Pre prints.org

Article Not peer-reviewed version

From Technological Flexibility to
Sustainable Products: The Mediating
Role of Environmental Scanning and
Circular Economy Principles

Jowita Trzcieliriska and Stefan Trzcieliriski -

Posted Date: 24 November 2025
doi: 10.20944/preprints202511.1724 v

Keywords: technological flexibility; environmental scanning; circular economy principles; sustainable
products; Industry 4.0

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3456602
https://sciprofiles.com/profile/2374025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2025 d0i:10.20944/preprints202511.1724.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

From Technological Flexibility to Sustainable
Products: The Mediating Role of Environmental
Scanning and Circular Economy Principles

Jowita Trzcielinska and Stefan Trzcielinski *

Poznan University of Technology, Poland

* Correspondence: stefan.trzcielinski@put.poznan.pl

Abstract

Technological flexibility is widely recognised as a driver of product innovation, yet its role in
enabling the transition toward sustainable products remains insufficiently understood. This study
addresses this gap by examining how technological flexibility shapes product-market strategies
through two pathways: (1) Technological Flexibility — Environmental Scanning — Product-Market
Strategies (T-E-S) and (2) Technological Flexibility — Environmental Scanning — Circular Economy
Principles — Product-Market Strategies (T-E-C-S5). Using an abductive design and a survey of 300
medium and large manufacturing firms in Poland, we analyse eight dimensions of environmental
scanning, seven circular-design principles, and four Ansoff-based strategic orientations. Non-
parametric correlation tests and Kruskal-Wallis analyses and post hoc test show that technological
flexibility significantly increases environmental-scanning intensity. Yet only five macro-
environmental segments trigger circular-design behaviour, and only two principles — repairability
and waste minimisation translate into sustainable product strategies. Results reveal two competing
logics: a commercial logic focused on market opportunities and an ecological logic centred on
sustainable design. Their integration occurs only under high technological flexibility and scanning
engagement. The study contributes new empirical evidence on mechanisms linking flexibility,
scanning, circularity, and sustainability-oriented product innovation.

Keywords: technological flexibility; environmental scanning; circular economy principles;
sustainable products; Industry 4.0

1. Introduction

In recent decades, we have seen an intensification of several phenomena that affect businesses:
the digitisation of processes and products, the growing importance of climate change, increasingly
stringent environmental regulations, rising consumer expectations regarding sustainability, and
social pressure. It is widely accepted that companies cannot ignore these trends and that adapting to
them is therefore a prerequisite for survival [1,2]. The European Green Deal, the United Nations
Sustainable Development Goals (SDGs), and the Paris Climate Agreement [2—4], are of particular
importance. All these documents define the strategic directions for economic transformation and
impose increasing expectations on businesses.

In particular, Middle and Large size Enterprises (MLE) are at the centre of this transformation
due to their scale, impact on the supply chain and resources. Their strategic responses to
sustainability challenges are now crucial in shaping national and global progress towards a low-
carbon, circular and resource-efficient economy. In this context, the concept of Circular Economics
(CE) has emerged as a leading paradigm for combining economic growth with environmental
stewardship. The principles of the circular economy emphasise minimising resource consumption
and waste by extending the life cycle of products through reuse, repair, regeneration and recycling,
as well as designing products that are durable, modular and made from renewable or secondary
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materials. The implementation of these principles is facilitated by technological flexibility (T),

understood as the ability of a company to reconfigure its production system in order to modify its

products and expand its range. This is achieved not only through automated and robotised
production systems, but also through advanced integration and connectivity technologies and data
processing and analysis technologies, including artificial intelligence, Big Data analytics, Virtual

Reality, Augmented Reality, Digital Twins and Cyber-Physical systems. Research shows that

flexibility reduces time to market, supports mass personalisation and increases resilience to supply

chain disruptions [5,6]. However, the relationship between a company's technological flexibility (T)

and its offering of sustainable products (S) remains an open question. Therefore, the main purpose of

this work is to better understand the mechanism by which technological flexibility influences the
adaptation of existing sustainable products and the introduction of new ones. In this regard, we have
identified a knowledge gap:

*  Many studies treat technological flexibility (T) as an independent factor enabling eco-innovation
or circular economy practices (C), assuming a direct positive correlation between T and C [7,8].
Ferasso et al. [9] point out that the moderating role of scanning and analysing changes in the
macro environment and industrial environment of a company (E) is often overlooked, and that
taking this role into account supports the implementation of measures appropriate for the
Circular Economy (C). The T-E-C sequence therefore requires clarification.

*  According to classical strategic management theory, scanning changes in the environment (E)
for the purposes of shaping product and market strategies (S) is dominated by an economic
perspective, focused on seeking competitive advantage, increasing market share and
maximising profits [10-12]. This is confirmed by more recent studies [13-15] and expands on
this point of view by indicating that it also supports risk reduction and increases organisational
resilience [16,17]. In turn, in the literature on sustainable development and the circular economy,
environmental scanning is analysed from a completely different perspective. Its purpose is to
identify regulatory requirements, social pressure, pro-environmental innovations and
opportunities to reduce the environmental footprint [18]. These two perspectives lead to tension
between commercial logic (T-E-S path) and ecological logic (T-E-C-S path) [19]. This
phenomenon, identified as “dual business—sustainability tension” [20], requires further study.

*  Most contemporary models and studies treat the principles of the Circular Economy (C) as an
executive element of product and market decisions [21,22]. However, there are also works, e.g.
[23-25], which consider the opposite relationship, suggesting that circular design principles can
become the starting point for a new product and market strategy. However, the paradigm that
circularity is the outcome, not the origin, of strategic choice still prevails.

*  In this article, we aim to at least partially narrow this cognitive gap. To this end, we conduct an
empirically based analysis of two cause-and-effect chains:

+  Technological flexibility — Environmental scanning — Product-market strategies (T-E-S),

»  Technological flexibility — Environmental scanning — Circular economy principles — Product-
market strategies (T-E-C-S).

Literature studies indicate that the T-E correlation is statistically significant. If the E-C correlation
is also significant, it can be assumed that technological flexibility (T) is moderated by environmental
scanning (E) in such a way that it activates the application of CE principles (C). Then, if the E-S and
C-S correlations are also statistically significant, it can be concluded that the company modifies
existing products and introduces new sustainable products to the market, achieving both economic
and environmental goals [26]. However, if C-S is not significant, the company is guided solely by
economic goals in its product and market strategies.

