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Abstract

The escalating crisis of climate change, biodiversity loss, and pollution necessitates urgent shifts in production and consump-
tion patterns towards enhanced environmental efficiency (EE). Western governments, including the European Union (EU),
advocate transitioning to a bioeconomy based on renewable resources and free from fossil fuels. A pivotal technology in this
shift is precision fermentation (PF), which employs synthetic biology to transform microbes into ’cell factories’ capable of
producing diverse goods from renewable feedstocks. Despite its introduction in 1982, PF’s impact on EU production processes
has been limited. This paper, drawing on Geel’s (2002) concept of technology transformations as sociotechnical phenomena,
explores the drivers and barriers to PF adoption through interviews with eight biomanufacturing ecosystem experts. Findings
reveal a dynamic niche propelled by advances in synthetic biology, environmental pressures, and global supply chain dis-
ruptions. However, substantial internal barriers at both niche and system levels hinder transformative progress, underlining
critical areas for EU policy intervention. This paper provides strategic insights for policymakers, established companies, and
entrepreneurs aiming to navigate the transition to a bioeconomy.

Keywords: biomanufacturing; EU bioeconomy strategy; multi-level perspective; precision fermentation

1. Introduction

In 2023, humanity faces the triple planetary crises threat-
ening the security and survival of numerous living beings
on earth: climate change, loss of biodiversity, and pollution
of water, soil, and air (IPCC, 2023; UNCCD, 2022; UNEP,
2022). These crises, primarily driven by human production
and consumption patterns (Unruh, 2000), demand urgent
action and a reevaluation of our economic systems (Elzen
et al., 2004). With growing global populations and increas-
ing demands for food, materials, and energy (World Bank,
2023), the pivotal question arises: How can humanity main-
tain or even enhance its quality of life without exacerbating
its detrimental impact on planetary health?

At its core, this concern demands a dramatic improve-
ment in environmental efficiency1 (EE), – and although in-

1 Environmental efficiency refers to a system’s ability to minimize its envi-
ronmental impact while maximizing its output or productivity (Korhonen
et al., 2018).

cremental innovation and optimization can contribute to im-
provements, Weterings et al. (1997, as cited in Geels, 2006)
suggest that system innovation may be necessary for a sub-
stantial leap forward (see Figure 1).

The bioeconomy, an economic model primarily based on
renewable and biological resources, offers a potential path-
way towards system innovation. Enabled by synthetic biol-
ogy and industrial biotechnology, the bioeconomy aims to
transform value chains for goods that contribute significantly
to environmental destruction, such as consuming fossil fuels
and raising animals for meat and dairy production. Precision
Fermentation (PF), a technology that employs synthetic biol-
ogy tools to transform microbes into “cell factories” for pro-
ducing a wide array of known and novel molecules at indus-
trial scales, holds great promise in transforming these sectors
while addressing environmental challenges. As an example,
the required whey protein for a liter of cow’s milk produced
via PF could require up to 99% less freshwater (EE factor
100) and emit up to 97% fewer greenhouse gas emissions
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Figure 1: Environmental Efficiency and System Innovation
(Source: Weterings et al. (1997) as cited in Geels (2006))

(GHG) (EE factor 33) than from the actual cow (Perfect Day
& WSP USA, 2021; Poore & Nemecek, 2018). Consequently,
environmental activist and columnist George Monbiot has
touted it as potentially “the most important green technol-
ogy ever” (Monbiot, 2022).

As one of the world’s most influential economies, the Eu-
ropean Union (EU) is actively pursuing a more sustainable
future, including the transition to a bioeconomy. This ambi-
tion is prominently demonstrated by its initiatives, such as
The European Green Deal (European Commission, 2019) and
The EU’s bioeconomy strategy (European Commission, 2018).
However, the initiatives might not be sufficient in the given
timeframe (IPCC, 2023), raising the research question: How
can the transition to a bioeconomy that involves PF be accel-
erated? Therefore, this thesis examines the principal current
drivers and barriers influencing the development of system
innovation in the form of a technology transition.

Past technology transitions demonstrate that it is insuffi-
cient to limit the analysis of system transformation to techno-
logical drivers. These transitions are driven by a wide range
of societal flows and stages, requiring an interdisciplinary ap-
proach and a socio-technical lens (Geels, 2006). By employ-
ing Frank Geels’ (2002) Multi-Level-Perspective framework,
this thesis explores the potential technological transforma-
tion of animal-based protein, materials, and fuel production
through the widespread adoption of PF. To gain a compre-
hensive understanding of these dynamics and to identify the
key factors required to accelerate the process, eight experts
who play a crucial role in this socio-technical transformation
were interviewed.

The analysis presented in this thesis aims to help under-
stand the barriers and driving forces behind the adoption of
PF as a critical component of a sustainable bioeconomy in
the European Union. The insights gained from this research
can serve as a foundation for policy and industry decisions,
setting the course for an epoch of robust environmental re-
silience.

The subsequent chapters are organized as follows: Chap-
ter 2 provides a literature review on the bioeconomy; the
technology and application methods of PF to shape a bioe-
conomy; and recent research. Chapter 3 presents the
methodology and research design, Chapter 4 discusses the
findings from the expert interviews, and Chapter 5 discusses
recommendations for future research, industry, and policy
action.

2. Literature Review

2.1. The Vision(s) of a Bioeconomy
Visions of a bioeconomy are as diverse as the problems

they are expected to solve. Therefore, the term ‘bioecon-
omy’ is not universally defined and is widely diffused across
various scientific fields and political strategies (Bugge et al.,
2016). Around the globe, a wide range of actors, includ-
ing governmental and non-governmental organizations, sci-
entists, entrepreneurs, consultancies, and investors, are de-
veloping blueprints for what “the bioeconomy” will resemble
(ibid.). These narratives consistently convey distinct perspec-
tives on merging economy and ecology for economic develop-
ment, with each vision having unique focuses and objectives
(Vivien et al., 2019).

A literature review by Bugge et al. (2016) classified bioe-
conomy visions into three main types: bio-resource, bio-
technology, and bio-ecology, as presented in Table 1. This
classification was echoed by Vivien et al. (2019, Table 1) in
their historical analysis of the bioeconomy term, which was
first introduced in the 1920s. They particularly highlighted
an emerging vision focused on industrial biotechnology as
the driving force of the transition to a bioeconomy. The nar-
rative around this vision was inspired by the progression of
“traditional fermentation biotechnology to include genetic
manipulation” (Bud, 1991 cited in Vivien et al., 2019) – a
process known today as precision fermentation.
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As this thesis examines the use of industrial biotechnology
to achieve a bioeconomy, visions related to the bio-ecology vi-
sion can be set aside for the purpose of defining the bioecon-
omy within this context. Simultaneously, there is a clear fo-
cus on averting the exacerbation of our ecological crises and
increasing EE. Consequently, sectors that cannot make a sig-
nificant contribution to this goal are excluded from the scope
of this thesis. Both the bio-technology and bio-resource vi-
sions place a strong emphasis on technology, natural sciences,
and economic growth and thus overlap in parts (Bugge et al.,
2016). Therefore, the focus of this thesis sits directly at the
intersection: The vision of a bioeconomy being investigated
here deals with the commercialization of advancements in in-
dustrial biotechnology (biomanufacturing), in this case, PF,
to transformatively increase EE without compromising eco-
nomic growth.

2.2. The (Microbial) Cell as the Factory of the Bioeconomy
Fermentation is one of the oldest technologies known

to humankind (Ross et al., 2002). The term describes the
process of the intentional use of microorganisms to metab-
olize organic matter into desired, simpler molecules (Ross
et al., 2002). This fundamental technology has been a reli-
able companion to humans across the globe for thousands of
years, and throughout history, technological advancements
have enabled humans to develop increasingly diverse appli-
cations and products in food, beverages, pharmaceuticals,
and beyond.

2.2.1. Microbial Fermentation: Humanity‘s Oldest Biotech-
nological Tool

The origins of fermentation can be traced back to early
human civilizations. Fermented beverages have been found
in the Henan province (today’s China) dating back 9,000
years ago (McGovern et al., 2004), and initial cheese produc-
tion dates back approximately 8,000 years to Mesopotamia
(modern-day Iraq) (Ross et al., 2002). Even without un-
derstanding the underlying mechanisms, humans have har-
nessed the metabolic capabilities of microorganisms for var-
ious purposes, coinciding with the first domestication of
plants and animals (Ross et al., 2002).

In 1676, Antoni van Leeuwenhoek made a groundbreak-
ing discovery when he observed microorganisms under a mi-
croscope, revealing an unseen world of microscopic life (Do-
bell, 1932; Lane, 2015). This laid the foundation for future
developments in fermentation and the understanding of the
role of microorganisms in various biological processes. By
1857, Louis Pasteur revealed the role of microorganisms in
fermentation, demonstrating that they were responsible for
converting sugars into alcohol, carbon-dioxide (CO2), and
other byproducts. This finding led to the germ theory of
fermentation and established microbiology as a distinct field
(Barnett, 2003).

From the late 19th to the mid-20th century, industrial fer-
mentation and biotechnology emerged as scientists and engi-
neers harnessed microorganisms for large-scale applications

(Demain & Adrio, 2008). This period saw innovations in the
cultivation and optimization of microbial growth, which en-
abled the large-scale production of fermented products such
as beer, wine, and other foods. Additionally, the discovery
of aerobic fermentation during this time facilitated the pro-
duction of compounds like citric acid (Papagianni, 2007) and
antibiotics such as penicillin, discovered by Alexander Flem-
ing in 1928 (Fleming, 1929).

Between the 1970s and 1990s, advancements in molec-
ular biology, including the discovery of DNA’s structure by
James Watson and Francis Crick in 1953 and the develop-
ment of genetic engineering techniques, revolutionized the
manipulation of microorganisms for improved fermentation
processes (Cohen et al., 1973). In 1973, Stanley Cohen, Her-
bert Boyer, and their colleagues developed recombinant DNA
technology, which enabled the insertion of foreign genes into
microorganisms, resulting in strains capable of synthesizing
proteins not naturally produced by the host organism (Goed-
del et al., 1979). This led to the commercial production of
recombinant proteins, such as insulin and somatostatin (hu-
man growth hormone), using genetically engineered bacteria
and yeasts (Walsh, 2005).

From the 1990s to the early 21st century, advances in
molecular biology, genomics, and bioinformatics facilitated
the development of metabolic and genetic engineering. Re-
searchers began to modify and optimize entire metabolic
pathways, rather than single genes, to enhance the produc-
tion of desired compounds (Cameron et al., 2014). This
marks the emergence of synthetic biology, which is paving
the way for further advances in fermentation technology
and enables humans to utilize microbes as ‘cell factories’
(Cameron et al., 2014). Subsequent chapters will provide a
more detailed examination of synthetic biology and its influ-
ence on the development of fermentation processes.

2.2.2. Synthetic Biology: Unleashing New Potential for Fer-
mentation

Synthetic biology is an umbrella term encompassing the
application of engineering principles to the design and cre-
ation of novel biological systems using an interdisciplinary
array of technological tools (Cheng & Lu, 2012; Flores Bueso
& Tangney, 2017). These tools include the ever-evolving ca-
pabilities of metabolic engineering, which is facilitated by the
advancements in genetic engineering, the understanding of
metabolic pathways, and bioinformatics (Ko et al., 2020) – an
interdisciplinary field that combines elements of biology with
computer science and information technology (Luscombe et
al., 2001).

Genetic engineering involves modifying an organism’s ex-
isting characteristics or introducing new ones by directly ma-
nipulating its genetic material (Mutalik et al., 2013) and en-
ables the conduct of metabolic engineering, the intentional
redesign of a cell’s metabolism to advance the production of
native metabolites or enable the cell to produce novel prod-
ucts (Nielsen & Keasling, 2016).
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Table 1: Visions and Narratives Around the Term “Bioeconomy”
(Source: Excerpt from Bugge et al. (2016) and Vivien et al. (2019))

Narratives according to (Vivien et al., 2019)

Name Type I bioeconomy Type II bioeconomy Type III bioeconomy
Definition An ecological economy, that is

compatible with the biosphere
A science-based economy
driven by industrial biotech-
nology

A biomass-based economy

Nature &
Economy
Relations

Struggle against entropy and co-
evolution with the biosphere.
Economic development in line
with biological evolution

The cell is a factory
Technology has the power to
“correct God’s mistakes”

Biomass replaces fossil fuels
and mining to produce energy
and materials

Visions according to Bugge et al. (2016)

Name bio-ecology vision bio-technology vision bio-resource vision
Aims & Objectives Sustainability, biodiversity, con-

servation of ecosystems, avoid-
ing soil degradation

Economic growth & job cre-
ation

Economic growth & sustain-
ability

Value Creation Development of integrated
production systems and high-
quality products with territorial
identity

Application of biotechnology,
commercialization of research
& technology

Conversion and upgrading of
bio-resources
(process oriented)

To achieve this, different methods such as recombinant
gene expression, substrate2 engineering, and protein engi-
neering, can be used and combined (Ko et al., 2020). For
the purpose of this thesis, it is not necessary to delve deeper
into these methods, but to recognize that all these tools can
be applied to modify, in the case of PF, the metabolism of
microbes such as bacteria, filamentous fungi and yeasts, and
algae (a) so that they produce desired products using desired
substrates, and (b) to optimize this process in terms of scale
and (economic) efficiency (Chai et al., 2022).

