conversely, China’s dif-
fusion pattern aligns more closely with the Gompertz 
model, reflecting early saturation due to centralized 
policy controls and regulatory constraints. The use of 

four-parameter models further improves forecasting 
accuracy, particularly in contexts with delayed take-
off or premature saturation.
Country-specific findings reveal pronounced hetero-
geneity. The United States remains the global leader 
in unicorn creation, supported by deep financial mar-
kets, a robust innovation infrastructure, and sustained 
startup scaling. India exhibits remarkable growth 
velocity but faces a lower saturation threshold. Eu-
rope presents a more fragmented landscape — while 
countries such as Germany, France, and Sweden show 
solid growth trajectories, fragmented capital markets, 
regulatory heterogeneity, and limited cross-border 
scaling hinder broader continental convergence.
Sectoral analysis confirms that diffusion dynamics 
vary significantly. Fintech lags in adoption speed due 
to regulatory complexity and trust barriers but holds 
the highest long-term potential. In contrast, the 
health and transportation sectors benefit from strong 
demand drivers and relatively streamlined institu-
tional environments, leading to faster uptake.
These findings carry meaningful implications. For 
policymakers, tailored interventions are essential: 
market-driven economies should focus on reinforc-
ing venture capital ecosystems and nurturing region-
al innovation hubs, while state-led economies may 
need to adopt regulatory reforms that support entre-
preneurial scaling. Sector-specific strategies, such as 
reducing barriers in fintech or investing in R&D for 
health and transportation, are also vital.
For investors and startup founders, understanding 
the interplay between sectoral adoption speeds and 
country-specific saturation levels can help optimize 
strategic decisions. Identifying inflection points in 
growth trajectories enables better timing for market 
entry, scaling, or exit.
While this study breaks new ground by modeling uni-
corn diffusion globally, several limitations suggest di-
rections for further research. First, although Logistic 
and Gompertz models capture broad patterns effec-
tively, they could be extended — for example, through 
five-parameter or hybrid models — to account for 
more nuanced dynamics. Second, incorporating a 
longitudinal dimension by categorizing unicorns 
based on the year they attained unicorn status could 
offer deeper insights into cohort-specific behaviors 
and lifecycle patterns. Third, future research could 
develop a more comprehensive framework integrat-
ing macroeconomic variables, institutional quality, 
digital infrastructure, and policy environments to 
better explain cross-country and cross-sector diffu-
sion differences.
By advancing both the theoretical and empirical un-
derstanding of how unicorns emerge and scale, this 
study lays the groundwork for more data-driven and 
context-sensitive policy and investment strategies 
aimed at fostering inclusive and sustainable innova-
tion ecosystems globally.

Note: plog4= forecasting by LM4P, plog3 = forecasting by LM3P, 
pgom3= forecasting by GM3P, pgom4 = forecasting by GM4P..
Source: authors.

Figure 4. Unicorn Diffusion 
and Forecasting by Sector
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The Role of Digital Leadership Capabilities  
in Enterprise-Wide Digital Transformation

Abstract

In a situation of rapid technological development and 
the world’s transition to a new technological regime, 
organizations are faced with the need for digital 

transformation (DT). This process goes beyond the simple 
implementation of advanced technologies and involves 
the management of processes of increased complexity, 
deep recombinations of business processes, structures, 
methods of external communications, and so on. However, 
these factors are not considered by most organizations. In 
other words, DT is underestimated in terms of complexity, 
duration, and intensity of adaptation stress. Only 10%-20% 
of organizations succeed in such a transformation at the 
first attempt, with large companies failing most often. This 
study analyzes the reasons why most of these initiatives 

fail to achieve their goals. Particular emphasis is placed on 
the link between digital competencies of managers and the 
impact of technological reforms. For this purpose, an array 
of relevant publications on the topic of DT over the last five 
years was analyzed. According to the results, the majority 
of organizations enter DT without proper preparation in 
the form of early revision of competencies and corporate 
culture, going beyond the established models of thinking 
and behavior, which previously provided competitiveness, 
but in the new context cease to work. Principles that 
increase the chances of successful digital transformation are 
formulated. This article contributes to the growing body of 
knowledge on management practices in transformational 
transitions.
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Introduction
In the context of dynamic technological progress, or-
ganizations are faced with the need to move to more 
complex development models, including the digital 
economy. According to the UN, in 2019, the volume 
of the global digital economy already reached an im-
pressive $22.5 trillion (UNCTAD, 2019), and the pan-
demic crisis has become a powerful driver of its further 
growth.
The key to the transition to a digital economy is a 
comprehensive digital transformation (DT), which, 
when done correctly, can provide organizations with 
significant benefits in terms of increasing value and 
maintaining sustainability and competitiveness in an 
uncertain business environment (Ciao et al., 2024). At 
the same time, the requirements for entrepreneurship 
standards and business conduct in general are becom-
ing more stringent.
The main goal of DT is to change value creation prac-
tices along the entire value chain: from digitizing pro-
duction processes to increasing the transparency of 
relationships in production and supply chains (Kirti 
et al., 2022), which optimizes management practices 
(Klos et al., 2021). Thus, the ultimate goal of DT is not 
simply to go digital, but rather to ensure sustainable 
growth and value creation. In general, the implementa-
tion of DT implies a long-term, comprehensive strategy. 
Digital technologies are becoming tools for organiza-
tions to modernize production models, management, 
customer service, and marketing strategies. Based on 
these observations, governments are rethinking laws 
and policies related to data security, intellectual prop-
erty, and the formation of digital competencies (Mer-
gel et al., 2019; Nambisan et al., 2019).
The human factor remains the key driver of adapta-
tion to new technological cycles (Schiuma et al., 2024). 
Whether an organization can master opportunities of 
a fundamentally different level depends on personnel 
with the appropriate competencies, including dynamic 
capabilities, especially for executive management. De-
spite its importance, the role of management in the 
implementation of DT is an insufficiently studied fac-
tor (Trenerry et al., 2021). The philosophy of resource 
renewal and competencies aimed at implementing 
complex DT processes differ significantly from tradi-
tional management patterns (Veeraya et al., 2024). The 
shortage of such a set of skills is demonstrated by the 
fact that in more than 80% of cases, digital transfor-
mations do not achieve the desired goals (Oludapo et 
al., 2024). The problem is particularly characteristic of 
large organizations due to the difficulties they experi-
ence in moving away from traditional management 
models that once ensured competitiveness (Oludapo et 
al., 2024; Trenerry et al., 2021). Removing this barrier 

requires a radically different perception of the dyna-
mism of change and increased persistence in proactive 
action (Oludapo et al., 2024).
In-depth research is needed to better understand the 
aspects that determine the effectiveness of corporate 
digital transformation. Our article contributes to this 
process by analyzing the latest literature on the topic 
and is aimed at identifying the links between transfor-
mation processes at organizations, their management 
practices, effectiveness, and development strategies.

Research Methodology
To select relevant publications, a set of search terms in 
combination with Boolean operators (AND/OR) was 
used, namely: “digital transformation”, “digital literacy 
of managers”, “dynamic potential”, and “company man-
agement and efficiency”. The search was performed in 
the Web of Science database due to its authority and 
representativeness. In accordance with the specified 
criteria, 14,895 materials were included in the search 
results, which were filtered by the following criteria:
•	 open access;
•	 review publications;
•	 articles in English;
•	 published in the last five years (2021–2025);
•	 belong to the corresponding Web of Science cat-

egories (business, management, environmental 
science, computer science, support staff).

After applying the above criteria, 48 studies remained, 
of which five studies were subjected to in-depth analy-
sis (see Table 1), the rest supplemented the literature 
review.
As the analysis shows, China holds the lead in the 
number of scientific publications on the topic under 
consideration (3158), more than twice exceeding Ger-
many, which ranks second (Table 2). Its lead is due to 
the large-scale development of science, technology, 
and entrepreneurship in the country. A number of Eu-
ropean countries (Germany, Great Britain, Italy, and 
Spain, the BRICS countries (India, Brazil, Russia), and 
Australia) are also notably active.
Figure 1 shows the dynamics of the number of publi-
cations in recent years. It is noteworthy that if about 
2,000 articles were published in 2021, then just three 
years later this figure doubled. There has been a signifi-
cant shift toward the digitalization of organizational 
functions, which has led to the interest of researchers 
in the relevant topic. A large body of work is devoted 
to the relationship between digital technology and 
management and the dynamic capabilities, innovative 
activity, and efficiency of companies.
Figure 2 shows the direct links between DT and other 
aspects of management.
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Table 1. Publications that Formed the Basis of the Literary Analysis

a ) Schiuma et al., 2024

Topics • The role of managers in managing digital knowledge and digital technologies of the organization
• Human-centered approach to DT

Author’s 
keywords

Leader - Organizational Transformer; Digital Knowledge; Digital Transformation; Leadership Competencies

Methodology • Grounded Theory Method
• Deductive analysis of literature followed by inductive empirical research
• Semi-structured interviews

Key findings Need for deep awareness of the practical aspects of DT at senior management levels

Source: compiled by the authors.

e) Mrugalska, Ahmed, 2021
Topics Flexibility of organizations;  Industry 4.0 Technologies;  Intelligent manufacturing;  Internet of Things (IoT ); Cyber-

physical systems; Big data analytics; Cloud computing
Author’s 
keywords

Industry 4.0; organizational agility; Industry 4.0 ecosystem; environment

Methodology Systematic literature review
Key findings Strategic flexibility is becoming critical for managing change in organizations in conditions of increased uncertainty. 

The introduction of Industry 4.0 technologies facilitates the development of this competence in different dimensions. 
The main technological tools include intelligent manufacturing, the Internet of Things, cyber-physical systems, big data 
analytics, and cloud computing.

d) Espina-Romero et al., 2023
Topics • Evolution of digital management competencies (2018-2023) with a focus on the impact of the pandemic crisis

• Study of the geography of the authors of the relevant studies
• Specifics of digital management competencies in education and industry
• contexts
• Dependence of the effectiveness of the digital transformation on the level of technology development
• Adaptation of management competencies to the specifics of the digital environment

Author’s 
keywords

Digital management competencies ; digital transformation; technology; adaptation to change; innovation; technical 
skills; change management; effective communications; strategic decision making

Methodology Quantitative bibliometric analysis
Key findings • The pandemic crisis has significantly increased the importance of digital transformation and the role of 

technological competencies of managers in this process
• The main publication activity on the topic under consideration was demonstrated by European and Asian countries, 

and the top three were the USA, Germany and China

c) Gouveia et al., 2024
Topics • Value creation mechanisms and strategic management in the context of digital transformation

• The contribution of digital entrepreneurship to sustainable business development
• Innovative business models
• Digital transformation of SMEs

Author’s 
keywords

Strategic management; digital transformation; c value creation

Methodology Systematic review, bibliometric and cluster analysis of literature

Key findings Changes in industry value creation mechanisms under the influence of digital transformation require adaptation of 
development strategies and technological potential of companies

b) Oludapo et al., 2024
Topics Analysis of problems associated with DT, the frequency of failures of this process and the main reasons
Author’s 
keywords

Digital transformation; failures; organizational transformation; information system; competence transformation

Methodology • Bibliometric analysis
• Thematic mapping of literature

Key findings • More than 80% of DT initiatives end in failure
• Modern research operates with broad categories such as “technology,” “information system,” and “management,” 

which results in a simplified understanding of the digital transformation ecosystem and leaves the causes of failures 
unidentified.

• Insufficient awareness and understanding of the reasons for the failure of the DT
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The Main Results of the Literary Analysis
Definition of the Digital Transformation
DT goes beyond the simple implementation of ad-
vanced technologies and involves the management of 
highly complex processes, including the deep recom-
bination of business processes, structures, and external 
communication methods (Oludapo et al., 2024; Bres-
ciani et al., 2021). The basic condition for its successful 
completion is the creation of a new culture that allows 
for flexible adaptation to emerging technologies and 
effective operation in a variety of interconnected, rap-
idly changing contexts (Plekhanov et al., 2023).
DT is developing in three stages: digitalization, the 
transformation of management models, and value 
creation (Kraus et al., 2022; Zhu et al., 2021). The 
first two stages involve the digitalization of data and 
business processes, respectively, becoming the basis 
for the deep integration of digital technologies into 
management mechanisms (Pagani, 2013; Piepponen 
et al., 2022; Verhoef et al., 2021). Digital technologies 
improve communication and collaboration, reduce the 
costs of implementing business processes, increase the 
efficiency of logistics, capital movement, and the circu-
lation of information flows (Heredia et al., 2022; Nam-
bisan, 2019), and facilitate value creation under con-
ditions of uncertainty (Ferreira et al., 2019). However, 
it is necessary to take into account that DT is a con-
tinuous and long-term process (Bharadwaj et al., 2013), 
requiring maintaining a focus on creating innovation 
(Gao et al., 2022; Hinings et al., 2018). The stumbling 
block for DT is outdated organizational practices and 
rigid corporate culture (Correani et al., 2020).

