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Abstract: For a successful transformation towards a sustainable bioeconomy, cooperative knowledge
creation leading to innovations through research at the company and academic level are important.
Urban regions are the centre of economic and research activities. The example of the region of
Stuttgart, which aims to complement its mature industrial structure with new opportunities related to
the knowledge-based bioeconomy, is an interesting case for the application of social network analysis
to shed light on the dynamics of innovation networks to support the transformation of urban regions.
As with smaller spatial levels of observation connectivity in network decreases, we find a scale-free
network structure for the supra-regional network and a star-like network structure for the regional
network, with two universities and one transfer-oriented research institutes at the core. While
research collaborations beyond regional borders and across different industries foster knowledge
co-creation, the central actors can be recognized as gatekeepers who dominantly influence knowledge
flows. To potentially strengthen the resilience of the network, policy and industry associations serving
as network facilitators can foster collaboration between periphery actors. The case of the Stuttgart
region impressively illustrates the opportunities of the knowledge-based bioeconomy for urban
regions and the complementary role traditional manufacturing sectors can take in the transformation
towards higher degrees of sustainability.

Keywords: sustainable bioeconomy; urban bioeconomy; urban areas; industrialized regions; innovation
networks; research collaboration; knowledge co-creation

1. Introduction

In light of grand sustainability challenges (e.g., natural disasters, poverty, climate
change, ecosystem decline, and depleting natural resources), the bioeconomy concept has
gained political momentum in recent years and entered national and international economic
strategies. With the implementation of new bio-based products, processes, and methods,
the bioeconomy aims to overcome existing path dependencies on fossil resources [1–4] and
promote a bio-based (and digital) knowledge society [5–7], generating opportunities for
‘green growth’ [8]. Thereby, the potential of the bioeconomy is often emphasized, partic-
ularly for peripheral regions with predominant agricultural land use [8,9]. However, the
integration of bioeconomic knowledge can also play an important role in industrial sectors
by providing new technological opportunities. The potential for cross-fertilization between
bioeconomic knowledge and the knowledge and competences of different manufacturing
sectors is enormous. Process engineering, informatics and robotics, machine tools, energy,
packaging, and pharmaceutical industries are examples of sectors where the bioeconomy
opens up new technological opportunities [1]. Against this background, urban spaces
that are not initially in the focus of bioeconomy considerations become relevant. This also
holds true for the role of knowledge generation and innovation networks, which has long
been emphasized in innovation research, but mainly in agricultural-dominated, peripheral
regions or with a specific technological focus (e.g., on biotechnology) rather than in highly
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developed metropolitan areas. With our research, we attempt to include urban regions into
this important debate by highlighting the potential of the knowledge-based bioeconomy
for metropolitan areas.

Bioeconomy is defined as “the production, exploitation and use of biological resources,
processes and systems to provide products, processes and services across all economic
sectors within the framework of a future-oriented economy” [2]. With the importance of
new technologies and processes in mind, the concept is also referred to as knowledge-
based bioeconomy [10,11]. In bioeconomy strategies, such as the bioeconomy strategy of
Germany or Baden-Wuerttemberg, rural development is stressed as particularly important
for sustainable development, as the establishment of local production facilities close to
the origin of biomass providers fosters economic development in these regions. Thereby,
value creation in rural areas increases, making these areas more attractive for qualified
labour [2,12], relieving urban centres, and reducing agglomeration disadvantages, such
as high prices, social inequalities, or high environmental pollution. While the potential
for rural areas is undisputed, the role of urban regions in the bioeconomy also needs to
be discussed. We argue that in the context of the bioeconomy, a high complementarity
exists between rural and urban areas, as well as the potential for the cross-fertilization of
competencies that can be found in metropolitan areas. Urban regions are usually the centre
of economic activity and knowledge creation, leading to (interdisciplinary) innovation
through research on the company and academic level, which are emphasized by the German
national bioeconomy strategy [2]. Knowledge, necessary for a bioeconomy transformation,
should be created cooperatively by diverse stakeholders from all system levels [13], for
example, through research associations and through cooperation. The production of
new knowledge and the recombination of existing knowledge provide the foundation
for innovation [14]. Research networks play a crucial role in these processes, and, thus,
for the competitiveness of companies, sectors, and regions as they facilitate novel ideas,
enable access and exchange of resources, and enhance knowledge transfer [15,16]. Research
collaborations between industry and research at an early stage in the innovation process
are especially relevant to integrate market considerations [2].