2.2.3. Precision Fermentation: Amplifying Synthetic Biology
to Industrial Scale

According to Chai et al. (2022), the term ‘precision fer-
mentation’ emerged outside academia to describe the process
of leveraging the synthetic biology toolkit for genetic and
metabolic engineering of microbes, transforming them into
‘microbial cell factories’ with the aim of efficiently producing
desired molecules in an industrial setting. The term arose
around the emergence of using metabolically engineered mi-
croorganisms to produce alternative proteins in food (The
Good Food Institute, 2023), but is used more broadly in this
thesis to describe engineered microorganisms that are used
as factories in various contexts to convert carbon substrate
(feedstocks) into desired (bio-)chemicals.

2 A substrate, also known as a feedstock, is a molecule that is transformed
by a chemical or biological reaction. In the context of fermentation by
metabolically engineered microbes, it refers to carbon based raw materi-
als (Lips, 2022).

PF brings the use of synthetic biology on microorganisms
into an industrial setting. Consequently, to comprehend the
commercial adoption of PF, it is essential to consider the en-
tire production procedure, which goes beyond the mere uti-
lization of synthetic biology tools in a lab setting. Hence, the
initial configuration of the metabolic pathway is succeeded
by strain optimizations aimed at enhancing the strain’s eco-
nomic efficiency and operational capabilities at larger scales:

At the beginning of the value chain is the selection of
the target molecule and a strain that possesses the neces-
sary characteristics for efficient production (Ko et al., 2020).
Simultaneously, an appropriate feedstock is selected based
on its availability, cost, and compatibility with the chosen
microorganism - referred to as the strain (Ko et al., 2020).
In constructing a scalable fermentation process for targeted
molecule production, the utilization of the Design-Build-Test-
Learn (DBTL) cycle, a core process of system design in syn-
thetic biology, is a pivotal aspect. This cycle, characterized
by its iterative feedback loop, facilitates strain optimization.
The DBTL cycle is integral not only for the initial introduc-
tion of the capability to metabolize alternative substrates and
to produce novel target molecules at a laboratory scale, but
also for subsequent optimization of scale in terms of TRY –
titer (end concentration of the targeted compound in the fer-
mentation medium), rate (output per unit of time), and yield
(quantity of the targeted synthesized per unit of raw material
used) (Carbonell et al., 2018; Nielsen & Keasling, 2016).

The cycle involves four key steps:

1. Design: A blueprint for the metabolic pathway through
which the target molecule will be produced is de-
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veloped, commonly involving the modification or in-
troduction of genes into the strain that produce en-
zymes that facilitate the metabolic processes (Nielsen
& Keasling, 2016).

2. Build: This designed metabolic pathway is integrated
into the strain. Applied here are advanced synthetic
biology tools, including genetic engineering and bioin-
formatics, to improve the way the strain uses the start-
ing material to produce the target molecule (Carbonell
et al., 2018).

3. Test: The process performance is assessed. This ex-
amines the final concentration of the product in the
fermentation environment, the quantity produced in a
given time, and the efficiency of product generation per
unit of feedstock used (TRY) (Carbonell et al., 2018).

4. Learn: The performance results of the test phase are
incorporated into subsequent design improvements. If
the performance is satisfactory, the process moves to
the next stage. If not, the insights obtained from testing
are used to modify the design (Carbonell et al., 2018).

The development of the initial strain variants takes place
on a small scale within a laboratory setting. These are subse-
quently fine-tuned via iterations of the DBTL cycle, based on
their anticipated performance metrics until they are ready to
be transitioned to a larger fermentation unit. This process of
scale-up involves an iterative optimization of the fermenta-
tion conditions, which is performed in conjunction with mod-
ifications to the metabolic pathways of the strains (Carbonell
et al., 2018). The process takes place in progressively larger
bioreactors, as per the model depicted in Figure 2 (Ko et
al., 2020). Once the fermentation process concludes, target
products are isolated from the rest of the fermentation broth
through appropriate downstream processing techniques (Ko
et al., 2020). With this approach, scientists, product devel-
opers, and engineers try to lift findings from the laboratory
to an industrial scale with constant optimization on TRY.

2.3. Ways to Harness PF for Creating a Circular Bioeconomy
Chapter 2.1 presents a blueprint for a bioeconomy,

wherein the EE of producing goods traditionally sourced
from fossil fuels and animal origins is substantially enhanced
via the deployment of biomanufacturing processes hinged on
the metabolization of renewable feedstocks. As delineated
in section 2.2, the application of metabolic engineering to
microorganisms enables to turn them into ‘microbial cell fac-
tories’, utilizable to convert selected feedstocks into desired
molecules such as chemicals, fuels, materials, and organic
products (Ko et al., 2020, Figure 3). Therefore, this chapter
aims to specify the potential role of PF, namely the large-
scale utilization of ‘microbial cell factories’, in realizing the
envisioned bioeconomy.

To produce the desired target molecules, microorganisms
require a carbon-based substrate, often referred to as feed-
stock (Lips, 2022). In line with the defined vision of a bioe-
conomy, this discussion solely focuses on non-fossil-based

feedstocks, which are categorized into three generations ac-
cording to the chronology of their development and use:

1. First-generation feedstocks are derived from food crops
that produce fermentable sugars. However, their usage
has been associated with several undesirable environ-
mental effects such as deforestation and competition
for food supply, prompting the need for alternatives
(Lips, 2022).

2. Second-generation feedstocks are sourced from ligno-
cellulosic biomass, which includes energy crops and
non-edible residues. As the most abundant renewable
biomass, these feedstocks have the potential to reduce
land usage and environmental impact. However, var-
ious forms of pre-treatment are required to convert
them into a fermentable state (Lips, 2022; Morales et
al., 2015; Soleymani Angili et al., 2021).

3. Third-generation feedstocks include brown macroal-
gae (Lips, 2022), and short-chain carbon-based mole-
cules, including industrial waste gases like CO2 and
methane (Liu et al., 2020; Ruiz et al., 2023). Macroal-
gae, unlike first and second-generation biomass, grow
in coastal waters, thus preserving arable land and
freshwater, and do not require extensive pre-treatment
for fermentation (Lips, 2022). The use of CO2, the
most widely available carbon source on Earth and
methane, both GHG, would either prevent the emis-
sion of these gases into the atmosphere or bind them
from the atmosphere (Venkata Mohan et al., 2016).

Currently, first-generation feedstocks form the backbone
of resources used in these processes (Lips, 2022). However,
developments in metabolic engineering and synthetic biology
have significantly boosted the efficiency of microbial usage
of feedstocks from the second and third generations, which
are associated with wider availability, lower costs, and less
negative impact on cropland use and the environment than
the first generation (Lips, 2022; Pandey et al., 2021; Ruiz
et al., 2023; Zhang et al., 2022). Notably, the use of in-
dustrial waste gases pivots the paradigm from a bioeconomy
based on renewable feedstocks towards a circular bioecon-
omy (Venkata Mohan et al., 2016). In this model, emissions
that would otherwise end up in the atmosphere are repur-
posed for the synthesis of food, cement, polymers, and chem-
icals (Ruiz et al., 2023).

In addition, synthetic biology offers significant potential
for enhancing the sustainability of manufacturing processes
not only at the input level, but also in improving the envi-
ronmental impact of the resultant products. This can be ac-
complished through the integration of metabolic engineering
with existing chemical processes (Ko et al., 2020) to yield bio-
based products, or through the novel design and synthesis of
entirely new molecules – de novo - with desirable character-
istics (Keasling, 2010).

It is crucial to understand that many of the processes de-
scribed here do not yet occur on a large scale but are an ag-



N. T. Starz / Junior Management Science 9(4) (2024) 2024-2049 2029

Figure 2: Employing the DBTL Cycle for Iterative Strain Optimization when Scaling Production
(Source: Own illustration based on Carbonell et al. (2018) and Ko et al. (2020))

Figure 3: Using Metabolically Engineered Microbes as a Factory to Produce (Bio-) Chemicals from Various Carbon Substrates
(Source: Adapted from Ko et al. (2020) and based on Liu et al. (2020))

gregation of successful laboratory experiments demonstrat-
ing the potential of the technology. For the envisioned bioe-
conomy to materialize, there’s a need to raise these processes
to commercial scales, optimizing both processes and strains
to ensure market readiness. However, to facilitate this transi-
tion and successfully implement PF on a broad scale, under-
standing the various drivers and barriers influencing its adop-
tion becomes a key factor. Consequently, the next segment of
this thesis focuses on exploring these drivers and barriers,
setting the stage for a detailed investigation into the dynam-
ics that will shape the future of precision fermentation in the
EU bioeconomy.

3. Methodology

3.1. Research Approach
This thesis aims to investigate strategies to accelerate the

transition to a bioeconomy in the European Union, enabled
by biomanufacturing, specifically PF. The research objec-
tive is the identification of principal drivers and challenges
shaping current dynamics to then explore potential levers to
accelerate the transition. Given the potential benefits of a
bioeconomy driven by biomanufacturing, this thesis seeks to

provide recommendations for policymakers and influential
stakeholders to facilitate a potential transformation.

To address these objectives, the Multi-Level-Perspective
framework, as conceptualized by Frank Geels (2002), is
employed as an integrative conceptual lens for examining in-
teractions between macro-, meso-, and micro-level processes
within the EU that shape this transition. The MLP frame-
work highlights the role of three interconnected analytical
levels—landscape, regime, and niche—in understanding and
shaping transitions. This framework is chosen for its ability
to capture the complexity and dynamics of socio-technical
transitions. The comprehensive scope of the framework to
address the research question is further elaborated in Section
3.2.

Given the complex, broad research question, the scarcity
of existing scientific literature, and the necessity for getting
real-time insights into the potential ongoing transition, this
study has chosen to utilize qualitative interviews as its prin-
cipal data collection method. As part of this approach, eight
carefully selected experts, each providing unique perspec-
tives on the multi-faceted dynamics, were interviewed. The
rationale behind choosing those experts is elaborated in Sec-
tion 3.3, while the exploratory semi-structured questionnaire
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employed for the interviews is outlined in Section 3.4. Sec-
tion 3.5 discusses the limitations of choosing this approach.

3.2. Taking a Multi-Level-Perspective on Technology Transi-
tions

The potential adoption of PF as a transformative platform
technology in the EU’s main production sectors would imply
a profound change in the way societal functions are fulfilled
technologically, i.e., it implies a technological transition (TT)
(Geels, 2002). According to Geels (2002), the trajectory of
transformation research has shown that understanding these
transitions requires a socio-technical perspective; an analyti-
cal lens that recognizes the intertwining of social and techni-
cal elements during the design, development, adoption, and
use of technology. This perspective underscores that tech-
nology does not exist in a vacuum but is deeply embedded
within its social context. It mirrors the values, interests, and
power dynamics within the society in which it evolves Geels
(2002). Using this lens also acknowledges the array of actors
involved in technological transformations. These include not
only the designers and developers of the technology, but also
the customers and users, policymakers, and various other
stakeholders. The interactions, negotiations, and dynamics
among these diverse actors influence the direction and out-
comes of the technological transformation (Geels, 2002).

Building upon this understanding of TTs as socio-technical
phenomena, Frank Geels (2002) conceptualized the MLP
framework. This framework has gained substantial promi-
nence in elucidating technological societal transformations,
particularly with respect to sustainability concerns (see
Raven (2004) and Verbong and Geels (2007)). As it per-
tains to the exploration of drivers and barriers affecting the
adoption of PF, employing the MLP framework provides a
structured avenue for analyzing the complex dynamics influ-
encing the potential transition within the European Union’s
manufacturing sectors.

The MLP framework distinguishes between three inter-
related conceptual levels to analyze dynamics between ac-
tors: At the micro-level, niches act as incubators for radical
innovation, protecting them in underperforming stadium
from mainstream market selection (Kemp et al. (1998) as
cited in Geels and Schot 2007). There, small networks of
committed individuals interact to create momentum for
their respective emerging technologies and practices that
challenge the norms established at the meso level (Geels &
Schot, 2007). This meso level, often referred to as the socio-
technical regime, solidifies existing systems and outlines the
path for dominant technological developments. It consists of
a constellation of actors – among them corporations, policy-
makers, consumers, and markets – who manage and sustain
the current socio-technical systems (Geels & Schot, 2007).

Micro and meso levels are subject to changes on the
macro level, the socio-technical landscape. The macro level
describes a broad sphere of exogenous influences that can be
found, for example, in societal, macroeconomic, political, or
environmental developments. These developments can influ-
ence the course and intensity of interactions between niche

and regime by putting pressure on the established norms of
the regime and thus creating spaces, so-called windows of
opportunity, into which the niche can fall within the regime
(Geels & Schot, 2007). The three levels form a nested hier-
archy in which niches are embedded in regimes and regimes
are embedded in the landscape (Figure 4).