Digital Competencies of Managers
The penetration of digital technologies into all as-
pects of business makes the relevant competencies of 
management personnel critically important. We are 
talking about the skills of managing organizations as 
complex systems and their adaptation to a changing 
environment (Karakose, Tulubas, 2023), in which new 
technological solutions create opportunities of a fun-
damentally different level. DT involves going beyond 
the technological dimension into the area of strategic 
and cultural aspects, and, consequently, reformatting 
thinking and behavioral patterns (Veeraya et al., 2024; 
Oludapo et al., 2024; Trenerry et al., 2021; Peng et al., 
2024).
Managers with such competencies are able to become 
powerful motivators of innovative activity and trans-
mit the relevant skills and knowledge to all levels of 
personnel (Karakose et al., 2022; Wang et al., 2024) and 
integrate technical capabilities and social systems into 
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Country Number of Publications
China 3158
Germany 1204
USA 1083
United Kingdom 914
Italy 840
Spain 746
Russia 657
India 570
Australia 497
Brazil 467
Note: the number of publications is calculated on the basis of initial 
sample.
Source: authors.

Table 2. Number of Publications  
by Country and Region

Source: authors.

Figure 1. Number of Publications by Year
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a single strategic framework (Qiao et al., 2024). Digital 
competencies, superimposed on the previous skill base 
and corresponding to emerging opportunities, help to 
effectively implement more complex technological so-
lutions (Schiuma et al., 2024) and create innovations.
Strategic agility and dynamic capabilities enable the 
acceleration of an organization’s digital transformation. 
Interdisciplinary collaboration enables the coordina-
tion of DT initiatives with different areas of the organi-
zation’s activities (Mrugalska, Ahmed, 2021).
Leaders with digital competencies can ensure their or-
ganizations are better positioned strategically to both 
seize digital opportunities and to address challenges 
and manage the risks associated with technological 
change (Mollah et al., 2024). As a result, their competi-
tiveness, operational efficiency and customer base in-
dicators improve (Karippur, Balaramachandran, 2022).
Managers with such competencies are able to become 
powerful stimulators of innovation and transmit the 
relevant skills and knowledge to all levels of staff (Feli-
ciano et al., 2023).

Factors of DT Failure at Organizations
Change management and technology adoption initia-
tives represent a significant expense in today’s orga-
nizations. Despite this, failure rates remain high, es-
pecially at large companies (Oludapo et al., 2024). A 
McKinsey study of a sample of over 800 traditional en-
terprises worldwide shows that while 70% have started 
using digital transformation, 71% of that number are 
still in the experimentation stage. For example, as of 
2021, only 16% of Chinese enterprises achieved their 
initial digital transformation goals (Ciao et al., 2024). 
The key constraints to digital transformation include 
cultural and structural barriers, the importance of 
which is often underestimated. In the context of large-
scale contextual changes, organizations can no longer 
rely on established management models (which en-
sured success in previous conditions) and incremen-
tal transformations. There is a need for a shift in the 
strategic paradigm. The previously noted 80% failure 
rate in the implementation of digital transformation 
is only an average figure. In large organizations, it can 
reach 90% (Ramesh, Delen, 2021)1, which can partly 
be associated with their larger scale of operations and 
ambitious goals. However, the decisive contribution 
to this increased figure is made by: rigid hierarchical 
structures, inflexible business models and cultural in-
ertia (O’Brien et al., 2023). Let us consider the listed 
factors in more detail.

Structural complexity. An important prerequisite for 
effective digital transformation is: significant systemic 
changes based on a holistic strategic approach, taking 
into account technological, process, and personnel 
components. As a rule, several initiatives are imple-
mented simultaneously, related to the distribution of 
roles and responsibilities, as well as the creation of 
special digital units. This implies changes in the orga-
nizational culture aimed at adapting personnel to new 
forms of work (Jöhnk et al., 2020). Large organizations 
typically have numerous interdependent units that are 
semi-autonomous and build their own operating mod-
els. Any changes in their activities, especially within 
the framework of DT, which is complex, spread to oth-
er business units, causing a cascading effect of changes. 
Thus, efforts to direct this process onto the right path 
inevitably go beyond local adjustments (Karakose et 
al., 2022). At the same time, they should vary in scope, 
since, for example, in some cases it is impossible to ig-
nore taking into account local specifics (different regu-
latory requirements may apply in different regions of 
the company’s operations, etc.).
Significant barriers to DT arise at the operational and 
strategic levels due to the slow speed of decision-mak-
ing, which is caused by cultural inertia and the com-
plexity and rigidity of organizational structures. Some 
culturally homogeneous organizations with a rich his-
tory demonstrate reluctance to change their patterns, 
despite changed external circumstances (Haskamp et 
al., 2021). This is especially true in cases where estab-
lished models have been successful for a long time. A 
conflict of interests arises between the different levels 
of the hierarchy: middle management begins to per-
ceive radical changes, including DT, as a threat to their 
status quo.
Initiatives to experiment and implement new ap-
proaches can also be held back by such “convincing” 
arguments of their opponents as excessively high costs 
of modernization. Another significant factor deter-
mining the failure of digital transformation is the lack 
of a knowledge base that is not adapted to the modern 
context, since most existing theories of organizational 
transformation were created before the advent of the 
Internet (Haskamp et al., 2021). In modern condi-
tions, the dynamics of the spread of new technologies 
requires their prompt coordination with existing prod-
ucts, processes, and strategies.
The scale of the required changes. The digital transfor-
mation of large organizations affects many stakehold-
ers, including hundreds of employees located in differ-
ent territories. As a result, the process is extended over 

1 The remaining 10% of initiatives can be considered successful because they are implemented within the planned budget and within the planned time 
frame.
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a long period, during which the market situation may 
change unpredictably. Despite this, the organization is 
still expected to provide acceptable economic indica-
tors. Overcoming such a multidimensional challenge 
requires thorough preparation.

Limitations of Traditional Approaches to Change 
Management
Linear nature of management models. Traditional 
change management tools are based on the idea of 
the predictable and linear nature of change. There 
are many approaches that assume a step-by-step logi-
cal progression, including Kotter’s eight-stage model 
(Kotter, 1995). However, the modern context makes 
them irrelevant due to the failure to take into account 
such aspects as complexity, non-linearity, the iterative 
nature of transformational transitions, and the need 
for rapid adaptation.
Limitations on flexibility and pace. Risk mitigation and 
structured planning are the core components of tradi-
tional models. However, DT requires the integration 
of aspects such as rapid prototyping, adaptive recon-
figuration, and strategic flexibility. Large organizations 
tend to have entrenched, difficult-to-adjust risk man-
agement mechanisms and planning cycles, making 
these challenges difficult.
Fragmented transformation management. DT is not 
limited to the implementation of technologies, but 
assumes their holistic synthesis with cultural and op-
erational dimensions. In turn, with the traditional ap-
proach to modernization, the implementation of tech-
nologies and organizational changes are considered as 
separate areas (Verhoef et al., 2021). However, the lack 
of connectivity between the mentioned aspects hin-
ders successful digital transformation. The implemen-
tation of technologies should not be seen as an end in 
itself, but rather should become part and a natural tool 
of an integrated corporate digital transformation strat-
egy. This will require dynamic capabilities, continuous 
learning, interdisciplinary collaboration, and adaptive 
leadership (traditional models rarely take these areas 
into account). For example, if an organization updates 
its management system but does not adjust produc-
tion processes and personnel skills accordingly, the 
transformation will stop. It is necessary to move from 
a fragmented approach to a holistic model, to form a 
new culture (Verhoef et al., 2021) and ensure the effec-
tive integration of technologies into the organizational 
structure.

Limitations of management structures. Traditional top-
down management structures are not compatible with 
the interdisciplinary, collaborative nature of DT. It is 
advisable to form a distributed management network 
that goes beyond traditional hierarchical chains, cover-
ing all regions of activity and divisions of the organiza-
tion. Granting autonomy to target groups will provide 
flexibility in adapting to a new level of technological 
complexity, which will increase the effectiveness of DT 
implementation.

New Methods of Scaling Digital Technologies
One of the previously mentioned tools that ensure ef-
fective digital transformation are dynamic capabilities, 
the bearers of which are able to increase the potential 
for mastering emerging opportunities, quickly redis-
tribute resources (Teece, 2007), and increase the strate-
gic flexibility and adaptability of management systems. 
It is important to view DT not as an internal project, 
but as an open platform that closely interacts with the 
external ecosystem. Such an approach will allow us to 
take full advantage of platform models, open innova-
tions and external partnerships, and will make it pos-
sible to complete DT with minimal costs. For example, 
the Minimum Viable Transformation method ensures 
the rapid launch of pilot versions of innovative busi-
ness models, their testing and adjustment.2

Examples of Successful Large-Scale Transformations
Microsoft has transformed itself from a manufacturer 
of operating systems for local devices into a provider of 
cloud services. The key drivers of the transformation 
were: moving away from a fragmented business pro-
cess model, appointing leaders capable of organizing 
such a transition, a culture of continuous learning and 
growth, and establishing collaboration in the format of 
interdisciplinary working groups (Ali, Begum, 2024). 
The combination of these factors gave rise to the Azure 
cloud ecosystem, thanks to which Microsoft was able 
to significantly increase its market capitalization, be-
coming one of the leaders in innovation in the field of 
AI and cloud computing. Siemens, having made large-
scale investments in attracting digital transformation 
specialists, was able to smoothly move from a produc-
tion to a platform model based on the Industrial Inter-
net of Things and digital twins.3 DBS has reshaped its 
business model and corporate culture, using immer-
sive employee training methods and engaging execu-
tives in customer experience transformation projects.4 
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2 https://www2.deloitte.com/us/en/insights/focus/business-trends/2015/minimum-viable-business-model-transformation-business-trends.html, accessed  
04.03.2025.

3 https://www.powermag.com/long-form-stories/digitalization-how-siemens-is-leading-the-transformation-of-the-energy-industry/, accessed 11.04.2025.
4 https://www.mckinsey.com/capabilities/mckinsey-digital/how-we-help-clients/rewired-in-action/dbs-transforming-a-banking-leader-into-a-technology-

leader, accessed 18.04.2025.
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All of these initiatives, despite having differences in 
priorities and methods, have contributed to expanding 
the knowledge base on the “recipes” for successful DT.

Conclusion
Digital transformation allows one to integrate into a 
new technological world offering higher-level capa-
bilities only under certain conditions, which for most 
organizations can be perceived as insurmountable bar-
riers. This is especially true for large enterprises that 
have been successful and competitive for a long time. 
If the average failure rate of digital transformation for 
companies of different sizes is 80%, then for large play-
ers it can reach up to 90% (Ramesh, Delen, 2021). This 
state of affairs is mainly explained by the lack of dy-
namic capabilities as a key component of transforma-
tion potential. Many organizations enter this process 
unprepared, without fully understanding the hidden 
complexity of this phenomenon. To overcome this 
trend, a shift in the strategic paradigm and significant 
efforts to update the competence of personnel are re-
quired. The large-scale and rapid development of digi-
tal ecosystems based on AI necessitates a fundamental 
change in the composition of competencies and types 
of management models to adapt organizations to an 
increasingly complex context. We are talking about 
higher-order capabilities, from the point of view of 
which managing complex technological transitions, 
leading companies through different cycles of renewal 
in many dimensions, looks like a natural practice.
This study analyzes the impact of digital competencies 
of managers on the effectiveness of digital transfor-
mation in organizations, focusing on the reasons why 
most such initiatives do not achieve their goals. The 
key components of digital transformation are analyzed, 
including technological competencies, transformation 
potential, strategic flexibility, and the management 
of cooperation networks. It is found that the optimal 
balance of transformational, strategic, and technologi-
cal competencies stimulates innovation and ensures 
a competitive advantage. One of the most difficult 
cognitive options to master is synthesizing seemingly 

incompatible aspects, keeping multidirectional pro-
cesses in focus, and seeing the unity of opposites. In 
other words, before starting digital transformation at 
an organization, it is necessary to revise the competen-
cy portfolio and corporate culture. The staff must un-
dergo a radical update of established ideas about devel-
opment in the era of constant change and accept more 
complex work patterns. All this requires going beyond 
the established models of thinking and behavior that 
previously guaranteed successful development dynam-
ics, but stopped working in the new context. To better 
understand the specifics of digital transformation pro-
cesses, it is necessary to conduct longitudinal studies 
of cases of such transformations in different national 
and industry contexts. It is advisable to create dynamic 
roadmaps that allow for adjusting the movement to-
ward a given goal as technological innovations develop 
in different countries. Particular attention should be 
paid to the principles of ethical management concern-
ing the retraining of personnel, ensuring data confi-
dentiality, and minimizing the “bias” of algorithms.
Digitally competent executives implement complex 
transformation processes, determine the optimal tra-
jectory, and coordinate business strategies. However, 
their impact on the functionality and structure of the 
organization, the specific effects for specific indus-
tries and organizations of different sizes remain un-
derstudied. Theoretical foundations are given more 
attention than empirical data, which limits the diver-
sity of studies. Geographical bias (developed countries 
are primarily analyzed) creates gaps in understanding 
the role of digital competencies of executives in the 
digital transformation of organizations in developing 
countries. In addition, the main focus is on large en-
terprises, while SMEs are ignored. It should be noted 
that there are no standard tools for assessing the effect 
of digital competencies of executives. In an era when 
digital transformation covers an increasing number of 
industries, the digital competencies of personnel are 
becoming the most important factor in the effective-
ness of this process. Organizations that invest sufficient 
funds in their development increase the likelihood of 
their success in the modern digital world. 
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Patent Trends Analysis as a Basis  
for Innovation Strategies 

