PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Ge J, Hasanefendic S, Bossink B
(2026) Enhancing sustainable innovation
through collaborative knowledge absorption:
Insights from the development of a hybrid
marine engine. PLoS One 21(4): e0346929.
https://doi.org/10.1371/journal.pone.0346929

Editor: lvan Paunovic, Bonn-Rhein-Sieg
University of Applied Sciences: Hochschule
Bonn-Rhein-Sieg, GERMANY

Received: March 19, 2025
Accepted: March 25, 2026
Published: April 15, 2026

Copyright: © 2026 Ge et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: All relevant data
are within the manuscript.

Funding: The author(s) received no specific
funding for this work.

RESEARCH ARTICLE

Enhancing sustainable innovation through
collaborative knowledge absorption: Insights
from the development of a hybrid marine engine

Jingjing Ge®*, Sandra Hasanefendic, Bart Bossink

Department of Breakthrough Tech Innovation, Faculty of Science, Vrije Universiteit Amsterdam,
Amsterdam, The Netherlands

*j.ge@vu.nl

Abstract

Rapid technological advancements, characterized by uncertainties, together with
the growing imperative for environmental sustainability, are continuously reshap-

ing markets and business strategies. These developments necessitate integrating
sustainable innovation with effective knowledge absorption to promote technological
progress. While prior research has primarily examined drivers of sustainability at the
macro level, comparatively limited attention has been given to the processual and
micro-level dynamics through which sustainable innovation unfolds. As a result, the
underlying mechanisms, individual actions, and collaborative knowledge processes
that shape sustainable innovation remain insufficiently theorized and empirically
explored. To address this gap, this study draws on effectuation theory and absorptive
capacity to conceptualize sustainable innovation as an iterative, stakeholder-driven
process in which knowledge is acquired, assimilated, transformed, and exploited.
Empirically, the study adopts an in-depth case analysis of the development of a
hybrid marine engine —i.e., a propulsion system for vessels that combines a con-
ventional combustion engine with electric propulsion from batteries — to refine this
framework. The results identify five distinct phases of the sustainable innovation
process, each influenced by specific dimensions of individuals’ collaborative knowl-
edge absorption. This study contributes to the sustainability and innovation literature
by integrating insights from effectuation, knowledge absorption, and entrepreneur-
ial behavior into a structured framework. In doing so, it provides both theoretical
advancement and practical guidance for policymakers and business practitioners
seeking to foster sustainable innovation in technology-driven contexts.

1 Introduction

Rapid technological advancements — characterized by heightened uncertainties [1],
escalating climate change challenges, and a global shift toward balancing economic
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growth with environmental sustainability [2] — are profoundly reshaping markets and
business strategies. In response, firms are increasingly required to integrate inno-
vative processes, products, and services with sustainable innovation strategies [3].
Achieving such integration requires a collaborative approach that involves diverse
specialists [4], fosters scientific decision-making, and encourages iterative experi-
mentation [5,6]. Central to this process is knowledge absorption, which underpins
technological progress and innovation outcomes [7,8].

At the individual level, knowledge absorption has emerged as a critical deter-
minant of sustainable innovation [9—11]. It plays a pivotal role in identifying and
leveraging technology-driven opportunities [12,13], while simultaneously fostering
sustainability-driven advancements [14,15]. Although existing research has examined
sustainability-related innovation through lenses such as eco-innovation, environmen-
tal innovation, and sustainable innovation orientation [16—18], the predominant focus
has been on identifying internal and external determinants or drivers of sustainable
outcomes [19,20—-22]. Consequently, comparatively limited attention has been paid
to the processual and micro-level dynamics through which sustainable innovation is
enacted, leaving the underlying mechanisms, individual actions, and collaborative
knowledge processes insufficiently theorized and empirically examined [23—25].

This limitation is particularly salient given that scaling up sustainable innova-
tion, which entails the integration of social, environmental, and economic goals,
is inherently complex and multifaceted [26,27]. Such complexity necessitates the
active involvement of multiple stakeholders, particularly individuals who collabo-
ratively generate, share, and apply knowledge to create value aligned with these
integrated goals [28,27,21]. Despite the recognized importance of collaboration and
knowledge-related processes, the role of individuals in collaboratively exploring and
utilizing absorbed knowledge to enhance sustainable innovation remains insufficiently
understood [8,29,30]. More specifically, there is a lack of empirical insights into how
individuals’ knowledge absorption within collaborative settings shapes the sustainable
innovation process in technology-based contexts [31-33].

To address this gap, the present study investigates the following research ques-
tion: How does individuals’ collaborative knowledge absorption influence sustainable
innovation in technology-driven contexts? The study integrates effectuation theory
and absorptive capacity [34,35,36,37] to conceptualize the framework for the sustain-
able innovation process under conditions of uncertainty. Effectuation is particularly
well-suited to this purpose, as its core principles, such as flexibility, stakeholder col-
laboration, and iterative experimentation, closely align with the dynamic and uncer-
tain nature of sustainable innovation [5,6]. Moreover, its emphasis on leveraging
available means, including stakeholder knowledge and learning, directly corresponds
to the mechanisms underlying sustainability-oriented innovation [4].

Empirically, the study examines a case of the development of a hybrid marine
engine — a propulsion system for vessels that combines a conventional combus-
tion engine with electric propulsion from batteries — which is a technology-intensive
innovation characterized by high uncertainty and strong sustainability ambitions. This
case enables an in-depth analysis of the micro-processes through which diverse
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stakeholders absorb, exchange, and leverage knowledge to navigate uncertainty and translate sustainable innovation
from conception to realization. Through the effectuation lens, the study advances an understanding of entrepreneurial
behavior, decision-making, and knowledge utilization in sustainability-driven innovation. By identifying distinct phases

of the sustainable innovation process, the study elucidates how collaborative knowledge absorption contributes to suc-
cessful outcomes. Ultimately, the findings provide a structured framework for the strategic allocation and deployment of
knowledge resources, contributing to both theory and practice in fostering sustainable innovation in technology-intensive
environments.

The remainder of this paper is organized as follows. Section 2 reviews the relevant literature and develops a theo-
retical framework for sustainable innovation grounded in effectuation and knowledge absorption literature. Section 3
describes the research methodology, while Section 4 presents the results from the case study on the development of a
hybrid marine engine, which are used to refine the proposed framework. Sections 5 and 6 discuss the results, identify key
phases of the sustainable innovation process, and outline the study’s contributions, limitations, and directions for future
research.

2 Literature review
2.1 A framework for the sustainable innovation process

Sustainability has become a critical consideration and a source of competitive advantage in firms’ innovation activities
[38,20], particularly in contexts defined by rapid technological advancements, digitalization, and increasing environmental
concerns [39,40]. As public awareness of ecological challenges intensifies, understanding sustainable innovation as a
dynamic and evolving process has attracted increasing attention from scholars, practitioners, and policymakers [2,7]. The
phenomenon is inherently multifaceted, collaborative, and complex [6,28,26,27], requiring coordinated engagement of
diverse actors and resources to co-create social, environmental, and economic value [8,28,27]. Moreover, the process is
fundamentally non-linear, unfolding through iterative cycles of opportunity discovery and exploitation [41,42]. To conceptu-
alize this complexity, this study draws on effectuation theory and absorptive capacity as complementary theoretical lenses
[34,35,36,37]. It focuses on the processual and micro-level dynamics through which sustainable innovation is enacted,
theorizing the underlying mechanisms, individual actions, and collaborative knowledge processes that shape its progres-
sion [23-25]. Effectuation theory, which emphasizes navigating uncertainty by leveraging evolving means and emerging
opportunities rather than focusing on resource constraints [43], provides a robust foundation for understanding sustain-
able innovation as an emergent, path-dependent process. By underscoring the utilization of obtainable resources and the
strategic accommodation of contingencies [34], effectuation captures the non-linear and emergent nature of the sustain-
able innovation process [44,45].

