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ABSTRACT

This paper presents a case study, and lessons learned that ill
efficient and sustainable solution for shrimp farming sector i
Technology Readiness Level with stages from 1 to ]

ent of this product considering
that feeding and fattening represents approxim ction costs. The solution was
designed in a sustainable way, using local r i yuldine in a significant reduction in
water and energy consumption during th is i
producers, as well as shrimp and f
multidimensional challenges and lefra:; i kndwledge to optimize the solution. An
iterative process of tests and i arried out, validating its efficiency and
feasibility in real conditio iciption of the quadruple helix guaranteed a
comprehensive vision and i o meet the needs of producers. The result was
the creation of a spin-o y-based company which allows the effective transfer of
technology and know
farming industry.
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HI

akeholder engagement is key to bridging research and industry in sustainable
culture.
iversified funding and policy support are crucial to overcoming the "Valley of Death"
in innovation.
¢ Business and financial skills are essential for commercializing scientific research.
e Long-term policies must replace short-term funding to scale sustainable technologies.
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INTRODUCTION

Seafood serves as a crucial source of nutrition and significantly contributes to food security
worldwide, particularly in developing countries, where it not only provides essential nutrients
but also supports livelihoods and economic development [1].To meet the growing demand for
seafood, aquaculture has become the world's fastest-expanding food production sector [2].
However, this rapid expansion brings critical sustainability challenges, particularly concerning
resource efficiency and environmental impacts [3], requiring innovations that decouple
industry growth from increasing pressure on natural resources [4].

approximately 65.3% of total production in the crustacean sub-sector [5]. Desp
and nutritional significance, shrimp aquaculture faces urgent challengg
sustainability, environmental degradation, and resource consumption
shrimp feeds rely heavily on fishmeal and fish oil derived from wildgfish

to overfishing and ecosystem degradation [8]. Thus, achieving s@taind
solutions that enhance production efficiency, reduce environ ootp
Dcyglopment Goals (SDGs),

more resource-efficient and circular production models [9].

particularly those addressing food security, sustga asumption and production, and
climate action [10]. However, shrimp aqua® M significant environmental
externalities, including high water and engfy c8g tion, greenhouse gas emissions,
eutrophication, and degradation of aquatic S hese impacts underscore the need

for sustainable innovations in feed prod , asg@nanagement, and climate resilience to
ensure long-term viability [12].

ts, and integrate

This sector is deeply interconnected with the Susta

One of the most promisi
development of alternative pagtc
on the overall sustainabili @

rescqgch dkeas in sustainable aquaculture has been the
rceS"® reduce reliance on marine resources and impact
ain [13]. Various alternatives have been proposed,

nnovations which often remains limited due to social,
agd market barriers [15], making aquaculture one of the slowest
sectors to a@op
improve [16]s

nd shifting market expectations towards low-impact, traceable products challenge
's resilience [18]. Achieving a sustainable transition requires collaborative efforts
across academia, industry, government, and local communities to develop scalable,
knowledge-driven solutions [19]. This quadruple helix approach is essential to bridge the gap
between research and industry implementation, facilitating technology transfer and adoption
of sustainable innovations[15], [19].

This study examines the case of Nutriaqua, a university spin-off developed to
commercialize Biocam, an alternative shrimp feed designed to reduce environmental impacts
and enhance economic sustainability in aquaculture. For over 30 years, independent researchers
in Barranquilla, Colombia, have worked on developing sustainable feed solutions for shrimp



farming. However, the realization of their impact only became evident when stakeholders from
the quadruple helix model collaborated to accelerate the process of technology transfer,
adaptation, and adoption.

To do so, it employs a case study to analyze the Technology Readiness Levels (TRL) of
Biocam, mapping its development from research to commercialization and it also evaluates the
role of different stakeholders (academia, industry, government, and communities) in shaping
the innovation process, emphasizing sustainability, knowledge-based economic growth, and
policy integration.

able technology
) tiatives in sustainable
aquaculture, food production systems, and circular 8 ractices. These findings
contribute directly to discussions on innovation-drivg tability; resource efficiency, and

By analyzing this case, the study aims to extract key le
development and transfer, providing insights that could g

alysis of Biocam’s development
odits commercialization. Finally, this
oOffering and overview of strategic
and accelerate technology transfer in

paper contrasts the findings with exi
recommendations to strengthen sustaa
aquaculture.