Abstract

The analysis of patent trends reveals significant pat-
terns that have the potential to drive technological 
advancements in specific domains, particularly by 

identifying emerging areas and research gaps. This study 
examines how the economic appropriation of research 
and development outcomes mirrors the dynamics of the 
innovation process and informs strategic planning, policy 
formulation, and innovation management. By conduct-
ing a detailed analysis of the economic appropriations 
made by public science and technology institutions with-
in Brazil’s aerospace and defense sectors, we identify how 
these trends can inform proactive approaches to tech-
nological innovation. The institutions studied exhibit 

research and development and innovation dynamics that 
are finely tuned to the specific needs and trends of their 
technological fields, illustrating the increasing diversity 
of research and development interests and the complex-
ity of the innovation ecosystems in which they operate. 
Ultimately, the success of innovation policies and strat-
egies hinges on the ability to anticipate technological 
trends, strategically invest in high-potential areas, and 
efficiently transfer technologies to the productive sec-
tor. This ensures that institutions are well-positioned to 
respond quickly and effectively to technological changes 
and market opportunities, fostering sustainable develop-
ment and technological progress.
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Introduction and Contextualization
The intersection of technological innovation, Research, De-
velopment and Innovation (R&D&I) policies, and develop-
ment strategies has become increasingly critical in the global 
landscape. As economies and societies face complex chal-
lenges, from economic sustainability to industrial competi-
tiveness, the need for an integrated and strategic approach 
to innovation and technological development becomes im-
perative (Fagerberg et al., 2009; Mazzucato, 2013; Etzkowitz, 
Zhou, 2018). The distinction between R&D Management and 
R&D&I Policies is essential for understanding how innovation 
is managed and promoted at different levels. While R&D man-
agement focuses on the internal organization of projects and 
the operational efficiency of research and development within 
institutions, R&D&I policies encompass the regulatory and 
strategic instruments formulated to promote and guide inno-
vation in key sectors. The interdependence between these two 
levels is evident: R&D managers operate within a normative 
ecosystem established by public policies, and these policies, 
in turn, are shaped by the needs and challenges identified in 
management practices. This differentiation allows for a more 
structured approach to analyzing innovation strategies, pre-
venting conceptual misunderstandings between the roles of 
organizational managers and institutional policymakers.
This focus seems to be relevant as it addresses critical aspects 
of R&D management and technological innovation manage-
ment in public Scientific and Technological Institutions (STIs), 
which are oriented toward expanding the technological capa-
bilities of strategic sectors such as aerospace and defense, with 
the development of technologies that have the potential to be 
utilized by a wide range of industries. The complex innovation 
ecosystem encompasses the intricate interactions between 
patenting trends, institutional research activities, and nation-
al innovation policies. In the context of this study, it refers to 
how technological development is influenced by the interplay 
of scientific research, intellectual property management, and 
strategic policy-making. The aeronautics institutes analyzed 
operate within this ecosystem, where patenting is not just a 
measure of scientific output but also a reflection of broader 
strategic priorities in research and development. Understand-
ing this complexity is essential for aligning innovation poli-
cies with institutional capabilities and market opportunities.
This work aims to offer critical insights for R&D&I policy-
makers, R&D managers, researchers, and innovation strate-
gists, highlighting the importance of well-founded innova-
tion policies and strategies that promote R&D in emerging 
and strategic areas. We will examine how focusing on specific 
technologies, such as microstructures and nanotechnology, 
semiconductors, and electrical engineering, as well as the 
commitment to R&D&I in fundamental technological do-
mains, reflects global needs and demands for sustainability-
conscious solutions. Furthermore, we will discuss how iden-
tifying strategic areas for investment and exploring opportu-
nities for technology transfer can serve as catalysts for tech-
nological advancement and Brazilian economic development.
The statistics and dynamics of patenting is considered to be 
one of the key indicators of innovation activity. In this con-
text, this article explores how patenting activities reflect the 
dynamics of the innovation process and how this information 
can guide strategic planning in Research and Development 
(R&D), as well as the formulation of R&D&I policies and 
strategies for innovation management. Thus, this article inter-
prets these trends and identifies opportunities to align R&D 

strategies, R&D&I policies, and technology transfer strategies 
for the Brazilian productive sector.
Over the past two decades, the analysis of patenting trends at 
leading research institutions, such as those of the Department 
of Aerospace Science and Technology (DCTA), has revealed 
significant patterns of innovation potential. These patterns 
not only indicate technological domains with the capacity 
to drive significant advances in technological development 
but also highlight emerging research areas and existing gaps. 
Through a meticulous analysis of patenting and innovation 
activities within the STIs of the DCTA (Institute of Aeronau-
tics and Space - IAE, Institute for Advanced Studies - IEAv, 
and Aeronautics Institute of Technology - ITA), we explore 
how these trends can reveal insights and guide efforts toward 
a proactive role in the technological innovation process. 

Materials and Methods
The methodology employed in the present study reflects a 
comprehensive and meticulous effort to capture and analyze 
how the economic appropriability of R&D outcomes generat-
ed by the STIs IAE, IEAv, and ITA can produce economically 
relevant results, thereby feeding back into the R&D&I process. 
This effort also aims to provide insights for the formulation 
of strategic planning in R&D, as well as the development of 
R&D&I policies and innovation management strategies.
We applied an exploratory and descriptive research methodol-
ogy (Gil, 2010; Prodanov, Freitas, 2013; Matias-Pereira, 2019; 
Creswell, Creswell, 2009) to establish associations among var-
ious variables based on data collected from multiple sources. 
We adopted an integrated approach, combining data collec-
tion methods, bibliographic analysis, and data analysis to en-
sure the robustness and validity of the findings. This holistic 
and integrated methodology ensured the generation of valu-
able insights for the formulation of effective innovation strate-
gies and public policies in response to patenting trends.
Initially, the selection of sources formed the cornerstone of 
our research strategy, involving a case study in public STIs 
that are recognized as highly relevant in the research and de-
velopment of technologies for strategic technological sectors 
essential for Brazilian economic and social development.
The PatSeer® IP research and intelligence application, devel-
oped by GridLogics, was used as the primary data collection 
tool from patent databases, including those filed with the 
National Institute of Industrial Property (INPI) and similar 
agencies abroad. The International Patent Classification (IPC) 
system was used to categorize the presented technological do-
mains and subdomains.
The literature analysis involved a careful review and the use 
The literature analysis involved a careful review and the use 
of established literature to support our data analysis. Our ap-
proach to data analysis was primarily qualitative, aiming to 
identify significant trends in relation to the adopted theoreti-
cal framework.
We opted for a qualitative representation of the obtained 
results, prioritizing the identification of patterns and trends 
over exact quantifications in order to capture the essence of 
the observed R&D and innovation processes.
Finally, the study can be classified as a clear example of applied 
research, given its intent to generate practical knowledge for 
solving specific problems, as the driving force behind techno-
logical innovation management studies is practice (Dodgson 
et al., 2014).
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The validation of findings was achieved through data trian-
gulation, a methodological strategy that involved comparing 
results obtained from different sources. This process strength-
ened the credibility and reliability of our conclusions.

Results and Discussion
The innovation dynamic requires both the formulation of 
R&D&I policies, which define incentives, regulations, and 
strategic priorities, and R&D management, which imple-
ments and operationalizes research and development strate-
gies within institutions and companies. The relationship be-
tween these dimensions is not exclusive but complementary: 
policies establish broad directions and structure favorable 
environments for innovation, while R&D management trans-
lates these directions into concrete practices, projects, and 
applicable technologies. Ignoring this distinction would lead 
to a limited approach to innovation since the governance of 
research and development demands both political orientation 
and managerial competence.
Furthermore, while R&D management involves decision-
making at the organizational and microeconomic levels, 
R&D&I policies operate on a broader scale, creating the insti-
tutional foundations necessary for innovation to thrive. The 
analytical separation of these dimensions enables a more re-
fined study of innovation strategies, highlighting the interac-
tions between the agents who formulate guidelines and those 
who execute innovative projects.
Innovation does not occur in isolation. It is embedded in a 
complex ecosystem where scientific research, patenting activ-
ities, institutional strategies, and policy frameworks interact 
dynamically. The aeronautics institutes analyzed in this study 
(IAE, IEAv, and ITA) contribute to this ecosystem through 
their specialized research domains, while their patenting ef-
forts indicate areas of technological progress. At the same 
time, external factors such as government policies, funding 
mechanisms, and industry collaborations shape the direction 
of innovation, reinforcing the interconnected nature of tech-
nological advancement.
Recognizing this complexity allows for a more strategic ap-
proach to R&D&I, where technological foresight, institution-
al research capabilities, and economic appropriability must be 
considered together. By analyzing patenting trends and insti-
tutional roles within this ecosystem, we provide insights into 
how innovation strategies can be optimized to foster techno-
logical progress and economic impact.
The strategic management of R&D&I is a dynamic process 
that continuously evolves in response to technological ad-
vancements, policy interventions, and market demands. The 
institutions analyzed in this study operate within an adaptive 
framework where research priorities, collaboration models, 
and innovation strategies undergo constant refinement to 
maximize impact and relevance.
A key transformation in R&D management is the increasing 
integration of foresight methodologies, allowing institutions 
to anticipate emerging technological domains and strategi-
cally allocate resources toward high-potential research areas. 
This shift is evident in the evolution of research portfolios, 
where interdisciplinary approaches — combining materials 
science, nanotechnology, and electrical engineering — have 
gained prominence in recent years.
Similarly, innovation management has undergone significant 
transformation, moving from a closed model of internal de-
velopment to a networked approach that emphasizes technol-

ogy transfer, open innovation, and industry-academia part-
nerships. The increasing engagement with external stakehold-
ers, including private-sector collaborators and international 
research networks, has facilitated a more agile and responsive 
innovation ecosystem.
Moreover, policy-driven shifts in STI governance have played 
a pivotal role in reshaping R&D&I strategies. The emphasis 
on sustainability, digital transformation, and dual-use tech-
nologies (civilian and defense applications) has led to new 
funding models, regulatory incentives, and collaborative plat-
forms that encourage institutions to align their research agen-
das with broader economic and societal priorities.
These transformations illustrate that R&D management and 
innovation management are not static disciplines but rather 
evolving strategic systems that continuously adapt to internal 
and external drivers. A purely quantitative assessment of pat-
enting trends, while valuable, does not fully capture the com-
plexity of these strategic shifts. By incorporating these qualita-
tive insights, we highlight how institutional governance, stra-
tegic foresight, and policy frameworks collectively shape the 
trajectory of research and innovation.
The relationship between R&D, innovation, and patenting is 
not linear but interactive, meaning that research outputs do 
not simply lead to patents—instead, patenting trends influ-
ence research directions and innovation policies in a continu-
ous feedback loop. This interaction is evident in the patenting 
dynamics presented in Tables 1 and 2, which reveal:
•	 Sustained patenting activity in core technological do-

mains such as materials and metallurgy, indicating 
strong institutional focus and long-term research invest-
ment in these areas. These domains benefit from con-
tinuous advancements, incremental improvements, and 
direct alignment with industry needs.

•	 More intermittent patenting activity in areas such as 
semiconductors and telecommunications, which sug-
gests a higher dependence on policy incentives, funding 
availability, and interdisciplinary collaboration.

•	 Cross-sector influence, where advancements in one 
technological domain (e.g., optics) lead to spillover ef-
fects in other areas (e.g., instrumentation and measure-
ment technologies). This demonstrates the systemic na-
ture of innovation, where breakthroughs in fundamental 
research often trigger secondary waves of innovation 
across multiple disciplines.