2.2 Phases of the sustainable innovation process

From an effectuation perspective, the sustainable innovation process originates with stakeholders drawing on obtainable
resources — addressing questions such as “Who am 1?” (identity resources), “What do | know?” (knowledge resources),
and “Whom do | know?” (network resources) — to navigate uncertainty and formulate entrepreneurial goals [34,35]. As the
process unfolds, stakeholder interactions and commitments generate new means and new goals in an iterative fashion
[34]. Throughout these phases, knowledge absorption plays a crucial role by enabling individuals to acquire, assimilate,
transform, and exploit internal and external knowledge [29,36,46], thereby enhancing the effectiveness of the sustainable
innovation process [8]. The process thus consists of iterative cycles involving identifying obtainable resources, setting
entrepreneurial goals, interacting with other stakeholders, obtaining partnership commitment, and developing new means
and new goals [34,35,36,37], continuing until sustainable innovation outcomes are realized. The following subsections
elaborate on each phase in detail.
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Phase 1. Identifying obtainable resources. The sustainable innovation process begins with the identification
and utilization of obtainable resources [34], which serves as a fundamental input for value creation [47], technological
advancement [48], and sustainable innovation [12]. These resources can be categorized into three interrelated types:
identity, knowledge, and network resources [35,49] — each shaping the distinctive capabilities of individual actors [50] and
contributing to the sustainable innovation process.

Identity resources encompass self-awareness, self-confidence, and motivation, all of which influence entrepreneurial
decision-making and behavior [51]. These resources shape how entrepreneurs select and deploy other resources, thereby
affecting technological innovation trajectories [8,52]. Knowledge resources refer to career-relevant skills and job-related
expertise, including both soft and hard skills acquired over time [4]. In a knowledge-based economy, such resources con-
stitute critical strategic assets [53], facilitating competitive advantage and core competencies [8,48]. Network resources,
representing an individual’s social capital, include interpersonal relationships and reputational assets that facilitate value
creation [4] and promote sustainable innovation [54]. These resources enable access to business opportunities, support
continuous learning, and expand diverse professional networks [55]. Importantly, obtainable resources shape entrepre-
neurial aspiration, which represents the desired goal or outcome of the sustainable innovation process [56]. These aspi-
rations, in turn, drive the translation of obtainable resources into concrete entrepreneurial goals [8,34], influencing the
subsequent trajectory of the innovation process.

Phase 2. Setting entrepreneurial goals. Entrepreneurial aspirations constitute the ultimate goals guiding the
sustainable innovation process and represent its second phase [34]. These goals evolve alongside obtainable resources
[35] and can be categorized into two types: proactive aspirations, which guide actions and enhance knowledge absorptive
capacity [57], and reactive aspirations, which involve evaluating prior outcomes to inform future actions [58,59].
Entrepreneurial goals are shaped by individual motivations, personal values, intentions, and risk perceptions [60], which
are themselves influenced by education and training [61]. Higher aspirations increase the likelihood of opportunity
identification [37]. Moreover, entrepreneurial intentions and personal innovativeness in technology are interconnected [62],
a relationship further supported by research highlighting the role of cognition in fostering technology-driven innovation and
facilitating collaborative interaction [63], thereby advancing the sustainable innovation process.

Phase 3. Interacting with other stakeholders. Interaction with relevant stakeholders constitutes the third phase in
the sustainable innovation process [34,64], enabling a transition from self-reliance to strategic partnerships [65]. As a
core principle of effectuation, stakeholder interaction fosters innovation by facilitating idea-sharing, knowledge exchange,
knowledge creation, and knowledge absorption [8,66], as well as fostering collaborative opportunities [67]. Technological
advancements and increasing knowledge mobility create diverse collaboration possibilities and commitments [48],
enriching the sustainable innovation process. Through stakeholder engagement, the pool of obtainable resources
expands, and new insights emerge [64,68], making collaboration and commitment essential to the success of sustainable
innovation [69]. Effective stakeholder interaction thus propels the process forward.

Phase 4. Obtaining partnership commitment. Commitment represents the fourth phase of the sustainable
innovation process [34]. Through interaction and negotiation, founders convince stakeholders of collaboration and
commitment to co-create innovations [70]. Strategic alliances further enhance collaboration [35], broadening access to
resources and generating new insights [8,68]. In the context of sustainable innovation, rapid technological development
necessitates that entrepreneurs cultivate adaptability and accessibility capabilities to respond effectively to evolving
market demands [71]. The logic of control — central to effectuation — enables entrepreneurial actors to leverage
contingencies as a source of learning and novelty [72]. Commitment and collaboration among stakeholders foster
an innovative environment by enabling the sharing of ideas, knowledge, expertise, and opportunities [48,67]. This
collaborative approach helps individuals maintain a positive attitude in the face of contingencies and stakeholder diversity
[8], thereby enhancing opportunity recognition [73] and advancing the sustainable innovation toward the generation of
new means and new goals [34].

PLOS One | https://doi.org/10.1371/journal.pone.0346929  April 15, 2026 4/26




PLO\Sﬁ\\.- One

Phase 5. Developing new means and new goals. The emergence of new means and new goals marks the fifth
phase in the sustainable innovation process [34]. The commitment and collaboration in the previous phase generate
increased knowledge mobility [65], providing new options and opportunities for innovation under evolving conditions
[74]. These interactions shape a shared vision of the future and culminate in the realization of new means and goals
[70]. To navigate this dynamic process, entrepreneurs must develop adaptable strategies that accommodate changing
circumstances [71]. Whereas technology was once considered an external factor in innovation, it now plays a central role
in product development and value creation [8]. Sustainable innovation thus represents a fundamental shift from a self-
reliant, technology-driven approach to a collaborative, network-based paradigm [65].

At the conclusion of the sustainable innovation process, new means and goals emerge through the integration of inter-
nal and external resources [34]. This gives rise to feedback loops in which the resource pool expands continually while
goals become progressively more refined and constrained [8,34]. These dynamic interactions constitute a critical yet often
overlooked dimension of sustainable innovation [75]. Rather than focusing on these broader systemic dynamics, however,
the present study specifically examines the role of individuals’ knowledge absorption throughout the process [29].

2.3 Knowledge absorption in the sustainable innovation process

The sustainable innovation process is inherently dynamic, with both resources and goals continuously evolving over time
[34]. Given the involvement of multiple stakeholders and the presence of uncertainty [70], this study posits that stakehold-
ers’ knowledge absorption is a key driver of this process [36,53]. Knowledge absorption — comprising acquisition, assimi-
lation, transformation, and exploitation — plays a crucial role in problem-solving, value creation, and innovation [48,69,76].
It enables the continuous expansion of resource availability while simultaneously refining and delimiting entrepreneurial
goals [48,77-79].

Knowledge acquisition in the sustainable innovation process. Knowledge acquisition represents a foundational
component of knowledge absorption in the sustainable innovation process [5,7,29]. It encompasses the recognition,
acquisition, and application of new knowledge [37], enabling the identification of potential resources and the
recombination of existing knowledge to seize emerging opportunities [80]. This capability is particularly critical in dynamic
environments that demand continuous learning and adaptability [59]. Prior knowledge and experience significantly
shape an individual’s ability to recognize and acquire new knowledge, influencing future opportunity identification [ 8,79]
as well as exploratory learning and network development [81,82]. Specifically, prior related knowledge — including both
foundational skills and recent technological advancements — enhances recognition and acquisition processes [83].