Innovation policy can promote research collaborations and innovations with bioecon-
omy focus through funding. For Germany, the extent to which the bioeconomy transforma-
tion is reflected in research funds and projects has been analysed in terms of stakeholders
involved and the thematic focus [17,18]. Bioeconomy research and development networks
in Germany [19] as well as German biotechnology clusters have been assessed with regard
to knowledge flows and spillovers at the firm and/or public organization level [20–23]
as well as at the regional level [24,25]. Other studies analysed the German wood-based
bioeconomy network [26] and German-Danish marine biotechnology value chains [27].
In the context of urban areas, bioeconomy has been discussed with regard to an “urban
bioeconomy metabolism” [28], green innovation areas [29], urban green infrastructure [30]
and urban agriculture [30,31] as well as the circular economy, waste management, and
environmental value creation [32–34]. Green infrastructure, urban farming, and biowaste
valorisation are also main associations with the term “urban bioeconomy” [35]. Hence,
the existing literature on urban bioeconomy focuses on ecosystem services and resources
that can be provided in metropolitan areas. Thus far, knowledge processes in bioeconomy
innovation networks in urban regions are not explored.

To address this gap, we raise two research questions: (1) What is the structure of
the bioeconomic innovation network in the Stuttgart region? (2) How does this structure
influence bioeconomic knowledge processes and innovation? We attempt to answer our
research questions by drawing on the example of the industrial region of Stuttgart, en-
compassing six NUTS 3 regions, namely the state capital Stuttgart and five surrounding
districts 1. By conducting a social network analysis based on research cooperations re-
lated to bioeconomy topics, we identify relevant actors, their networks, and important
bioeconomic research fields in the region. Therefore, our research objectives are twofold.
First, we aim to analyse knowledge creation processes in terms of the actors involved in
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publicly funded bioeconomy research and development projects and the thematic focus
of these projects. Second, we discuss the effect of the network structure on the creation
and diffusion of bioeconomic knowledge within the region. Our results reveal that the
structure of the bioeconomy research network in the Stuttgart region depends on the spatial
level of observation. While we find a scale-free network structure for the supra-regional
network, the structure of the network composed only of local actors exhibits a star-like
structure. We identify three central actors: The University of Hohenheim, the Fraunhofer
institutes, and the University of Stuttgart. While the high number of research cooperations
beyond the regional border enables the flow of new knowledge into the region, the central
actors can be recognized as gatekeepers who can influence—either foster or inhibit—the
diffusion of knowledge within the region. Moreover, the wide range of actors from different
industries participating in bioeconomic research projects depict the intersectoral nature
of the bioeconomy. To increase the resilience of the network, we conclude that the ties
between the central actors should be strengthened and that collaboration between currently
less connected or unconnected actors should be supported.

2. Materials and Methods

By means of a social network analysis [36,37], bioeconomic projects, topics, and actors
in the region of Stuttgart are identified based on collaborations in research and development
projects. Knowledge networks are extensively studied in the form of scientific collaboration
networks [38–42]. The analysis of regional knowledge networks helps to illustrate knowl-
edge flows as well as their barriers and can reveal promising fields of action for fostering
innovation, considering the particularities of the region and the respective actors.

2.1. Data Collection and Preparation

Following existing research on innovation networks [17,19,43–45], the German federal
government’s funding catalogue [46] serves as the primary data source for our analysis.
We extracted the data on 5 September 2022. As a publicly available database, the funding
catalogue contains information on more than 110,000 completed and ongoing projects
funded by the German federal government. The first entry in the database is dated
1968. The projects listed in the database are grouped into 21 different research areas with
subordinate research priorities according to the federal government’s performance plan
system (called Leistungsplanssystematik (LPS)). A separate LPS category “B—Bioeconomy”
exists for projects in the bioeconomy field. However, with respect to the database and the
LPS classification, two aspects stand out which [19] and [18] also highlight. First, the earliest
entry in the LPS category “B—Bioeconomy” dates to 1968. However, the first bioeconomy
strategy was not published until 2010. The author of [19] explains this by pointing out that
until 2012, the LPS category “B” was still referred to as biotechnology instead of bioeconomy.
Since biotechnology is an integral component of the bioeconomy, this is not a limitation
for our analysis. Second, many projects that consider bioeconomy issues are classified
in other LPS categories. For example, [18] identify topics such as “EB1920—Energetic
use of biomass,” “GC2060—Organic electronics,” or “KA1210—Nanobiotechnology” that
can clearly be assigned to the bioeconomy concept but are not in the corresponding LPS
category. To include bioeconomic projects assigned to other LPS categories in the analysis,
we replicate the computational keyword analysis from [18] with an adjusted keyword list
(see Appendix A) in an R code to match our understanding of the bioeconomy concept. In
doing so, we identify those projects that have a bioeconomic focus and in which at least
one project partner is located in the Stuttgart region. We assign those LPS categories not
assigned to a project class by [18] (see Figure 1) manually.