2. Literature Review

Technological flexibility is most often understood as a company's ability to respond quickly to
market changes, achieved through automation and robotisation, reconfigurable production systems
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and the use of digital technologies [27]. It represents dynamic capabilities that enable a company to
adapt to changes in the macro environment and its industrial environment [28] and to recognise and
seize opportunities, thereby achieving sustained competitive advantage. Research on the relationship
between technological flexibility and product-market strategies can be divided into three groups: (1)
primarily considers the direct relationship between flexibility and product-market strategies, with
these strategies mainly focused on business objectives; (2) the relationship between technological
flexibility and sustainable product-market strategies is examined; (3) an intermediary or moderating
element is introduced in the relationship between technological flexibility and product-market
strategies.

Authors representing the first group state that technological flexibility directly enhances firms'
ability to implement product-market strategies aimed at business performance. This includes faster
market entry (speed-to-market), higher customisation and differentiation, cost-efficient production
adaptability, and experimentation with new business models. Based on a cross-sectional survey of
236 traditional manufacturing firms, Zhang et al. [29] demonstrate that digital technology usage (IoT,
big data, cloud tools) positively affects the firm’s ability to reconfigure assets and make agile market
decisions, thereby enabling the introduction of innovative products, services, and pricing models. It
is important that digital transformation is supported by the political and legal environment, which
strengthens it. Regulatory instability, on the other hand, weakens it. Wang et al. [28] explore how
different stages of digital transformation and thus different levels of technological flexibility develop
distinct dynamic capabilities (adaptive, absorptive, innovative), which subsequently influence the
quantity and quality of innovation. At early stages, technological flexibility, such as digital
prototyping tools and rapid testing, enables speed-oriented product-market strategies (rapid market
entry and experimentation). At more advanced stages, deeper flexibility, such as digital integration
platforms and Al systems, supports strategies focusing on high-quality product differentiation and
service-based business models. Todescato et al. [27] focus on reconfigurable and intelligent
manufacturing systems and demonstrate that these technologies directly enhance operational
flexibility, allowing rapid switching of production modes and configurations. This flexibility
supports mass customisation, short new product development cycles, and modular product offerings
- the key components of product-market strategies emphasising variety and customer
responsiveness. Rajesh [30] found that firms with higher technological flexibility can rapidly adjust
production volumes and maintain product availability during disruptions. This supports aggressive
market strategies like promotional campaigns and market share expansion.

The second group of publications includes those whose authors present the impact of the
following aspects of technological flexibility on sustainable product-market strategies:
reconfigurability of production systems, digital technologies, and supply-chain flexibility. Khettabi
et al. [31] point out that already at the design stage of reconfigurable manufacturing systems (RMS),
the same architectural principles that make manufacturing systems technically flexible can also make
them inherently sustainable. They illustrate this through multi-objective evolutionary algorithms that
optimise RMS configurations by balancing cost and environmental objectives. Building on this,
Milisavljevic-Syed et al. [32] document real industrial cases where system reconfigurability allowed
companies to switch materials and production setups quickly, thus lowering the time and cost of
developing greener product variants. Andersen et al. (2024) [33] provide a methodological
foundation for designing changeable and reconfigurable systems that remain both operationally
efficient and environmentally adaptable, emphasising modularity and changeability as design
imperatives supporting circular economy principles. Batwara et al. [34] propose a hybrid decision-
support approach to help firms identify which product features simultaneously drive customer
satisfaction and environmental performance. Their empirical findings show that it is possible to align
flexible technological capabilities, for example, rapid material substitution or modular product
design, with profitable green innovation strategies. On the other hand, researchers who associate
flexibility primarily with digital technologies state that digital tools not only enhance technological
flexibility but also provide the informational and analytical capabilities needed to accelerate green
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product innovation. Sahoo et al. [35] demonstrate, from a resource-based and network perspective,
that digital adoption (IoT, big data analytics, and integration platforms) strengthens firms' ability to
coordinate eco-innovation activities, enabling faster learning and resource orchestration for
sustainable product design. Xu et al. [36] advance this reasoning by showing empirically that digital
transformation, coupled with capability reconfiguration, drives digital green innovation — the
development of products that simultaneously improve environmental and economic outcomes.
Wang et al. [37] adds quantitative evidence that digital transformation directly increases the share of
green products in manufacturing portfolios, primarily through life-cycle assessment (LCA) tools and
digital prototyping, which accelerate sustainable product design cycles. Han et al. [38] complements
this with an analysis of performance impacts, confirming that technology-enabled eco-innovation
improves both financial and environmental performance when integrated into flexible production
systems. Finally, Mosca et al. [39] broaden the perspective by mapping digital tools that promote
behavioural and organisational change in sustainability contexts, suggesting that digitalisation also
fosters market acceptance of eco-products. In turn, authors who study the impact of flexible supply
chains conclude that technological flexibility within production systems cannot produce large-scale
sustainable outcomes unless the supply network itself is equally adaptable and digitally traceable.
Andersen et al. [33] demonstrate how changeable manufacturing, when combined with modular
product families, enables firms to scale green variants efficiently, namely modularity allows circular
product redesign without losing economies of scale. Sanchez-Garcia et al. [40] extend this logic to the
circular economy transition, showing that technologies such as blockchain and AI provide
traceability and data reliability, critical for verifying the environmental credentials of circular
products.

The third group includes studies that introduce mediating or moderating factors into the
relationship between technological flexibility and product-market strategies. Such factors include
scanning the business environment and activities that constitute a circular economy. Scanning
involves monitoring and analysing macro-environmental and industrial environment factors, usually
across segments such as: political-legal (regulatory), economic, socio-demographic, ecological
(natural environment), technological, buyers, suppliers, competitors [41]. Flexible technologies,
especially those used in Industry 4.0, such as IoT sensors, digital twins, big data analytics, and
predictive analytics, expand both the observability and actionability of external signals. The data
generated by these technologies increases the firm's capacity to detect regulatory pressures (e.g.,
recycled-content mandates), material scarcity, customer preferences, and competitor moves earlier
and at higher resolution than conventional systems permit [42,43]. In addition, flexible production
architectures (reconfigurable tooling, modular platforms, digital manufacturing) reduce the marginal
cost and lead time of experimenting with alternative materials, modular designs, or product variants,
so that scanning signals can be converted into pilots or product changes without prohibitive
investment [42,44].