MATERIALS AND ME

Given the slow adem
regulatory constraint @

echnology transfer is crucial. This study aims to identify,
analyze, and ey lessons from the development of Biocam, from its

conceptuali

ntties in bridging the gap between research and commercialization, exploring how
collaboration among stakeholders fosters sustainable innovation [24], helping
overcome the industry’s reliance on conventional feed sources that contribute to environmental
degradation [13].

The significance of these lessons lies in how they contribute essential insights into the
dynamics of collaboration among universities, businesses, governments, and communities as
active participants in research and development processes. These collaborations have the
potential to generate sustainable alternatives that enhance the positive outcomes of aquacultural
activities while minimizing their negative impacts, successfully addressing the sector’s
challenges. The methods and process are outlined in Figure 1 and further detailed below.



The research began with a literature review to outline the timeline and evolution of the
Biocam solution, from its conceptualization to the commercial exploitation of the supporting
patent by the university spin-off. This development was further analyzed through the lens of
TRL’s [23], and the contribution of stakeholders within the quadruple helix innovation system,
aiming to understand their impact on the product's development, the company's establishment,
and the transfer of results and contributions of associated projects in reducing negative
economic, social, and environmental impacts.

Aim of the Study
Identify, analyze, and document key lessons from Biocam's development.
Examine the impact of university-business-government-community collaboration on sustainable aquaculture.

Initial Steps Impact Assessment Synthesis and Comparison

Conduct a documentary review to Assess the effect of stakeholder Contrast lessons learned with relevant

establish a timeline and trace the involvement on product development, scientific literature.

evolution of Biocam and Nutriaqua company establishment, and result Analyze the role of collaborative
transfer. processes in enhancing local
Evaluate contributions towards sustainability and economy

minimizing negative economic, social,
and environmental impacts

Analysis Framework
- Use of Technology Readiness Levels (TRL) to evaluate the technological evolution.
- Examine stakeholder contributions within the quadruple helix innovation system.

Data Collection

- Primary Sources: Interviews with team members involved in Biocam's development, Nutriaqua's board, university extension
team, and consultants in government programs.

- Secondary Sources: Reports, scientific articles, press releases related to Biocam, and Nutriaqua’s online resources (website,
strategic plan, business model).

el Maten& and Methods.

FinallyytRgse 1d§sons were juxtaposed with relevant scientific literature on the topic,
0 ution of these collaborative processes to the sustainability of territories
a nomy. This approach not only highlights the practical applications of case
but also eliminates redundancies, focusing on the synergistic relationship
demic knowledge and practical application for sustainable development.

RESULTS AND DISCUSSION

The results of this study provide a comprehensive overview of the development and
validation of Biocam, a sustainable alternative for shrimp aquaculture. The analysis follows
the Technology Readiness Levels (TRL) framework, evaluating key stages from
conceptualization to commercial deployment. This approach aligns with previous studies that
highlight the importance of systematic innovation assessment in aquaculture, particularly in
optimizing feed formulations and reducing environmental impacts [14], [25]. The findings
emphasize the role of stakeholder engagement in overcoming challenges related to funding,



adoption, and market readiness. By integrating technological, environmental, and economic
perspectives, this research contributes to the broader discussion on sustainable aquaculture
development and its potential applications in emerging markets.

Biocam and Nutriaqua context

To meet the nutritional and fertilization needs of shrimp while addressing the environmental
challenges of aquaculture, Pharmaceutical Chemist JOSE LUIS SANTAMARIA MARTINEZ
developed Biocam between 1987 and 1991. Using his own resources, Martinez created a natural
food formula for aquatic microorganisms in high salinity crustacean farms. The product
underwent testing on 30 hectares of white shrimp (Litopenaeus vannamei) cultivation in
Cartagena, receiving positive feedback from the Bolivar shrimp sector after 80 tons wgf€ used in
trials. This product allowed to considerate the effects of feeding practices and productS¢o sapport
the sustainable management of a shrimp farm, which is a relevant aspect of the WGty of
the aquaculture challenges [25].