Understanding the interplay between the different levels
of the MLP framework is crucial for examining the drivers and
barriers of a transformation process. Geels and Schot (2007)
outline three core processes that facilitate the breakthrough
of niche innovations into mainstream markets, where they
compete with the existing regime:

(i) Niche Accumulation: Niche innovations gather inter-
nal momentum through learning processes, improve-
ments in price/performance, and backing from influ-
ential groups.

(ii) Landscape-Level Pressure: Changes at the macro,
or landscape, level exert pressure on the established
regime.

(iii) Regime Destabilization: Destabilization of the regime
creates windows of opportunity for niche innovations.

These processes, depicted in Figure 4, provide a founda-
tion for examining the drivers and barriers of a potential tech-
nological transformation of the EU industry towards bioman-
ufacturing via PF.

3.3. Interviewee Selection
For data collection, a meticulous selection of experts was

carried out, and interviews were conducted with each of
them, lasting between 30 and 70 minutes. Bearing the MLP
framework in mind, these experts were chosen to represent
different key pivot points within the framework, which al-
lowed them to interact with various actors from the socio-
technical regime or niche. A person is an expert, if she or he
„has any responsibility for the design, implementation or con-
trol of a solution to a problem or [...] has privileged access to
information about groups of people or decision-making pro-
cesses“ (Meuser & Nagel, 1991, p.443 (translated)). Concur-
rently, each interviewee possesses their own domain exper-
tise and approaches the research question from their unique
perspective. Table 2 offers an overview of the interviewees,
including a brief introduction to the MLP framework. For a
detailed list, please refer to Appendix A. Additionally, it was
crucial to include experts with a life science background that
bring an in-depth understanding of the technological aspects.
Four of the interview partners have an academic life science
background, with three of them holding a PhD.

In total, eight interviews were conducted. The inter-
view partners were contacted via email. However, not all
of the considered essential interviewees responded – primar-
ily engineers and members of the established socio-technical
regime, such as policymakers and representatives of indus-
trial companies. Further details on this issue can be found in
the limitations section.
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Figure 4: The Multi-Level Perspective on Transitions (Source: Geels and Schot (2007))

3.4. Questionnaire Structure
To maintain a balance between structure and flexibility

in exploring the research questions, the interviews were con-
ducted using a semi-structured, exploratory approach. This
methodology allowed respondents to freely express their in-
dividual perspectives, impressions, and priorities within a
clearly defined framework. The questionnaire was organized
into five pre-formulated topical areas (see Table 3), which
were shared with respondents several days ahead of the in-
terview to allow for thoughtful preparation. The exploratory
nature of this approach was designed to address the exist-
ing limitations in the researcher’s knowledge and the scarce
academic literature concerning metabolically engineered mi-
crobes as transformative societal technologies. It also pro-
vided the requisite flexibility to maintain an open perspec-
tive, facilitating the acquisition of new insights and the for-
mulation of deeper probing questions.

3.5. Method of Analysis
The majority of interviews were conducted in English, al-

though a few were carried out in German when interviewees
felt more comfortable answering in their native language.

The interview recordings were transcribed using the web tool
Trint3, and confidential company and personal information
were anonymized. The transcripts may be provided upon re-
quest.

In the qualitative analysis, the thematic analysis method
by Braun and Clarke (2012) was utilized. The MLP frame-
work functioned as the overarching theoretical foundation,
while specific themes and sub-themes emerged from the in-
terview data, fitting within this framework for coding pur-
poses. This approach, following Braun and Clarke (2012),
enables the integration of both deductive and inductive rea-
soning. The ensuing flexibility allows for a systematic orga-
nization and assignment of themes and patterns throughout
the interviews, thereby fostering the development of valuable
insights within the structured context of the MLP framework
while maintaining rigor and transparency. The analysis of
the interviews was conducted in their respective spoken lan-
guage using the analysis software MAXQDA 20224.

3 www.trint.com is a web-based transcription software that can automati-
cally convert video and audio files into transcripts.

4 MAXQDA 2022 is a software for computer-assisted qualitative data and
text analysis.
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Table 2: Interview Partner Selection (Source: Own illustration)

No. Function Organization Type Rationale for Inclusion

1 Management
Consultant

Management Consultancy Works with the niche and the socio-technical regime; unique
perspective on landscape pressure on regime; and interactions
between niche and (industry) regime.

2 Investment Manager Venture Capitalist Works from the niche with several PF companies, has a short-
and long-term view on drivers and challenges of potential
niche development.

3 Doctoral Student in
Law, Consultant

University: Faculty of Life
Sciences: Food, Nutrition
and Health; Faculty of Law
and Economics

Works with the established regime on interactions with the
niche, especially from a regulatory perspective.

4 Scientist and
Entrepreneur

Biotechnology Start-Up As a core niche actor, the expert offers a micro-level perspec-
tive on developing and commercializing innovations from PF.

5 Policy Affairs
Manager

Non-Governmental Organi-
sation

Regularly collaborates with start-ups (niche), corporations,
research institutions, and government bodies (socio-technical
regime) to promote interactions.

6 Scientific Director
and Investment
Director

(Impact) Venture Capitalist Takes a short-term and long-term perspective on the chal-
lenges and drivers of the niche’s potential development,
grounded by a deep technical and economic understanding.
Facilitates interactions between the niche and the established
regime.

7 Professor of
Communication
Studies and Author

University: Department of
Communication Studies

Provides unique insights into the status, challenges, and op-
portunities faced by niche actors in communicating their vi-
sion to the regime; how the landscape pressures the socio-
technical regime.

8 Researcher and
Consultant

Private and Independent
Research Institute on Re-
newable Carbon and Bio-
Based Materials

Works with government institutions and industrial companies
(socio-technical regime), start-ups and research and develop-
ment (R&D) labs (niche); acts as observer and facilitator of
multi-level interactions.

In accordance with the guidelines for thematic analysis
provided by Braun and Clarke (2012) the first step after
conducting and transcribing the interviews was to familiar-
ize oneself with the data. This process entailed thoroughly
reading and re-listening to the interviews, accompanied by
note-taking on paper to highlight particularly insightful state-
ments, patterns and commonalities across interviews.

In the following phase, an in-depth review of the theo-
retical foundations underlying the MLP framework was con-
ducted. This review aimed to identify the drivers and barriers
identified within the theory. In conjunction with this, both
the recent updates to the framework and the foundational
scientific research upon which the framework is based were
examined. Notably, key literature from Kemp et al. (1998)
and Geels and Schot (2007) provided significant insights.
These explorations facilitated the creation of a deductive con-
ceptual theme formation, which was used for the initial cod-
ing in the software.

Subsequently, bearing in mind the theoretical framework
of the MLP and the derived codes, sub-themes were gen-
erated to which the identified categories could be assigned
within the theoretical framework. This stage involved an it-
erative process of theme refinement, during which themes
were discarded, added, merged, subdivided, or renamed as
they emerged, ensuring a comprehensive and robust analy-
sis under constant reflection with regard to conciseness and
relation to the question. The final coding can be found in
Appendix B.

4. Results

By their very nature, explanations of socio-technological
transition reflect the interrelation and complexity of the dy-
namics within the conceptual levels. In order to account for
this complexity and simultaneously present structured anal-
ysis findings, the following chapters are formulated around
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Table 3: Brief Interview Guideline (Source: Own Illustration)

No. Subject Rationale

1 Diving deeper into the expert’s back-
ground and touchpoints with bioecon-
omy and PF

Discovering further information and touchpoints with the research
question that are not publicly available.

2 Vision of a realized bioeconomy Gaining insights into the interviewee’s unique perspective on the vi-
sion of a bioeconomy; the role PF may play in it; opinion on the
feasibility of a transition and the status quo.

3 Mapping challenges and obstacles of PF Exploring the obstacles and challenges that are concretely relevant
to the domain of the expert or from the perspective of the expert
for a widespread adoption of PF, i.e., the challenges faced by the
niche when attempting to (broadly) participate in the socio-technical
regime.

4 Mapping catalysts and facilitators of PF Exploring the catalysts and facilitators the expert perceives con-
cretely in their domain or from their expert or from the perspective
of the expert for a widespread adoption of PF, i.e. (potential) dy-
namics that spur the niche-actors to strengthen their position in the
socio-technical regime.

5 Deriving an action plan Initiating a constructive discussion on the possible actions that influ-
ential actors in the EU can implement to accelerate the transition to
a bioeconomy by driving the adoption of PF.

the three core processes of a socio-technical transition ac-
cording to (Geels & Schot, 2007): (i) niche accumulation,
(ii) landscape-level pressure on the regime, and (iii) desta-
bilization of the regime. These processes are supplemented
with barriers and drivers delineated by (Geels, 2002), which
build upon the foundational research in strategic niche man-
agement by (Kemp et al., 1998) and the challenges of niche-
regime interactions due to lock-in effects, as described by
(Unruh, 2000).

The interviews reveal that the niche mainly consists of
start-up companies conducting their own R&D and striving
to commercialize their technology. Universities and research
institutions also play a role, but often there is a lack of practi-
cal transfer. Occasionally, large corporations also initiate and
establish business units that can be associated with the niche.
However, the majority form part of the socio-technological
regime that maintains current industrial structures and re-
sponds to existing market and user preferences, while simul-
taneously shaping them.

Furthermore, in the case of PF, the regulatory, political,
and legal dimensions emerge as one of the key actors in
the socio-technical regime. The European Commission (EC),
along with the regulatory body and governments of individ-
ual nations, set the stage for innovation, approval, and mar-
ket distortions. They are all subject to the changes and influ-
ences on the landscape, which in the context of PF adoption,
particularly manifest when they threaten the current struc-
tures and norms of the regulators and industry, as well as
influence market and user preferences.

Section 4.1 of the results focuses on niche progression in
terms of (i) niche accumulation. It discusses the drivers of
this accumulation, including learning effects, improvements
in cost-efficiency, and the involvement of influential stake-
holders such as venture capitalists, corporate venture capital-
ists, partnerships between incumbent companies and niche
players, and new business units dedicated to the niche. Con-
currently, it explores barriers, as per Kemp et al. (1998) and
Geels (2005), such as technological challenges, infrastruc-
tural gaps, and difficulties in integrating relevant factors into
a cohesive European entrepreneurial ecosystem.

Section 4.2 delves deeper into the challenges faced by the
niche when interacting with the socio-technical regime. It
explores the impact of regulatory frameworks, cultural and
psychological factors, price lock-in, mismatches and other ex-
ternal impediments to niche growth.

Section 4.3 turns its attention to how landscape shifts
– both long-term sustainability issues and short-term fac-
tors like the need for resilient supply chains in light of pan-
demics, European military conflicts, and escalating geopo-
litical tensions – exert additional pressure on the existing
socio-technical regime. Consequently, parts of the previously
closed regime, discussed in 4.2, begin to open up, offering
opportunities for the niche.

Thus, the structure of the results section uses the con-
cepts and dynamics of a technology camouflage of the MLP
framework to describe drivers and barriers. At the same time,
however, it is not intended to present the entire framework
or the concrete processes, but rather to use them to help an-
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swer the research question, namely the question of the most
influential drivers and barriers on the path to PF. According
to the methodology and the research question, not every ac-
tual driver and barrier is named or described in detail. Only
a selected part emerges from the interviews, but at the same
time one or more of the experts consider them to be the most
relevant.

4.1. Niche-Accumulation
Geels and Schot (2007) propose a theoretical model

where niche accumulation gains momentum through three
key components: learning processes, improvements in the
price-to-performance ratio, and the involvement of influ-
ential entities supporting the process. In the case of PF
adoption, these processes turn out to be interlinked: Tech-
nological advancements are notably driving improvements
in the price-performance ratio in research and development,
and in scaling up processes. These enhancements raise the
likelihood of successful penetration into new niches. Con-
sequently, this progress piques the interest of influential
stakeholders, including investors and established industry
players. Such entities, anticipating transformative shifts or
eyeing new market entry, are inclined to invest further in re-
search and development to align the technology more closely
with market demands.

The interplay of these factors has so far contributed to sig-
nificant progress in the realization of envisioned applications
of the technology, so that a variety of novel processes have
been presented and tested at lab-scale. At the same time, the
interviews reveal that although significant strides have been
made, there is still much ground to cover to overcome niche
internal barriers to close the gap between lab-scale research
and commercialization, manifested in the need for further
scientific knowledge, funding and entrepreneurial talent, and
availability of fermentation capacity and feedstocks.

4.1.1. Learning Curve Effects in Technology and Commerce

Driver I: DBTL-Acceleration Driving Innovation Capabilities

Based on the interviews conducted, it’s evident that sig-
nificant strides in synthetic biology have greatly driven the
advancement and commercial viability of PF technology. As
described in Chapter 2.2, the progression of PF is intrinsically
tied to the enhancements in synthetic biology and bioman-
ufacturing, which have made it possible to scale these syn-
thetic biology processes industrially. The resources, speed,
and capabilities required for the initial processing and opti-
mization of strains within the DBTL cycle heavily depend on
the knowledge available and the performance of the tools at
hand.