The ability to acquire technological knowledge, supported by prior learning [8], facilitates the identification of external

knowledge sources [29], reshapes individuals’ knowledge bases [81], and strengthens entrepreneurial aspirations and
global competitiveness [84]. Moreover, this capability supports opportunities recognition [12,85] and fosters innovation
[48,86], serving as a prerequisite for the subsequent phase of knowledge absorption: knowledge assimilation [5,7,29].

Knowledge assimilation in the sustainable innovation process. Knowledge assimilation constitutes a critical phase
of knowledge absorption in sustainable innovation [5,7]. It involves the comprehension and internalization of externally
acquired knowledge [81], allowing individuals and organizations to structure and integrate new insights effectively [29].

In the context of sustainable innovation, knowledge sharing among individuals enhances assimilation capabilities [87],
influencing how external knowledge is interpreted and utilized [88]. Effective assimilation is facilitated by access to
diverse resources, which promotes creativity in the face of uncertainty [89]. Moreover, assimilation capabilities enable
entrepreneurial actors to refine and contextualize knowledge, thereby enhancing their responsiveness to environmental
and technological change [81]. This process directly supports the subsequent stage of knowledge transformation, further
advancing the sustainable innovation process [5,48].

Knowledge transformation in the sustainable innovation process. Knowledge transformation is another essential
component of the knowledge absorption, serving as a bridge between exploratory and exploitative learning [81]. It entails
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retaining, reactivating, and reconfiguring knowledge, thereby facilitating its integration into structured decision-making
frameworks [5]. This process involves formalizing and routinizing actions through established rules, procedures, and policies
[90]. Additionally, it fosters the development of shared ideologies and broad tacit guidelines that facilitate organizational
learning [57]. Prior technological and market knowledge enhances the flexibility required to adapt to evolving environmental
conditions [91,92]. Effective knowledge transformation is integral to sustainable innovation, as it enables entrepreneurs

to leverage contextual insights and convert abstract ideas into actionable strategies [10,32]. Moreover, transformation
strengthens decision-making relationships and improves the overall efficiency of knowledge absorption [90]. In environments
characterized by continuous learning and knowledge adaptation, the potential for technological innovation is significantly
enhanced [6,48], setting the stage for the final dimension of knowledge absorption: knowledge exploitation [5,7,29].

Knowledge exploitation in the sustainable innovation process. Knowledge exploitation represents the final
dimension of knowledge absorption, focusing on the integration and application of acquired, assimilated, and transformed
knowledge within the sustainable innovation process [5]. The mere accumulation of knowledge does not inherently
lead to innovation; rather, innovation arises from the ability to combine, contextualize, and effectively apply knowledge
to real-world challenges [90]. The exploitation process enables sustainable innovation by facilitating the application of
existing knowledge to novel contexts and technological advancements [5]. It involves both the refinement of established
knowledge and the exploration of untapped technological potential, often yielding breakthrough innovations through
incremental learning and recombination [48].

Ultimately, the four dimensions of knowledge absorption — acquisition, assimilation, transformation, and exploitation —
function as an interconnected system that drives the sustainable innovation process [7,29,48]. By fostering continuous
learning and strategic knowledge management, these capabilities enhance an organization’s ability to navigate technolog-
ical complexities, respond to dynamic market conditions, and achieve long-term sustainability.

2.4 Literature-based framework

Based on the literature review, we propose a literature-based framework for the sustainable innovation process consisting
of five phases, driven by four aspects of stakeholders’ knowledge absorption, with feedback loops from the last phase to
the first two phases of the sustainable innovation process (see Fig 1).

3 Methodology and methods
3.1 Selection of the empirical case study

This study adopts an abductive, iterative qualitative research methodology to examine the role of stakeholders’ knowledge
absorption in the sustainable innovation process. An initial framework for the sustainable innovation process was devel-
oped by integrating effectuation and absorptive capacity theory [34,35,36,37]. This framework is derived from a compre-
hensive review of the existing literature and subsequently iteratively refined through empirical insights generated during
the case study [93,94]. Through this iterative theory-data interplay, the analysis resulted in a refined literature-based
framework that is grounded in case-study based empirical evidence [95,96], thereby constituting a robust conceptual
contribution [97].

The empirical case study focuses on the development of a hybrid marine engine, which is a sustainable innovation
process involving multiple collaborating stakeholders. Each stakeholder contributes to the innovation process by leverag-
ing its knowledge-absorption capabilities to advance high-technology innovation. By integrating theoretical perspectives of
effectuation and knowledge absorption theory with empirical findings, the evolving framework demonstrates explanatory
power and analytical validity for comparable technological-driven cases and contexts, in line with case study methodology
literature [98,95].
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Knowledge absorption in the
sustainable innovation process
- Acquisition
- Assimilation
- Transformation

- Exploitation

Phase 5:
New means

Phase 1: Phase 2: Phase 3: Phase 4:
Identify obtainable Set entrepreneurial Interact with other Obtain partnership
resources goals stakeholders commitment

innovation process

Phases of the sustainable

Phase 5:
New goals

Converging cycle of constraints on goals

Expanding cycle of resources

Fig 1. Literature-based framework of the sustainable innovation process integrating effectuation and knowledge absorption.

https://doi.org/10.1371/journal.pone.0346929.9001

3.2 Data collection methods and process

Multiple data collection methods were employed, including semi-structured interviews, observations, roundtable sessions,
internal documents, and publicly available documents (see Fig 2). Data triangulation was used to minimize sample selec-
tion bias and to enhance the internal and analytical validity of the findings [93,98,95]. Specifically, primary data were col-
lected through observations, semi-structured interviews, and roundtable sessions conducted via Zoom meetings between
February and May 2021. In addition, an extensive search for documentary evidence was undertaken, including relevant
reports, academic publications, and publicly available materials related to the development of a hybrid marine engine.

In accordance with the university’s Research Data and Software Management Policy, the data have been stored on the
university’s secure, authorized server and are available upon reasonable request.

3.3 Characteristics of the development of a hybrid marine engine case study

The empirical setting of this case study comprises a collaborating network of stakeholders engaged in the development of
a hybrid marine engine in the Netherlands, a case of sustainable innovation within a technology-intensive, multi-
stakeholder context. Rather than focusing on a single company, the case involves several interrelated organizations and
individuals jointly involved in the research, development, and commercialization of hybrid propulsion technology.

The stakeholders participating in this process include business owners, engineers, developers, suppliers, distributors,
clients, and environmental officers from non-governmental organizations (NGOs), all of whom either directly contribute to
or influence the innovation trajectory of the hybrid marine engine. This configuration reflects the distributed and systemic
nature of sustainable innovation, which typically transcends organizational boundaries and depends on the collaborative
absorption and integration of knowledge across institutional, organizational, and disciplinary domains.
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2 Observations

- At the engine assembly site

- During an internal meeting

13 Interviews | Transcribed as approximately

- Stakeholders in related fields | 145 pages of data

Data collection >

Triangulated for
data analysis

Documentary evidence

> 2 Round table sessions

- Report, academic papers, books
and public materials

Fig 2. Data collection process.

https://doi.org/10.1371/journal.pone.0346929.9g002

The hybrid marine engine project provides a particularly fitting empirical context, as it involves multiple firms and institu-
tions operating across different stages of technological development, ranging from R&D laboratories and component man-
ufacturers to marine engineering firms, environmental NGOs, and clients adopting the innovation. This diversity enabled
an in-depth examination of the cross-organizational learning, knowledge integration, and decision-making dynamics that
shape sustainable innovation processes and outcomes.