10cam's

The first development phase in 2006 at Arroyo de Piedra, Luruac 1
eight from a

application in 10,000m? shrimp pools, yielding shrimps of 14cm in sige ¢
250,000 post-larvae plantation. Composed of agro-industrial andgina¥ il wastes, Biocam
was essential for the shrimp's primary biological cycle. In 200 @ | phase took place at
San Martin farm, Repelon/Atlantico, alongside Solucione ‘ DA and Universidad
del Atlantico. This phase involved three 1-hectare pools 0,8Q0 post-larvae each, where
Biocam and commercial feed were combined, suppguting hedghy microorganism development,

and achieving shrimp sizes of 14 to 16 cm and wei ‘ to ¥@g in 110 days which is higher

compared with traditional diets [26].

From 2014 to 2015, the third p Gadlifo shrimp farm in Repelon, under
COLCIENCIAS and the University's it 1ve one-hectare pools with 300,000 post-
larvae each. This phase saw shrimp r@aching 14 % 16 cm and 14 to 16g in weight by 100 days,

its sustainable approach. The in 2019, aiming for commercial deployment and
product development with ~ Minciencias, Universidad del Atlantico, and other

e ent of Nutriaqua. Despite delays due to the pandemic,
ercialization, with legal recognition for the company

this phase marked a
() of commercial activities in 2024, showcasing a strategic shift

NUTRIAQUA 1

First De enfiPhase of Biocam: Addressing Stages 1-3 and Aquaculture
Ch
T e as a structured measurement system that aids in evaluating the maturity level
0 ecic fechnology, enabling uniform comparisons of maturity across various technology
types s useful in aquaculture to support natural resource management and conservation
[27]. This model consists of nine levels depending upon the stage of development of the
technology [28]. The first three stages correspond to the research stage where basic principles

are observed, the technology concept is formulated and there is an analytical or experimental
proof of concept as shown in Figure 2.
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TRL3

eCharacteristic proof
of concept
¢ Active research and

TRL1 TRL 2

eBasic principles sTechnology concept

observed "Practical applications of
"Scientific research those characteristics are

begins to be translated invented o identified"

into applied research *Very low unique costs

and development" faced by research
*Very low unique costs programs

faced by research

programs

development. Physical
validation of analytical
concepts

*Specific technology low
costs

Figure 2. Stages 1-3 in TRL Model. Source: Adapted from [28]

} pioneering
with small-
the context of
ollaborative yet

personal friendship and individual relatlonal capital,
challenging nature of early-stage innovation.

comprehensive approach and delimitation of ght ; ®d in the sector. A problem
apparently related to production costs but o0 sustainability issues, where the
involvement of the stakeholders plays a
economic, and environmental challen lems faced by stakeholders must be
transformed into quantifiable metric, solMons¥hat are designed to respond to inquiries
from management, thereby guidingth@m toward Making appropriate investment decisions [30].

\ entor and relying on private funding, this phase
encountered significant hf§d wal? due to limited access to resources. Despite these

( ¢ researcher and the productive sector stakeholders led
Na concept addressing both economic and environmental
ptor. The identified need was for a nutritional solution capable
ast mitigating the rising prices due to reliance on imported inputs.

ase 1. The early development of Biocam was driven by the pressing
the aquaculture sector, particularly the need for efficient water use,

Th hallenges align with broader industry concerns about sustainability and resource
efficiency, as highlighted in previous studies on sustainable aquaculture practices [14], [31] so,
facing these challenges early, aims for the development of integral solutions. The foundational
work carried out during the research phase set the groundwork for addressing these challenges
through cost-effective, innovative feed formulations, and environmentally conscious
production strategies, as illustrated in Figure 3.