Companies scan their environment primarily for traditional business purposes. This is because
scanning is a long-established management practice aimed at analysing competition, identifying
market opportunities, recognising technologies and managing risk in order to improve a company's
performance and market position. It is rarely aimed at obtaining data on environmental issues. This
is confirmed by cross-cultural empirical research on competitive intelligence and revenue
management. Demirciftci et al. [14] show that companies systematically scan competitors' prices,
product launches and demand patterns to make tactical and strategic revenue decisions. Multi-
industry research on new product introduction practices [13] also shows that scanning the
environment for customer needs is a dominant factor influencing product development processes
and commercialisation decisions. These studies indicate that scanning primarily serves business
outcomes such as sales growth, reduced time to market, and defensive responses to competitors'
actions [13,14,45]. At the same time, high-level industry reports and corporate surveys show rapidly
growing awareness of environmental and climate risks, which has increased the frequency of
scanning for regulatory and sustainability signals [46]. Empirical studies that focus specifically on the
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link between environmental scanning and sustainability action show that scanning activates green
strategies primarily when firms perceive a business case (lower risk or higher opportunity). Song et
al. [47] demonstrate that firms deploying scanning plus strong cross-functional coordination are more
likely to adopt green strategies; Lindgreen et al. [48] find that firms actively engaged in circular
economy practices use scanning for multiple purposes (stakeholder engagement, regulatory
foresight) but that such scanning often began as a response to regulatory or market pressure rather
than a primary ecological mission. Studies on organisational resilience [17] show that scanning aimed
at risk management also triggers process innovations that may have environmental co-benefits, again
underscoring the primacy of business risk/continuity motives. Song et al. [47], Lindgreen et al. [48],
YahiaMarzouk & Jin [17], Del Vecchio, et al. [49] in their study on technological flexibility and
innovation emphasise that technological and market scanning serves “opportunity recognition” —
identifying market niches and cost advantages, rather than directly serving environmental goals.

In turn, literature on sustainable development and the circular economy emphasizes that
environmental scanning aims to identify regulatory requirements, social pressures, pro-
environmental innovations and opportunities to reduce the environmental footprint. Siekmann et al.
[18] emphasize that Industry 4.0 technologies support the environmental monitoring process and
contribute to the implementation of circular economy practices, but the logic behind this process is
mainly motivated by environmental standards, not market standards. Ortega-Gras et al. [6] argue
that companies introducing 14.0 technologies are driven by regulatory and reputational pressure
rather than direct profit, which distinguishes environmental scanning in the context of sustainable
development from traditional market scanning. This phenomenon, known as ‘dual business—
sustainability tension’, has been highlighted by a number of researchers [50-52].

The above review of the literature confirms the existence of the knowledge gap we have
identified. The mechanism of transition from technological flexibility to sustainable product and
market strategies is not explained, because even if the mediating factor of environmental scanning is
taken into account, there is a divergence of views on the objectives of scanning (market vs.
environmental). We believe that in order to avoid the tension that exists between market and
ecological objectives, another moderating factor needs to be included in this mechanism. This factor
is the modification of existing products and the design of new products in accordance with the
principles of the circular economy, including extending the life cycle of products through reuse,
repair, regeneration and recycling, as well as designing durable, modular products made from
renewable or secondary materials. On the one hand, the implementation of these principles is
initiated by scanning the environment, and on the other hand, they translate into the implementation
of sustainable product and market strategies.

3. Materials and Methods

3.1. Research Design

An analysis of the literature has shown that there is a correlation between technological
flexibility and product-market strategies. We analyse strategic choices through the lens of Ansoff's
matrix, which distinguishes four growth strategies: market penetration, product development,
market development and diversification. These strategies define how companies combine existing
and new products with existing and new markets. The market penetration strategy involves
increasing market share in the current market through intensified promotion, loyalty programmes
and the expansion of distribution channels [53]. The market development strategy leads to an increase
in sales of existing products through geographical expansion and the acquisition of new customers
[12]. The product development strategy is implemented by offering buyers in existing markets
improved, modified or new products [13]. The essence of the diversification strategy, on the other
hand, is to introduce new products to new markets through product innovation, acquisitions,
strategic alliances and new business models [10].
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The Ansoff Matrix [10] is a useful analytical structure for identifying whether the signals
obtained by scanning the macro environment and the competitive environment result in the selection
of product and market strategies that are primarily focused on business objectives or, in parallel with
business objectives, intentionally take into account environmental objectives. Since previous research
indicates a contradiction between the objectives of these strategies (economic vs. environmental), we
have used an abductive approach to explain the mechanism of this relationship. First, we introduce
an intermediary factor, which is the scanning of the macro environment and the industrial
environment of the enterprise. As a result, we consider the following chain of dependencies:
Technological flexibility — Scanning of the environment — Product and market strategies. Secondly,
we introduce a moderating factor for scanning, in the form of applying circular economy principles.
As a result, we also consider a second path of relationships: Technological flexibility — Scanning the
environment — Product design in accordance with CE principles — Product and market strategies
(Figure 1).

N
@® ) s

Our own technological V\__f@__/ . o
resources enable us to We adapt (modify) existing

expand our product range products:
(goods/services): S1 - to the markets in which
T1 - for our own industry We design products: we operate;
T2 - for other industries CI - from recoverable and recyclable S2 - to new markets.
We analyse changes materials We introduce new products:
occurring in the following . . S3 - to our present markets,
. C2 - from environmentally friendly
environmental segments: materials S4 - to new markets

E1 - regulatory,

E2 - economic,

E3 - socio-demographic,
E4 - environmental,

ES5 - technological

E6 - buyers,

E7 - suppliers,

ES8 - competitors

C3 - so that they are easily repairable
C4 - from biodegradable materials

CS5 - so that material waste is
minimized

C6 - Our waste materials are used by
other companies

C7 - We replace environmentally
hazardous technological processes with
safe ones

Figure 1. The research model.

According to the prevailing views in the literature, it can be expected that the first path (T-E-S)
leads to product-market strategies focused on business objectives. The second (T-E-C-S), on the other
hand, should naturally lead to sustainable product-market strategies. If this is the case, it can be
concluded that technological flexibility is used not only for economic purposes but also to modify
existing products and introduce new sustainable products to the market. However, if at least one of
the links between Environmental Scanning-CE Principles (E-C) or CE Principles-Product and Market
Strategies (C-S) is ‘broken’, these strategies do not involve offering sustainable products to buyers.