The interviews identified four central technological ad-
vancements contributing to the niche accumulation we see
today:

1. the continued improvement of synthetic biology tools
(Expert 1, Pos. 7, Expert 4, Pos. 5);

2. the standardization and operationalization of these
tools, extending their use beyond the initial inventors
(Expert 1, Pos. 13);

3. a deeper understanding of the refinements necessary
for process scaling (Expert 2, Pos. 11; Expert 4, Pos.
5);

4. the development of cost-effective strategies for R&D,
upstream and downstream processing (Expert 2, Pos.
11; Expert 4, Pos. 5; Expert 8, Pos. 25).

The impact of these technological advancements has
broadened the technology’s applicability, enabling more in-
dividuals to conduct an increasing number of experiments
with less resource requirement. This advancement has also
multiplied the possibilities of strain optimization, increasing
the speed and effectiveness of experiments.

These technological advancements enabled a wide array
of research initiatives undertaken by universities, start-ups,
and industrial research departments. The progress achieved
through these projects underscores the potential of medium-
scale biomanufacturing, drawing attention to the trajectory
of this technology within its niche. This trajectory is at-
tracting an increasing number of entrepreneurs, scientists,
investors, and members from established industry regimes.
(Expert 2, Pos. 33; 39) They anticipate that the ongoing im-
provements in these areas will continue to propel PF forward,
extending its range of applications (Expert 2, Pos. 19). As
such, the interviews make it clear that this expanding tech-
nological trajectory, now accessible to a broader audience,
is a major driver of niche accumulation and is expected to
remain so in the future.

Driver II: Entrepreneurs Evolving Through Commercial Acumen

For the commercialization of the technological advances,
it is crucial to recognize that the development of business
acumen by entrepreneurs in the niche is essential. Even when
windows of opportunity arise through landscape changes, as
described in the forthcoming chapters, it does not mean that
niche technology simply falls into place. Niche actors must a)
be technologically capable, and b) recognize the possibility of
seizing those windows. This overlaps with the core ideas of
strategic niche management, in which it is asserted that mar-
kets do not merely exist but are actively created and shaped
by the strategic actions of niche actors, reflecting their vi-
sions, learning processes, and networks (Kemp et al., 1998).

Taking the example of LanzaTech, Expert 8 (Pos. 25) de-
scribes how the company initially struggled against the price
lock-in (Chapter 4.2.3) of the commodity markets for fuels
and plastics. Only after the predominantly scientific team
hired a commercial executive did they expand their focus
to markets where the CO2 recycled ethanol from PF already
found acceptance today due to its sustainability aspects, de-
spite a price premium. (Expert 8, Pos. 25). They then be-
gan collaborating with Unilever, L’Oreal, and other direct-
to-consumer brands whose customers were willing to pay
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the necessary price premium for perceived increased envi-
ronmental friendliness (Expert 8, Pos. 25).

Furthermore, Expert 4 describes how niche actors have
learned to navigate the challenges of internal resistance
within established companies when introducing innovative
products that could potentially cannibalize existing business
(Expert 4, Pos. 29). They have found success in partnering
with companies without current market access that can ben-
efit from the niche actor’s technology to enter new markets
(Expert 4, Pos. 29). The windows of opportunity that there-
fore potentially open for niche entrepreneurs are discussed
in Chapter 4.3.1.

Niche actors have recognized the importance of conduct-
ing market research early on and identifying the parameters
for the product that will break the market (Expert 4, Pos.
5). They have also learned to choose markets with fast in-
novation cycles, enabling them to gain credibility and scale
quickly (Expert 4, Pos. 5). Additionally, niche actors have fo-
cused on selecting product classes with sufficient knowledge,
interest, and product-market fit from the outset (Expert 4,
Pos. 5). All this contributes to the fact that niche technolo-
gies manage to conquer markets and thus drives niche accu-
mulation, and ultimately the adoption of PF.

Barrier I: Technological Limitations

However, PFs have only been able to establish themselves
in a few very high-priced niches that entered because they
solved problems internal to the established regime (Expert
2, Pos. 33). Although technological advancements are rec-
ognized as one of the primary drivers of the niche, the in-
terviews also underscore that the current limitations of the
technology represent significant barriers to further penetra-
tion of the niche into additional markets.

As Expert 2 (Pos. 23) emphasizes, performance on the
TRY indicators is key for economic viability. For this, further
optimization of the price-performance metrics of the large-
scale production processes is necessary in many niches, the
implementation of which is primarily hindered by previously
impossible strain optimization along process scale-up.

Currently, the implementation of these improvements is
largely hindered by insufficient strain optimization, largely
due to a lack of understanding of the causal relationships be-
tween specific genetic mutations and their effects on yields
(Expert 1, Pos. 7). The vast number of potential permuta-
tions of genetic modifications adds to this complexity, mak-
ing it challenging to identify combinations leading to optimal
results (Expert 1, Pos. 9) and translating progress in the lab
into larger scales (Expert 8, Pos. 11).

The large-scale production mainly utilizes a few well-
studied, ‘brute-force’ legacy strains (Expert 6, Pos. 11),
whose optimization potential has largely been exhausted
(Expert 2, Pos. 11). However, expanding to other organ-
isms is also faced by several challenges, as genetic tooling
for non-model organisms, such as fungi and algae, is a slow
process that can take 5-10 years (Expert 1, Pos. 7). And
even when a novel organism has been prepared for the first

large-scale productions, these often do not take place be-
cause the Contract Manufacturing Organizations (CMOs) to
which start-ups outsource their fermentations are not used
to them, or they have not yet gained the trust of authorities
or customers (Expert 4, Pos. 5).

4.1.2. Driver III: Ecosystem Emergence Around the Niche
As detailed in the preceding chapter, technological ad-

vancements have increasingly brought potential applications
into focus. This enhanced visibility has piqued the interest
of venture capitalists and well-established industry players,
identifiable in the MLP as the involvement of influential ac-
tors (Geels, 2002). These entities now engage with the niche,
aiming to participate in the potential commercial success and
threat to current value chains it represents. In addition to
their vested interest, they offer essential support to the niche
through financing, infrastructure and distribution networks,
and a comprehensive understanding of the market dynamics
to niche actors.

Venture Capitalists

VC involvement is a critical driver contributing to niche
accumulation at multiple levels (Expert 2, Pos. 19; Expert
5, Pos. 28; Expert 6, Pos. 19). Through their early-stage,
high-risk investments in start-ups, VCs help bridge the gap
between basic research and commercialization by providing
the funding and support necessary in hope to turn scientific
discoveries into viable and scalable businesses (Expert 2, Pos.
19).

By nature, VCs focus on funding promising young com-
panies that display high growth potential and a chance to
become important players within the industry regime, moti-
vated by securing substantial returns on their investments.
Therefore, their contribution to niche momentum extends
beyond financial support, as such investments form well-
established VC funds have significant signaling effects on the
potential trajectory of PF to actors outside the regime – espe-
cially in the case of PF where the experts highlight that the
total invested capital increases, and the number of funds in-
terested in the application of the technology grows (Expert 2,
Pos. 21; Expert 5, Pos. 28). This is further accelerated by the
trend of increased VC investor awareness regarding sustain-
ability metrics (Expert 6, Pos. 19; Expert 4, Pos. 7). This val-
idation attracts further young scientists and entrepreneurs to
explore venture building opportunities in the space (Expert
2, Pos. 19).

Furthermore, the intersection of biology and information
systems has further broadened the investor pool, attracting
those beyond traditional industry boundaries as showcased
by the entrepreneurial journey of Expert 4 (Pos. 3), whose
start-up emerged from an artificial intelligence venture stu-
dio5.

5 A venture studio is a company that systemically builds start-ups by incu-
bating own ideas (Blank, 2022).
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Corporate Engagement

Additionally, the involvement of established companies
from the industry regime drives niche accumulation through
joint ventures, product collaborations, investments via Cor-
porate Venture Capital (CVC) (Expert 5, Pos. 46), or the cre-
ation of their own R&D units focused on PF. The participa-
tion of the established regime actors enables the niche access
to market understanding, infrastructure, resources, and dis-
tribution structures that were previously not as accessible.
This interaction not only increases the visibility and legiti-
macy of the niche but also enhances its capacity to penetrate
and transform the prevailing socio-technical regime.

An example of how established companies proactively an-
ticipate and facilitate change within their value streams is
the German company InFamily Foods Holding GmbH & Co.
KG. Following the 2020 merger of two traditional German
butchers, H. & E. Reinert Westfälische Privat-Fleischerei GmbH
(founded 1931) and H. Kemper GmbH & Co. KG (founded
1888), the company has restructured its operations. It now
sees a future for protein production based on three pillars,
incorporated in three subsidies: conventional animal pro-
duction (The Family Butchers GmbH), plant-based imitates
of animal protein sources (The Plantly Butchers GmbH), and
cellular precision agriculture including PF (The Cultivated B
GmbH) (Expert 5, Pos. 46; InFamily Foods (n.d.)).

In this context, it is evident that some incumbent com-
panies have started to counterbalance the incremental inno-
vation of the entrenched socio-technical regime by fostering
niches. This action signifies a degree of openness towards
the niche, and consequently towards alternatives to the pat-
terns of the established regime. Nevertheless, the interviews
revealed a number of barriers within the EU entrepreneurial
ecosystem that contribute to the fact that niche innovations
often fail to make the leap to commercialization.

4.1.3. Market Transition Hurdles for Niche Innovations
Despite the strong momentum in the niche, only a frac-

tion of laboratory innovations makes their way into commer-
cial applications. The barriers to this transition are numer-
ous: beginning with the challenge of bridging the gap be-
tween research and practice, niche actors striving to translate
their technology into a market-ready state encounter obsta-
cles related to financing, availability of infrastructure, prod-
uct approval processes, and the difficulty of achieving a suit-
able product-market fit.

Barrier II: Lack of Guidance in Spinning-Out University Re-
search

Expert 1 (Pos. 17) underlines the lack of entrepreneurial
mandates of many universities within the EU. Many research
institutions within the EU conduct relevant research that
could advance the technology trajectory of PF and increase
market viability, but with few exceptions, they have no rela-
tion to the transfer of this into practice. Expert 6 (Pos. 15)

and Expert 4 (Pos. 41) share the same opinion and praise the
research efforts of the EU, but equally point out that those
laboratory innovations are not shown a way into application.

Furthermore, it is shown that even if technology ventures
into the niche in the form of a spin-out6, scaling up PF tech-
nologies and building infrastructure requires operational and
manufacturing expertise, which is often not found in young
university founders (Expert 6, Pos. 15). This results in a
further reason PF start-ups may struggle to close the gap be-
tween initial research and commercial application.

The Valley of Death7 on the Horizon
However, actual lack of guidance in value creation is not a

problem exclusive to university founder. Expert 5 describes
the current situation of entrepreneurial niche players, espe-
cially start-ups that are dependent on VCs backing, run the
risk of sinking into the so-called Valley of Death in the cur-
rent market environment, i.e., failing as a result of failing to
successfully commercialize (Expert 5, Pos. 34; see Figure 5).

The threat of a fall into the Valley of Death for en-
trepreneurial niche players is an interplay of several unfa-
vorable factors, and differs slightly from start-up to start-up
by segment and product type:

a) A significant proportion of start-ups struggle with the
limitations inherent in optimizing traditional strains
and incorporating novel strains when scaling up their
fermentation process (as detailed in 4.1.1).

b) Many start-ups face a volatile investment environment,
reliance on US investors, and a conservative stance
from EU investors when attempting to secure follow-
on investments for the scaling and commercialization
of their technology (as discussed in 4.1.2).

c) Those start-ups focused on designing specialty molecules
to solve existing material and chemical manufacturing
issues often miss the mark in terms of product-market
fit. They struggle to identify the real pain points of
their potential customers, which could guide their re-
source use (as outlined in 4.1.2).

d) Companies using PF to produce novel foods have to
navigate a costly, and uncertain approval process in the
EU before they can market their product. So far, no
company has successfully received approval for a novel
food produced by PF in the EU (as described in 4.2.1).

e) Particularly for companies aiming at large-scale pro-
duction, such as those in the food, chemicals, and ma-

6 A spin-out is a newly founded company that is co-founded by a university
or research laboratory, which owns the licensed technology and applies
it to the market with the aim to leverage available academic knowledge
for commercialization (Clarysse et al., 2011).

7 The Valley of Death is a metaphor used to describe the gap that exists
between the research and development of new technologies or products,
and their successful commercialization or implementation (Auerswald &
Branscomb, 2003).
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Figure 5: The Failure of Start-Ups Due to Inadequate Value Creation from their First Products is often referred to as the ‘Valley of Death’
(Source: Osawa and Miyazaki (2006))

terials sectors, there is a perceived lack of sufficient fer-
mentation capacity to carry out their production within
the EU (explained further in 4.1.2).