A key lesson from this phase was the critical role of stakeholder involvement in problem
definition and solution conceptualization [32]. The traditional TRL model puts the costs and
risk only in the hands of the research team, but experience showed that early involvement of
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stakeholders was key into defining a sustainable solution. However, while industry and
academic stakeholders contributed significantly to framing the challenge, the lack of financial
commitment from these same actors proved to be the primary barrier to the progression and
scalability of the Biocam project.

* Early-stage innovation * Engaging with stakeholders \

requires managing risks and during these stages helps
resources effectively. refine the technology's focus
and applicability.
& J
Management TRL
Stakeholders Sustainability
4 )
* Stakeholder involvement ddressing sustainability
helps in identifying practical issues early can lead to
and sustainable solutions, innovations that improve
emphasizing the social, resource efficiency, such as
economic, and water use, and reduce
environmental dimensions of operational costs.
aquaculture challenges.
N J

gur W learned in the “Research” Stage

ture, which emphasizes that limited financial backing and
lders frequently hinder the transition from research to large-scale
ring early-stage investment is essential to ensure that innovative
ce but are also systematically tested, refined, and adapted for
4]. Effective stakeholder engagement strategies, which highlight the
ronmental benefits of investing in sustainable feed solutions and
vement, are needed at these stages because they are crucial for overcoming
ncial barriers and fostering long-term adoption of sustainable technologies.

This aligns

risk aversion am MNec

Second Development Phase of Biocam: Progressing through Levels 4-6

In this stage, the University became a significantly involved actor in the project, using
internal resources to advance the development of formulation. This advancement included both
laboratory validation and field trials in productive environments, marking a crucial transition
to the development phase of the TRL model, encompassing levels 4 to 6. This stage is
characterized by the formal documentation and validation of the product's effectiveness and its
economic and environmental impacts on the industry as shown in Figure 4.
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TRL4 TRLS TRL6

*Prototype
demonstration in a
relevant environment

eComponent validation eComponent validation
in laboratory in relevan
*"Basic technological environment

elements must be *"The fidelity of the A succesful

demonstration in real
conditions in the
field.

*Cost depending of
specific technology

integrated to component being
establish that the tested has to increase
pipeces work significantly". Tests in
together" controled
¢ ow to moderate cost environment.
*Moderate cost

Figure 4. Stages 4-6 in TRL Model. Source: Adapted from [28]

A key aspect of this phase was the collaboration between academic
which enabled access to external financing for product development gagd

urce of cheap resources for industry
ed no intention to purchase, requesting
m the academic perspective, the focus was
o0 geflerate new projects and publications, maintaining
the research groups' status 1€ productive vision in this phase hindered the
advancement of the first pgfcnt ¥ the developed technology.

[36]. They acknowledged the produc
more projects to continue receivi

Main lessons of p AShown in Figure 5, the second development phase of Biocam
offers insightful lg8 Buggdting the complex interplay between academia, industry, and

d for alignment among stakeholders' visions and expectations,

s@nce of integrated management principles in technology development
involvement, utilizing internal resources for laboratory validation and
ores the utility of the TRL model as a framework for advancing from
elopmental stages (levels 4 to 6) [23]. This progression is vital for validating
effectiveness and its socio-economic and environmental benefits, adhering to
f sustainability theory [38].

However, stakeholder theory in practice revealed friction points, particularly in reconciling
the diverse objectives of the academic and industrial sectors. The expectation of companies for
fully subsidized solutions, despite recognizing the product's quality, alongside academia's
focus on leveraging product development for further research and publications, presented
challenges in advancing towards commercialization and patenting the technology where many
research products fail, entering in the valley of death [15]. This scenario highlights the
necessity of fostering a shared understanding and commitment to commercial viability and
sustainability goals among all parties.

Journal of Sustainable Development of Energy, Water and Environment Systems 8



(- Internal support and effective
resource management were pivotal in
advancing Biocam's development,
underscoring the need for aligning
stakeholder visions to navigate the
complexities of commercializing and
patenting the technology successfully.

integrating technical validation with market
and environmental considerations, robust
project management, and structured
development strategies to advance solutions

* Moving through TRL levels requires \

Management TRL

Stakeholders Sustainability

* Diverse expectations from academia
and industry can slow technology
development; hence, transparent
communication and aligned objectives
are key to fostering innovation
adoption.

role of economic and
environmental considerations in
innovation and the necessity of
academia-industry collaboration

* The phase emphasized the critical

for sustainable, feasible solutions.