The network data cannot be extracted directly from the funding catalogue but is
created from the project information in this database. To identify the actors (i.e., nodes) in
the network, we use information on the recipients of the funds. While the information on the
executing entities (i.e., departments or institutes within the funding receiving organization
that carry out the project) allows for a more precise analysis of the actors involved in the
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project, it would lead to data noise and would make it difficult to identify central actors in
the network, since some organizations would be depicted multiple times under different
department names. To identify the cooperative links (i.e., edges) between the actors, we
used information on the collaborative projects. Moreover, we classify the projects according
to the proposed structure of the bioeconomy along the value creation process from [18], as
outlined in Figure 2.

Figure 1. Data collection and preparation process. [Note: class (i) projects that can certainly be
assigned to the bioeconomy, class (ii) projects that can partly be assigned to the bioeconomy, and
class (iii) projects with a thematic focus that cannot be assigned to the bioeconomy are constructed
according to Ref. [18].

Figure 2. Structure of the bioeconomy according to [18]. Source: Own representation based
on Ref. [18].

We extract and prepare the network data using a second computational R code. This
R code creates a list of nodes and a list of edges for the network construction. In the nodes
list, a unique identifier is added to each actor (i.e., node) in order to compile the edge list in
the next step. By matching the list of nodes with the database, we add information on the
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time period in which each actor engaged in a bioeconomic project and the location of the
actor (i.e., in the Stuttgart Region, outside the Stuttgart Region in Baden-Württemberg, or
outside the Baden-Württemberg Region). Data on the period of the collaboration between
the actors, the value chain (VC) classification according to [18], and the name of the project
are appended to the list of edges. Apart from the VC classification outlined in Figure 2, a
category (MIX) for projects that cannot be clearly assigned to one of the other VC categories,
as well as for nodes that engage in multiple projects with different VC categories, is added
in line with [18]. Figure 1 summarizes the data collection and preparation process.

2.2. Social Network Analysis

For the representation and statistical analysis of the network data, we use the open-
source software Gephi [47]. For the network representation, we apply the Force Atlas
layout 2 [48] and rank the nodes according to their degree 3. In addition to a static exami-
nation of the network, we perform a dynamic analysis to observe changes in the network
over time. The examination of the overall network is based firstly on the locality of the
actors and secondly on the bioeconomic focus of the project based on the VC categories.
In addition, we analyse the current regional bioeconomy network in 2022 in detail to
identify regional peculiarities. In this context, the actors are manually classified according
to relevant bioeconomic sectors following [49] by two researchers.

In addition to visual observations of the network, statistical calculations provide
information on the network structures and their changes. Measures on the global network
level and individual actor level allow inferences on knowledge diffusion in the network.
At the network level, besides an analysis of the general network structure, we calculate the
graph density [50], the average clustering coefficient [51], and the number of connected
components [52]. At the actor level, we look at the regional actors in the bioeconomy
network. Not all nodes play an equally important role with regard to the network structure.
Actor-related centrality measures (e.g., degree, closeness, and betweenness centrality)
provide insights into the relative importance of a node in a network [53,54]. All of these
statistical values are automatically calculated by the open-source software Gephi [47].

3. Results

The overall network constructed includes 309 nodes (i.e., actors) and 1023 edges
(i.e., collaborative relationships between the actors in the network). Our dataset covers
a time period from 2017 to 2025. Since the data was extracted in September 2022 and
information on project data is uploaded to the database after a project’s start (and, thus,
the data for 2023–2025 is incomplete), we choose to analyse data up to 2022. The following
sub-chapters outline the results of our analysis.