The interrelationships between the factors that lead
to commercialization challenges and thus to the potential
demise of PF start-ups in the EU differ from company to
company but are often intertwined. Start-ups whose prod-
uct approval is uncertain or who do not know which use
case to put their current and future resources into are also
more difficult to obtain funding in an already volatile invest-
ment environment. Start-ups that do not receive funding
also do not find opportunities to expand their technical and
infrastructural capabilities.

Barrier III: Lack of Commercial Insights to Create Value from
Technological Novelty

Expert 4 describes the difficulties he and his peers, other
biotechnology entrepreneurs, face when trying to develop
suitable products with potential customers from large corpo-
rate chemistry: Many of these customers cannot or will not
disclose their problems.

“[one would think], the question [...]: ‘Hey, have
you got any problems that I can help you solve
[. . . ]?’ would be a pretty open-ended question and
that you get answers pretty quickly. It’s proba-
bly one of the worst questions you can ask in in-
novation because those problems are almost more
valuable than potential solutions. [The potential
industry customers], they know the problems that
their end customers have and they’re trying to solve
them with their internal technology and that infor-
mation is more valuable than anything else. Be-
cause again, the main problem of biotech compa-
nies [...] seems to be they’re trying to solve prob-
lems, but they don’t have good access to the prob-

lems because they don’t have the market position-
ing” (Expert 4, Pos. 29).

Expert 1 (Pos. 17) confirms this problem, telling from his
consulting work with some of the largest material corpora-
tions in the world: “there’s a big knowledge gap. Obviously,
industries and big players, they keep the secrets about their
formulations, they don’t reveal everything. And so [...] as a
start-up, [you] don’t actually know what’s the pain point.”

The viewpoints of the entrepreneur operating within the
niche and the strategy consultant working with large cor-
porations provide intriguing perspectives on a shared issue:
A communication gap exists between major customers at-
tempting to address regime intrinsic problems and niche ac-
tors seeking guidance to identify pain-points and establish
product-market fit. This gap constitutes a barrier to the adop-
tion of PF as it curtails the niche’s momentum and preserves
the socio-technical regime.

Barrier IV: Volatile Funding Environment

As touched upon earlier in the discussion of factors con-
tributing to a potential valley of death for PF start-ups, sev-
eral experts interviewed make it clear that the VC funding
environment is difficult to secure for subsequent investment
rounds (Expert 4, Pos. 41; Expert 6, Pos. 15). These invest-
ments, typically a Series A round, are characterized by capi-
tal to be used for market entry. As the listed difficulties show,
many start-ups are not clear on how to venture to commer-
cialize their technology and thus enter the market (Expert 1,
Pos. 17).

Raising a follow-on investment round generally appears
to be more difficult for VC funds within the EU due to their
reputation for being more risk-averse than their U.S. coun-
terparts (Expert 4, Pos. 41; Expert 6, Pos. 15). This creates
a dependence on U.S. investors among European companies,
whose presence can never be relied upon due to exogenous
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factors (Expert 4, Pos. 41). Moreover, economic volatility
exacerbates these financing problems, as Expert 6 (Pos. 15)
points out. EU Investors’ risk aversion will become all the
more relevant, especially in the coming sub-chapter with re-
gard to financing fermentation plants.

Barrier V: Lack of Infrastructure for Commercial Scaling

The lack of availability of fermentation capacity, partic-
ularly in the form of bioreactors for production beyond the
lab-scale, is further contributing to this bundle of challenges
(Expert 1, Pos. 7; Expert 5, Pos. 32; Expert 8, Pos. 31).
Start-ups, primarily those pre-revenue and backed by ven-
ture capital, oftentimes lack the financial means to build their
own capacity for large-scale fermentation. Simultaneously,
the experts raise the concern about the lack of CMOs within
the EU to facilitate large-scale production for these start-ups
(Expert 6, Expert 2, Source).

This infrastructure bottleneck hinders start-ups, particu-
larly those that a) lack their own fermentation facilities and
b) need to achieve economies of scale to compete with inex-
pensive commodity products (Expert 8, Pos. 25). Having no
fermentation capacity available prevents them from replicat-
ing lab results at larger scales, illustrated by the experiences
of start-ups producing staple foods or chemicals for fuels and
plastics using PF (Expert 6, Pos. 5; Expert 8, Pos. 11; Ex-
pert 1, Pos. 9). On the other hand, Expert 4, who operates
in the premium cosmetic ingredients sector, does not view
this as an immediate concern but recognizes the limitations
imposed by CMOs regarding the use of specific strains (Pos.
5).

Securing financing for such infrastructural investments
presents a significant challenge as neither equity investors
nor lenders are ready to provide capital. Experts 1 (Pos. 7),
2 (Pos. 7), 4 (Pos. 23), and 5 (Pos. 34) clarify that neither
VCs nor traditional banking institutions are eager to bear the
risk associated with financing a fermentation plant (Source).
For VCs, the investment required, often in the high million
Euro range, far exceeds their typical investment thresholds.
Banks, on the other hand, view the risk of financing infras-
tructures for start-ups as carrying an unacceptably high risk
of default.

As a result, many start-ups remain trapped in the lab-scale
test phases of their strain optimization processes, unable to
either refine their production processes or demonstrate their
potential to prospective partners and customers (Expert 1,
Pos. 7). Expert 1 (Pos. 9) provides an apt illustration of this
issue, noting,

„So, a lot of, let’s say, the good ideas of start-ups,
they don’t even make it to commercial scale. And
then if they make it, if they have proven it, then ba-
sically a big international player still can’t do any-
thing with them because there’s no manufacturing
capacity available[. . . ].”

The infrastructure and financing gap outlined above thus
poses significant challenges that need to be overcome to en-

able these start-ups to produce on a large scale, slows down
niches from expanding and professionalizing, and thus poses
a barrier to niche accumulation and thus adoption of preci-
sion fermentation, especially in the commodity manufactur-
ing sector.

4.2. Ways of Regime Lock-In – Barriers to Niche Momentum
After examining niche internal drivers and barriers in 4.1,

this chapter focuses exclusively on the barriers that cause
niche impulses to fail at the gates of the established regime.

4.2.1. Barrier VI: Regulatory Framework for Novel Foods8

The regulatory framework in the EU, as well as the
decision-making structure, is a hurdle frequently mentioned
by the experts for the market entry of novel foods from PF
(Expert 2, Pos. 13; Expert 3, Pos. 21; Expert 5, Pos. 34;
Expert 6, Pos. 29). These barriers are characterized by the
duration, complexity, and lack of guidance in the approval
process for novel foods, the uncertainty surrounding final
authorization outcomes, and coordination challenges among
EU Decision-making institutions.

The European Food Safety Authority (EFSA) has been
identified as a key player in the slow and inefficient autho-
rization processes for novel foods using PF technologies, em-
bedded in the bureaucratic and unpredictable construct of
the EC (Expert 2, Pos. 13; Expert 3, Pos. 21). The approval
process usually takes around two years. However, the actual
duration can differ significantly depending on the level of de-
tail required, additional data requests, and the bureaucracy
surrounding the EFSA’s guidelines and decision-making pro-
cedures (Expert 3, Pos. 21). Furthermore, the EFSA’s diver-
gence from its guidelines has created regulatory uncertainty,
complicating the regulatory landscape for PF companies (Ex-
pert 3, Pos. 21).

The uncertainty surrounding the appropriate regulatory
classification of PF products has added to the challenges
faced by companies in this sector (Expert 3, Pos. 27). PF
companies trying to enter the EU market have chosen to
register their products as Novel Foods or as foods containing
genetically modified organisms (GMO)9. Expert 3 (Pos. 27),
a legal scholar surveying these processes, cannot say either
which process should be the preferred choice of niche actors;
the EU does not provide any guidelines, and so far none
of the companies has successfully obtained approval. This
ambiguity and lack of guidance leads to uncertainty, high

8 A novel food is defined as a food that had not been consumed to a signif-
icant degree by humans in the EU before 15 May 1997. This can include
foods that are newly developed, innovative food, food produced using
new technologies and production processes, as well as food which is or
has been traditionally consumed outside the EU. (European Commission,
n.d.-b)

9 Metabolically engineered microbes fall under GMOs in the EU because
their genetic material has been actively modified. Products made from
GMOs or produced by GMOs, as in the case of PF, are labeled as “genet-
ically modified (GM) food or feed”. They cannot be marketed in the EU
without approval. (European Commission, n.d.-a)
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costs, and lengthy approval processes, making market entry
success slower and less likely (Expert 3, Pos. 27).

The complex decision-making structure of the EU entails
coordination among multiple director generals and signifi-
cant bureaucracy (Expert 3, Pos. 54, 55, 57). This bureau-
cratic structure impedes the progression of legislative propos-
als related to the sustainable food system package that could
potentially benefit the PF industry (Expert 3, Pos. 31).

Despite the EU’s aim to maintain both high consumer pro-
tection levels and foster innovation, striking the right balance
has proven difficult (Expert 3, Pos. 55). Seeking the approval
of the Commission and a majority of member states, even af-
ter products have been deemed safe by the EFSA, lends an
added layer of uncertainty to the process (Expert 5, Pos. 34).
Political landscapes further influence the final authorization
outcomes (Expert 5, Pos. 34).

Given these regulatory challenges, start-ups in the PF sec-
tor have expressed concerns about operating within the EU
(Expert 5, Pos. 34). The lengthy, bureaucratic, and uncertain
approval process has led companies to consider other juris-
dictions, such as the USA and Singapore, where regulatory
environments are perceived as more supportive and efficient
(Expert 5, Pos. 34). Consequently, investors are more likely
to fund companies targeting markets with streamlined ap-
proval processes (Expert 5, Pos. 34).

Expert perspectives highlight that the present configura-
tion of the EFSA and the broader framework of regulatory
decisions at the EC level pose substantial barriers to market
entry for niche food products in the EU. There is further con-
cern about the potential exodus of companies, talent, and
investors to foreign markets where these entities receive ac-
tive government funding, regulatory guidance, and support
for market entry (Expert 5, Pos. 34).

4.2.2. Barrier VII: Psychological and Cultural Factors
Even products are able to enter the market, the question

after acceptance by decision-makers and consumers remains.
The experts point out that the PF technology and products
have received little attention so far. When decision-makers
and consumers are confronted with them, there is skepticism
about the use of genetic engineering.

Negative Perception of Genetically Modified Organisms

Negative perception and public distrust in GMOs were
identified as a driver against consumer adoption of geneti-
cally modified products (Experts 1, 2, 3 & 7). Expert 1 (Pos.
15) and Expert 2 (Pos. 13) indicate that the public misunder-
stands GMO products, especially when they are presented in
food products. GMOs that are used regularly for medicine,
are “demonized” by media, and this is harmful to mostly un-
problematic products.

Politicians reflect the negative perception of GMOs, as
they are refusing to pass bills on the topic. According to Ex-
pert 3, Germany, for instance, chooses to abstain from vot-
ing when discussed in the European Commission. Germany’s

role may lead to the abstinence of other countries as well
(Expert 3, Pos. 61).

Experts acknowledge that concerns regarding safety and
the use of GMOs are fundamentally valid, demonstrating an
understanding for possible apprehensions among individuals
unfamiliar with the topic (Expert 7, Pos. 50). However, the
extent to which these questioning transitions into excessive
polemics and becomes a tool for groups aiming to disadvan-
tage PF in favor of established processes, could pose a bar-
rier to the establishment of an objective debate. This could
further impede the advancement of PF products at both con-
sumer and governmental levels in the food sector. (Expert 7,
Pos. 50) This barrier is particularly relevant in the context of
novel foods derived from PF, since, for instance, established
food-technical products such as rennet, pharmaceutical prod-
ucts like insulin from PF, ethanol from PF, or human-skin iden-
tical collagen from PF face no significant consumer rejection
or concerns. (Expert 2, Pos. 13; Expert 4; Pos. 9)

Cultural Aspects

Expert 3 underscores potential socio-political barriers to
the advancement of foods produced through precision fer-
mentation, citing Italy and France as representative cases
(Pos. 57). Both countries symbolize societies deeply inter-
twined with their cultural heritage and identity through food
and its origins. Experts 3 (Pos. 57) and 5 (Pos. 34) describe
how Italy’s government recently preemptively prohibited the
marketing of cell-cultured meat, a product belonging to the
cellular agriculture sector, allegedly to safeguard traditional
food production and the agricultural sector.

Even if the ultimate products sold to consumers share the
same molecular structure, Expert 5 emphasizes (Pos. 40) that
the method of production plays a significant role:

“The milk does not come from the cow. That is already
the problem. [translated]”.

As nations heavily rooted in agriculture, most EU coun-
tries maintain a different relationship with the agricultural
sector compared to import nations like Singapore and Israel,
which are further advanced in the authorization of PF prod-
ucts (Expert 5, Pos. 40).