To ensure alignment with the research objective and research question, the study adopted a theoretically informed case
selection strategy [94,95], which prioritizes the selection of cases based on their potential to contribute to the develop-
ment, refinement, or extension of theoretical concepts rather than statistical representativeness [95,96]. In this study, the
case and its participants were deliberately selected because they embody the inter-organizational collaboration mecha-
nisms central to understanding how knowledge absorption and co-creation unfold in sustainable innovation within a
technology-intensive setting. Thus, the case was chosen for its heuristic and revelatory potential to illuminate the collabo-
rative processes that enable the development of complex, sustainable technologies.

Table 1 provides an overview of the participating organizations and their respective roles in the hybrid marine engine
development process. Together, these entities form a representative ecosystem of actors jointly propelling this sustainable
technological innovation toward market realization. Due to the confidential nature of the technology under development
and the anonymity agreements associated with the interviews, detailed company-level identifiers (e.g., names, sizes, or
ownership structures) are not disclosed.

Insights from the extensive search for documentary evidence informed the development of the interview protocol for
primary data collection, which also included guidelines for obtaining participant consent, ensuring privacy, outlining inter-
view procedures, and detailing data collection and analysis methodologies. The interviews, each lasting between 30 and
60 minutes, provided detailed insights into specific situations, activities, and decision-making processes. Additionally, two
observations were conducted: one in March 2021, at the engine assembly site, involving eight entrepreneurial individuals,
including the CEO, actively engaged in the engineering process and interactions with other stakeholders; and another in
April 2021, at a meeting where the engine operations manager discussed offering comprehensive solutions to end-users.
Detailed field notes were taken during these observations and promptly organized thereafter.
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Table 1. Summary of stakeholders included.

Stakeholder type Number of participants Method of data collection

Distributors and developers Zoom online Interview (30 mins -1h)

Academia stakeholders

Clients

Environmental NGOs

Infrastructure provider

Technology expert

S a2 NN A

Naval architect

https://doi.org/10.1371/journal.pone.0346929.t001

3.4 Ethics statement

The authors confirm that this research adhered to ethical standards and guidelines throughout the research process. The

study followed ethical protocols in accordance with institutional and international guidelines, including maintaining respon-

dent confidentiality and anonymity, using collected data exclusively for the purposes outlined in the study, ensuring trans-

parency in data handling and reporting, and avoiding any form of coercion or undue influence in securing participation.
The authors declare that:

1 Ethics review. The research ethics self-check conducted by the Ethics Review Committee of the Faculty of Science
(BETHCIE), Vrije Universiteit Amsterdam, confirmed that the research project did not require further evaluation by the
Research Ethics Review Committee.

2 Participant inclusion and consent. Prior to data collection, participants received emails detailing the study’s objectives,
their right to decline participation, and their ability to withdraw at any time. The authors affirm that participants’ auton-
omy and confidentiality were rigorously upheld and respected throughout the study, that participants were fully informed
about the research purpose, their rights as respondents, and the measures implemented to ensure their confidentiality
and anonymity. Additionally, they were explicitly given the option to withdraw from the study at any stage.

3 Informed consent. No formal informed consent was obtained from respondents, and all data were analyzed anony-
mously. No personally identifiable information was recorded. The consent was audio-recorded during the interview,
which BETHCIE approved.

4  Participant criteria. No minors were included in the study.

3.5 Data analysis method

All interview recordings were transcribed verbatim and imported into Atlas.ti for systematic analysis following the meth-
odology developed by Gioia et al. [97], in which data were coded and sensitized to literature-based concepts. The coding
procedure followed an open and axial coding process [97]. The open coding process began with labeling the gathered and
recorded data, while the axial coding process seeking similarities between these labels to create second-order categories
[97]. These categories were then compared and allocated across the capacities of knowledge absorption (acquisition,
assimilation, transformation, and exploitation) and their proposed impact on the phases of the sustainable innovation
process, as described in the literature section and visualized in Fig 1. The results of this coding process, which includes
labeling, grouping key informant terms into second-order categories, and sensitizing these to literature-based dimensions
[97], are presented visually in Fig 3.
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- Integrate knowledge to create value: improving comfort and
efficiency

and utilize knowledge

Knowledge exploitation

Fig 3. Data structure developed using methodology developed by Gioia et al.

https://doi.org/10.1371/journal.pone.0346929.9003

3.6 Synthesis of literature-based and empirical findings into a framework

The iterative interplay between theory and data resulted in a final framework through several steps. First, a preliminary
codebook was developed based on the initial theoretical framework, which included the phases of resources, goals, inter-
actions, commitment, and new means and goals. Second, after familiarizing with the data, the initial codes were applied.
However, the analysis revealed the need to refine it to more accurately reflect the case’s empirical nuances. For exam-
ple, the initial code ‘obtainable resources’ was divided into two distinct themes: ‘Perception of changes in contexts’ and

PLOS One | https://doi.org/10.1371/journal.pone.0346929  April 15, 2026 10/26



PLO\Sﬁ\\.- One

‘Awareness of obtainable resources’, to better represent participants’ emphasis on resource accessibility amid uncertainty
(See Fig 3 for the full data structure). The refined codebook was subsequently applied to the entire dataset. During this
process, additional emergent concepts and patterns were documented through analytic memos. Third, through iterative
comparison and reflection, overlapping or ambiguous codes were consolidated, and the relationships among categories
were re-examined to ensure both conceptual coherence and empirical grounding. Finally, the coding structure was sensi-
tized to the literature-based concepts and synthesized into a refined framework representing the stages of the sustainable
innovation process (See Fig 4). To ensure the reliability and validity of the findings, a second researcher independently
reviewed a subset of coded data. Differences in interpretation were discussed until consensus was achieved, strengthen-
ing the rigor and consistency of the analytical process.

4 Results
4.1 Literature- and case study-based sustainable innovation framework

This section presents the empirical findings and insights derived from an in-depth case study of the development of a
hybrid marine engine. Consistent with a theory-driven approach to case study research [95], the analysis builds on an
initial conceptual framework developed from prior literature (see Section 3 and Fig 1). Guided by abductive principles [96]
and following the methodology developed by Gioia et al. [97], this framework is iteratively confronted with the empirical
material, leading to the data structure presented in Fig 3, and to developing the literature- and case study-based frame-
work shown in Fig 4.

The empirical analysis identifies five interrelated phases of the sustainable innovation process, each characterized by
specific attributes. As shown in the data structure (Fig 3), the four dimensions of knowledge absorption, including acquisi-
tion, assimilation, transformation, and exploitation of knowledge, play a moderating role across different phases of the pro-
cess. These phases encompass (1) awareness of obtainable resources and perception of uncertainty, (2) entrepreneurial
goals for sustainable growth, (3) stakeholder interaction to leverage opportunities, (4) commitment to sustainable innova-
tion, and (5) emergence of new means and goals. These phases are not discrete steps but interconnected mechanisms
through which stakeholders interpret uncertainty, absorb knowledge, and reconfigure relationships to achieve
sustainability-oriented innovation.