3.1. The (Supra-)Regional Bioeconomy Network

An examination of the overall network (see Figure 3) reveals some initial insights.
First, the majority of collaborative bioeconomy research projects in the region of Stuttgart
is not limited to cooperation between regional actors but involves regional and supra-
regional actors. The representation of the overall network (see Figure 3a) depicts research
collaborations between actors in the Stuttgart region (16.5% of nodes), actors outside the
Stuttgart region but in Baden-Wuerttemberg (14.89% of nodes), and actors outside Baden-
Wuerttemberg (68.61% of nodes). Research collaborations beyond regional borders increase
the likelihood that new, relevant knowledge flows into the region that would otherwise
not be available to local actors [55]. Second, there is a high degree of networking within
the clusters. The layered representation of the network (see Figure 3a–c) illustrates that
connectivity between the nodes decreases towards more narrowly defined regional levels.
In the network that only shows actors located in the Stuttgart region (see Figure 3c), there
are many nodes that have only one or no connection to other nodes in the network. Third,
the depiction of the regional bioeconomy network highlights three central nodes. From
the dataset, we can derive that these key actors are the University of Hohenheim (UH),
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the Fraunhofer Institutes (FIs), and the University of Stuttgart (US). In addition to the
three central nodes, four clusters stand out that are located on the periphery of the network
and have no connection to the overall network (see Figure 3a).

Figure 3. (a) Collaboration in bioeconomic projects between actors in the Stuttgart region, in Baden-
Württemberg, and outside Baden-Württemberg; (b) Collaboration in bioeconomic projects between
actors in the Stuttgart region and actors in Baden-Württemberg; (c) Collaboration in bioeconomic
projects between actors in the Stuttgart region.

The structure of a social network influences the production and diffusion of knowledge
within the network [56,57]. The super-regional bioeconomy network (see Figure 3a) is cen-
tralized, as can be derived from the degree distribution (see Figure 4). More specifically, the
network can be classified as a scale-free network [58]. As Figure 4a depicts, there are many
nodes with few links, and few nodes with a high degree of connectivity. Figure 5a under-
lines this argument, as scale-free networks usually have a power-law distribution [59]. The
same holds true for the network depicted in Figure 3b, as Figures 4b and 5b. The formation
of scale-free networks can be explained by the theory of preferential attachment [58], which
states that newcomers are more likely to join forces with already well-connected actors. This
is likely an explanation in this case as well. The three actors with high degrees, the hubs in
the network, are well-known, highly networked, and by definition knowledge-based and
research-oriented actors in the Stuttgart region. The degree distribution (see Figure 4c) and
log-log plot of the degree distribution (see Figure 5c) of the regional network displayed
in Figure 3c exhibit not so clear scale-free network propositions, since the exponent in the
logarithmic functions has a value smaller than one [58,59]. Likewise, the network graph in
Figure 3c shows a star-like network structure [60] with the three central actors at the core.
This implies that the regional network is extremely centralized with three well-connected
actors, while the rest of the actors have either few or no direct links to each other.

Figure 4. (a) Degree distribution of the network depicted in Figure 3a; (b) Degree distribution of the
network depicted in Figure 3b; (c) Degree distribution of the network depicted in Figure 3c.
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Figure 5. (a) Log-log plot of degree distribution depicted in Figure 4a; (b) Log-log plot of degree
distribution depicted in Figure 4b; (c) Log-log plot of degree distribution depicted in Figure 4c.

The structure of the bioeconomy network in the Stuttgart region can, on the one hand,
be very efficient in terms of knowledge diffusion, as knowledge can be passed on very
quickly to neighbouring nodes via the few central nodes in the network [61]. On the other
hand, the networks can be very fragile to specific removal of nodes [62]; a default of a
central node in the network can interrupt important knowledge flows. The fragility of
the network also becomes apparent in an examination of the distribution of the research
projects among the actors in the network (see Figure 6a) and the project size (see Figure 6b).
Most projects are small, and most actors in the network are or have been part of only one
or two projects over the observed time period. Here again, the three central actors stand
out with a comparatively large number of projects: University of Hohenheim (56 research
projects), Fraunhofer institutes (36 projects), and University of Stuttgart (23 projects). This
and the previous observations indicate that federal funding is distributed primarily to
projects involving large, established research actors.

Figure 6. (a) Distribution of project size (i.e., number of actors per project); (b) Distribution of research
projects per actors.

3.2. Dynamic Network Analysis

The above static view on the network does not allow inferences on the persistence of
the network over time. A dynamic analysis is thus necessary to observe changes in the
network and the interconnectedness of the actors. Figure 7 illustrates the supra-regional
bioeconomy network over the years from 2017 to 2022. The dynamic representation reveals
that the number of bioeconomic actors and projects increases over time, as the number of
nodes and edges in the network graph increases. This can be explained with a growing
political interest in the topic [2,63]. In 2022, the number of edges and nodes decreases
compared to the previous year (see Figure 7f). This may be due to the incompleteness of
data for 2022, as projects added to the database after 5 September 2022 are not considered.
Hence, it is likely that the actual number of nodes and edges in the network graph for 2022 is



Land 2023, 12, 935 8 of 22

higher than represented in our analysis. The proportional distribution of supra-regional and
regional actors in the network fluctuates slightly but remains relatively constant over time.