The analysis of technological trends through patents is an ef-
fective and strategic mechanism for use in institutional S&T 
policies and for guiding innovation process strategies, includ-
ing R&D management, economic appropriability, and tech-
nology transfer to the productive sector. (Campbell, 1983; 
Kaminishi et al., 2014; Niemann et al., 2017; Kim, Bae, 2017).
IIn public technology-based STIs such as IAE, IEAv, and ITA, 
R&D&I activities must be oriented toward meeting the de-
mands of an innovation ecosystem that regularly faces the 
need to incorporate new technologies into its portfolio to 
remain competitive and active on a complex market, charac-
terized by engineering-intensive, high-performance products 
with high cost and added value, as well as a high spin-off po-
tential (Becz et al., 2010).
It is important to emphasize that the primary discussion on 
the strategic management of technological innovation in 
public STIs goes far beyond merely protecting inventions, as 
Intellectual Property (IP) should not be viewed as an end in 
itself but rather as part of the strategic management of the 
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outcomes obtained in R&D&I. In this process of managing 
technological innovation, it is necessary to keep in mind that 
innovation depends on the particularities of technology and 
the market (Tidd et al., 2001).
Another key point is that R&D&I management is not an iso-
lated activity with the sole purpose of managing projects and 
delivering research results; on the contrary, research and de-
velopment management must be understood and approached 
from a systemic and interactive perspective (Rothwell, 1994; 
PMI, 2021).
This study adopts a systematic and interactive approach to 
analyzing research, development, and innovation trends. The 
systematic component involves a structured assessment of 
patent data, identifying key technological domains, patent-
ing intensity over time, and potential areas for technology 
transfer. This approach allows us to map the evolution of in-
novation activities and their alignment with institutional and 
national priorities.
Simultaneously, the interactive component considers the bi-
directional influence between patenting, research manage-
ment, and innovation strategies. Instead of viewing patenting 
as merely an outcome of R&D, we analyze how patent trends 
feed back into research prioritization and innovation man-
agement frameworks. Through an extensive search of the 
patent databases of the STIs in focus, both from the National 
Institute of Industrial Property (INPI) and similar agencies 
abroad, extracted using the PatSeer® application and meticu-
lously compiled into tables, we explore the evolution and im-
pact of the conducted research, reflecting on the significant 
role that the DCTA STIs play in promoting technological in-
novation. This analysis aims not only to recognize the con-
tribution of these entities to science and technology but also 
to understand how they shape technological trends and open 
avenues for new opportunities in technology transfer and in-
dustrial development.
The decision was made to separate the technological domains 
developed by IAE and IEAv from those of ITA. This separa-
tion is due to institutional characteristics. IAE is responsible 
for developing R&D projects and activities in aeronautics, 
space access, and defense, while IEAv is responsible for ap-
plied research and experimental development aimed at future 
applications in aerospace technologies and systems. ITA, on 
the other hand, is a higher education institution specializing 
in engineering education and research related to aerospace 
activities.
Thus, ITA’s IP portfolio contains technologies in diverse fields 
of knowledge, many of which originate from teaching and 
research activities requested by companies seeking to train 
human resources in stricto sensu graduate programs, a trend 
that does not occur in the other STIs analyzed. 
Tables 1 and 2 provide consolidated matrices of annual publi-
cations by technological domain for active patents associated 
with both DCTA’s STIs (IAE and IEAv) and ITA, detailing 
patenting activity across different areas of technology over 
time. Some insights are extremely relevant regarding the po-
tential for technology transfer, innovation, and its impact on 
the industry and the generation of profitable businesses.
The data consolidated in Table 1 (IAE and IEAv) allows for a 
detailed analysis of the trends in technological advances in 
the domains of “Materials” and “Metallurgy,” highlighting a 
consistent pattern of patenting activities extending from 2006 
to 2023. This continuity in patenting suggests a sustained 
commitment to research and development (R&D) in these 

fields, indicating several important trends in technologies 
with the potential to generate innovations.
Considering R&D in Materials, it is evident that this is crucial 
for the advancement of various technologies and industries, 
including electronics, automotive, aerospace, and healthcare. 
Advanced materials, such as nanomaterials, biomaterials, and 
new polymers, are at the forefront of research and develop-
ment, offering enhanced properties like increased strength, 
lightweight, and specific functionalities, such as self-healing 
and stimulus responsiveness.
In the case of nanomaterials and composites, global research 
has been intense, focusing on the development of materials 
with unique properties for use in electronics, catalysts, and 
construction materials, which may indicate a prioritization 
wave for DCTA’s STIs, leveraging their acquired expertise 
and established competence. The manipulation of materi-
als on a nanometric scale enables the creation of structures 
with innovative physical, chemical, and biological properties. 
Similarly, this established competence can be leveraged to fo-
cus on sustainable materials, as sustainability has become a 
growing area of global focus, with research directed towards 
developing eco-friendly, recyclable, or biodegradable materi-
als, as well as manufacturing processes that reduce waste and 
energy consumption. For this, government and private fund-
ing and incentives abound, which can favor the R&D sector 
of the DCTA.
Likewise, delving into another area highlighted in Table 1 of 
the STIs IAE and IEAv, patentability in Metallurgy emerges 
as a vital field for innovation, especially with the growing de-
mand for materials that withstand extreme conditions and are 
produced more sustainably.
The development of Advanced Alloys, capable of operating at 
high temperatures and resisting corrosion, is fundamental for 
applications in extreme environments, such as aviation, hy-
personics, and energy. Similarly, exploring what is known as 
Powder Metallurgy is essential, allowing for the production 
of materials with specific properties unattainable by conven-
tional casting methods, crucial for manufacturing complex 
components used in various industries.
Finally, when it comes to recycling and sustainability, metal-
lurgical processes can also include more efficient and environ-
mentally friendly aspects. Thus, patenting in the areas of Ma-
terials and Metallurgy reflects a continuous pursuit of R&D&I 
that not only advances the state of the art in terms of material 
properties and functionalities but also addresses global chal-
lenges such as sustainability and energy efficiency, following 
current trends. These trends underline the importance of a 
multidisciplinary approach to research and development, in-
tegrating knowledge from chemistry, physics, biology, and 
engineering to tackle current and future challenges.
On the other hand, Table 2, which refers to ITA, clearly high-
lights technological domains such as “Instruments,” “Me-
chanical Engineering,” “Chemistry,” and “Electrical Engineer-
ing,” among others. This diversity of fields reflects a multifac-
eted approach to research and development, with Mechanical 
Engineering and Instruments showing the highest number of 
activities over the years, indicating a strong area of expertise 
and ongoing R&D&I.
The consistent presence of activities in these areas over the 
years demonstrates not only ITA’s ability to maintain vigor-
ous and relevant research but also its ability to adapt to new 
trends and demands on the technological market. This stra-
tegic focus on key areas such as Mechanical Engineering and 
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Mechanical engineering 18 X X X X X X X X X X
Chemistry 12 X X X X X X X
Electrical engineering 5 X X X X
Other fields 5 X X X X X
*Note: The totals may include multiple technological domains classified according to the International Patent Classification (IPC).

Source: authors.
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Materials 20 X X X X X X X X X X X X X
Metallurgy 20 X X X X X X X X X X X X X
Measurement 9 X X X X X X X X
Coating 6 X X X X X
Surface technology 6 X X X X X
Other special machines 4 X X X X
Engines 3 X X X
Optics 3 X X X
Pumps 3 X X X
Turbines 3 X X X
Audio-visual technology 2 X X
Machine tools 2 X X
Macromolecular chemistry 2 X X
Micro-structural and nano-technology 2 X X
Polymers 2 X X
Semiconductors 2 X X
Telecommunications 2 X X
Textile and paper machines 1 X
*Note: The totals may include multiple technological domains classified according to the International Patent Classification (IPC).

Source: authors.

Table 1. Status of Active Intellectual Properties of DCTA’s STIs (IAE and IEAv)

Table 2. Status of Active Intellectual Properties of DCTA / ITA

Instruments suggests a solid foundation for industrial col-
laboration and technology transfer, positioning ITA among 
the leaders in research and development in these areas. The 
diversification of technological domains also indicates a com-
prehensive approach to tackling complex global challenges, 
preparing ITA to significantly contribute to the technological 
innovation processes on the global stage.
Regarding Mechanical Engineering and Instruments spe-
cifically, the emphasis on these areas reveals robust expertise 
and continuous contributions to technological advancement. 
Mechanical Engineering, with its vast applicability - from 
the development of complex systems to the optimization of 
manufacturing processes - serves as a fundamental pillar for 
progress in various industrial sectors. R&D&I in this domain 
often translates into significant improvements in the efficien-
cy, durability, and performance of machines and equipment, 
directly impacting industrial competitiveness.
On the other hand, the “Instruments” area reflects advances in 
measurement and control technologies, fundamental for sci-
entific research, the manufacturing industry, and the service 
sector. The ability to measure accurately and control process-
es is vital for executing activities in areas such as aerospace, 

defense, healthcare, and energy, areas where ITA increasingly 
aims to establish itself as a reference for Brazil and the world. 
ITA’s continued focus in this domain suggests proficiency in 
developing technologies that not only elevate the standard of 
experimental research but also strengthen the technological 
infrastructure necessary for R&D&I. Moreover, both Chemis-
try and Electrical Engineering are also highlighted in Table 2, 
revealing a diversification strategy aimed at addressing inter-
disciplinary challenges and exploring new scientific frontiers. 
Chemistry, especially in the era of green technologies and ad-
vanced materials, is a field rich in potential for innovations 
that promote sustainability and new material functionalities. 
Electrical Engineering, in turn, with its central role in the 
development of electronic systems, telecommunications, and 
information technologies, is fundamental for digitization and 
connectivity.
Finally, ITA’s excellence in Industrial Collaboration and Tech-
nology Transfer not only ensures its leadership position in 
research and development but also establishes a solid founda-
tion for proactive action and technology transfer. The ability 
to generate technologies applicable across multiple sectors 
positions ITA as a valuable partner for companies seeking 
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advanced technological solutions, promoting economic de-
velopment and responding to the demands of an increasingly 
technology-driven global market.
Continuing the analysis of Tables 1 and 2, we turn to another 
relevant trend that can be observed, namely the “Periods of 
High Patenting Activity” and consequently the “R&D&I Cy-
cles.”
In a more detailed analysis of the “Periods of High Patenting 
Activity,” Table 1 (IAE and IEAv) shows a diverse distribution 
of patenting activities over the years across various techno-
logical areas, such as Materials, Metallurgy, and Measurement, 
among others. On the other hand, areas like Coating and 
Surface Technology show concentrated patenting activity be-
tween 2012 and 2023, indicating a significant focus on R&D&I 
related to these fields in the recent period. This may reflect an 
increased demand for new materials and surface technologies 
with enhanced properties for various industrial applications. 
Meanwhile, technologies such as Optics and Semiconductors 
also demonstrate consistency in patenting activity, suggesting 
ongoing development and interest in these sectors.
Considering Table 2 (ITA), one observes patenting activ-
ity in broader technological domains, such as Instruments, 
Mechanical Engineering, and Electrical Engineering, with 
consistent patenting activity in Instruments and Mechanical 
Engineering throughout the covered period, with peaks of ac-
tivity in certain years. This suggests continuous investment in 
seeking innovations in these areas, possibly driven by techno-
logical advances and the need for more efficient and precise 
solutions. The area of Electrical Engineering shows a grow-
ing trend in patenting activity, especially notable from 2010 
onward, reflecting the expansion of electrical and electronic 
innovations in response to the increasing demand for more 
advanced and sustainable technology.
Innovation and patenting activity do not occur in a linear pro-
gression; instead, they follow distinct R&D&I cycles, charac-
terized by fluctuating periods of high and low innovation in-
tensity. These cycles are influenced by a combination of tech-
nological maturity, institutional priorities, funding structures, 
and market readiness.
From the patenting trends observed in Tables 1 and 2, we 
identify three key factors shaping these cycles:
•	 Sustained research fields (e.g., materials and metal-

lurgy) exhibit longer, more stable cycles, where innova-
tion is driven by incremental advancements and steady 
funding.

•	 Disruptive and policy-sensitive fields (e.g., semicon-
ductors, telecommunications, and optics) demonstrate 
shorter, high-intensity cycles, often triggered by regu-
latory incentives, breakthrough discoveries, or shifts in 
industrial demand.

•	 Cross-disciplinary fields (e.g., instrumentation and me-
chanical engineering) show intermittent cycles, where 
patenting surges occur when interdisciplinary innova-
tions create new technological applications.