Phase 1 awareness of obtainable resources and perception of uncertainty function as triggering mechanisms
that convert uncertainty into opportunity through effectual reasoning and absorptive capacity, thereby advancing

Expanding cycle of resources

. Knowledge absorption in the sustainable innovation process

Acquisition Assimilation Transformation Exploitation

Phase 5:
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obtainable resources Entrepreneurial goals to leverage C to
and perception of for sustainable growth 2 sustainable innovation
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Phase 5:
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Phases of the sustainable
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Converging cycle of constraints on goals

Fig 4. Literature- and case study-based sustainable innovation framework.
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technological innovation toward achieving entrepreneurial goals for sustainable growth. Phase 2 serves as the transi-
tional point that enables firms to value and internalize external knowledge for strategic direction and links the aware-
ness of obtainable resources to transition the sustainable innovation process to the next phase. Phase 3 stakeholder
interaction to leverage opportunities demonstrates how effectual networks transform entrepreneurial intentions into
experimentation, emphasizing the significance of collaboration in the sustainable innovation process. It fosters col-
lective interpretations, rather than top-down coordination, therefore driving innovation trajectories. Such collaborative
efforts enable all stakeholders in the sustainable innovation process to contribute their expertise and foster a commit-
ment to sustainable innovation, ultimately translating identified opportunities into technological advancements. Phase
4 commitment to sustainable innovation involves a shift from exploratory flexibility to design routines, partnerships,
and commercialization strategies, operating as a conversion point where entrepreneurial goals are not aspirational but
materially embedded in product and process development. It demonstrates how absorptive capacity is operationalized
in the innovation process, ensuring that all relevant stakeholders benefit and enhance the technology innovation pro-
cess to achieve new means and goals. Phase 5 emergence of new means and goals highlights the learning accumu-
lation mechanism, in which outcomes from prior action become new means for future experimentation, reinforcing the
iterative nature of effectuation under uncertainty, where sustainable innovation remains an open-ended, evolutionary
process rather than a finite achievement.

Further analysis reveals that specific aspects of knowledge absorption among collaborating professionals exert a domi-
nant influence on transitions between phases and on internal dynamics within each phase. These findings extend existing
studies on absorptive capacity and effectuation by showing that sustainable innovation unfolds through recursive cycles
of learning, interaction, and adaptation rather than through predetermined sequences. Moreover, the empirical insights
enabled a more detailed specification of the sustainable innovation process, which is reflected in the literature- and case
study-based framework presented in Fig 4. These phase-specific dynamics and mechanisms are elaborated in the follow-
ing subsections, supported by representative quotations that further substantiate the analytical claims.

4.2 Empirical case of sustainable innovation: the development of a hybrid marine engine

The concept of a hybrid system, invented initially over a century ago and once used in submarines, has now been adopted
for marine engines to address evolving market demands. Unlike a standalone product, a hybrid marine engine is a com-
plex technical system that requires the involvement of multiple stakeholders, including infrastructure providers, developers,
distributors, technology experts, environmental stakeholders, and end users. The development of a hybrid marine engine
extends beyond conventional product innovation. It represents a collaborative process that integrates diverse stakehold-
ers to achieve sustainability. This process involves key stakeholders, including internal employees, external suppliers,
customers, and competitors, as well as other relevant stakeholders, thereby fostering a dynamic ecosystem of knowledge
exchange and co-creation. By strategically combining the advantages of diesel, electric propulsion, and other clean energy
sources, this collaborative approach drives technological advancements and enhances sustainability within the innovation
process.

4.3 Phases of the sustainable innovation process based on the empirical case

Five distinct phases of sustainable innovation are observed in the case on the development of a hybrid marine engine,
including (1) awareness of obtainable resources and perception of uncertainty, (2) entrepreneurial goals for sustainable
growth, (3) stakeholder interaction to leverage opportunities, (4) commitment to sustainable innovation, and (5) emer-
gence of new means and goals. Across all these phases, the logic of effectuation explains how stakeholders act under
uncertainty, and the framework of absorptive capacity clarifies how the flow of knowledge enables these transitions.
Sustainable innovation can be depicted as an iterative sequence characterized by continuous knowledge recombination
and goal redefinition. Below is a description of the phases as found in the case study, interspersed with a selection of
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illustrative quotes from interviews. Appendix A provides a complete overview of remaining relevant interview quotes per
phase and of the four aspects of knowledge absorption, which were not integrated in the main case descriptions for rea-
sons of conciseness.

Phase 1. Awareness of obtainable resources and perception of uncertainty. The initiation of the development of
a hybrid marine engine is marked by an awareness of obtainable resources and a perception of uncertainty. At this early
stage, individuals interpret external uncertainties such as environmental pressures, technological advancement, shifting
customer preferences, social challenges, policy incentives, and navigate these complexities. Empirically, interviewees
highlighted government grants as triggers for re-evaluating existing resources. As S2 noted:

“There is currently a governmental grant for fishermen to employ engines that consume 30% less. That is very achiev-
able with hybrid engines (...)”

Additionally, policy initiatives support alternative fuel sources, as highlighted by interviewee S2:

“There was one call for action by the fund for environment preservation, for funding vessels on alternative fuel sources.
That was for electricity and hydrogen.”

Moreover, market trends also act as a driver of sustainable innovation, as emphasized by interviewee S5:
“The main reason was the client’s demand.”

and interviewee S3 added:
“Depending on the market trend, the concept can be developed with different sources and directions.”

Rather than passively responding to uncertainty, stakeholders engaged in effectual reasoning to redefine constraints as
starting points for innovation through asking key questions regarding their identity, knowledge, and networks: “Who am [?”
(identity resources), “What do | know?” (knowledge resources), and “Whom do | know?” (network resources). This cognitive
reframing transforms environmental uncertainty into a domain of opportunity. For example, as one developer interviewee S7
explained:

“You want to be in a new market, and the new market has new specific requirements that you follow with technicalities.”
Technology feasibility is another significant consideration, as noted by interviewee S6:

“The rising demand is for hybrids because it is a technical realism. It is a transient realism.”

By leveraging their expertise in diesel engine technology and boat construction, developers identify technological opportu-
nities through market analysis and trend observation. As interviewee S6 elaborated:

“The first step we are witnessing today is this hybrid system, between electric engines and their performances, and
engines which give great autonomy like diesel engines. This fusion brings us to the hybrid. That is how we started
developing hybrids.”

The mechanism underlying this transition is a means-driven principle. Stakeholders draw on prior technical and rela-
tional knowledge to construct plausible paths forward, aligning with the initial step of the effectuation process, where the
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sustainable innovation process starts with controllable means rather than predictive goals. Meanwhile, early scanning and
evaluation of technologies indicate the potential knowledge absorptive capacity.

Phase 2. Entrepreneurial goals for sustainable growth. The second phase of the development of a hybrid marine
engine is establishing entrepreneurial goals for sustainable growth. Once stakeholders recognize the potential of hybrid
technology and related uncertainties, they begin to define entrepreneurial goals that balance sustainability ambitions with
market and technological realities. This aligns with the effective principle of flexibility and adaptability, where adaptive
objectives rather than fixed targets are set to navigate internal and external contingencies, fostering innovation. As
interviewee S5 observed:

“A micro company needs to be flexible in its strategy and susceptible to market fluctuations. It cannot be rigid. This is
also an advantage because a micro company can adapt fast.”

This flexibility enables developers to effectively assess different propulsion options, respond to customer demands, and
align their aspirations with environmental regulations. Forward-looking strategies explore renewable energy integration to
achieve sustainability, as interviewee S11 noted:

“In the future, we need to find a way to utilize the energy from wind or solar and to put this energy into the propulsion
for the ships.”

Within this context, entrepreneurial aspirations also emphasize enhancing user experience and comfort. As stated by
interviewee S3:

“We try to sell more comfort and convenience. The electric propulsion system in the hybrid system is the next level of
comfort.”

By evaluating market demand, competitive landscapes, technological feasibility, and associated risks, entrepreneurial goals
for sustainable growth act as critical drivers in fostering stakeholder interactions to leverage opportunities. Moreover, entre-
preneurial goals show how stakeholders absorb knowledge, developing goals that bridge technological feasibility and market
desirability.