Our research is predominantly quantitative. Empirical research was conducted in January 2025
among medium and large-sized enterprises operating in Poland, spanning 19 industrial sectors. A
total of 300 companies participated in the study, including 174 medium-sized and 126 large firms,
with a representative sample size of 137 and 133 firms, respectively. 109 of them (17%) represented
activities considered to have the most overall harmful impact on the natural environment (food
production, automotive vehicle assembly, tyre production, pharmaceuticals manufacturing,
furniture production, and beverage production). The data was collected using a questionnaire with
closed-ended questions. The computer-assisted telephone interview (CATI) technique was used. The
respondents were CEOs, Directors of Engineering, or Financial/Economic Directors. Responses were
given on a 5-point Likert scale.
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3.2. Instruments and Data Analysis

The research questionnaire consisted of 5 groups of questions. Questions in groups 2-5 are
shown in Figure 1.

1. Background information (about firm and respondent).

2. Does the technological flexibility (T) of your resources enable you to expand the range of
products/services you offer? Possible answers: 1- do not enable at all; 2- enable to a very small
extent; 3- enable to a moderate extent; 4- enable to a large extent; 5- enable to a very large extent.
Cronbach’s alpha = 0.42. This is a low value, which indicates that each of the two questions T1
and T2 refers to a different construct: T1 — adaptability of technology within a single industry;
T2 — transformability of technology to different sectors. For this reason, we treated T1 and T2 as
separate constructs in the study.

3. Wescan and analyse changes taking place in segments of the environment (E). Possible answers:
1 - we do not undertake such actions at all; 2 — we undertake such actions to a very small extent;
3 — we undertake such actions to a moderate extent; 4 — we undertake such actions to a large
extent; 5 — we undertake such actions to a very large extent. Cronbach's alpha = 0.82 indicates a
very high reliability of the measurement scale.

4. We design products in accordance with the principles of circular economy (C). Possible answers
— the same as for scanning changes in the environment. Cronbach's alpha = 0.78 indicates a very
high reliability of the measurement scale.

5. We adapt existing products and introduce new ones to the market (5). Possible answers — the
same as for scanning changes in the environment. Cronbach’s alpha = 0.83 indicates very high
reliability of the measurement scale.

The variables of a given group shown in Figure 1 were treated as independent (grouping) and
dependent, respectively, according to the direction of the arrow. Since the responses were given on a
rank scale, Spearman's non-parametric rank correlation test was used to determine the relationship
between the grouping and dependent variables. For pairs of variables between which there is a
statistically significant correlation, the non-parametric Kruskal-Wallis test of variance was used. This
test makes it possible to determine whether there are statistically significant differences between the
medians of at least two groups of the dependent variable, corresponding to the ranks of the grouping
variable. If this is the case, the rank of the grouping variable influences the rank, i.e. the value of the
dependent variable. To identify these groups, a post hoc test (multiple comparisons) was performed.
Then, the medians for individual groups of a given dependent variable were calculated. Cases in
which the Kruskal-Wallis test indicated overall significance but post hoc tests showed no significant
pairwise differences (p > 0.05) were excluded from analysis. Despite apparent median differences, the
absence of statistical confirmation and the presence of non-monotonic or logically inconsistent trends
(e.g., U-shaped, inverted U-shaped, fluctuating, stepwise, or flat patterns) were deemed inconsistent
with the theoretically expected direction of the relationship. It was assumed that both the rank and
median of the dependent variable should systematically increase with the rank of the grouping
variable; cases not meeting this condition were not further interpreted.

All tests were performed using Statistica v.13 software. The entire series of tests led to the
identification of the rank of the independent (grouping) variable at which the highest median of the
dependent variable is obtained. This creates the basis for a change in technological flexibility so that
the company's involvement in modifying existing products and introducing new ones to the market
is maximised. In the case of the T-E-C-S path, these strategies apply to sustainable products.

4. Results

In accordance with the adopted research model (Figure 1), we verified whether technological
flexibility is statistically significantly correlated with product and market strategies (Table 1).
Spearman's rank correlation test gives a positive result, with construct T1 (intra-sectoral technology
adaptability) being more strongly correlated than construct T2 (inter-sectoral technology
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transformability). The T1 variable is correlated at a similar level with all product and market strategy
variables: S1 - market penetration, S2 - market development; S3 - product development, 54 -
diversification. A post hoc test confirmed that there are statistically significant differences between
the medians of the groups for each variable S, corresponding to the ranks of variable T1. In the case
of cross-sectoral technological flexibility T2, differences between groups occur only within variables
52 and S3.

Table 1. Correlation between technological flexibility and product-market strategies.

Variable S1 S2 S3 S4
T1 0,31 0,34 0,31 0,30
T2 0,17 0,27 0,17 0,18

The existence of a statistically significant correlation between technological flexibility (T) and
product-market strategies (S) justifies conducting in-depth analyses aimed at explaining the
mechanism and nature of this relationship. Table 2 shows the correlation between flexibility T and
environment scanning E. Intra-sectoral technological flexibility T1 is statistically significantly
correlated with all variables related to scanning changes occurring in environmental segments: E1-
regulators, E2-economic, E3-socio-demographic, E4-natural environment, E5-technological, E-6
buyers, E7-suppliers, E8-competitors. With the exception of E6, intersectoral flexibility T2 is also
statistically significantly correlated with them, but less so than T1.

Table 2. Correlation between technological flexibility and environmental scanning.

Variable S1 52 S3 5S4 E5 E6 E7 E8
T1 0,31 0,34 0,31 0,30 0,29 0,30 0,35 0,29
T2 0,17 0,27 0,17 0,18 0,18 0,09 0,22 0,15

The Kruskal-Wallis and post hoc tests showed that only with higher technological flexibility
(higher T ranks) do companies begin to engage significantly in scanning their environment (Table 3).
The expected relationship is an upward trend in the median in statistically significantly different
(p<0.05) groups of E values, corresponding to increasing T ranks (values). This is the nature of the
relationship between T1 and the environment scanning variables, with the exception of El
(regulatory segment) and E3 (socio-demographic segment). In the case of the grouping variable T2,
the upward trend in the median occurs only for the variables E3 (socio-demographic segment
scanning) and E7 (suppliers segment scanning).

Table 3. Relationship: technological flexibility — environmental scanning.