Understanding these cyclical dynamics is critical for strategic 
R&D&I management, as it enables institutions to anticipate 
and leverage periods of high innovation activity, aligning in-
vestments and research efforts with emerging technological 
opportunities. On this basis, they identify optimal timing for 
technology transfer and commercialization, ensuring that 
patented innovations reach the market at peak relevance. Fi-
nally, there are emerging opportunities to adapt institutional 
strategies based on cycle length and intensity, balancing in-

vestments between long-term foundational research and 
short-term disruptive innovation.
By integrating these insights into strategic innovation man-
agement, organizations can proactively navigate technology 
life cycles, enhance resource allocation, and strengthen insti-
tutional competitiveness in an evolving R&D ecosystem.
On the other hand, through a more detailed analysis of the 

“R&D&I Cycles,” Table 1 (DCTA) presents continuous innova-
tion and persistent interest in areas such as Semiconductors 
and Telecommunications, reflecting rapid innovation cycles 
where technology constantly evolves to meet new market de-
mands. In contrast, areas with less patenting activity, such as 
Engines and Pumps, may indicate longer innovation cycles or 
a period of technological maturation, where disruptive inno-
vations are less frequent but potentially more impactful when 
they occur.
Still in the “R&D&I Cycles”, Table 2 (ITA) shows consistent ac-
tivity in fields like Instruments and Mechanical Engineering, 
suggesting relatively stable R&D&I cycles, with incremental 
improvements being regularly introduced. This stability can 
be attributed to the fundamental nature of these technologies 
in a wide range of industrial and commercial applications. In 
contrast, the observed increase in patenting activity in Elec-
trical Engineering may indicate a period of accelerated inno-
vation in this field, possibly in response to advances in related 
technologies, such as renewable energy, consumer electronics, 
and communication systems, which are increasingly promi-
nent on the global stage.
Moving on to some additional points that Tables 1 and 2 pres-
ent in a very relevant way, we can clearly address “Research 
Gaps” and “Areas of Growing Interest”.
In “Research Gaps”, Table 1 (DCTA) suggests that some tech-
nological areas, such as Engines, Pumps, and Textile and 
Paper Machines, have relatively low or sporadic patenting 
activity over the years. This could indicate research gaps or 
opportunities for innovation and development in these areas.
The lack of recent patents in these categories suggests that 
there may be unresolved challenges or potential for new dis-
coveries. The limited patenting activity in Audiovisual Tech-
nology also highlights a possible research gap, suggesting an 
opportunity for disruptive innovations that could transform 
this industry.
On the other hand, when looking at Table 2 (ITA), although 
it shows a broader distribution of patenting activities across 
technological domains, areas like Chemistry and Other Fields 
show lower patenting activity. This may indicate potential re-
search gaps or areas that could benefit from renewed focus, 
especially considering the fundamental role of chemistry in 
emerging technologies and sustainability.
The lower number of patents in specific years for Electrical 
Engineering and Mechanical Engineering also suggests that 
there may be opportunities for exploration and additional 
R&D&I projects, especially in subdomains that have not been 
widely explored.
Once the “Research Gaps” are understood, the next impor-
tant step is to analyze those “Areas of Growing Interest”, which, 
based on Table 1 (IAE and IEAv), suggest that Coating and 
Surface Technology, along with Micro-Structural and Nano-
Technology, show a significant increase in patenting activity, 
reflecting a growing interest in these areas. This indicates a 
focus on the research and development of new materials and 
technologies with advanced properties, potentially driven by 
demands for better performance and sustainability. Mean-
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while, Semiconductors and Telecommunications maintain 
steady patenting activity, suggesting ongoing interest and in-
vestments in R&D&I in these critical areas for technological 
advancement and global connectivity.
Looking at Table 2 (ITA), we see that Instruments and Me-
chanical Engineering exhibit robust and consistent patenting 
activity, indicating sustained interest in these areas. This re-
flects the enduring importance of R&D&I in mechanics and 
precise instruments across various applications. The growing 
activity in Electrical Engineering is particularly notable in the 
later years of the table, signaling increasing interest in electri-
cal and electronic technologies. This may be driven by trends 
such as vehicle electrification, renewable energy, and the need 
for more efficient power systems. Starting with “Strategic Ar-
eas for Investment,” Table 1 (IAE and IEAv) specifically shows 
that in the area of Micro-Structural and Nano-Technology, 
consistent patenting activity indicates that this is a growing 
area of importance, with the potential to generate disruptive 
innovations in a wide range of applications, from advanced 
materials to electronics and medicine. Investing in research 
and development in this area could position an organization 
at the forefront of technology. Similarly, Semiconductors and 
Telecommunications continue to be crucial for technological 
advancement, driving innovations in communication, com-
puting, and electronics; strategic investments in these sectors 
could boost the development of new technologies and prod-
ucts that meet the global demand for improved connectivity 
and performance.
Likewise, Table 2 (ITA) shows that Electrical Engineering has 
a growing patenting activity reflecting the importance of this 
area, particularly concerning sustainable technologies and 
energy efficiency. Investments here could pave the way for in-
novative developments in renewable energy, energy storage, 
and transportation electrification. Meanwhile, Instruments, 
with strong patenting activity, suggest that R&D&I in instru-
mentation is critical for advances in research and develop-
ment across various fields; investing in precise and advanced 
measurement technologies could enhance innovation capa-
bilities in sectors like manufacturing, life sciences, and envi-
ronmental research.
Similarly, if we consider “Opportunities for Technology 
Transfer”, Table 1 (IAE and IEAv) shows that the increase in 
patenting activity in Coating and Surface Technology suggests 
significant advances that could be applied in industries such 
as automotive, aerospace, and construction, offering opportu-
nities for patent licensing or development partnerships. In the 
area of Optics, based on the observed patenting activity, there 
are opportunities to transfer optical technology solutions to 
sectors such as healthcare for medical equipment, or to com-
munication and imaging systems, where improvements in 
these optical technologies could offer significant advantages.
On the other hand, Table 2 (ITA) shows strong consistency 
in Mechanical Engineering patenting activity, indicating that 
there are solid advances that could be applied in the industrial, 
automotive, and manufacturing sectors, suggesting opportu-
nities for industrial partnerships or the commercialization of 
new innovations. Additionally, Chemistry, although showing 
less patenting activity, suggests that potential innovations in 
this area could impact sectors such as sustainable materials, 
biochemistry, and pharmaceuticals, which are currently in 
high demand globally.
Investing in technology transfer here could lead to innovative 
solutions that meet the emerging demand for greener prod-
ucts and production processes.

Conclusions
Based on the analyses presented above, it is clear that the pat-
enting routine of the DCTA STIs over the past 19 years reveals a 
series of trends that should be observed and serve as a basis for 
strategic planning in the R&D sector, strategic innovation man-
agement, and the formulation of S&T&I policy for the STIs.
These analyses reveal the distinct dynamics of R&D and inno-
vation, adapted to the trends and needs of their specific techno-
logical fields. IAE and IEAv stand out for their focus on specific 
technologies, such as advanced materials and communications, 
identifying areas with growth potential and research gaps that 
offer significant opportunities for innovation. In contrast, ITA 
demonstrates a consistent commitment to fundamental tech-
nological domains, evidencing a continuous interest in inno-
vations in mechanical areas. These institutions recognize the 
importance of strategic areas for investment, especially in ad-
vanced technologies that are crucial to maintaining competi-
tiveness and leading opportunities for innovation. The explora-
tion of technology transfer opportunities, particularly in fields 
such as Coating, Surface Technology, Optics, Electrical Engi-
neering, and Instruments, is highlighted as a means of expand-
ing the impact of innovations across various sectors, promoting 
technological advancement and sustainable development.
This strategic approach not only underscores the complex-
ity and multifaceted nature of the technological innovation 
process but also reinforces the need for S&T&I policies and 
innovation strategies that support research and development 
in these emerging and strategic areas. By identifying research 
gaps and focusing on areas of growing interest, institutions can 
direct efforts to maximize the impact of R&D&I, significantly 
contributing to technological progress and addressing global 
needs for sustainability and efficiency.
The evident diversity in patenting activities and areas of grow-
ing interest highlights the complexity of the innovation eco-
system in which these STIs operate (Aerospace and Defense), 
where opportunities and challenges coexist. This critical analy-
sis focuses on the implications for research and development, 
as well as the impact on S&T&I policy and innovation strategy, 
derived from observations on periods of high patenting activity, 
innovation cycles, research gaps, and strategic areas for invest-
ment and technology transfer.
A proper identification of areas of intense patenting activity and 
growing interest provides a compass for directing research and 
development efforts. Strategic investments in domains such as 
Micro-Structural and Nano-Technology, Semiconductors, and 
Electrical Engineering are essential to maintaining technologi-
cal leadership and responding to market demands. Simultane-
ously, identifying research gaps points to untapped potential in 
areas such as Engines, Pumps, and Chemistry, where renewed 
efforts could unlock disruptive innovations. Therefore, balanc-
ing the exploration of new territories and expanding known 
frontiers is crucial for a healthy and dynamic innovation eco-
system.
Regarding the impact of R&D&I policy and strategic innova-
tion management, the former plays a vital role in shaping the 
environment for effective innovation. The conclusions drawn 
highlight the need for policies that foster research and develop-
ment in areas identified as strategic, as well as facilitating tech-
nology transfer to maximize the social and economic impact 
of innovations. This includes investments in education and re-
search infrastructure, tax incentives for R&D&I, and support 
for intellectual property. Additionally, an effective innovation 
strategy should include managerial mechanisms for the rapid 
adoption of emerging technologies in the public and private 
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sectors, leveraging innovation to address global challenges 
such as sustainability, health, and security.
When examining the entire scope presented, the patenting ac-
tivities of the DCTA STIs reveal a vibrant R&D&I landscape, 
with clear focus areas and potential for significant advance-
ment. However, a successful strategy requires not only identi-
fying these areas but also overcoming the inherent challenges 
in developing and implementing innovations. This includes 
addressing regulatory barriers, ensuring adequate funding, and 
promoting collaboration between industry, academia, and the 
government. Moreover, rapid technological evolution demands 
agility in R&D&I policies and innovation strategies, ensuring 
that they can adapt and respond to changes in the technological 
environment.
From a strategic innovation management perspective, the 
study highlights several key takeaways. Innovation is not a 
linear process; rather, it follows distinct cycles influenced by 
technological maturity, institutional priorities, and market 
demand. Recognizing these cycles enables better resource 
allocation, optimized technology transfer, and enhanced 
long-term research planning. Patent activity serves as both 
an outcome and a driver of innovation, shaping future re-
search directions by signaling technological opportunities 
and guiding funding decisions. Institutions should leverage 
patent analytics not just for intellectual property protection 
but as a tool for strategic foresight and investment planning. 
Interdisciplinary and cross-sectoral innovation is critical for 
sustaining long-term competitiveness. The observed spillover 
effects between technological domains (e.g., materials science 
and optics, telecommunications and instrumentation) dem-
onstrate the importance of collaborative research frameworks 
and open innovation models.
For policymakers and R&D&I leaders, these findings empha-
size the need for flexible and adaptive innovation policies that:
•	 Encourage long-term research investment in founda-

tional technologies while maintaining mechanisms to 
support high-impact, short-cycle innovation bursts.

•	 Strengthen industry-academia partnerships to maxi-
mize the economic and societal impact of innovation, 
ensuring that patenting efforts translate into techno-
logical applications.

•	 Leverage data-driven foresight mechanisms to antici-
pate technological shifts, aligning national and institu-
tional research agendas with emerging global trends.

By integrating these strategic insights, organizations and 
policymakers can enhance their ability to anticipate, man-
age, and capitalize on the evolving R&D&I landscape, en-
suring sustained technological progress and economic 
growth.
In conclusion, success in research and development, as well 
as in R&D&I policy and innovation strategy, depends on the 
ability to anticipate technological trends, strategically invest 
in promising areas, and facilitate the technology transfer 
process. A holistic and adaptive approach that considers 
both opportunities and challenges is essential to maximiz-
ing the impact of R&D&I and potential innovation, promot-
ing sustainable development and technological progress.
The findings of this study reinforce the complexity and dy-
namic nature of the innovation ecosystem, where research, 
development, and patenting are interconnected through cy-
clical patterns of activity. The analysis of patenting trends 
within the three aeronautics institutes (IAE, IEAv, and ITA) 
provides critical insights into how technological priorities 
shift over time, how institutional research strategies evolve, 
and how external policy incentives shape innovation trajec-
tories.
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Dynamic Capabilities: Toward an Assessment 
of Futures Literacy Competency

Abstract

In recent years, the topic of dynamic capabilities has ac-
quired new content. As higher-order competencies, they 
allow one to constantly update oneself with new knowl-

edge, flexibly recombine resources, and adapt to a rapidly 
changing environment. A key part of dynamic capabilities is 
working with the future, starting with basic skills - futures 
literacy (FL). Since this competence is key to the human 
resources of organizations, its development seems impor-
tant, starting with university programs. For a long time, 
there were no objective tools for measuring the degree of 
their mastery. The authors of this article attempt to fill this 

problem by offering an innovative approach to identifying 
and standardizing the assessment of FL competence. Six the-
oretical dimensions of FL are proposed as a basis for group-
ing assessment criteria and compiling final assessments and 
their interpretation. The corresponding dimensions, such as 
FL sub-competencies that include foresight, the assessment 
of future scenarios, and decision-making under uncertainty,  
can be assessed independently of each other. The ability to 
measure the initial level of FL will allow for the development 
of more effective educational programs for the development 
of this competence.
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Introduction
In today’s turbulent, rapidly changing environment, 
organizations need to develop dynamic capabilities 
to maintain strategic sustainability. This refers to 
building up the organization’s potential to synthesize 
internal and external competencies, build them up, 
and recombine them in order to adapt. They reflect 
the ability to achieve innovative forms of advantage. 
This concept was first proposed in the mid-1990s 
in (Teece et al., 1997). In recent years, the number 
of publications on this topic has been growing 
dramatically. It is one of the most relevant topics in the 
expert discourse concerning development strategies in 
conditions of turbulence, complexity, and ambiguity. 
According to Google trends, at the turn of 2024 and 
2025, the number of queries on this topic reached its 
highest value in the entire history of the concept. It is 
addressed by the world’s leading universities, including 
Harvard, MIT, and Oxford, and journals on economics 
and business (such as Journal of Business Research, 
Strategic Management Journal, Research Policy, etc.). 
Dynamic abilities are considered a complementary 
addition to «ordinary» abilities. Both categories of 
abilities are used in different contexts.
Attempts are being made to build different lists and 
classifications of dynamic capabilities. These often in-
clude skills for working with multiple futures (futures 
literacy, FL), which involve a deep study and correct 
interpretation of socioeconomic challenges and pros-
pects for their development as a basis for decision-
making. Teaching this complex competence to support 
its implementation and the subsequent analysis of the 
results involves the integration of more methodologi-
cal elements. This concerns the development of a reli-
able, valid, and objective data collection instrument for 
assessing the level of FL in line with the methodologi-
cal foundations of the UNESCO concept (Miller, 2018; 
Bergheim, 2024). At the core of the academic tradition 
of FL training is the need to develop the individual ca-
pacity to imagine and use the future, while in a broader 
context the main interest is focused on the future of 
nature, communities and organizations.
Since developing skills in any area involves strengthen-
ing the ability to solve problems, it cannot just “arise” 
within people, but must be nurtured through learning, 
becoming a continuous process in which learning is 
measured at different levels of competence. This leads 
to the need to evaluate something tangible using cer-
tain criteria, procedures, and instruments. The study 
of characteristics and formation of conceptual bases 
for FL is desperately needed, but the process is not yet 
complete. This raises the question of whether FL can 
be codified and evaluated to consider it more than a 
simple scientific term.