~

J

. Lessons learned i Velo&n‘[” Stage

Therefore, navigating the TRL fram requires not only technical and
scientific rigor but also strategic stak ent and management to ensure that
innovative solutions can achieve thei i contributing to sustainable aquaculture.

Third development phaseigle

In the third phase of ‘@
strategies was instryaffe

dlizing the product and broadening its collaborative
duificant new partners, including "Cientech," a research results
" a law firm specializing in patent processes, were integrated
This phase was marked by the essential integration of knowledge
b: community and business stakeholders contributed product
1a provided technical and scientific expertise, the government acted as a
patenting costs, and interface agencies facilitated previously challenging

This collaborative approach was crucial for navigating the deployment phase of the TRL
model, achieving level 7 which is characterized by the actual prototype demonstration in real
productive field tests [28]. It led to the formulation of a patent that, while offering protection
and proving the innovation's novelty, indicated that further adjustments were necessary for
market entry, because technology transfer goes beyond the mere invention [40]. The product's
development paused until the pandemic began in 2020, illustrating the dynamic nature of
innovation processes and the importance of cross-sector collaboration for addressing the
environmental and sustainability challenges [41].



The importance of this stage lies in the context of the theory: The "Valley of Death" is a
moment in technology development that typically spans from TRL-4 to TRL-7 [15],
highlighting the critical need to incorporate Investor Relations to build a structural bridge in an
scenario where the absence of investors means the absence of a solution, and without strong
relationships, sustainability is unattainable. Here it is important to address information
asymmetries to maintain effective stakeholders’ relations [42]. This stage underscores the value
of combining diverse expertise and resources to advance sustainable technologies, highlighting
the continuous journey towards market readiness and the iterative nature of technological
innovation.

Main lessons of the phase 3: The third phase of Biocam offers rich insigifg inge the

strategies was pivotal, not only in formalizing Biocam but also in expa
framework. Figure 4 shows the lessons learned during this stage.

* The realization that additional\
adjustments were necessary
before market entry

highlighted the iterative

nature of the TRL model.

C External funding strategies were
critical in formalizing Biocam and
broadening its collaborative network.
The halt due to the pandemic
emphasized the need for agile and
adaptive management strategies in
innovation processes.

Management TRL

Stakeholders Sustainability

* Cross-sector collaboration was
crucial for tackling aquaculture's
sustainability challenges,
underscoring the importance of
shared expertise and resources in
driving sustainable technologies
towards market readiness.

* A collaborative approach across
community, business, academia, an
government stakeholders was
essential for navigating complex
development phases and supporting
patenting efforts.

(&

\‘ . Lessons learned in the first step of the “Deployment” Stage

The “inclusion of new partners underscores the importance of multidisciplinary
collaboration in the innovation process, aligning with stakeholder theory by engaging various
contributors from community, business, academia, and government sectors [39]. Each
stakeholder group played a distinct role, from defining product requirements and providing
scientific expertise to acting as a catalyst for development and supporting legal and patenting
efforts.

This phase illustrates, as shown in Figure 6, the critical management principle of leveraging
external resources and partnerships to overcome development and commercialization
challenges, reflecting TRL theory by successfully navigating through the deployment phase to



achieve TRL 7. However, the realization that the patent, while a significant achievement,
required further refinement for market entry, emphasizes sustainability theory’s call for
continuous improvement and adaptation in product development [40]. The pause in
development due to the pandemic further highlights the unpredictable nature of innovation
processes and reinforces the necessity of resilience and flexibility in management strategies.

Fourth development phase of Biocam: Nutriaqua SAS. Levels 8 & 9

In Technology Readiness Levels (TRL), stages 8 and 9 represent the final phases before
full commercial deployment. TRL 8 corresponds to the completion and validation of the actual

system in its operational environment, ensuring that it meets all performance, g@fty, and
regulatory requirements. At this stage, the technology undergoes rigorous testing real-
world conditions, confirming its functionality, reliability, and reading inarket
introduction. TRL 9 signifies the fully operational system, demonstrating ce
in its intended environment. This phase marks the transition from in -scale

production and commercialization, indicating that the technology §
widespread adoption [28].