A shift toward food from bioreactors may be perceived
as unsolidary with small-scale farmers. A fallacy, according
to Expert 7 (Pos. 64), a Professor of Communication Stud-
ies specializing in agricultural systems, comparing the devel-
opments in the EU to observations from the US. Consumers
tend to avoid confronting the origins of their animal proteins
to avoid cognitive dissonance related to animal suffering in
large-scale factory farming entities from enterprises, prefer-
ring a “romantic vision” of the agricultural sector outlined as
follows (Expert 7, Pos. 64):

„[Consumers] prefer [. . . ]to construct this narra-
tive in their head [. . . ] of this lovely little farm
where they’re happy cows. And so, I think that that
is used by the incumbent industry, too, as a form of
protectionism to say: ‘[. . . ]anybody who’s criticiz-
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ing [. . . ] dairy is criticizing your neighbor. You’re
[. . . ] good small scale local farmer.“‘, and points
out, “When really the biggest enemy to the small
scale local daily dairy farmer for the last 30, 50
years has been large scale animal food production.
[. . . ]“

As briefly mentioned in the preceding subsection, despite
the EFSA’s approval, the nations of the EU retain the power to
vote on final market approval (Expert 5, Pos. 34). Conclud-
ing, the experts indicate that the ultimate market entry of
novel foods derived from PF may still face socio-political re-
sistance, regardless of verified safety and EE increases. Con-
sequently, the decision to deny market entry to PF-derived
products, influenced by misleading narratives about the agri-
cultural sector as suggested by Experts 5 (Pos. 34; 38) and 7
(Pos. 50), represents a potential barrier.

Lack of Awareness

However, even when the products do reach the market,
it is not clear how consumers will react. As described by Ex-
pert 7, who conducted expert studies on the question of con-
sumer acceptance of PF-derived dairy products, products are
still in a “pre-pre-consumer acceptance”, even “pre-consumer
understanding” phase (Pos. 48). A clear lack of aware-
ness around the technology, its benefits, but also the pres-
ence of the problems it solves (e.g., lack of media coverage
around agriculture’s contribution to climate change (Expert
5, Pos. 40)) could lead to a lack of demand when entering
the market, which would be an example of how the niche
fails due to the market and user preferences of the estab-
lished sociologist-technical regime.

This challenge extends beyond the food sector, touching
other industries that interact with consumers. According to
Expert 8 (Pos. 19), a large proportion of consumers lack the
educational background required to comprehend complex is-
sues related to chemistry, sustainability, and material perfor-
mance. In combination with a lack of awareness around PF
as a technology, this knowledge deficit leads to limited de-
mand for PF-derived products.

The experts primarily criticize that despite the ambitions
of establishing a bioeconomy within the EU, communication
from politicians regarding measures to achieve this goal re-
mains restrained (Expert 1, Pos. 17; Expert 5, Pos. 56). The
use of industrial biotechnology as a potential climate technol-
ogy receives disproportionately little attention compared to
the contribution it can make to climate protection, especially
when comparing it to political narratives surrounding other
climate technologies, such as electric vehicles and alternative
heating systems (Expert 1, Pos. 17).

As revealed from the interviews, one of the most signif-
icant barriers to the adoption of PF within the EU is the ac-
ceptance of products derived from this technology. Primarily,
there’s a lack of awareness about the technology’s existence
and potential, as well as an underestimation of the magni-
tude of the problems it aims to solve. There is currently no

prevailing narrative highlighting how PF could contribute to
solving environmental challenges and opening economic op-
portunities. Moreover, misunderstandings and uncertainties
regarding the use of GMOs could lead to failures at critical
points, such as obtaining final approval for novel foods from
the European National Council, and more broadly, gaining
consumer acceptance. If consumers fail to understand the
benefits of PF products, they are unlikely to prefer and pay for
them, a topic that is further explored in the following chapter.

4.2.3. Barrier VII: Price Lock-In
A price lock-in refers to a scenario where incumbent tech-

nologies persist due to their infrastructural, institutional, and
economic advantages. Conversely, new, potentially more ef-
ficient, or sustainable technologies may face hurdles to gain
market acceptance due to the price benefits of these estab-
lished technologies (Geels, 2005; Unruh, 2000).

This scenario is particularly applicable to PF products
in the commodity sector where they compete from a price-
performance perspective with their traditional counterparts.
While high-priced specialty molecules, like insulin, are al-
most entirely derived from PF, commodity molecules from PF
often fail as they are too expensive to compete effectively
(Expert 8, Pos. 25; Expert 4, Pos. 5). An additional cost for
environmental benefits in the form of a green premium lacks
willingness-to-pay on the market side as Expert 1 (Pos. 7;
also, Expert 4, Pos 9) explains:

„[Molecules from PF] compete against chemistry
[. . . ] that has been optimized for scale and speed
for decades or nearly a century. So, it’s very tough
to get to cost-parity. And [you can] rely on the
green premium. So, you charge, let’s say, 10%, 20
% or 100% more in terms of price to make up for
the higher production costs. However, obviously,
who’s paying that as a downstream customer, if
you still have the other option available, even if
it is petrol chemistry based?“

The experts note that these prices are significantly dis-
torted. A contributing factor to the price lock-in is the skewed
markets, especially in the agriculture sector and in the pro-
duction of materials and fuels based on fossil fuels. Expert
5 (Pos. 52) criticizes the high level of subsidies in the agri-
culture sector, which ultimately benefits the selling prices of
animal products. Expert 8 points out that the negative exter-
nalities of fossil fuel consumption are not adequately priced
in, which further restricts the convergence of prices of ma-
terial and fuel commodities from PF with their fossil-based
counterparts Expert 8 (Pos. 39).

Hence, the phenomenon of price lock-in currently presents
a barrier to the adoption of PF in commodity value chains
of the EU economy, specifically in the sectors that are most
significant for the transition to a bioeconomy.

4.3. Landscape Changes Open Up ‘Windows of Opportunity’
For a careful analysis, it is important to separate changes

on the landscape from the pressure they trigger and how this
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translates into changes in the socio-technical regime. Conse-
quently, the structure of this work will present fundamental
pressure points as ’Regime Destabilizations’ in distinct sub-
chapters, followed by the identification of clear ’Windows of
Opportunity’ that manifest for the niche, following the con-
ceptual framework proposed by Geels (2002).

4.3.1. Driver IV: The Triple Planetary Crisis
The confluence of climate change, biodiversity loss, and

pollution is driving a transformation in the socio-technical
system. This shift exposes a series of potential windows of
opportunity that innovative niches could tap into.

As the ecological and ethical consequences of contempo-
rary production modalities become increasingly measurable
and visible, a surge in scrutiny of these looming threats to
planetary life in forthcoming decades is witnessed in both
media and scholarly circles. This process is visible in me-
dia coverage and academic discourse, significantly advanc-
ing conversations about sustainability within societies of the
European Union (Expert 1, Pos. 15; Expert 7; Pos. 60).

This movement, as per Expert 7, results in a “cultural dis-
cursive change” (Pos. 60), which subsequently shapes the
objectives of influential organizations and stakeholders. In
response, decision-makers and corporations within the EU
recognize the need to recalibrate their operations towards
sustainability (Expert 7, Pos. 60; Expert 1, Pos. 3).

This change also precipitates a shift in the environmen-
tal landscape, altering user and market preferences. The de-
mand for products is increasingly tied to their perceived eco-
logical sustainability (Expert 1, Pos. 15; Expert 7, Pos. 44;
Expert 6, Pos. 19). This puts further pressure on manufactur-
ing companies to adapt their value chain towards sustainabil-
ity - and at the same time opens up opportunities for those
who pay attention to it (Expert 1; Pos. 7).

Window of Opportunity I: Sustainability as a Performance Cri-
terion

In light of landscape changes, incumbent businesses in
the EU are now pressured to incorporate sustainability mea-
sures into their corporate strategies (Expert 6, Pos. 23; Ex-
pert 1, Pos. 3). Expert 1, as a strategy consultant, observes
this particularly with companies whose business models are
based on petrochemicals (fossil-based). He notices a strong
demand for strategies on “how to get away from that” (Pos.
3). Expert 8 (Pos. 27) also emphasizes that a defossilization
of the EU manufacturing sector is necessary to meet commit-
ted GHG reductions.

Consequently, companies based in the EU are pushing a
range of sustainability initiatives (Expert 1, Pos. 3; Expert 6;
Pos. 19). This shift opens up a window of opportunity for
niche actors, especially for companies seeking to reduce neg-
ative environmental impact within their suuply chains (Ex-
pert 1; Pos. 23). The challenge for many of these companies
is balancing the economic imperatives of growth and prof-
itability with implementing ecological sustainability, a win-
dows of opportunity niche innovations could tap into and

trigger a paradigm shift, as Expert 1 (Pos. 3) describes from
his experience consulting these companies on future strate-
gies:

„Precision fermentation is obviously one [. . . ] of
the key workhorses that allow [. . . ] clients to
switch to synthesize their products more sustain-
ably“ (Expert 1, Pos. 3) as it would deliver the
“[. . . ]promise to break the trade-off between sus-
tainability and profitability” (Expert 1, Pos. 15).

As detailed in 4.1.1, it has become evident to a number of
niche actors over recent years that their market entry strate-
gies should be centered around consumer-driven, premium
markets to leverage sustainability benefits despite a price pre-
mium (Expert 8; Pos. 25). Insights gathered from the diverse
array of experts, including those from niche actors and in-
cumbents, illustrate that the introduction of niche technolo-
gies, such as human-skin identical collagen in the cosmetics
segment (see Expert 4), hinges on two intersecting dynam-
ics. The first is the emergence of ‘windows of opportunity’
propelled by evolving user preferences and corporate aims
in line with the shift towards sustainability (Expert 6, Pos.
19). The second element is the entrepreneurial acumen of PF
niche actors, who, spurred by the developing dynamics, are
proficient in capitalizing on these opportunities (see 4.1.1).

The potential for EE increases through the use of PF as
a substitute for current production processes and ingredi-
ents paves the way for niche innovations to make successful
market entries. This has been particularly effective in high-
priced, consumer-centric markets where the advantage of EE
and performance increase is evident, particularly when ani-
mal products are replaced with superior PF products (Expert
4, Pos. 7).

However, for commodities, it’s challenging to justify the
price premium needed in relation to the EE benefits. Here,
experts see the need for regulators to provide additional sup-
port to these niches, a strategy which has proven effective, as
detailed in the next chapter.

Window of Opportunity II: Regulators Push

The shift towards a stronger focus on sustainability at the
landscape level is creating a multitude of windows of oppor-
tunity within the regulatory context. Policies have already
been enacted to ban certain chemicals due to their toxic-
ity, and the introduction of quotas is promoting demand of
products from PF despite a price premium, as the example
of biofuels shows. Legislators, as constituents of the current
regulatory regime, are urged to craft policies within the man-
ufacturing sector geared towards sustainability and environ-
mental friendliness, and to tighten existing regulations. In
response to these changes and in anticipation of further reg-
ulation, manufacturing companies are demonstrating an in-
creased demand for products derived from PF.

Expert 8 (Pos. 25) describes how the introduction of reg-
ulations that impose sustainability criteria on products and
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industries, with a focus on CO2 emissions, toxicity, and en-
vironmental impact, has opened positive windows of oppor-
tunity for niche players. This expert predicts that this will
continue as these regulations are planned to be tightened.
The company LanzaTech, for example, has found significantly
better buyers for its fuels from PF since the introduction of
biofuel quotas (Pos. 25). This could result in the transi-
tion from research to commercialization appearing more ap-
proachable for niches, despite the regime’s price lock-in, and
could prompt these niches to invest more pointedly and se-
curely in strain optimization R&D and production, thereby
strongly boosting niche accumulation.

Expert 1 underlines this, describing further regulations
in the form of increased taxes on environmentally unfriendly
production processes or products, as well as the introduction
of quotas and subsidies for their bio-based counterparts, as
necessary measures to “level the playing field from a price point
of view”(Pos. 9).

Expert 8 (Pos. 15; 17) anticipates that current legislation,
which already offers windows of opportunity for PF products,
will be supplemented, and further enhanced by additional
beneficial laws. Expert 3 (Pos. 57; 67) confirms this, stating
that the decision-makers in EFSA are slowly yielding to the
pressure on the landscape, described as an increasing “noise”
in the regulatory environment, noticeable through public dis-
course, including internet forums. This is amplified as the
legislative bodies of other governments, such as Singapore,
Israel, and the USA, are advancing much more rapidly (Ex-
pert 3, Pos. 27). Also, niche entrepreneurs are trying to exert
pressure on regulators, attempting to influence at the politi-
cal level (Expert 8, Pos. 25).

In addition to the described change in consumer prefer-
ences and already occurring regulations, Expert 4 (Pos. 11)
describes that companies are already looking for products
with sustainability-optimized life-cycle-assessments in antic-
ipation of further regulations:

“. . . [many large companies] now have their own
teams focusing on GHG and with European regu-
lation, they will be responsible for all those things.
And that is changing now and wasn’t relevant
when we started but may be relevant in five years.
[. . . ] and I think regulation will push the other
players in the same direction.”

In conclusion, the changes on the landscape triggered by
ecological crises associated with human production and con-
sumption are a significant driving force of niche accumula-
tion. They fracture existing structures in the socio-technical
regime at multiple points, creating an intertwined dynamic
that opens spaces for niches. Based on expert interviews, it
is anticipated that these spaces will only continue to widen
as the situation intensifies.