At the most basic level, FL is related to strategic think-
ing. However, there are certain problems with the for-
mation of this competence – both in the educational 
system and at business schools. Although our article 
focuses on the university environment, we look further 
into the corporate world, which is also investing in the 
formation of competences for working with the future, 
in the development of strategists capable of solving 
complex problems in a changing context. Today, even 
many companies are experiencing problems with the 
formation of these particularly sought-after compe-
tences.
Thus, billions of dollars (Moules, 2020) and hundreds 
of millions of hours are invested annually in train-
ing strategists (Doh, Stumpf, 2007). However, most 
of these investments do not pay off, since the compe-
tencies acquired during such training programs can-
not be applied by the strategist in his/her workplace. 
Therefore, the question remains relevant: how can 
these programs produce a new result in the form of 
better quality work with the future. A significant gap 
has been identified between the content of knowledge 
about the corporate world taught at universities and 
its practical applicability. It would seem that university 
programs transmit “scientifically sound” knowledge, 
and they are taught in accordance with strict academic 
standards. However, when it comes to practice, this 
knowledge turns out to be inoperative, since it is based 
on outdated concepts that, although they were effec-
tive in the past (in previous conditions of stability and 
predictability), they have lost their relevance in the 
new turbulent, rapidly changing environment (Birkin-
shaw  et al., 2016; Costigan, Brink, 2015). An effective 
way to overcome this gap is to learn to reformulate the 
existing problem, to look at it from a different angle, 
to go deeper, to pose the question in such a way as to 
arrive at a new question: to identify the next, deeper 
problem behind the known problem. “Digging to the 
roots” fundamentally changes the perception of the 
situation, a new space for tools for its solution opens 
up (Ramirez et al., 2021).
Business schools today are facing increasing pressure. 
They continue to train strategists focused on a narrow 
set of end goals, mainly aimed at increasing shareholder 
returns and short-term planning horizons. Meanwhile, 
external pressure and the number of stakeholders is 
increasing, requiring companies to train specialists 
in working with the future so that the strategies they 
develop can cope with complex, multidirectional pro-
cesses. Thus, there is a growing demand for a new gen-
eration of strategists who are able to manage increased 
complexity and remain resilient no matter the volatil-
ity (Spanjol et al., 2023). The problem is that business 
schools are not doing a good job of teaching students 
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how to work with the future; the methods used to teach 
this work are outdated. At the same time, FL has a lot 
of untapped potential. In other words, rethinking the 
possibilities of FL can radically change the situation. In 
order for FL training to be more effective, it is neces-
sary to improve the tools for teaching the relevant skills, 
introduce more relevant methods, and combine them 
in accordance with the specifics of the learning context, 
starting at the university level. A prerequisite for im-
proving the educational methodology is the formation 
of a system of criteria by which the degree of assimila-
tion of the taught FL skills by students is assessed. One 
way or another, the task is to prepare specialists with 
the relevant competencies, starting from the university 
bench. During the learning process, students are at a 
decisive stage of personal and professional develop-
ment where their career track has not yet been deter-
mined, and they retain great potential for flexibility in 
the development of strategic behavior. With developed 
FL, students are better prepared for complex, turbu-
lent processes throughout their careers (Miller, 2007). 
Various initiatives aimed at developing competencies 
for working with the future are already being imple-
mented in different countries. However, this direction 
has not yet acquired a systemic basis, it has not become 
an integral part of broader educational programs and 
uniform standards for teaching such competencies 
have not yet been developed. In addition, a review of 
known publications on this topic shows the absence of 
special tools for objectively assessing the degree of as-
similation of FL skills by students. 
In an attempt to fill this gap, this article presents the 
author’s tools for assessing the degree of students’ ac-
quisition of FL skills.
The article is structured as follows. First, we provide 
a brief history of futures science and the formation of 
the FL concept. Then the latest trends that make up 
the discourse in this area are described, examples of 
projects for the development of FL in the educational 
system and business are given. The remaining sections 
describe the methodology for compiling the question-
naire, the basis of the proposed toolkit for measuring 
the initial level of FL in students, the obtained results 
are then discussed, and conclusions are provided.

Literature Review   
The FL concept describes an educational process aimed 
at developing people’s abilities to think about the fu-
ture, to view the current context through the lens of 
realistic future scenarios. On this basis, decisions are 
made and development strategies are formed to avoid 
undesirable tracks and implement preferred ones (Poli, 
2021). Strategies are developed both at the individual 
level and at the collective, organizational level, in-

cluding defining long-term development goals for a 
company or country and forming innovation policies 
(Miller, 2007, 2018; Karlsen, 2021). Let us consider ap-
proaches to the development of FL in the private sector 
and education.
FL, as a science of working with the future, has its 
own history. The idea of developing skills for dealing 
with the future as a basic competence “for the masses” 
(such as financial, digital, etc.) was first proposed in 
the 1970s (Toffler, 1970, Polak, 1973; Vygotskii, Cole, 
1978). However, for several decades it remained out-
side the broader discourse. The situation changed in 
2012, when UNESCO, represented by the head of the 
Foresight Research department, Riel Miller, began to 
create networks of special training laboratories for the 
development of these competencies in many countries 
(Miller, 2012). By that time, this concept had acquired 
a different meaning, becoming a synthesis of complex-
ity theory and anticipation theory (Rosen, 1991; Louie, 
2010; Nadi, 2012). The most significant role in the de-
velopment of the FL concept and its translation into 
practice was played by the work (Miller, 2018). Thus, 
the science of the future entered a new historical stage 
of development. Different development institutions 
use their own terminology to describe it. Thus, in Ger-
many (Stifterverband) and other countries they use the 
English names “Future Skills” or “Next Skills”. The Uni-
versity of Dublin (Ireland) operates with the concept of 

“Transversal Skills”. International organizations con-
sider FL part of broader “21st century skills” (OECD, 
2018, 2023), “Key Competences for Lifelong Learning” 
(European Commission, 2019). As part of “Next Skills”, 
FL is closely related to “working with ambiguity”, “ethi-
cal competence”, “meaning-making”, and “reflexivity” 
(Ehlers, 2024). In turn, the study (Lalot et al., 2020) 
operates with the concept of “Futures Consciousness”, 
focusing on aspects such as “openness to alternatives.” 
Regardless of the terminology, it is believed that skills 
for working with the future can be trained, developed, 
or strengthened in a variety of ways.
FL is considered through the prism of the classical def-
inition of competence – as a set of knowledge, practical 
skills, and psychological attitude. Six of its components 
are distinguished (Table 1), which are interconnected, 
complementary, and upon one another.
From the point of view of FL leveling, four levels are 
distinguished (Bergheim, 2024):
Basic: Generally common to all people who imagine 
different futures and are somewhat open to new ideas 
and activities.
Intermediate: It is typical for people with heightened 
awareness, who are able to more deeply “draw” dif-
ferent versions of the future, comprehend them, and 
build their plans on this basis.
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Advanced: Characteristic of those with strategic think-
ing who regularly update their knowledge of complex-
ity theory, anticipation, foresight, and take part in stra-
tegic sessions.
Specialized: A small group of experts generating 
knowledge in the field of complexity science, anticipa-
tion, and foresight. They create new ways and methods 
of interacting with advanced systems and processes.
FL presented above has a logical connection with the 
multi-layer structure of the process of research into a 
multi-variant future (futures studies, FS) (Poli, 2021), 
reflected in Table 2. Each of the levels (layers) involves 
working with “known” and “unknown” aspects of the 
future. Thus, using these categories, one can explain 
the fundamental difference between forecasting and 
foresight. Forecasting is an attempt to “guess” the fu-
ture, often based on the assumption that the future is 
a linear continuation of the present. In turn, the task 
of foresight is to outline different possible realistic op-
tions for the future, which forms the information basis 
for decision-making and strategy development, allow-
ing one to avoid unwanted options and take steps to-
ward the implementation of preferred options (Miller, 
2018; Poli, 2017, 2019). Another key dimension that 
comes to the fore is the distinction between complex 
systems and CASs (Poli, 2013, 2017). The strategic en-
vironment of the 21st century is fundamentally differ-
ent from the strategic environment of the 20th century, 
such that a truly complex organization requires a truly 
flexible structure to be resilient (McChrystal, 2019). 
This cannot be achieved without the majority of its 
members possessing FL.
When synthesizing these “contradictory” dimensions, 
a strategy of anticipation is developed, responsible for 
converting the accumulated knowledge base about the 
future into a roadmap of steps to implement preferred 

scenarios. In moving from the first layer to the fourth, 
and from known dimensions to unknown ones, the FL 
level is improved.
According to the works (Poli, 2021; Inayatullah, 2020), 
the development of FL as a competence is associated 
with the transition from less advanced to more ad-
vanced ways of using knowledge about the future. In 
this regard, the degree of aspiration to go beyond one’s 
current environment to new horizons and heights, to 
get rid of the rut trap, and transform the life track is 
of key importance. This ability is distributed very un-
evenly across spaces and cultural contexts and has few 
areas of concentration. The ways in which knowledge 
about the future is used (or not used) serve as the basis 
for its development. Knowledge about the future as a 
tool embedded in actions that thus take the form of a 
strategy has a fundamentally different value compared 
to simple abstract reflection (Shutz, 1967). In the most 
general terms, one can contrast “passive” and “active” 
orientation to the future.
In relation to the field of education, this means that a 
passive orientation is expressed in the persistent wide-
spread motivation to receive an education only for the 
sake of knowledge, without setting a specific life or 
career goal. With this attitude, the future remains un-
articulated, appears as an implicit background for the 
educational process and does not have the potential to 
become a resource for proactive use (Miller, 2015). In 
contrast to a passive approach, there are types of active 
orientation, where knowledge about the future is built 
into the educational process. Most often, an active ori-
entation to the future is expressed in optimizing efforts 
to achieve goals, taking into account the environment 
and relationships with other people (Facer, 2016). Con-
textual optimization is based on an understanding of 
what to expect and how to use resources in accordance 
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Subcompetence Description
1) "Complexity & 
Uncertainty Competence”

The future is viewed through the lens of complex adaptive systems (CAS), which are characterized by 
emergence, ambiguity, high unpredictability, etc.

2) "Multiple Futures 
Competence”

The diversity of possible paths is an integral characteristic of the CAS and these options can have different 
connotations in terms of perception (probable, desirable, etc.). The ability to work with such blocks 
as planning, self-organization, and optimization. Identify restraining factors such as "blind spots" and 
question the content of various data.

3) "Imagination & 
Assumptions Competence"

The future exists only in the imagination, so being aware of its images present in one's own consciousness 
and the consciousness of others, as well as the roots from which they arise, helps shape narratives.

4) "Reframe & Experiment 
Competence”

It is revealed through experiments, cognitive stretching, openness to the unknown, narrative practices, 
role-playing games, and living out individual scenarios.

5) "Novelty & Emergence 
Competence”

The ability to feel the difference between images of different versions of the future, to raise new, important 
questions that can open doors to new quests, to develop and accept unfamiliar situations, to explore new 
spaces and phenomena.

6) "Agency & Action 
Competence"

Knowledge of the connections between expectations, future images, and present action. Understanding 
the possibilities as well as the limitations of agency in the CAS. Identify strategies for different future 
images and develop roadmaps.

Source: authors, based on (Bergheim, 2024).