In 2020, a proposal funded by the National Ministry of § encias) aimed to
advance Biocam to the final stages of development model encountered
substantial delays due to the pandemic and a govern monge, impacting the work
schedule. This situation highlighted that while projegt-baseMtrategics facilitate funding, they
are susceptible to external events, indicating a nee Bgivate Rgtions and efforts at this stage
of development.

Interviews revealed persistent ske hin ght industrial and productive sectors
regarding the product, despite its teclmigal dayelopgnt and validation. The commitment to
investing in Biocam as a strategic ddgision for pagductivity enhancement remained uncertain,

ted business model, concerns were raised about
an academic to a business-oriented profile, despite

t in-depth follow-up on broader impacts beyond management
ting their role as catalysts without a business development vision.

This pnd the establishment of Nutriaqua as a Spin-off underscores the
co itioning from R&D to market introduction, highlighting the importance

ali tations and capabilities across the academic, business, and governmental
spigres t rcome challenges in sustainable aquaculture innovation.

Main lessons of the phase 4: The fourth phase, marked by its progression towards the final
stages of the TRL model, brought to light several critical lessons within the domains of
management principles, TRL, sustainability, and stakeholder theory as shown in Figure 7.

The experience of navigating delays due to unforeseen external factors, such as the
pandemic and governmental changes, underscores the vulnerability of project-based strategies
to external shocks. This vulnerability signals the growing importance of private initiative and
resilience in the later stages of technological development, emphasizing the need for adaptable
and robust management practices.



(-The importance of resilience and
adaptability in project management,
highlighting how external disruptions
impact project-based strategies and
emphasizing the critical need for
private sector involvement to ensure
ongoing development.

Management

TRL

* The hurdles in advancing Biocam through\
the ultimate TRL stages, emphasizing

how unexpected events can delay
development and the need for a solid
framework to steer technology from
validation towards market readiness.

-

* Highlights a misunderstanding
between academia and industry, with
government focus on immediate
metrics rather than long-term impacts,
stressing the importance of unified
efforts to address the challenges of

\ sustainable technologies.

Stakeholders

Sustainability

\

* Ongoing skepticism from the
industrial sectors, even after product
validation, underscores the
importance of effectively
communicating the advantages and
the strategic importance of
sustainable innovations for improving
productivity. Y,

. Lessons learned in the last of the§ eployvrnent” Stage

Persistent skepticism from the indust
validation of Biocam, highlights a gap 1
[39]. This points to a broader chal

academic sector's ability to producdviable in

innovations as strategic invest
reflects a critical barrier to t

Furthermore, the
focus to a busing

| ndgpr
cepiion a
n§take

ve sectors, despite the technical
rust between academia and industry
er theory: building confidence in the

trial inputs and making the case for such

ization [44]. This transition is not merely about changing individual
a culture that values entrepreneurial thinking alongside scientific
government and support entities' standpoint, the emphasis on project
stantial follow-up on the broader impacts illustrates a missed opportunity
eory and support for Small and Medium Enterprises (SMEs) [45]. Effective
d support mechanisms should extend beyond facilitating project milestones to
sustainable ecosystem that aligns with broader environmental and social goals. The

role of government as a catalyst in this context is not only about funding but also about fostering
a vision for sustainable business development that can drive the aquaculture sector forward.

CONCLUSION(S)

The development and commercialization of Biocam represents a paradigmatic case study
of sustainable innovation in aquaculture, offering lessons that extend beyond its specific
context. The Technology Readiness Level (TRL) model, stakeholder engagement, and
sustainability challenges are central to understanding the evolution of Biocam from an



experimental concept to a market-ready product. This case highlights the critical interplay
between academia, industry, government, and funding agencies in advancing sustainable
aquaculture solutions [25].