Phase 3. Stakeholder interaction to leverage opportunities. The third phase of the development of a hybrid marine
engine entails stakeholder interaction to leverage opportunities. Here, innovation progresses from individual intention to
the collective realization of opportunity. The development of a hybrid marine engine extends beyond product creation,
requiring engagement with internal employees, external suppliers, customers, and competitors. Stakeholders engage in
reciprocal exchanges that allow the pooling of knowledge, resources, and legitimacy. For example, market insights and
customer feedback play a critical role, as interviewee S5 explained:

“(...), if there is a need for mutual reinforcement and leveraging inter-organizational relationships, as a director, | sup-
port every initiative. However, this has to be mutual.”

Collaboration with suppliers, customers, and competitors is crucial for optimizing resources and enhancing efficiency. As
interviewee S7 highlighted:

“If we bought a machine for material processing, we would use it maybe for ten days per year. That would be the same
scenario for a honing machine. That doesn’t make sense, so that’'s why we outsource it.”

Customer co-creation further enhances stakeholder engagement, as interviewee S5 emphasized:
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“For me, the client is someone who supports the creation of value and someone who invests in it.”

Phase 4. Commitment to sustainable innovation. In the fourth phase, stakeholders demonstrate commitment to
sustainable innovation by integrating advanced technologies to create value. Commitment functions as the stabilization
mechanism that converts exploratory collaboration into enduring innovation pathways. Empirically, stakeholders
emphasize both technological and environmental motivations. As Interviewee S3 observed:

“When you stop, the hybrid is silent. No noise, no vibration, while the solar energy can possibly recharge the batteries.”
Additionally, Interviewee S4 also noted

“I think that currently hybrid solutions are the best solution for their applications because they balance different sources
of energy and also reduce exhaust emissions.”

Drawing inspiration from electric trains and cars, developers optimize marine vessels for efficiency while addressing chal-
lenges such as noise, emissions, and space limitations. Long-term collaborations and strategic commercialization ensure
continuous improvement and technological advancement.

Phase 5. New means and new goals. The final phase entails the realization of new means and new goals, such as
increased resources and market expansion, and further development possibilities to achieve sustainability. It represents
the system’s capacity for continuous evolution and demonstrates the outcome of stakeholders’ accumulated knowledge
absorption. Collaboration plays a vital role in this progression. As interviewee S7 noted:

“By broadening the market with our scope, you and we can also work globally through hybrid technology. You are not
limited anymore. Suddenly, you have a great expansion.”

Stakeholder collaboration fosters knowledge integration, enhancing innovation potential. As interviewee S5 explained:
“By using collaboration with more partners, you can achieve a better result because you accumulate more knowledge.”
Furthermore, meeting diverse market demands enhances adaptability and customization. As Interviewee S13 stated:

“For the larger yachts, we are exploring hybrid solutions, so fossil fuel engines in combination with electric propulsion
and advanced batteries.”

This phase reflects the culmination of efforts of all stakeholders, leveraging available opportunities to drive continued tech-
nological advancements in the hybrid marine engine to achieve sustainability in the innovation process.

4.4 Knowledge absorption in the sustainable innovation process

In the trajectory of the development of a hybrid marine engine, this study identifies the absorptive capacity of collabo-
rating stakeholders as a critical factor in enhancing sustainable innovation. The data reveal that the four dimensions of
absorptive capacity —knowledge acquisition, assimilation, transformation, and exploitation —each play a distinct role at
different phases of the innovation process, collectively strengthening sustainability. Specifically, knowledge acquisition
facilitates the transition from awareness of obtainable resources to the establishment of entrepreneurial goals for sus-
tainable growth. Knowledge assimilation facilitates the transition from entrepreneurial goals to stakeholder engagement,
where opportunities are effectively leveraged. Knowledge transformation is instrumental in advancing from stakeholder
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interaction to a commitment to sustainable innovation, while knowledge exploitation is essential for translating this com-
mitment into the realization of new means and new goals.

Knowledge acquisition to transition from phase 1 to phase 2. Knowledge acquisition is fundamental in
transitioning from the awareness of obtainable resources and perception of uncertainty to the establishment of
entrepreneurial goals for sustainable growth. Following the identification of obtainable resources, the innovation process
requires the continuous acquisition of environmental, technological, and market knowledge from the external contexts to
achieve entrepreneurial goals for sustainable growth. As interviewee S2 noted:

“Every day, we are still acquiring novelties on diesel engines; everything is constantly developing.”

By responding to evolving customer demands and integrating both explicit and tacit knowledge, developers effectively
adapt and deploy resources to meet diverse technological and market requirements. Through this ongoing acquisition,
they gain unique insights that shape future innovation, as highlighted by interviewee S11:

“The changes are happening. From the end user, yes. But, if you ask the end user, (s)he will say (s)he is looking for a
more comfortable way of propulsion. The biggest thing is that most people are not aware.”

Moreover, the accumulation of relevant knowledge strengthens existing expertise, enabling developers to anticipate future
trends and improve the innovation process. Interviewee S13 emphasized this forward-looking perspective:

“Future generations will be more open to clean technologies and to pay for it.”

Prior knowledge and problem-solving skills further facilitate continuous learning and performance enhancement, fostering
innovative associations that can be leveraged for new product development and market adaptation. As interviewee S6
explained:

“We are now in a transition period to electric propulsion. The source of electric energy is either a nuclear power
plant on board or hydrogen, which produces electricity through fuel cells. This is a way to develop energy on
board.”

Thus, knowledge acquisition enables stakeholders to recognize future trends, equipping them to respond proactively to
emerging challenges and opportunities in the innovation process. This process is further strengthened through the assimi-
lation of knowledge.

Knowledge assimilation to transition from phase 2 to phase 3. Knowledge assimilation is essential in progressing
from setting entrepreneurial goals for sustainable growth to engaging in stakeholder interactions to leverage opportunities.
It involves the interpretive integration of newly acquired information into shared cognitive frames that guide coordination.
Through assimilation, stakeholders collectively make sense of evolving market dynamics and reconstruct the meaning
of competition, uncertainty, and opportunities. Empirically, stakeholders describe competition as a potential partnership
rather than a threat. Interviewee S4 exemplified this perspective:

“I perceive competition as an opportunity because our core business is the distribution of diesel engines. We are one of
the main components in a hybrid system. If we have the chance of developing a hybrid system with different suppliers
on the market, then it's an opportunity for us.”

This assimilation of knowledge empowers stakeholders to integrate newly acquired knowledge into their strategic position-
ing within the hybrid marine engine sector. As interviewee S4 further noted:
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“We are stimulated by increasing demand, and we are already stakeholders with different electric engine suppliers.”

Assimilating knowledge also enables stakeholders to more clearly define their role within the evolving ecosystem of the
development of a hybrid marine engine. As interviewee S10 stated:

“We are not engine specialists but sailing specialists.”

By continuously adapting to the dynamic market landscape, collaborating developers explore new avenues for engage-
ment, shaping industry standards through interaction and collaboration. As interviewee S2 observed:

“Eventually, with the effort of the operator, i.e., boat owner, this sequence will bring improvements.”

The assimilation of knowledge fosters confidence in the strategic direction of innovation, aligning stakeholder interactions
with entrepreneurial goals that aim to enhance user experience and sustainability. It functions not only as an information
integration mechanism but also as a cognitive alignment mechanism among stakeholders. By collectively interpreting
market signals, stakeholders reframe competition as a potential for collaboration, consistent with the effectual principle of
leveraging contingencies. This process paves the way for knowledge transformation.

Knowledge transformation to transition from phase 3 to phase 4. Knowledge transformation is crucial in
advancing the development of a hybrid marine engine from stakeholder interaction and opportunities leveraging to a
strengthened commitment to sustainable innovation. In the rapidly evolving market, the ability of founders and developers
to convert assimilated knowledge into actionable strategies is essential for fostering innovation. This is particularly evident
in the cultivation of long-term client relationships, as highlighted by interviewee S2:

“By having a complex system, the seamen will have to get acquainted with it. Once a person is acquainted with such a
system, (s)he will be able to service it and take care of it more, which is a benefit in the long run.”