Table 1. Components of FL
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with the priorities. The future is seen as a background 
for making rational decisions, but the optimality of the 
choice can be judged, provided that the same set of 
criteria exists for evaluating all options. Optimization 
as a competitive advantage involves the acquisition of 
higher-order skills. However, various versions of “opti-
mization” are becoming less and less viable options in 
today’s turbulent world (Archer, 2013).
An effective alternative seems to be the development 
of educational programs based on work with contrast-
ing scenarios and modeling immersion in unfamiliar 
experiences. Such conditions favor the development 
of innovative thinking and skills for recognizing new 
opportunities (Bloch, 1995; Poli, 2017). For this, safe 
learning spaces for experimenting with scenarios that 
have not yet been lived seem to be the optimal solution.
An additional factor of complexity in the process of FL 
formation is introduced by the diversity of intellectual 
traditions and practices of futures studies (Mangnus et 
al., 2021). Reflection on different modes of engagement 
with the future and an understanding of what these 
different approaches can offer for future-oriented ac-
tion is recognized as fundamental to the development 
of FL. Different intellectual traditions and practices of 
futures studies make epistemologically different claims 
about the future and its manifestations in the present. 
Four main approaches were identified.
The first approach assumes that the future is at least 
partially known. The accompanying tools and meth-
ods consist of planning mechanisms and models to 
determine the probabilities of certain future events, in-
cluding low-probability events with large-scale effects 
(wild cards), in order to mitigate risks.
The second approach starts from fundamental uncer-
tainty about the future, favoring the conceptualization 
of several plausible forecast scenarios in order to test 
adaptive capabilities in these contexts. Methods such 

as quantitative modeling, scenario development, and 
horizon scanning are used.
The third way of engaging with the future aims to open 
alternative future paths through collective imagination 
using design, games, and other experimental and expe-
riential interventions aimed at co-creating narratives.
The fourth, critical deconstruction, questions engage-
ment with the “future”. It asks how visions and ideas 
about the future are formed and how their political im-
plications are assessed.
The approaches listed represent fundamentally differ-
ent attitudes toward what it means to meaningfully en-
gage with the future. Due to this diversity of attitudes 
toward the future and the different possible ways of 
engaging with it, the task of shaping FL turns out to be 
more difficult than it might seem at first glance. For ex-
ample, confidence in the future is crucial for perceiv-
ing life as meaningful (Myllyniemi, 2017). The lack of 
a positive vision of the future can manifest itself, for 
example, in the choice of a suboptimal educational 
or career tracks, the growth of public fears, and other 
negative outlooks.
Thus, having FL depends on reflexivity regarding the 
different ways of interacting with the future and their 
effects. The interpretation of this concept always de-
pends on the types of interventions currently carried 
out and on which pictures of the future are drawn (in-
dividually and collectively) and the ways of achieving 
them . Different practical results follow from this and 
there are grounds to speak about different levels of FL. 
The aforementioned four approaches to the future op-
erate with different tools and practices, uniting people 
around specific images of the future and, accordingly, 
have different social functions. Some approaches open 
up more space for action, while others narrow this 
range (Stirling, 2008). Reflexive FL can contribute to 
raising awareness of different possible scenarios and 

FS Levels
Futures Work Dimensions

Key Messages
Known Unknown

Layer 4. Dance (Working 
with complex systems)

Studying complicated 
systems

Working with complex living 
adaptive systems

Learning to “dance” with complex adaptive 
systems

Layer 3. Ignorance 
(Working with incomplete 
data)

Risk assessment 
(events with a 
known probability of 
occurrence)

Delving into uncertainty 
(exploring possible events with 
an unknown probability of 
occurrence)

Ignorance is more relevant than knowledge 
(What we do not know is much more 
important than what we do know)

Layer 2. Deed (Focus on 
current activities)

Focus on mainstream 
trends (megatrends)

Exploration and identification 
of emerging processes, weak 
signals, potential jokers, and 
windows of opportunity

The future grows or shrinks according to our 
deeds (The chances of any scenario, whether 
desirable or undesirable, coming to fruition 
depend largely on our knowledge of them and 
the nature of the actions or inactions we take)

Layer 1. Action (Scanning 
the Future)

Forecasting Foresight Translation into action (The future is not 
predetermined, different scenarios for its 
implementation are possible)

Notе: The layers are arranged in the matrix according to their hierarchy in relation to each other.
Source: authors, based on (Poli, 2021).

Table 2. Multi-Layered Matrix of Futures Studies
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ways of realizing them. Reflexive forms of FL, regard-
less of approach, can deliberately and subtly guide fu-
ture visions into a space of expanded possibilities. It 
is also possible to achieve an organic synthesis of dif-
ferent future regimes – “open” and “closed” – through 
interdisciplinary and transdisciplinary collaboration, 
especially if reflexivity takes on an institutional form.
The paper (Pouru-Mikkola, Wilenius, 2021) proposes 
the concept of transformative FL as a new paradig-
matic framework for educational institutions, synthe-
sizing the theories of transformative learning and FL. 
Transformative learning, based on a holistic approach, 
involves changing the frames of reference that deter-
mine the nature of people’s interactions with the future. 
The goal is to develop a person’s cognitive, motivational, 
and action-oriented abilities to interact with the fu-
ture. “Frames of reference” describe the structures of 
assumptions through which life experience is under-
stood: associations, concepts, values, feelings, and con-
ditioned reactions (Mezirow, 1991). They shape and 
limit expectations, perception, cognition, and feelings. 
In the process of transformation, critical reflection on 
established interpretations and beliefs occurs.
FL development is based on the multidimensionality 
of human nature. For example, in the article (Ahve-
nainen et al., 2015), learning to work with the future 
is defined as a process that involves both rational and 
non-rational aspects of thinking, such as emotions and 
intuition. According to Gidley and Hampson (2005), 
FL training places excessive emphasis on the role of 
the cognitive dimension and the development of in-
dividual abilities. In turn, non-cognitive dimensions 
(empathic, creative, communicative, etc.) and collec-
tive learning are underrepresented, despite the fact 
that they also open up space for learning. The works 
(Rogers, Taff, 1996; Rogers, 1998) present a five-stage 
FL learning cycle, which was later used as an example 
of transformative learning (e.g. Siirilä et al., 2018; Ster-
ling, 2010):
1. Cognitive: New knowledge acquisition, new ways of 
thinking, new perspectives.
2. Affective: Emotional responses to the newly gained 
knowledge, ranging from sorrow, despair, and anger to 
hope, acceptance, and courage.
3. Existential: Existential questioning of one’s life, val-
ues and lifestyles caused by the two preceding phases.
4. Empowerment: Sense of personal empowerment 
and new clarity as one begins to consider how one can 
contribute to the future on a personal level.
5. Action: The sense of empowerment finds concrete 
manifestation in personal choices and social action for 
the building of a better future.
Thus, the combination of FL and transformative learn-
ing theories places a significant role in the learning ex-

perience of critically analyzing personal assumptions 
and emotions about the future, understanding new 
roles and perspectives, and finding ways to act upon 
new ideas.

FL Training – General Theoretical and Practical 
Considerations
FL labs are part of a limited portfolio of methods for 
working with “social complexity” (Aaltonen, 2009). 
They help people learn to engage creatively with the 
future and allow for ambiguity and self-organization 
(Bergheim, 2022). A large number of methods, grouped 
under the name “engineering approaches”, rely on the 
ability of managers, experts, or researchers to under-
stand, design, and control a system from the outside 
and to define clear rules. These include: environmental 
scanning, forecasting, text mining, roadmaps, scenari-
os and the “wheel of the future” (Aaltonen, 2009). Dif-
ferent methods used for different reasons in different 
situations require different methods of evaluation.
The educational process in most laboratories consists 
of four sequential stages (Bergheim, 2022), the overall 
goal of which is to make explicit and experiment with 
predictive models and assumptions.
Stage 1: “Reveal” (Phantom scenario). First, the student 
is asked to outline his vision of the future (phantom 
scenario). Then the reasons that made him assume 
such a course of events are revealed.
Stage 2: Reframe (Realistic Scenario): Students imagine 
the future through a lens that is fundamentally differ-
ent from the phantom scenario, experimenting with a 
different set of assumptions.
Stage 3: “Rethink”. The current context is viewed 
through the lens of the scenarios developed in the pre-
vious stages. New issues that were not previously rec-
ognized emerge.
Stage 4: “Action”. The rehearsal of the action options de-
veloped in the three previous stages. Learning through 
action is carried out.
During the learning process, the necessary compe-
tencies are developed (the ability to work in teams, to 
form collective intelligence, to move through complex-
ity and uncertainty in a state of certain stability, etc.) 
(Burns, 2015).
The second principle of the labs is to create collective 
intelligence, which allows students to experience dif-
ferent forms of perception and understanding, to bet-
ter understand what they know and what they do not 
know, and to discover common patterns in complex 
processes. Rethinking transforms the mental-cognitive 
block. Different tools are used in this process. In some 
labs, educational sessions can be limited to a few hours, 
in others they stretch out over several days. Some labs 
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work with a small number of participants, while others 
involve hundreds. Some labs prioritize Phase 2, which 
promotes increased creativity, while others touch on 
it only briefly. Some labs focus on identifying and de-
veloping new ways of doing things in Phase 4, while 
others deliberately conclude the learning process with 
Phase 3 and rely on the energy of the participants to 
continue working independently with the new ideas 
identified after the lab session.
FL training is the training of teachers with the relevant 
competencies. The work (Kazemeir et al., 2021) pres-
ents a case study of the implementation of such an edu-
cational program. An assessment was made of the ex-
tent to which participants acquired three FL qualities 
that the program aimed to develop: improved percep-
tion of the future, acceptance of complexity, and a new 
sense of agency. The perceived value of the instruc-
tional strategies and program design was examined by 
the participants. All participants reported developing 
one or more FL qualities and noted the supporting 
role of the instructional strategies and program design. 
The need for additional research was identified to de-
termine the content of the skills that make up FL and 
their assessment, taking into account the importance 
of such factors as students’ personality traits, and their 
previous experience with the future.  
Improving perceptions about the future is linked to the 
problem of people getting stuck in their “normalized” 
ways of thinking and acting, which are often taken for 
granted. A blind spot arises in relation to these factors 
that influence the nature of judgments and limit in-
ternal potential (Wals, Peters, 2017). People generally 
have difficulty expanding their imaginations toward 
emergent possibilities and transcending the limita-
tions of ingrained assumptions about what is possible 
and probable now and in the future (Bell, 2002). The 
idea of the future is also influenced by subjective emo-
tions and experiences, and by the views, values, and 
opinions shared in society (Rubin, 1998). The ability to 
think about the future is manifested in action: images 
and assumptions about the future influence actions 
in the present, which in turn contribute greatly to the 
shape that the future begins to take.
The development of FL seems to be one possible way 
out of this impasse. By abandoning the focus on fore-
casting and planning and instead diversifying the ways 
of seeing the world, it is possible to overcome anxiety 
about change and accept uncertainty and novelty as 
resources for development (Larsen et al., 2020; Nelson, 
2019). FL thus allows one to embrace complexity, act 
in new and improved ways, and move beyond one’s 
comfort zone (Damhof et al., 2020). Thus, in order 
to modernize the educational program on FL, one of 
the FL laboratories in Hansa (Germany) implemented 

a three-module teacher development program called 
Mastering Futures Literacy (MFL) in 2019. Each mod-
ule addressed the task of developing one of the three 
FL qualities outlined above – improving the percep-
tion of the future, accepting complexity and gaining 
a new sense of subjectivity (from the performing ap-
proach to the transformative one). The idea was based 
on the idea of the gradual development of FL: the pro-
cess begins with an improved perception of the vision 
of the future and the other two learning effects follow 
from this and can be intertwined. When the percep-
tion of the world changes, complexity and uncertainty 
cease to be a challenge. The design of the program was 
built in such a way that the participants felt like a com-
munity sharing common meanings. In this way, they 
gained the potential for integration into a wider net-
work of FL training organizers (Kazemier et al., 2021). 
Following the training, university teachers expressed 
a commitment to creating spaces for experimenting 
with different futures in different contexts and build-
ing FL capacity in the wider community. Such initia-
tives are intended to contribute to the transformation 
of the established higher education system, as FL train-
ing goes beyond the incremental innovation processes 
and external quantitative assessment measures that 
dominate it. This increases the potential of the higher 
education sector to respond to large-scale and complex 
societal challenges.