4.3.2. Driver V: Need for Supply Chain Security & Diversifi-
cation

The experts further describe that questions regarding
food security for markets and populations are increasingly

gaining relevance, provoking a scrutiny of the current socio-
technical regime, and thereby fostering the exploration of
potential alternatives (Expert 1, Pos. 15; Expert 2, Pos. 3;
Expert 6, Pos. 23).

This pressure is expressed through both non-governmental
global organizations like the United Nations (UN) with its
World Food Programme, and governmental institutions in-
cluding the EU, who seek to establish a food system that can
sustainably provide adequate nourishment for all the earth’s
inhabitants, considering the challenges of hunger crises and
a growing global population. This objective is embodied in
the second Sustainable Development Goal of the UN, which
aims to boost the productivity of global food supply and se-
cure its long-term basis (Expert 1, Pos. 15; Expert 2, Pos.
3).

In addition, the EU has experienced multiple disruptions
to supply chains in recent years, notably due to the COVID-19
pandemic and the war in Ukraine, highlighting the fragility
and dependency of businesses that source products from
abroad. Expert 6 (Pos. 23) describes the response of the
affected incumbents as follows:

“Some of [EU manufacturing corporations] are in
fact already looking to address it within their own
supply chains. So, they are the ones asking for
change because they are the ones realizing that,
well, if all of my products contain sunflower oil and
then there’s a war in Ukraine, suddenly I have a big
issue. So, I want to diversify where I’m getting my
inputs from, and I want to make sure that that’s a
more resilient source.”

This observation provides a clear indication of geopo-
litical developments now leading to destabilizations in the
regime, resulting in a quest for reducing supply chain depen-
dencies and striving for more resilient value chains (Expert
2, Pos. 3).

Window of Opportunity III: Resilient Supply Chains & Indepen-
dence

Expert 6 uses the example of the war in Ukraine to de-
scribe the disruption of food manufacturers’ supply chains
in the EU, illustrating how this opened up new opportunities
for his portfolio companies using PF for food production (Pos.
25):

“So, some of the portfolio companies that we work
with have had a good time during the Ukraine cri-
sis, mostly because this was the first time that big
food corporates actually opened up the ingredient
list and actually started thinking about changing
their recipe. Usually, they have a quite high bar
for this. If all of a sudden price of sunflower and
coconut oil goes up two or three times, then yes,
now we can talk about, you know, a solution that
might be able to replace these ingredients. So, for
some of them, it creates opportunities [. . . ]”
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This statement clearly suggests that established trade
and thought patterns of the established industry regime are
breaking up, and opportunities are arising that the niche,
given sufficient momentum, can tap into. Particularly, the
situation now opens up the possibility for start-ups to gain
access to the pain points of incumbents, something that was
previously denied to many due to ignorance of problems in
processes and ingredients lists (Expert 4, Pos.29; c.f. 4.1.2).

Thus, exogenous factors such as geopolitical conflicts
and other unforeseeable disruptions are clear drivers of the
adoption of precision fermentation, as they break established
sourcing practices of EU companies. Especially in times of
uncertainty and price volatility, they highlight the benefits
that precision fermentation can bring for the independence,
resilience, and stability of manufacturing value chains.

Window of Opportunity IV: Competitive Moves Among Firms

As previously discussed, PF can serve as a competitive ad-
vantage for entrepreneurs, thanks to the shifting perception
of sustainability as a performance criterion for consumers,
enduring availability through resilient supply chains, and its
status as non-subject to taxes and prohibitions or as the sub-
ject of subsidies. However, the potential performance ben-
efits of products derived from PF extend beyond this. The
capabilities of synthetic biology now allow us to engineer mi-
crobes that can produce familiar products of all kinds based
on inexpensive substrates, possibly even waste or emissions.
(Expert 8, Pos. 31).

Moreover, it is now possible to create previously un-
known, novel molecules with unprecedented properties that
outperform existing products. Expert 1 highlights the sig-
nificant strides made in the field due to contributions from
DeepMind and Meta and their Generative AI10 algorithms such
as AlphaFold 211. These entities have provided a vast number
of predicted protein structures that, despite not being proven,
are expected to be highly accurate. This development has
facilitated a stronger connection between sequence informa-
tion and function, accelerating the discovery of molecules
with novel functions and the genetic sequence necessary to
synthetize them (Expert 1, Pos. 13).

Even companies not primarily concerned with sustain-
ability aspects associated with the transition to PF can lever-
age this technology to their advantage. This becomes partic-
ularly relevant when industry external players use the tech-
nological means to conduct PF, opening a new market and
challenging incumbents with superior versions of the prod-
uct. Expert 4 (Pos. 29) describes their business development
learnings:

“So, if I work with a traditional [target molecule]
employer, I probably won’t open a new market for

10 Generative artificial intelligence refers to an algorithmic system that is
capable of creating new content (Yang et al., 2017).

11 AlphaFold 2 is an artificial intelligence network developed by DeepMind
that uses deep learning algorithms to predict the 3D structure of proteins
from their amino acid sequences (Jumper et al., 2021).

them. They have all the distribution networks;
they have all the partners and so on. But in a sense
I’m competing internally, whereas if I go to another
company who’s running familiar with my kind of
technology, but they don’t have any current market
access right now and they’re kind of a prime part-
ner, [. . . ]. And also, you know, I’m helping them
enter a new market in that way.”

Hence, the introduction of PF technology has the poten-
tial to not only counter the effects of unsustainable practices
but also to provide competitive advantages for both estab-
lished players and newcomers. This creates a multitude of
windows of opportunity across various segments for niche
actors, either through collaboration with existing incumbents
or by establishing markets for new entrants.

5. Discussion

Building upon Frank Geels’ (2002) theoretical frame-
work, which contextualizes system innovation adoption, it is
apparent that TTs are not isolated events in a technological
vacuum. They are deeply embedded within societal fabric,
reflecting the values, interests, and power dynamics of the so-
ciety in which they develop (Geels, 2002). This necessitates
a comprehensive understanding among all actors within the
established socio-technical system—including policymakers,
established industry, users, and markets within the EU—of
the potential role of PF in realizing the economic and eco-
logical targets stipulated in The European Green New Deal
(2019) and EU’s Bioeconomy Strategy (2018).

However, the interview findings suggest that despite PF’s
potential, a robust awareness and understanding of it have
yet to penetrate the socio-technical establishment (Chapter
4.2.2). Concurrently, other global economies are advancing
their biomanufacturing strategies and reaping their associ-
ated benefits.

For instance, the Biden-Harris administration in the
United States (USA) introduced the “New Bold Goals and
Priorities to Advance American Biotechnology and Bioman-
ufacturing” on March 22, 2023. This initiative, following an
Executive Order signed in September 2022, underscores the
importance of biomanufacturing, including PF, in addressing
significant societal objectives (The White House Office of
Science and Technology Policy, 2023). These objectives com-
prise: 1) climate change solutions, 2) food and agricultural
innovation, 3) supply chain resilience, 4) human health, and
5) cross-cutting advances.

In response to this recognition, the USA has implemented,
or plans to implement, a series of policy measures designed
to elevate biomanufacturing as a key pillar of the US econ-
omy. Such measures include collaborations between the state
and private enterprises, and the investment and promotion of
biomanufacturing capabilities and innovation. A review of
these goals suggests a striking resemblance to the objectives
outlined by the EU in the aforementioned reports.
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However, a key distinction arises in the approach. While
the USA views biomanufacturing as a central driver in achiev-
ing these goals and is actively working to accelerate its up-
take, the EU’s approach appears to lack sufficient understand-
ing of the potential, needs, drivers, and challenges of niche
technologies, as indicated in the interviews. This gap in un-
derstanding suggests that recognizing the role of biomanu-
facturing in meeting a range of critical goals is a prerequisite
for effective policy action. This understanding appears to be
growing within the EU, especially as other economies make
strategic advances, as indicated by Expert 3 (Pos. 27). How-
ever, this growing awareness is yet to translate into concrete
policies.

In this context, the ensuing discussion will endeavor
to highlight potential levers for the acceleration of a bioe-
conomy powered by biomanufacturing. Drawing from the
drivers and barriers identified in Chapter 4, it will also offer
actionable recommendations for the most influential stake-
holders, primarily policymakers, but also industry incum-
bents and niche actors.

5.1. Deriving Policy Recommendations
Drawing on Geels’ (2006), an effective transition policy

strategy must exhibit two key attributes. First, it should apply
increased pressure on the existing regime, potentially by em-
ploying financial tools and regulations. Second, it should fos-
ter the development of groundbreaking innovations within
niches.

The implementation and effectiveness of measures de-
pend fundamentally on the prevailing narrative that embeds
the vision of a bioeconomy, its benefits, and the necessary
steps for its realization into the minds of the regime’s stake-
holders. Only then will policy recommendations be dis-
cussed, implemented, and resonate with the actors within
the regime. Thus, it is considered essential that any intro-
duced policy recommendations, whether they aim to pro-
mote niches or regulate existing processes, are surrounded
by a narrative that emphasizes their relevance and value.

On this basis, measures can be suggested and initiated,
aligning socio-technical regime incumbents, users, markets,
and niche actors towards the same vision of a bioeconomy
in the EU. This alignment will ensure that ecological and
economic objectives are jointly pursued and achieved. This
unity in direction and purpose not only enhances the effi-
ciency of initiatives but also increases the likelihood of their
acceptance and success.

Technological Barriers

The interviews reveal that advancements in synthetic bi-
ology have substantially contributed to niche momentum, en-
abling some niches to even take over entire markets, while
others have managed to at least gain market entry. To fur-
ther cultivate a) an industry based on biomanufacturing for
economic growth and improved performance of the deployed
molecules, and b) a circular economy that achieves ecolog-

ical goals through the use of cost-effective, renewable feed-
stocks, targeted R&D efforts should be initiated and funded.
These R&D efforts should primarily conduct basic research
to expand the capabilities of synthetic biology. This includes
increasing the flexibility of inputs and outputs in fermen-
tation processes, optimizing strains for market viability of
drop-in molecules, exploring the feasibility of producing new
molecules with better properties, and considering the use
of next-generation feedstocks from industrial waste streams.
The technology developed from this research should then be
made broadly accessible to a range of stakeholders in both
universities and industry to enhance niche market growth.

It’s important to note that these R&D activities need not
be limited to universities or research institutions. The Euro-
pean Institute of Innovation and Technology already puts out
tenders that businesses, including technology-focused start-
ups, can apply for. Besides traditional research grants, ten-
ders in synthetic biology could initiate relevant R&D efforts
in the EU and provide guidance to niche players on the most
pressing issues for governments and corporations, a current
major barrier as described in Chapter 4.1.3. As Expert 4 (Pos.
39) lines out, this could encourage companies to focus on
solving real-world problems and generating revenue through
their innovations.

The potential use of next-generation feedstocks, espe-
cially in line with advancements in substrate engineering,
is closely tied to their availability and suitability. Therefore,
policymakers should also focus on identifying future supply
sources, establishing storage facilities, and developing treat-
ment plants within the EU. If these infrastructures do not
currently exist, it is up to policymakers to facilitate their cre-
ation.

Commercialization Barriers

Chapter 4.1.3 highlights the lack of transition from re-
search activities to commercial practice. Fostering collabo-
ration between universities and established industry players
could help bridge this gap. Universities should be considered
not only as centers of knowledge creation but also as engines
for technological advancement and innovation, including the
creation of spin-offs. This implies fostering an ecosystem that
enables academics to engage in entrepreneurial ventures.
Also, incentives for academics to collaborate with industry
partners can be a promising approach, as well as equipping
universities with resources to develop programs and support
structures that nurture entrepreneurship.

Furthermore, while public funding programs often pro-
vide the financial means necessary for research and devel-
opment, they frequently lack the guidance and mentorship
that researchers need to convert their scientific ideas into vi-
able businesses. Therefore, funding programs and tenders
could contemplate incorporating components of mentorship
and guidance alongside financial support. This holistic ap-
proach could enhance the effectiveness of the funding, accel-
erating the journey from laboratory discoveries to marketable
solutions.
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Infrastructure Barriers

As discussed in Chapter 4.1.3, start-ups, particularly
niche actors, grapple with a lack of fermentation capacity
in the EU. An essential research question arising from this
concerns the development of solutions to bridge this gap. Ac-
cording to Experts 1 and 5, the role of EU nations or the EU
itself is instrumental as a financier and creator of infrastruc-
ture to facilitate scale-up attempts within strain optimization
loops and commercialization efforts, contingent on rental
payments. It should be in the EU’s interest to provide ad-
equate infrastructure for both R&D and commercialization
- either by direct intervention or through fostering innova-
tions and private market partnerships that enable this. The
construction of fermentation facilities by niche actors could
also be further promoted with grants or favorable loans.