Throughout the innovation process, developers demonstrate effective knowledge transformation by rapidly responding to
customer preferences, strengthening both internal and external interaction to drive the sustainable innovation process.
Interviewee S5 provided a concrete example:

“An existing client who consumed a diesel engine wanted to switch to using diesel only half of the time for his drive.
That is how the idea and trigger for collaboration were born. If we didn’t consider this, we would probably lose the cli-
ent. Not listening to the market’s needs, means losing the market.”

The knowledge transformation capacity fosters an open and improvement-oriented mindset, allowing developers to
integrate new insights and enhance their commitment to sustainable innovation. It is the micro-foundations of dynamic
capabilities, where stakeholders reconfigure relational and cognitive routines to incorporate new knowledge. Transfor-
mation here involves not just adaptation but recombination, the deliberate synthesis of customer input and technological
know-how into a novel system. Such recombination demonstrates how absorptive capacity and effectuation intersect, with
knowledge transformation acting as a mechanism for converting effectual experimentation into path-dependent learning.
This commitment is further reinforced through knowledge exploitation.

Knowledge exploitation to transition from phase 4 to phase 5. Knowledge exploitation is critical in transitioning
from a commitment to sustainable innovation toward the realization of new means and goals. The effective integration and
application of knowledge drive the advancement of hybrid marine propulsion systems, with an emphasis on optimizing
comfort, efficiency, and sustainability. This iterative process enables developers to refine their technological solutions and
expand market reach. Interviewee S6 underscored this point:
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“Complex technologies with time.... They require more knowledge from the engineer for engineering and development,
but once they have been realized, there isn’t much maintenance afterwards.”

By exploiting acquired and transformed knowledge, developers not only meet specific market requirements but also
expand their innovation potential, fostering broader technological progress. Interviewee S10 highlighted the versatility of
hybrid propulsion systems:

“When you have the diesel running, you could use the electric engine as a shaft generator, but you could also use it for
that purpose when you are sailing and use the propeller as a hydro generator. So, there are many different modes of
operation.”

In the sustainable innovation process, developers strategically explore diverse applications of existing knowledge to
address evolving customer demands and integrate sustainable energy solutions. Interviewee S13 emphasized the impor-
tance of practical validation:

“We are trying to confirm the performance stated in the design plan. Afterwards, we want to put the dyno to realization.”

Accumulated expertise enables developers to incorporate novel insights into product development, adapt solutions to
shifting market needs, and respond effectively to customer expectations, fostering sustainable innovation. Interviewee S10
elaborated on ongoing research efforts:

“At the moment, we are looking into different ways of storing hydrogen, liquid or gaseous, under high pressure or low
temperature.”

Therefore, by exploiting knowledge relevant to electric engines and alternative clean energy sources, developers expand
their resource base, facilitate technology integration, and foster innovative solutions that create long-term value for cus-
tomers and achieve sustainability. The empirical patterns reveal that absorptive capacity dimensions collectively opera-
tionalize the effectuation process within sustainable innovation. Knowledge acquisition corresponds to the means-driven
exploration of obtainable resources, assimilation reflects the co-creation of stakeholders’ networks, transformation mani-
fests as iterative experimentation, and exploitation embodies the convergence toward new goals.

5 Discussion

This study develops a process-oriented theoretical framework for sustainable innovation process in technology-driven
contexts under uncertainty, drawing on effectuation theory and absorptive capacity [34,99,100]. Rather than extending
these theories independently, the study integrates them to explain how collaborative knowledge absorption enables sus-
tainable innovation across organizational boundaries. By applying effectual logics to a sustainability-oriented, multi-
stakeholder innovation setting, the findings refine existing interpretation of effectuation and demonstrate the central role of
knowledge absorption as a boundary-spanning capability that links cognition, interaction, and action throughout sustain-
able innovation.

Methodologically, the framework is validated through an in-depth qualitative case study that enables process tracing
across phase of innovation. the empirical analysis relies on iterative coding, temporal bracketing, and triangulation across
multiple data sources, allowing theoretical constructs to be systematically linked to observed actions and decisions. This
approach strengthens internal validity by demonstrating how transitions between phases are empirically grounded in
distinct dimensions of knowledge absorption, while supporting analytical generalizability through theory elaboration rather
than statistical inference.

PLOS One | https://doi.org/10.1371/journal.pone.0346929  April 15, 2026 18/26




PLO\Sﬁ\\.- One

5.1 Phases and characteristics of the sustainable innovation process

The findings indicate that sustainable innovation unfolds through a set of sequential yet overlapping phases, each char-
acterized by distinct configurations of knowledge absorption and effectual decision-making. These phases integrate
cognitive, relational, and operational dimensions of knowledge and collectively form a dynamic, non-linear process. The
process begins with awareness of obtainable resources and perception of uncertainty, reflecting the means-driven princi-
ple of effectuation and evolving as stakeholders navigate external contingencies [101]. At this phase, stakeholders assess
technological, organizational and relational resources while interpreting environmental uncertainty not as constraints, but
as stimuli for proactive learning and adaptation. Sustainability-oriented uncertainty — such as regulatory shifts or environ-
mental pressures — triggers early knowledge acquisition and shapes problem framing. This phase establishes the cogni-
tive conditions for innovation readiness.

Following this, the process advances to a phase involving the alignment of entrepreneurial goals, during which col-
laborating individuals engage in knowledge assimilation to transform perceived challenges into shared opportunities for
sustainable value creation. This phase extends the effectual principle of leveraging contingencies by explicitly embed-
ding environmental and social objectives into goal formation. To facilitate sustainable innovation, stakeholders assimilate
specific resources and construct opportunity frames through idea generation, knowledge exchange, and the identification
of collaborative opportunities, all of which are supported by active stakeholder interaction [8,37,67]. Knowledge assimila-
tion functions as a relational mechanism that enables shared understanding across diverse actors, reconciling short-term
market imperatives with long-term sustainability goals.

As interaction intensifies, the process advances to stakeholder interaction to leverage opportunities, where previously
perceived competitive threats are cognitively reinterpreted as potential collaboration opportunities. Consistent with effec-
tual co-creation, knowledge assimilation not only enhances knowledge integration but also serves as a cognitive
coordination mechanism that aligns stakeholders around emergent opportunities rather than market rivalry. Empirically,
participants demonstrated this reframing when distributors and developers perceived competitors as possible partners in
hybrid system integration. This extends traditional formulations of effectuation by situating them within network-level,
sustainability-driven collaboration [35,62,77]. Such collaborative processes foster continuous learning, creativity, and
adaptability in uncertain environments [82].

As the process progresses, acquired knowledge is transformed to ensure its effective application [8,92]. This trans-
formation allows stakeholders to respond adaptively to environmental changes [91,102], strengthening collective efforts
to navigate uncertainties through collaboration [71]. The process aligns closely with the micro-foundations of dynamic
capabilities [91], and the well-known elements of sensing, seizing, and reconfiguring. Stakeholders in this study demon-
strated sensing by identifying shifts in customer demand and sustainability regulations, seizing opportunities by trans-
lating these insights into new hybrid configurations, and reconfiguring their approaches by integrating these adaptations
into long-term routines and collaborations. However, unlike conventional dynamic capability processes confined within
firm boundaries, these transformations in the case study occur across organizational boundaries through network-level
collaboration, reinforcing recent evidence that coopetition fosters innovation and growth in technology-based firms
[103].