Grouping Dependent Significantly different Median trend by Rank giving the  Largest
variable variable groups groups largest median median

T1 E2 1-4,1-5 Single-step increase 45 4,0

E4 1-3;1-4;1-5; 2-4; 2-5 Saturation curve 4;5 4,0

E5 1-4; 1-5; 2-4; 2-5 Single-step increase 34,5 4,0

E6 1-3; 1-4; 1-5; 2-5; 3-5 Stepwise increase 5 50

E7 1-3; 1-4; 1-5; 2-4; 2-5; 3-5 Saturation curve 345 4,0

E8 1-4;1-5; 2-4; 2-5 Stepwise increase 4;5 4,0

T2 E3 1-4; 1-5; 3-4 Stepwise increase 5 4,0

E7 2-5;3-5 Single-step increase 345 4,0

The increase shows the following patterns:
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*  Single-step increase — which means that the median increases once and only by one level, most
often from 3.0 to 4.0 when the T rank reaches a value of 4 or 5,

*  Saturation curve — when the median increases slowly for ranks 1 to 3 and stabilises at 4.0 for
ranks 4 and 5,

+  Stepwise increase — when the median increases with the increase in the T rank, but there are
cases where the median is the same for two consecutive ranks (e.g. for ranks 2 and 3 it is 3.0) and
then increases again to 4.0 or 5.0, as is the case with E6 — scanning the buyers segment.

The general pattern between technological flexibility (T) and environment scanning (E) is that
when flexibility allows for at least a moderate or large expansion of the range of products offered
(rank is 3 or 4, respectively), the company engages in scanning segments of the environment to a large
or very large extent (the median is 4.0 or 5.0, respectively).

As evidenced by literature studies, environmental scanning can be aimed at identifying business
opportunities or designing and launching sustainable products. Table 4 presents the results of the
Kruskal-Wallis and post hoc tests, as well as the median trend and the highest median for the
relationship: Environmental scanning (E) - We design products in accordance with the principles of
circular economy (C).

Table 4. Relationship: environmental scanning — implementing CE principles.

Grouping Dependent Significantly different Median trend by Rank giving the = Largest
variable variable groups groups largest median =~ median
El C1 2-5 Single-step increase 45 4,0

C2 2-5 Single-step increase 4;5 4,0
3 2-5;3-5 Single-step increase 45 4,0
C4 3-5 Single-step increase 5 4,0
c7 2-5 Single-step increase 5 30
E2 C1 3-4 Single-step increase 4;5 4,0
C2 3-4;3-5 Single-step increase 45 4,0
G5 2-5;3-5 Single-step increase 4;5 4,0
E3 c1 1-5;2-5;3-5 Stepwise 5 50
c3 1-5; 2-5; 3-5 Flat-then-rising 5 5,0
C4 1-4; 1-5; 2-5; 3-4; 3-5 Stepwise 5 50
G5 2-5;3-5 Single-step increase 4;5 4,0
c7 1-4;1-5 Stepwise 5 40
E4 2 1-4; 1-5; 3-5 Single-step increase 4;5 4,0
3 3-5 Single-step increase 45 4,0
C4 1-5; 2-5; 3-5; 4-5 Stepwise increase 5 4,0
Ce 1-5; 3-5; 4-5 Single-step increase 5 4,0
Cc7 1-5 Stepwise increase 4,5 3,0
E5 C3 2-5;3-5 Single-step increase 45 4,0

This table shows that an increase in a company's commitment to designing products to be more
sustainable is achieved through an increase in its commitment to scanning the macro environment
(grouping variables E1-E5). The tests carried out did not show an upward trend in the commitment
to applying CE principles depending on scanning and deepening the analysis of the industrial
environment (variables E6, E7, E8 in Figure 1). Furthermore, not all variables E1-E5 cause an increase
in the intensity of application of each principle. Scanning is most focused on designing products in a
way that facilitates their repair (C3), followed equally by the use of recoverable and recyclable
materials (C1), environmentally friendly materials (C2), biodegradable materials (C4), and the
replacement of hazardous technologies with environmentally safe technologies (C7). It is used to the
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least extent to reduce waste (C5) and sell it to other companies (C6). The medians in these variable

groups most often increase according to a ‘single-step increase’ pattern from 3.0 to 4.0 when the

ranking of the grouping variable reaches a value of 4 or 5, less often their trends follow a ‘stepwise’

pattern and at rank 5 the medians reach a value of 5.0 or 4.0, and in a single case (E3-C3) in the range

of ranks from 1-3, the medians in individual groups are 3.0 and increase to 4.0 and 5.0 as the rank of

E3 increases (flat-then-rising).

Table 5 presents the results of the Kruskal-Wallis and post hoc tests, as well as the median trend

and the highest median for the relationship: Environment scanning (E) — we modify existing products

and introduce new ones to the market (S).

Table 5. Relationship: environmental scanning — product-market strategies.

Grouping Dependent Significantly different Median trend by Rank giving the Largest
variable variable groups groups largest median  median
El S1 1-3;1-4; 1-5; 2-4; 2-5; 3-4;3-5  Single-step increase 45 4,0

52 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Single-step increase 4;5 4,0
S3 1-4;1-5; 2-4; 2-5 Single-step increase 45 4,0
54 1-3; 1-4; 1-5; 2-4; 2-5; 3-5 Stepwise increase 4;5 4,0
E2 S1 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Single-step increase 4;5 4,0
52 1-4; 1-5; 2-4; 2-5; 3-5 Single-step increase 45 4,0
S3 2-4; 2-5; 3-4; 3-5 Single-step increase 4;5 4,0
S4 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Stepwise increase 45 4,0
E3 S1 1-4 Single-step increase 345 4,0
52 1-3; 1-4; 1-5; 2-4; 2-5 Single-step increase 3,45 4,0
54 1-4; 1-5; 2-4; 2-5; 3-4 Single-step increase 4;5 4,0
E4 S1 1-3; 1-4; 1-5; 2-5; 3-5 Single-step increase 4;5 4,0
52 1-2; 1-3; 1-4; 1-5; 3-5 Single-step increase 4;5 4,0
S3 1-4; 1-5; 2-5; 3-5 Single-step increase 45 4,0
54 1-4; 1-5; 3-5 Stepwise increase 5 4,0
E5 S1 1-5; 2-4; 2-5; 3-4; 3-5; 4-5 Single-step increase 45 4,0
52 1-4; 1-5; 2-4; 2-5;3-4; 3-5 Single-step increase 4;5 4,0
S3 1-4; 1-5; 2-4; 2-5; 3-5; 4-5 Single-step increase 4;5 4,0
54 1-4; 1-5; 2-4; 2-5; 3-5 Stepwise increase 5 40
E6 S1 1-4; 1-5; 2-4; 2-5; 3-4; 3-5; 4-5  Stepwise increase 45 4,0
S2 1-4; 1-5; 2-4; 2-5; 3-4; 3-5;4-5  Stepwise increase 4;5 4,0
S3 1-3;1-4;1-5;3-5 Stepwise increase 45 4,0
54 1-4; 1-5; 2-5; 3-5 Stepwise increase 5 40
E7 S1 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Single-step increase 45 4,0
52 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Stepwise increase 4;5 4,0
S3 1-4;1-5; 2-5; 3-4; 3-5; 4-5 Single-step increase 45 4,0
S4 1-4; 1-5; 2-4; 2-5; 3-4; 3-5 Stepwise increase 4;5 4,0
E8 S1 1-4; 1-5; 2-4; 2-5; 3-5 Single-step increase 4;5 4,0
52 1-3; 1-4;1-5; 2-5; 3-5 Stepwise increase 45 4,0
S3 1-4; 1-5; 2-4; 2-5; 3-5 Stepwise increase 4;5 4,0
S4 1-4; 1-5; 2-5; 3-4; 3-5 Stepwise increase 45 4,0