Regulatory Barriers

The hurdles described in 4.2.1, particularly for PF niche
actors in the food sector regarding the approval process, pose
a significant barrier to market entry for novel food niche tech-
nologies in the EU. To prevent a drain of Novel Food com-
panies along with their talents, proprietary knowledge, and
economic potential, the EFSA must fundamentally clarify the
process of novel food approval. The first step involves draft-
ing clear guidelines for various types of food innovations, in-
dicating what is required for navigation through the process.
There also needs to be clarity, especially in the context of
GMOs on which process is most suitable for the respective
product. Through clear milestones with predefined submis-
sions and timelines, uncertainty should be reduced, time-to-
market accelerated, and credibility boosted with potential in-
vestors and partners. As exemplified by Expert 5 (Pos. 34)
in Singapore’s approach, dedicated teams that actively guide
niche technology actors through the approval process and
promote R&D as well as infrastructure projects with grants,
are needed to attract the best talents, companies, and prod-
ucts. While the EU should continue prioritizing the health of
its citizens by only approving safe foods, GMO or non-GMO,
faster, cooperative processes can still achieve this balance be-
tween safety and innovation.

Price Lock-in Barrier

The promotion of bioethanol uptake through quotas, as
described by Expert 8 (Pos. 25), has been a significant mea-
sure to provide more certainty to producers of such prod-
ucts for the further development of their companies and plat-
forms. To further encourage the adoption of PF products,
such quotas should be expanded, giving the niche more as-
surance of product uptake, momentum, and credibility. At
the same time, it would be necessary to properly price the
actual externalities of fossil-based and animal-derived prod-
ucts, meaning the damages caused primarily by GHG emis-
sions and environmental pollution. This would counteract

the market distortions currently described. The same applies
to the partially reduced taxation of milk and meat products,
as well as substantial agricultural subsidies. While these are
connected to considerations of promoting and maintaining
the current societal and economic system, a gradual conver-
gence of the prices of traditionally manufactured products
with potentially subsidized PF ones is recommended until
price parity is achieved without disrupting economic and so-
cietal systems.

Cultural and Psychological Factors

As discussed in Chapter 4.2.2, current cultural and psy-
chological factors pose relevant barriers to the adoption of
PF. Appropriate public education and awareness campaigns
should be implemented to address these concerns.

The application of GMOs in food and feed is a complex
and often misunderstood topic, capable of arousing appre-
hension among consumers, voters, and policymakers alike.
Historical misuse of GMOs has led to undesirable outcomes,
contributing to skepticism about this technology. However,
like any powerful technology, it requires a secure framework
for sensible application. Accordingly, the narrative around
GMOs needs to be reframed to emphasize that, in the con-
text of PF, they are subject to the same regulatory criteria as
other food products. This would assure their safe use while
harnessing the benefits of this production method.

The interviews with Experts 7 and 8 also highlighted a
fundamental lack of understanding of the technology behind
PF. As a result, novel products that are, for example, neither
plant-based milk alternatives nor animal milk can cause con-
fusion among consumers. Complex chemicals and materials,
whose production processes and environmental implications
are not easily understood, may deter consumers from rec-
ognizing the environmental benefits of PF alternatives. This
lack of understanding could prevent demand, despite a po-
tential willingness to pay a green price premium.

Legislation could support in this regard by promoting
awareness and narratives around the bioeconomy, bioman-
ufacturing, and PF. Furthermore, clear regulations regarding
the labeling of products with respect to their environmen-
tal impact could be made mandatory, thereby making the
processes behind the products more visible. Such initiatives
could facilitate better consumer understanding, leading to
more informed decision-making, and ultimately contributing
to the wider acceptance and adoption of PF technologies.

In collaboration with citizens, communities, and busi-
nesses of all sizes, the European Union should explore the
extent to which goods and food production in the bioecon-
omy should be centralized. Socio-political factors, such as
concerns about the displacement of small businesses, can be-
come an obstacle if products from PF are rejected by markets,
consumers, and also within the European Council. These
concerns should be taken seriously and should be accompa-
nied by a positive narrative about creating a more ecologi-
cally, economically, and socially sustainable form of economy.
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5.2. Considerations for Industry Incumbents
For incumbent companies within the regime, the techno-

logical and entrepreneurial momentum of the niche repre-
sents both an opportunity and a threat. Companies made
aware of the fragility of their supply chains in the wake of the
Covid pandemic and the Russian invasion of Ukraine have
a chance to become more independent from global supply
chains through metabolic engineering. At the same time, syn-
thetic biology offers companies that seek to give their prod-
ucts new properties, the opportunity to develop a competitive
edge by designing de novo molecules.

As Expert 6 (Pos. 7) puts it: “[...] corporations obviously
have a hand on the steering wheel. They can either in-source
these technologies and centralize the way biomanufacturing
happens, or they can choose to ignore it and be disrupted” - not
necessarily by start-ups, but by neighboring regime incum-
bents partnering with niche actors. The technology paves the
way for the entry of new competitors, not only from the niche
but also from neighboring regimes - companies that have the
infrastructure and talent to carry out large-scale biomanufac-
turing processes could today produce their current core prod-
uct, and tomorrow that of a foreign industry - possibly even
harnessing potential advantages of synthetic biology along
price-performance dimensions.

For incumbents, the consideration is therefore to interact
more intensively with the niche in order to identify poten-
tially threatening trends and harness possible opportunities.
Key levers for this could be the following:

• Establishing confidential partnerships with niche ac-
tors, showcasing the current pain points are clearly
and explicitly linked with possible improvement objec-
tives. This gives niche actors guidance on how best
to use their technology to solve internal problems of
the regime and resolves communication mismatches.
At the same time, it reduces market risk for them and
makes them appear more credible to VC and focus only
on technology challenges.

• Providing an interdisciplinary team that has the know-
how, infrastructure, time, and resources to scale up lab-
oratory innovations, but also to market them appropri-
ately and actively work on collaboration projects in the
niche and with other niche actors.

• Actively embracing the possibilities of biomanufac-
turing by anticipating further regulations and the EU
bioeconomy strategy, and actively co-shaping policies
and structures. Furthermore, observing international
movements towards bioeconomy and biomanufactur-
ing and thus utilizing windows to become a significant
player as an exporter of intellectual property and in-
frastructure in the future.

5.3. Considerations for Entrepreneurial Niche Actors
Entrepreneurs in the niche face many challenges in nav-

igating through the aforementioned barriers. Essential for

navigating towards commercialization and overcoming the
so-called ‘Valley of Death’ is building credibility with in-
vestors, corporate partners, and potential regulatory author-
ities that may promote selected companies within the context
of possible policies. Establishing this credibility requires a
delicate balancing act between aligning with the needs of the
current regime while maintaining one’s own vision. As some
of the described entrepreneurs have learned, companies risk
failure with their efforts if they push products into the mar-
ket without corresponding demand. Alongside technical
development, a commercial acumen is necessary, that guide
business development towards customer segments that can
be captured given current price-performance possibilities of
the technology. Potential market entry opportunities to prove
the potential of one’s technology and build credibility are not
necessarily in the initially targeted market – however they
can be great showcases to build trusted partnerships upon,
may it be to customers, corporate partners, or CMOs.

In the context of MLP, it is essential for niche actors to ac-
tively leverage the pressures of the landscape. While there
are numerous opportunities for market entry among both
consumers and corporate customers, it often appears that
there is a lack of awareness of the benefits of synthetic bi-
ology across dimensions such as sustainability, ethical con-
sumption, resilience, and performance improvements – lead-
ing to a lack of understanding and demand. Niche actors
should strive to actively raise awareness for a narrative of
their technology within the framework of an inclusive bioe-
conomy, in order to further open cracks in the regime into
windows of opportunity.

5.4. Limitations and Suggestions for Further Research
This thesis focuses specifically on one major technology of

biomanufacturing: PF. Its potential to transform value chains
across sectors and contribute significantly to the transition to
a bioeconomy warrants particular attention. However, the
diverse sub-technologies of synthetic biomanufacturing dif-
fer substantially in their drivers and barriers, necessitating
separate analyses despite their collective contribution to the
bioeconomy transition. Consequently, a major limitation of
this thesis is the exclusion of other technologies that could
contribute to the transition within the EU. This extends be-
yond synthetic biology-based technologies to those rooted in
thermochemical, chemical, and mechanical processes. It is
crucial to recognize that PF is only one of several technologi-
cal forces driving the creation of a bioeconomy, and therefore
conducting research on the adoption of its peers is of high
relevance.

The author has a limited understanding of the nuances
and complexities involved in actual policy-making processes.
Policymaking is a multifaceted field, influenced by intricate
stakeholder relationships, power dynamics, historical con-
texts, and unique national or regional characteristics. The
proposals put forward in this study largely center around
the development and implementation of precision fermenta-
tion as a platform technology, thereby neglecting to address
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the broader spectrum of EU and global politics. These poli-
tics encompass aspects such as trade agreements, geopoliti-
cal relations, and multilateral regulations. This focus, while
narrow, could potentially neglect certain factors that may
emerge in real-world policy-making scenarios, such as possi-
ble trade-offs, wider systemic impacts, or socio-political con-
sequences. To address these limitations, future research and
policy measures should ideally involve collaboration with ex-
perts in policy-making and political science, to ensure a com-
prehensive understanding of the wider political context when
discussing precision fermentation and similar platform tech-
nologies.

Additionally, the selection of interview partners is limited
to eight individuals in interviews often lasting no more than
an hour. While unique insights can be gained by compar-
ing experts’ answers, these interviews only provide a brief
glimpse into the dynamics of the processes. A more holistic
approach would require further in-depth conversations with
various stakeholders within the regime and niche, including
those from different sectors and regions. A key aspect of this
was the intention to interview an expert who is a practicing
engineer in the field. Regrettably, none of the potential inter-
viewees identified for this purpose responded to the outreach
emails.

Moreover, the MLP framework may place excessive em-
phasis on technological aspects of transitions, downplay-
ing the role of social, cultural, and political dimensions in
shaping PF adoption. This is especially relevant consider-
ing the considerable differences among EU member states
in these dimensions. By focusing on the EU with the EC,
national-level differences within the EU may be neglected. It
is important to examine how these differences might impact
the adoption of PF technologies across Europe and therefore
raises relevant windows for future research. Further research
could aim to explore the perspectives and experiences of a
broader array of stakeholders within both the regime and
niche sectors.

The MLP framework does not explicitly address the role
of power dynamics in shaping socio-technical transitions. In
the context of this thesis, the varying degrees of influence
stakeholders have over the adoption of PF technologies is par-
ticularly significant. On the one hand, the framework inade-
quately considers power dynamics; on the other, reliable in-
formation and expert knowledge are lacking regarding which
drivers and challenges ultimately shape the transition and to
what extent. Some aspects and unanswered questions re-
main among the experts. Furthermore, conceptualizing the
MLP can be challenging, particularly when measuring and
quantifying interactions across levels, which may limit the
comparability and applicability of the findings. A deeper ex-
ploration of power dynamics and their influence on the tran-
sition process could strengthen the analysis.

Conceptualizing the MLP can be challenging, particularly
in terms of measuring and quantifying interactions across lev-
els. This complexity may hinder the comparability and appli-
cability of the findings, as it requires a nuanced understand-
ing of the interplay between various system components.

Consequently, future research may benefit from developing
more refined methodologies to capture these interactions,
ensuring a more robust analysis and facilitating comparisons
across different studies. Also, to derive concrete policy rec-
ommendations, actions, and their concrete effects should be
quantified.

The subject matter of this thesis is inherently complex,
multi-layered, and detailed, spanning several industry sec-
tors influenced by the same technology. Attempting to de-
velop a comprehensive perspective within this context is a
demanding task, and each issue examined raises additional
questions. While these questions are highly relevant to the
acceleration of the transition, addressing them is beyond the
scope of this thesis. Further research is essential to explore
these intricacies and contribute to a deeper understanding of
the factors driving the transition to a bioeconomy powered
by PF.

6. Conclusion

The EU finds itself at a critical crossroads in shaping the
trajectory of its economy in the face of the triple planetary
crisis. Driven by the technological trajectory of synthetic bi-
ology, a vibrant ecosystem has developed within the bioman-
ufacturing niche, working assiduously to influence EU mar-
kets with noteworthy momentum. Sustainability pressures
and unexpected global supply chain disruptions are fractur-
ing entrenched structures, thereby creating opportunities to
stimulate niche momentum. However, a multitude of inter-
nal barriers at the niche and socio-technical regime levels ob-
struct the initiation of a comprehensive transformation pro-
cess. Given the identified barriers concerning infrastructure,
regulation, market interventions, and lack of awareness, it
appears imperative for policymakers to facilitate a transfor-
mative process. It is now up to EU decision-makers to con-
sider the extent to which biomanufacturing can be part of a
vision for a European bioeconomy and to deliberate, in con-
sultation with communities and incumbents, how this can
be structured. Utilizing the MLP, this study has been able
to highlight the most influential interdisciplinary drivers and
barriers. While the proposed policy recommendations pro-
vide broad directions for potential actions, they are subject to
limitations. Future research should delve into these barriers
and drivers in detail, examining how they must be addressed
to accelerate the transition to a bioeconomy.
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