In the final phase, transformed knowledge is integrated and applied in new contexts [87], resulting in new tech-
nological configuration and redefined sustainability objectives [6,48]. This phase reflects the iterative means and
goal redefinition inherent in effectuation, while the sustainability orientation introduces a normative commitment to
long-term ecological and social outcomes. This perspective challenges the original firm-centric assumption of effec-
tuation theory [35], expanding its relevance to sustainability-driven, networked innovation in contexts of technological
advancements.

These phases demonstrate that sustainable innovation is driven by iterative cycles of learning and collabora-
tion rather than linear planning. Across all phases, the capacity of collaborating individuals to acquire, assimilate,
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transform, and exploit knowledge [29,36,87] moderates both phase transition and within-phase dynamics of sustain-
able innovation. Table 2 summarizes the key characteristics of each phase and their associated knowledge absorption
mechanisms.

5.2 Contributions

5.2.1 Theoretical contributions. This study makes several theoretical contributions to research on sustainable
innovation, entrepreneurship, and knowledge-based perspectives. First, it advances effectuation theory by demonstrating
how effectual principles operates within sustainability-oriented, multi-stakeholder innovation processes [104]. The findings
confirm core effectual principles — particularly means-orientation, leveraging contingencies, and co-creation [34,35] — while
extending and recontextualizing them beyond individual or firm-centric settings to networked contexts characterized by
shared sustainability objectives. In doing so, the study contributes to a refined conceptualization of sustainability-oriented
effectuation, in which adaptability and experimentation are directed toward ecological and social value creation [105—-107].

Second, the study deepens understanding of absorptive capacity by conceptualizing knowledge absorption as a dis-
tributed and relational process rather than a purely organizational capability. By empirically linking specific dimensions
of knowledge absorption to transitions between phases of sustainable innovation, the study elucidates how cognitive
and relational mechanisms jointly enable sustainable innovation under uncertainty. This process-oriented perspective
responds to calls for more dynamic explanations of how knowledge is mobilized and integrated within complex innovation
ecosystems [108,21].

Table 2. Phases and characteristics of the sustainable innovation process.

Phases Characteristics

1 Awareness of obtainable resources and per- Recognition of external context and perception of
ception of uncertainty uncertainty

Acquisition of relevant knowledge to respond to
customer needs

Strategic adaptation to future trends

2 Entrepreneurial goals for sustainable growth  Open-mindedness to accept changes and new
knowledge

Assimilation of new knowledge to turn challenges
into opportunities

Advancing sustainability through technological
innovation

3 Stakeholder interaction to leverage Exchange knowledge with relevant stakeholders
opportunities

Transforming new knowledge to grasp identified
opportunities

Integrate knowledge to leverage opportunities for
innovation

4 Commitment to sustainable innovation Collaborative partnerships and continuous innovation
to expand the market

Formation of strategic partnerships and alliances

Exploitation of technological knowledge to create
value

5 New means and new goals Achievement of new means and new goals

Resources expand through sustainable innovation

Converging on goals with a clear direction for
innovation

https://doi.org/10.1371/journal.pone.0346929.t002
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Third, the study refines the conceptual interplay between effectuation and absorptive capacity by demonstrating that
awareness of obtainable resources and perception of uncertainty are not solely cognitive phenomena but are also shaped
through boundary-spanning interactions. This finding aligns with emerging evidence that sustainable innovation in
technology-intensive industries relies heavily on cognitive collaboration and cross-sectoral learning [103]. In this process,
developers act as key boundary spanners, bridging institutional and technological domains by translating policy incentives
and market signals into shared opportunity frames. These frames, in turn, establish the cognitive and relational founda-
tions that enable subsequent goal formation and stakeholder engagement.

Finally, through the analytical generalization of a single, information-rich case, the study contributes to theory develop-
ment by clarifying the mechanisms through which collaborative learning underpins sustainable innovation in
technology-driven contexts [94,95]. The proposed framework extends existing literature on knowledge strategies and sus-
tainable entrepreneurship [109,110]by demonstrating how boundary-spanning knowledge absorption supports coordinated
experimentation, adaptive learning, and long-term commitment in sustainable innovation processes [111], particularly in
technology-intensive contexts characterized by high levels of uncertainty [8,10,32].

5.2.2 Practical implications. From a practical perspective, this study offers actionable insights for entrepreneurs,
managers, and policymakers engaged in technological innovation and sustainability. First, the proposed framework
highlights the importance of deliberately cultivating knowledge absorption capabilities across organizational boundaries,
emphasizing that sustainable innovation depends not only on technological expertise but also on the ability to integrate
diverse knowledge sources [81,112]. Second, for practitioners, the results suggest that effectively, encouraging joint
experimentation, supporting shared sensemaking processes, and balancing knowledge resource utilization can enhance
both innovation performance and sustainability outcomes [8,83,113]. Additionally, the findings highlight the significance
of the entrepreneurial network for acquiring and managing resources in sustainable innovation [114—116] and underscore
the value of policy instruments that promote cross-sectoral collaboration and learning, thereby strengthening innovation
ecosystems rather than individual firms.

5.2.3 Limitations and further research. Despite its contributions, this study has several limitations that suggest
promising avenues for further research. First, the analysis does not explicitly examine the feedback loops associated with
expanding resource cycles or converging goal constraints. Longitudinal research design could address this limitation by
exploring how such feedback mechanisms operate overtime and how iterative learning processes reshape sustainable
innovation trajectories. Second, the reliance on a single case limits statistical generalizability. Nevertheless, the study
achieves analytical generalizability by developing theory grounded in rich and contextualized empirical evidence. Future
research could strengthen and refine the proposed framework through comparative or multi-case studies conducted
across diverse technological and institutional contexts. Third, future research could empirically test the propositions
implied by the proposed framework, such as whether (a) Participants in sustainable innovation process operating in
uncertain technology-driven contexts do not progress through phases sequentially but move back and forth; and (b)

The four forms of knowledge absorption influence not only transition from one phase to another, but also the course of
the phase itself. Multi-case qualitative research could provide deeper insights into how knowledge absorption facilitates
sustainable innovation, while subsequent quantitative studies could statistically validate the proposed framework across
diverse technological sectors or industries. Finally, future work could extend this line of inquiry by examining how digital
transformation and emerging technologies — such as Al-driven design, advanced data analytics, and platform-based
collaboration — reshape the mechanisms of knowledge absorption and stakeholder coordination identified in this study.

6 Conclusion

This study examined the sustainable innovation process in a technology-driven context through an integrated lens
of effectuation and knowledge absorption. Drawing on an in-depth case analysis of the development of a hybrid
marine engine, the study demonstrates how sustainability-oriented technological innovation unfolds through iterative
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experimentation, flexible decision-making, and continuous stakeholder engagement. In doing so, it identifies five distinct
phases of the sustainable innovation process: (1) awareness of obtainable resources and perception of uncertainty, (2)
entrepreneurial goals for sustainable growth, (3) stakeholder interaction to leverage opportunities, (4) commitment to sus-
tainable innovation, and (5) new means and new goals. The findings further reveal that transitions between these phases
are influenced by different dimensions of collaborating individuals’ knowledge absorption. Specifically, the transition from
phase (1) to (2) is driven by knowledge acquisition; from (2) to (3) by knowledge assimilation; from (3) to (4) by knowl-
edge transformation; and from (4) to (5) by knowledge exploitation. These insights underscore the importance of moving
beyond deterministic and firm-centric approaches of technological innovation toward process-oriented frameworks that
emphasize collaboration, experimentation, and shared learning. Overall, this study provides a theoretically grounded and
empirically informed foundation for understanding how sustainable innovation emerges in complex, uncertain and
technology-intensive environments.
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