The medians in the groups of each dependent variable S1-54 show an upward trend with an

increase in the rank (value) of each variable grouping scanning and analysis of the macro

environment (E1-E5) and the industrial environment (E6-E7). The exception is variable S3 concerning
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the introduction of new products to markets currently served by the company, whose groups do not
increase with the company's increasing involvement in scanning the socio-demographic segment. In
the case of grouping variables E1-E5, growth trends according to the ‘single-step increase’” model
dominate, while the medians of groups corresponding to variables E6-E7 most often increase
according to the ‘stepwise increase’ model. In all cases, the highest medians reach a value of 4.0 when
the company is involved in scanning the environment to a large or very large extent (the ranking of
the grouping variable is 4 or 5); less frequently when the involvement is very large (ranking = 5), and
least frequently when it is at least moderate (ranking = 3).

As shown in Table 5, a company's involvement in scanning its environment and analysing
changes taking place in it remains statistically significant and positively correlated with the
adaptation of existing products and the launch of new products on the market. However, this
correlation does not explain whether these adaptations and new products are more sustainable. To
obtain such an explanation, Kruskal-Wallis and post hoc tests were performed, as well as an analysis
of median change trends for the relationship: We design products in accordance with CE principles
(C) — we modify existing products and launch new products (S) (Table 6). The results show that:

*  modifications to existing products offered by the company in existing markets (variable S1)
consist in minimising material waste (grouping variable C5),

*  new products that are introduced to existing markets (S3) and new markets (54) are designed to
be more easily repairable (grouping variable C3).

None of the five remaining variables of product design in accordance with the principles of
circular economy have any impact on improving the sustainability of existing or new products. The
medians of the variables of company involvement in the modification and introduction of new, more
sustainable products increase only according to the ‘single-step increase’ trend. This commitment is
high (median = 4.0) when the company's commitment to designing products aimed at sustainability
is high or very high (the ranking of the grouping variable is 4 or 5, respectively).

Table 6. Relationship: CE principles — product-market strategies.

Grouping Dependent Significantly different Median trend by Rank giving the Largest
variable variable groups groups largest median  median
3 S3 3-5 Single-step increase 4;5 4,0
54 3-4;3-5 Single-step increase 4;5 4,0
C5 S1 3-4 Single-step increase 4;5 4,0

The summary results of the analyses of cause-and-effect relationships occurring in both T-E-S
and T-E-C-S paths are shown in Figure 2. The nodes of the graph represent variables: T — intra-sectoral
and inter-sectoral technological flexibility, E — scanning and analysis of changes taking place in
surrounding sectors, C — product design in accordance with the principles of circular economy, S -
modification of existing products and introduction of new products to the market. Arrows marked
with a solid line indicate a relationship whereby an increase in the value (rank) of the predecessor
(grouping variable) causes an increase in the rank and median of the successor (dependent variable).
The links between the shaded nodes with bold symbols indicate two paths of dependency: T-E-S and
T-E-C-S. Modifications to existing products (51) and new products introduced to the market (53, S4)
are balanced only to the extent determined by two CE principles — C3 and C5.

The bidirectional arrows marked between the C nodes with a dotted line indicate that there is a
statistically significant positive correlation between these variables. Variables C1, C2, C4, C6, and C7
do not have a direct impact on S variables, but the CE principles of product design that they represent
can be partially taken into account when implementing principles C3 and C5.
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Figure 2. Chain of cause-and-effect relationships: technological flexibility — product-market strategies.

5. Discussion

Our research confirmed that companies with high technological flexibility use it to pursue
growth strategies by adapting existing products and introducing new ones to existing and new
markets. They do so, however, primarily within the industry in which they operate. Opportunities
for growth across other industries, although present, are significantly more limited (Table 1). The
Kruskal-Wallis tests and post hoc analyses showed that intra-sector technological flexibility (T1)
enables the implementation of all four strategies distinguished in Ansoff’s matrix (existing or new
product — existing or new market). In the case of cross-sector technological flexibility (T2), these
possibilities apply only to the market development and product development strategies. The lower
level of cross-sector flexibility can be explained by the fact that technologies used in different
industries are highly specialised and require distinct sets of competences. This is consistent with
findings by Hose et al. [5], who emphasise that Industry 4.0 technologies typically enhance flexibility
within existing technological domains rather than across unrelated sectors. Similarly, Ortega-Gras et
al. [6] and Kannan et al. [7] note that cross-sector technological adaptation is hindered by process
incompatibilities, limited engineering knowledge transfer, and elevated investment risks. A
comparable view is presented by Zhang et al. [29] and Masi et al. [15]. Our results also align with
classical strategy perspectives presented by Ansoff [10], Porter [11], and Johnson et al. [12], who argue
that diversification into new sectors requires substantially greater resources and capabilities and is
therefore less effective than growth within the firm's established industry.

In pursuing growth, companies identify opportunities that can be exploited with their existing
technological flexibility. To this end, they scan the environment and analyse the changes occurring
in its segments. They do so more intensely the greater their flexibility (Table 2). The threshold level
is moderate flexibility (rank 3), represented by modular production systems that enable limited but
effective reconfiguration for related product variants. The next level is high flexibility (rank 4),
associated with advanced, highly automated, and digitally integrated technologies that enable rapid
adaptation to new product categories. Very high flexibility (rank 5) is characteristic of multi-axis
industrial robots, 3D printing systems, and automated machining cells equipped with 5-axis CNC
centres and robotic loading/unloading systems.