Collaboration between Companies and Universities 
in the Formation of FL
There are expanding dynamics of cooperation between 
companies and universities in the development of FL. 
Companies from different sectors, mastering FL to-
gether with universities, create a knowledge spillover 
effect that enhances the educational potential of the 
latter and expands opportunities for experimental 
learning. One of the tools actively used in the corpo-
rate educational environment is scenario planning. Of 
interest is the teaching practice at Oxford University 
(UK) (Ramirez et al., 2021). The training takes place on 

“live” cases related to real strategic problems faced by 
one of the participant learning groups. Live cases are 
flexible learning tools for exploring the future through 
scenario planning. One of the skills acquired here is 
the ability to identify the real deep roots of a persistent 
problem. Through a collaborative search, the members 
of the study group discover the “question behind the 
question,” which leads to a breakthrough solution.
The work (Toivonen et al., 2021) is also worth atten-
tion, since it assesses how the use of different teaching 
methods affects FL proficiency in the context of Fin-
land and Sweden. Four student test groups (373 partici-
pants) took part in special training programs on work-
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ing with the future. Two groups tested the “wheels of 
the future” method, the third  — the development of 
scenarios, while the fourth limited itself to listening to 
theoretical material. The task was to achieve three lev-
els of FL “awareness – discovery – choice” (Miller, 2007, 
2012), the result of which is the growth of the potential 
of transformative subjectivity. The testing of acquired 
knowledge and skills showed different levels of effective-
ness for the different methods. As a rule, achievement of 
higher levels of FL was declared by those who were in-
volved in more practice-oriented methods. At the same 
time, additional difficulties and limitations were noted 
in the implementation of the methods of “scenario plan-
ning” and the “wheel of the future” in decision-making 
practice. The following were noted: the high complex-
ity of working with the future,  deep involvement, and a 
weak understanding of how to operate the results. The 
findings of this study are equally useful for university 
teachers and companies seeking to establish more con-
structive interactions with local communities.
The literature review demonstrates existing proposals 
and approaches for the use of FL. However, before em-
barking on educational projects in this direction, the 
contextual features of the initial attitude of prospective 
students toward the future should be carefully stud-
ied. The development of FL is seen as a guarantee that 
company and university projects will have social sig-
nificance and comply with the principles of sustainable 
development. The need to assess the initial level of FL in 
students is emphasized so that training programs can 
be planned more effectively, taking into account many 
aspects (Mangnus, 2021). Although the cases presented 
in the aforementioned works (Kazemier et al., 2021) 
and others demonstrate sufficient signs of development 
of the target competencies, the research tools used by 
their authors are not able to provide an objective assess-
ment of the degree of acquisition of FL skills, since all 
the conclusions made are based on the opinions of the 
respondents themselves. The need to develop an objec-
tive multi-criteria tool for assessing the acquisition of FL 
skills by students to improve the effectiveness of educa-
tional programs is the purpose of our study.

Methodology
The main objective of the study is to contribute to 
standardizing the measurement of the starting level 
of FL in students, with which work will be carried 
out to increase it. Such a tool will be relevant for any-
one engaged in futures research and especially those 
who implement educational projects in this direction. 
For this purpose, a questionnaire was circulated, the 
questions of which were grouped according to the six 
components of FL identified in the work (Miller, 2018) 
(Table 3). UNESCO’s developments in the creation of 
educational laboratories in this area were used (Miller, 
2018; Bergheim, 2024a). The questionnaire was vali-
dated by nine academic experts in the field of futures 
studies. The results were analyzed using Aiken statis-
tics (Aiken, 1985). On this basis, adjustments were 
made to the questions.
It was pilot tested on a sample of students from a state 
university in Mexico. The survey involved 256 students 
over the age of 17 years old as shown in Table 4. Of 
the total number of respondents, more than two thirds 
(173 people) were women, which indicates their in-
creased interest in the proposed questionnaire.
The questions were distributed into six FL categories 
and are presented in Table 5. Respondents were asked 
to choose one of five answer options to assess the prob-
ability – an indicator of the degree of their confidence 
in the answer: maximum, high, medium, low, and 
minimum. A five-point Likert scale was used to mea-
sure the answers. The questionnaire was carried out 
with using the Microsoft Forms web application.

Results
The next research stage consisted of the assessment of 
the statistical reliability of the answers obtained using 
exploratory factor analysis (Hair et al., 2019), KMO 
tests (Kaiser, 1974) and Bartlett (1954) and Cronbach’s 
alpha coefficient calculations. Data processing was car-
ried out using the statistical software package SPSS. To 
describe the results of the analysis, a set of factor and 
structural matrices was constructed.
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Component Functions for working with images of the future
Forecasting Focus on generalized forecasts of imaginary futures based on extrapolations from the past.
Fate Specific and unique imaginary futures based on fatalistic stories or entrenched myths.
Creative reform Use of imaginary futures to solve known problems in innovative ways.
Self-improvement Imaginary futures oriented toward the appreciation of process and ephemerality, with endogenous creativity.
Strategic thinking Imaginary futures to perceive and make sense of the emergence of phenomena in the present, focused on 

repetitive phenomena.
Tao-being wisdom Imaginary futures to make sense of the emergence of phenomena in the present, focused on unique and locally 

specific attributes.
Source: authors, based on (Miller, 2018).

Table 3. Description of Thematic Categories for the Distribution of FL Assessment Criteria 
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Valid Frequency Percentage Valid 
Percentage

Cumulative 
Percentage

3 1.2 1.2 1.2
Man 79 30.9 30.9 32.0

Woman 173 67.6 67.6 99.6
Not 

specified
1 0.4 0.4 100.0

Total 256 100.0 100.0

Table 4. Frequencies - Age and Gender  
of the Respondents

Source: authors.

b) Gender

a) Age

Valid Frequency Percentage Valid 
Percentage

Cumulative 
Percentage

3 1.2 1.2 1.2
17 20 7.8 7.8 9.0
18 61 23.8 23.8 32.8
19 44 17.2 17.2 50.0
20 38 14.8 14.8 64.8
21 38 14.8 14.8 79.7

More than  
21 years 52 20.3 20.3 100.0

Total 256 100.0 100.0

Table 5. Survey Questions and their Distribution by FL Categories

Forecast 
R1. Do you use statistical, historical, or context information to evaluate options before making important decisions related to your 
career?
R2. Do you keep up to date with information or the latest trends and advances in your field of study?
R3. Do you know how to identify trends that could impact your future career?
R4. Do you know how to identify early alerts/signals about significant changes in your field of study?

Destiny
R5. Do you believe that there is a single future in which people’s events or actions are predetermined?
R6. Do you believe that there is an order and destiny of things that cannot be changed?
R7. Do you think that no matter what is done, the conclusion of the world will be the same?

Creative Reform 
R8. Are you capable of planning projects in the present considering their results in the medium or long term (10 or more years in 
the future)?
R9. Do you conceptualize futuristic ideas and express them through models, prototypes, or other creative means to facilitate their 
understanding in the present and their results in the future?
R10. Do you use scenarios to transform your ideas about the future into actions that help solve current problems?

Self-Improvement 
R11. Are you willing to take on additional responsibilities to advance your goals?
R12. Do you strive to set ambitious and meaningful goals in your academic and professional life? R13. Do you take the initiative to 
address situations before they become problems?
R14. Do you actively seek opportunities in your field of study or work rather than waiting for them to rise?
R15. Do you think of innovative solutions to problems in your academic or professional life?

Strategic Thinking 
R16. Do you use short, medium, and long-term goals for your professional and personal future?
R17. Do you use strategies to identify and take advantage of future opportunities in your field of study?
R18. Do you anticipate possible problems and take preventive measures in your studies or work?
R19. Do you consider the medium and long-term consequences of your current actions and decisions in relation to your career?
R20. Do you have contingency plans in case you have to face unexpected changes in your academic or professional life?

Wisdom-Tao-Being 
R21. Are you able to identify possible challenges or changes in your academic or professional environment before they occur?
R22. How perceptive are you of emerging events in your environment to associate them with future events that could impact your field 
of study or work?
R23. Do you believe you are prepared to face local challenges with global awareness in a proactive way in your area of study or work?

Source: authors.

In total, six main factors were analyzed, in which group 
elements related to different sub-competencies. FL 
(the ability evaluate future scenarios, make decisions 
under conditions of uncertainty, “play ahead”, etc.).
Trends in the responses of the surveyed students were 
identified using descriptive statistics. The values of the 
Cronbach’s alpha coefficient in all cases were greater 
than 0.8, which reflects the high reliability of the se-
lection of aspects characterizing competence and FL. 
They can be considered a guarantee that the wording 
of questions in each group describing the correspond-
ing FL component correlates, measuring similar con-
structs.
Exploratory factor analysis (EFA) was conducted us-
ing maximum likelihood with Oblimin oblique rota-
tion and Kaiser normalization. Results  are reflected in 
Table 6.
The structural matrix presented in Table 7 demon-
strates the general correlations between the items and 
their underlying factors. Its components reflect a sig-
nificant correlation with the expected factors, confirm-
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Kaiser-Meyer-Olkin Measure of Sampling 
Adequacy

0.903

Bartlett›s Test of 
Sphericity

Approx. Chi-Square 1950.695
df 253

Sig. 0.000
Source: authors.

Table 6. KMO and Bartlett’s Test
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ing the validity of the proposed tool structures. The 
items with the highest correlation are related to ques-
tions R19–21, which showed a strong positive correla-
tion with Factor 1 (loadings of 0.776, 0.639 and 0.625 
respectively). There is reason to believe that these 
items reliably reflect the theoretical dimension repre-
sented by the mentioned factor.
On the contrary, some items also present negative 
loadings (e.g., R21 with Factor 3, loading of -0.439), 
which indicates inverse relationships between some 
items and non-dominant factors. 
At the same time, the pattern matrix (See Table 8) was 
key to understanding the pure loadings between items 
and factors, excluding indirect influences from other 
factors. This matrix made it possible to clearly identify 
which items are more strongly related to each factor, 
disregarding possible cross-influences from other fac-
tors. For example, item R6 showed a strong loading on 
Factor 2 (0.824), confirming its direct association with 

it. In contrast, some items such as R12 presented more 
complex factor loadings, showing both a strong nega-
tive relationship with Factor 3 (-0.772) and a moderate 
positive one with other factors, which may suggest the 
need to revise this item or its interpretation in further 
studies.
Each factor is composed of items that correlate co-
herently, which confirms the validity of the structure 
initially proposed in the theory. However, some items 
presented minor cross-loadings with more than one 
factor, suggesting the need for further revisions or the 
refinement of the questionnaire in future studies.
The variables are grouped into three factors that accord-
ing to the proposed literature review can be named as 
follows: F1 (specific knowledge), F2 (scalable knowl-
edge), and F3 (awareness of the future).

Discussion and Conclusions
Previous studies   in the FL area, for example (Kazem-
ier et al., 2021; Pouru-Mikkola, Wilenius, 2021), em-
phasized the need to develop educational tools that 
promote long-term thinking in university contexts. In 
response to this need, our study proposes an innova-
tive approach to identifying and standardizing the as-
sessment of students’ FL competence. Statistical com-
puting confirms the reliability of the questionnaire we 
developed to measure the level of FL in students, since 

 
Factors

1 2 3 4 5 6
R21 0.776 0.312 –0.439 0.517 0.236  
R19 0.639   –0.447 0.385 0.229 0.443
R20 0.625   –0.36 0.292   0.159
R18 0.623 0.212 –0.497 0.455 0.219 0.383
R22 0.6 0.217 –0.399 0.523 0.221  
R23 0.504 0.2 –0.386 0.501 0.224  
R6 0.13 0.824   0.134 –0.12 0.114
R7   0.631     0.399 –0.162
R5 0.178 0.595   0.192 0.161  
R12 0.394   –0.772 0.388 0.176 0.329
R11 0.346   –0.763 0.371 0.19 0.326
R13 0.47 0.132 –0.654 0.445   0.108
R17 0.541 0.178 –0.614 0.439 0.531 0.336
R14 0.516 0.168 –0.602 0.406 0.308 0.109
R15 0.566 0.222 –0.583 0.472 0.183 0.252
R16 0.462 0.127 –0.527 0.369 0.484 0.414
R4 0.372 0.212 –0.433 0.694 0.271 0.124
R3 0.383   –0.427 0.643 0.177 0.141
R9 0.44 0.331 –0.348 0.571 0.281 0.192
R1 0.295   –0.273 0.567 –0.174 0.183
R2 0.301   –0.301 0.522   0.109
R8 0.47 0.174 –0.359 0.482 0.311 0.154
R10 0.38 0.119 –0.536 0.395 0.134 0.586
Extraction Method: Maximum Likelihood. Rotation Method: Oblimin 
with Kaiser Normalization.
Source: authors.

Table 7. Structure Matrix
Factors

1 2 3 4 5 6
R21 0.681 0.124 0.141 –0.158
R20 0.655
R19 0.551 –0.108 0.314
R18 0.426 –0.112 0.102 0.247
R22 0.420 0.277
R6 0.890 –0.281 0.173
R7 0.597 –0.176 0.311 –0.115
R5 0.566
R11 –0.775
R12 –0.763
R13 0.155 –0.605 –0.196 –0.125
R14 0.223 –0.451 0.144
R15 0.285 0.110 –0.335 0.114
R4 0.660 0.180
R3 –0.112 0.586
R1 0.571 –0.243
R2 0.488
R9 0.114 0.204 0.456 0.168 0.103
R8 0.232 0.317 0.210
R23 0.283 0.306 –0.139
R17 0.188 –0.318 0.394 0.166
R16 0.155 –0.228 0.377 0.284
R10 –0.285 0.122 0.465
Extraction Method: Maximum Likelihood. Rotation Method: Oblimin 
with Kaiser Normalization.
Source: authors.

Table 8. Pattern Matriax
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