Firstly, one of the most striking insights from Biocam's development is the necessity of
adaptability and resilience when navigating complex, multi-stakeholder technological
development processes. The impact of external disruptions—such as pandemics and
governmental changes—demonstrates the fragility of project-based funding mechanisms,
which can delay or halt innovation progress [15]. This underscores the importance of strategic
foresight and risk management, ensuring that sustainable innovations are not solely reliant on
external conditions but also bolstered by private investments and diversified fundinggftrategies
[42]. The study illustrates the significance of clear communication and alignni@gt asong
stakeholders, particularly between academia and industry, in transitionj nable
innovations from validation to market readiness [24].

the need for effectively communicating the strategic value and
innovations, underlining the importance of bridging the comprelg betWeen scientific
research and industrial application [39]. This reflects bre@ 1 ithin sustainable
technology transfer, where research teams often prioritj

enterprises to support SMEs in the conte
execution metrics, as opposed to -te
governmental and supporting bods to brodden their roles in fostering a conducive

environment for the commercialgfatiomof suSainable technologies.
The delays experienc egter BRL stages highlight the risks associated with over-
reliance on governmen need for more integrated public-private collaboration
c

models. Government ot JuSt as funders but as enablers of an innovation ecosystem,
fostering long-te, facilitating policy continuity, investor confidence, and
ecosystem stabil

-1

n stakeholder theory is the difficulty in translating academic
ercially viable solutions. Companies viewed university-led projects as
of technological advancements rather than market-driven products. This
g literature on the "valley of death" phenomenon, which highlights that many
il between TRL 4 and TRL 7 due to financial and market uncertainties [15]. The
y-stage financial commitments from industrial stakeholders suggests the need for
new engagement models where companies share developmental risks and recognize research
institutions as strategic partners rather than auxiliary providers.

A recurring theme throughout Biocam’s evolution is the difficulty researchers face in
transitioning from R&D to business-oriented development. While scientific expertise is
essential in early TRL stages, later phases demand entrepreneurial and managerial
competencies to navigate commercialization challenges [44]. This disconnect between research
and business execution is not just a matter of individual skill gaps but an institutional challenge,
where research culture often prioritizes knowledge creation over commercial viability and
scalability.



The government and support entities played a crucial role in Biocam’s evolution by
facilitating funding, legal protection, and regulatory compliance. However, their approach
remained largely project-based, with limited follow-up on long-term commercialization
impacts. This suggests a missed opportunity to establish systemic policy frameworks that
bridge the gap between research and industry adoption [45]. A key insight from this study is
that governments should not only fund R&D but also foster long-term industry adoption
mechanisms. This could include:

e Incentives for early-stage industrial investment in sustainable technologies
e Regulatory frameworks that facilitate market entry for eco-friendly inngg@#ions
e Support programs for SMEs to integrate sustainable solutions into tiRir ghpply

chains.
e Mechanisms to ensure that publicly funded research leads to w ble

applications.
StrialNg or Biocam
godelYto an ecosystem-
s Ugg@ft remain isolated

ainabl§technologies can be developed,
industsies. The integration of TRL
trates that innovation is not solely
a technological challenge but a multi-di ¥S requiring social, economic, and
regulatory alignment [10], [15], [33]. Th esgthe following best practices for future
sustainable technology initiatives:

The limited impact of government agencies in securing ind
suggests that public policy should evolve from a funding-cgis
building approach, ensuring that sustainable aquaculture in
research outputs but become industry-wide solutions.

This study contributes valuable insights into how
tested, and commercialized in aquaculture an

readiness.

regulatorglSKThg.
e Stro \ armgworks that ensure R&D investments translate into industry-wide
adofifion antynarket penetration.

ment is a sample of the broader challenges and opportunities within
ulture innovation. The balance between technological validation, stakeholder
nd commercialization demonstrates that successful sustainability-driven
requires an ecosystem perspective. As sustainability continues to be a global
ture research and policy should focus on creating adaptive innovation ecosystems
that can support long-term commercialization, multi-stakeholder collaboration, and financial
resilience. The case of Nutriaqua serves as a valuable blueprint for achieving these goals, not
just in aquaculture but across various sectors working towards environmental and economic
sustainability.
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