Intra-industry-flexible firms (T1) focus primarily on the economic (E2), natural environment
(E4), technological (E5), buyers (E6), suppliers (E7) and competitors (E8) segments, because they
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enable rapid and direct adjustments to market, technological, and competitive changes within the
same industry, which aligns with their scope of technological adaptation [5,7]. By contrast, high cross-
sector technological flexibility (T2) encourages the search for opportunities in the socio-demographic
segment (E3) because it enables the identification of trends necessary for product diversification and
entry into new industries, which is consistent with the logic of searching for new markets and
business models [10,12]. High engagement in environmental scanning (median 4.0) means
conducting systematic and broad analysis of environmental segments by dedicated teams. Very high
engagement (median 5.0) includes, among other things, analysis of trends and future scenarios and
their potential impact on the company, supported by advanced analytical systems, as well as early
detection of threats and opportunities and rapid adaptive and innovative decision-making. This
gradation can be explained by three interactive mechanisms identified in the literature: (1) a one-off,
abrupt and concentrated engagement of organisational resources (human, informational, digital, etc.)
for scanning purposes (single-step increase), when companies aim to rapidly acquire promising
information on changes occurring in environmental segments [5,29,42]; (2) iterative, gradual scanning
(stepwise increase), when firms perceive benefits from increasing the engagement of their
organisational resources and therefore escalate such engagement in stages [13,14,47]; (3) the
stabilisation of organisational resource engagement (saturation curve), when additional investment
no longer yields proportional gains from the acquired information [15,31-33,35]. However, the
literature does not empirically test the curves illustrating companies' engagement in scanning
individual environmental segments; therefore, the patterns observed in our study constitute a new
empirical contribution that justifies further longitudinal and causal research.

The original aspect of our study was to examine whether firms also scan their environment in
order to identify which product-design principles aligned with the circular economy they could
apply (Table 4). By scanning the regulatory segment (E1), they learn about requirements concerning
materials, repairability, process safety and environmental restrictions arising from the European
Green Deal and international sustainability policies, which the literature identifies as important
triggers for eco-design and circular design adoption [2,15,46,47]. By scanning the economic segment
(E2), they obtain information on raw material costs, the availability of recycled materials and the
profitability of waste reduction solutions. The literature indicates that economic signals often
determine the adoption of waste minimisation practices [15,21]. From the socio-demographic
segment (E3), they obtain knowledge about users' expectations concerning product repairability and
about whether users attach importance to how companies handle their waste. This is highlighted in
studies on product innovation and sustainability perception [2,13]. By scanning the natural-
environment segment (E4), firms identify ecological pressures, environmental risks and issues related
to biodegradability, recyclability and opportunities for waste commercialisation, as confirmed in
studies addressing circular-economy practices and eco-design constraints [15,42]. In the technological
segment (E5), enterprises identify technologies and processes enabling modularity, ease of repair and
sustainable life-cycle thinking. Research on technological flexibility and Industry 4.0 emphasises the
role of reconfigurable systems, automation and digital solutions in supporting such design
approaches [29,32].

Our findings indicate, somewhat surprisingly, that companies do not engage significantly in
analysing buyer, supplier and competitor segments in relation to the application of circular economy
principles in product design. They do analyse these segments, but for other purposes, namely to
obtain signals related to demand, prices, technologies and competitiveness [1,10-12]. The literature
on strategic management and competitive analysis shows that information from these segments is
used primarily to assess growth potential, competitive advantage, and technological or market
changes, rather than directly to identify eco-design principles [14,47].

The general trend we observed indicates that engagement in analysis must be at least high (rank
4) for the application of circular economy principles in product design to be high (median 4.0) or very
high (median 5.0). A high level of commitment means that the principles are incorporated into a large
proportion of designs, but not into all product types or all relevant design features. Designers often
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use solutions such as environmentally friendly materials, ease of repair or waste-reducing choices,
although these practices are still partial or selective. Proven circular economy-oriented methods are
used in the design process, but not all potentially relevant circular economy options are consistently
explored. This selective but significant application is consistent with the literature showing barriers
to full circular economy implementation (technical complexity, costs, and supply chain constraints),
so companies prioritise a subset of circular economy measures that provide clear economic or
operational benefits [15,21,24,25]. In cases of very high engagement, circular economy principles are
applied very broadly and consistently across most design projects, covering many aspects such as
material selection, product structure, and anticipated end-of-life treatment. Designers systematically
consider a wide range of CE options, such as material efficiency, use of recycled raw materials,
biodegradability or improved repairability, already at the conceptual stage. In practice, this means
that almost every project is carefully assessed for CE opportunities and the application of these
principles is highly deliberate and comprehensive. Empirical and review studies indicate that when
companies achieve this level, it is typically supported by strong organisational capabilities,
regulatory incentives, and digital technologies that enable comprehensive CE implementation
[1,21,32,42].

Our research has shown that there are two different logics for exploiting technological flexibility
(T1 and T2), scanning environmental segments (E1-E8) and translating them into product-market
strategies (S1-54), i.e. modifying existing products and introducing new products to existing and new
markets.

The first is a logic focused on business results (path: technological flexibility (T) — scanning of
environment segments (E) — product and market strategies (S)). According to this logic, companies
use technological flexibility, both moderate (modular production systems), high (advanced,
automated and digitally integrated technologies) and very high (multi-axis robots, 3D printing
systems, robotic machining centres supported by R&D facilities), primarily in order to increase their
competitiveness and respond more quickly to market opportunities. Therefore, when scanning their
environment, they focus on those segments that translate into the ability to act quickly:

*  economic segment (E2) — information on costs, inflation, purchasing power;

+  technology segment (E5) — technologies that increase efficiency or shorten time to market;
+  supplier segment (E7) — availability of materials, reliability of supplies;

*  competitor segment (E8) — competitors' activities, new players, technological advantages.

In this business logic, companies engage in scanning the environmental segment (E6) to a limited
extent, as the signals it provides, such as environmental pressures, changes in the availability of
natural resources or growing demands for ecosystem protection, are obtained through passive
scanning and, moreover, do not translate directly into the rapid exploitation of market opportunities.
Only when environmental pressures begin to affect operating costs, supply risks or regulatory links
does the E6 segment become significant, but scanning for changes in this segment still only has a
supporting role. Our research shows (Table 5) that, in most cases, scanning must be at least extensive
(systematic analyses conducted by dedicated teams) for the results to be useful for modifications,
including, for example, functionality, design, materials used, ergonomics, production technology, etc.
and giving new products features that adapt them to the specific requirements of current and new
markets.

The second logic is focused on environmental goals (path: technological flexibility (T) - scanning
of environmental segments (E) - application of CE principles (C) - product and market strategies (S)).
Companies scan their environment not only to obtain the data needed to achieve their business
objectives, but also to identify which CE-compliant design principles they can apply in order to use
their technological flexibility to make modified and new products introduced to the market more
sustainable. Therefore, they engage in scanning those segments of the environment that provide the
information needed to design products in accordance with the principles of the circular economy
(Table 4):

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1724.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2025 d0i:10.20944/preprints202511.1724.v1

15 of 19

+ regulatory segment (E1) — future requirements for materials, repairability and emissions
[2,46,47],

*  economic segment (E2) — changes in the costs of primary and secondary raw materials, predicted
prices of materials with low environmental impact and the economic effects of designing
products with a longer life cycle,

*  socio-demographic segment (E3) — user expectations regarding durability and environmental
responsibility [13],

+  environmental segment (E4) — environmental pressures, critical materials, ecological risks [15],

+  technological segment (E5) — design for repairability, modularity and lower material
consumption [1,29,32].

However, the company's involvement in scanning must be high (rank 4), i.e. carried out
relatively regularly by dedicated teams, so that product designers have data on environmentally
friendly materials and solutions that facilitate product repairability and waste reduction, which can
only be used in certain projects (median 4.0). Only with a very high level of commitment to scanning
and analysing changes in the environment, carried out using advanced analytical and predictive
systems (rank 5), can the principles of circular economy be applied very broadly and consistently in
most projects, covering various aspects of design, material selection and the future life cycle of the
product (median 5). However, this mainly applies to the two most commonly used and least
demanding principles in terms of interference with product design and the need to acquire new
knowledge: C3 — designing products that are easy to repair, and C5 — designing to minimise waste.

The application of these two logics can be, and is, a source of tension between business-oriented
scanning and offering more sustainable products. The former is aimed at identifying quick-to-exploit
and profitable opportunities, while the latter is aimed at identifying possible actions, often involving
profound design changes that require time, resources and carry greater uncertainty. We thus confirm
the results of studies presented by other authors [19,20,22,50,51]. However, our research shows that,
to a certain extent, it is possible to integrate both paths. This is possible when technological flexibility
is high or very high, i.e. represented by highly automated and digitally integrated technologies
enabling rapid adaptation to new product categories, production technologies with broad application
potential, such as multi-axis industrial robots, 3D printing systems capable of producing diverse
types of components, versatile machining systems such as automated machining cells equipped with
a 5-axis CNC machining centre and a robotic loading/unloading system. In our research, out of 138
out of 300 companies that were characterised by high or very high technological flexibility (46%), this
convergence was demonstrated by 12 out of 138 companies, i.e. 8.7%. However, when considering
only companies with high or very high technological flexibility but conducting activities considered
to have the most overall harmful impact on the natural environment (51/300, i.e. 17%), 5 out of 51
companies, i.e. 9.8%, showed convergence of both paths. In both populations of companies, the
results are therefore similar and show the percentage of companies that, by modifying existing
products or introducing new ones, simultaneously increase their sustainability (C3 — easily repairable
and C5 — waste minimisation) while achieving their business objectives. In the case of these two CE
principles (C3 and C5), they are associated with fewer complaints, easier servicing and lower waste
management costs [15,21,24,25]. The integration of both logics therefore occurs when product
sustainability can be achieved without losing business benefits, and only those CE principles are
implemented that do not cause the loss of these benefits.

6. Conclusions

The study empirically explains how technological flexibility translates into the adaptation of
existing and the introduction of new sustainable products, revealing the specific sequences of
mediating and moderating factors that shape this process. Rather than merely confirming the
existence of a relationship between technological flexibility (T) and product-market strategies (S), the
research uncovers the mechanisms and threshold conditions that determine whether technological
flexibility activates sustainability-oriented outcomes (T-E-C-S) or results only in business-oriented
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growth (T-E-S). In doing so, the study not only ‘closes’ the cognitive gap identified in the
introduction but also reformulates the current understanding of the T-E-C-S sequence, proposing its
empirical verification and clarification. Thus, the main purpose and aim of our research have been
fully achieved.

First, no prior research has empirically examined two distinct and competing logics of
environmental scanning, a commercial logic focused on opportunity recognition and an ecological
logic focused on sustainability requirements, nor their simultaneous impact on product-market
decision-making. Second, while most scholarly work assumes that circularity emerges as an outcome
of strategic choices, this article demonstrates that circular economy principles can act as a moderating
mechanism shaping the strategic pathway itself. Third, the study introduces threshold-based
modelling of scanning intensity (single-step increases, stepwise increases, saturation curves),
providing a novel conceptualisation of how organisational engagement levels condition the
activation of sustainability-oriented behaviours. These patterns have not previously been empirically
described in the literature on dynamic capabilities, environmental scanning, or circular design.

The article makes the following theoretical contribution:

1. A clear operationalisation of the dual scanning logic and empirical evidence showing which
segments of the environment drive the business-oriented T-E-S pathway and which activate the
ecological T-E-C-S pathway.

2. Identification of only two circular economy principles—C3 (design for repairability) and C5
(waste minimisation) —that meaningfully translate into sustainable product-market strategies.
This demonstrates that the transition from T to sustainable products is selective rather than
comprehensive.

3. Empirical clarification of the conditions under which firms can integrate business and ecological
objectives, challenging the dominant assumption that these logics are inherently incompatible.

4. Introduction of the concept of engagement thresholds in environmental scanning, explaining
why technological flexibility leads to sustainability gains only when scanning intensity reaches
specific levels.

The practical usefulness of the findings is equally significant. Companies receive clear guidance
on how to structure scanning activities so that technological flexibility can be leveraged for both
business growth and sustainability outcomes. The study shows that firms, including those in
environmentally harmful industries, can integrate their technological capabilities with circular
design principles, provided that environmental scanning is sufficiently advanced. Moreover, the
results highlight which investments in technology and which environmental segments yield the
greatest strategic leverage in designing sustainable product portfolios.
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