Figure 7. Dynamic representation of the supra-regional bioeconomy network: (a) supra-regional
bioeconomy network in 2017; (b) supra-regional bioeconomy network in 2018; (c) supra-regional
bioeconomy network in 2019; (d) supra-regional bioeconomy network in 2020; (e) supra-regional
bioeconomy network in 2021; (f) supra-regional bioeconomy network in 2022.

The statistical results in Table 1 support the visual inspection of the network dynamics
shown in Figure 7. The density of the network graph decreases over time. While in 2017 the
graph density is equal to 0.733, in 2021 and 2022 this value has dropped to 0.024 and 0.028,
respectively. The density of a network shows the ratio of existing connections between
the actors in the network to the maximum number of possible connections [50]. Whether
a high degree of networking is desirable depends on the time of analysis, as for example
the stage of the industry life cycle [64]. Since the bioeconomy is a relatively new field of
research that is still in the exploration phase, low density is likely and can be advantageous.
In the exploration phase, the inclusion of new actors in a network lowers the density, but at
the same time significantly increases the creativity of the network through new knowledge
gained [64]. The average clustering coefficient [51] lies consistently between 0.908 and
0.92, indicating a high degree of formation of subgroups in the network. This was to
be expected given the interconnectedness of the actors within the bioeconomy projects.
Moreover, the number of connected components increases over time. While in 2017 and
2018 the network graph is one giant component, meaning that all actors are connected
through other actors, from 2019 onwards there have been several connected components.
This can be attributed to the increasing number of new actors engaging in research projects
with actors not part of the main network component. In light of new knowledge flowing
into the network and increased creativity, this can be beneficial in the current research
phase [65]. However, in future, more exploitative phases, knowledge and information
exchange on bioeconomy topics and research results should be facilitated between the
presently unconnected components to foster innovation.
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Table 1. Global network measures for the dynamic analysis of the supra-regional network from 2017
to 2022.

2017 2018 2019 2020 2021 2022

Number of nodes 6 47 116 192 283 233
Number of edges 11 158 400 582 950 766
Graph density 0.733 0.146 0.06 0.032 0.024 0.028
Average clustering
coefficient 0.92 0.908 0.913 0.92 0.919 0.915

Connected Components 1 1 3 7 9 7

Figure 8 shows the regional bioeconomy network over the years 2017 to 2022. The
dynamic representation of the regional network graphs shows an increasing number of
nodes over time. Hence, the number of bioeconomy actors in the Stuttgart region, who par-
ticipate in publicly funded bioeconomy research and development projects, has increased.
Moreover, the regional network graphs for the more recent years (see Figure 8d–f) show
that some actors are not yet collaborating with other regional actors in funded projects,
as there are some nodes at the periphery that are not connected to other regional actors,
resulting in a more dispersed network graph.

Figure 8. Dynamic representation of the regional bioeconomy network: (a) regional bioeconomy
network in 2017; (b) regional bioeconomy network in 2018; (c) regional bioeconomy network in 2019;
(d) regional bioeconomy network in 2020; (e) regional bioeconomy network in 2021; (f) regional
bioeconomy network in 2022.

The statistical results in Table 2 support the previous observations. The network graph
density remains low over the observed time period. Moreover, the number of connected
components is higher and increasing compared with the supra-regional network. For 2021,
18 components can be observed. In 2022, this number slightly decreased to 14 components.
The average clustering increases over time but remains lower than for the supra-regional
network (see Table 1). The compilation of the research projects explains this. In general,
the statistical network measures underline the observations in this as well as the previous
sub-chapter.
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Table 2. Global network measures for the dynamic analysis of the regional network from 2017 to 2022.

2017 2018 2019 2020 2021 2022

Number of nodes 1 6 13 27 46 40
Number of edges 0 5 10 18 45 43
Graph density - 0.333 0.128 0.051 0.043 0.055
Average clustering
coefficient - 0.556 0.517 0.514 0.750 0.713

Connected Components 1 2 5 12 18 14

3.3. Detailed Examination of the Regional Bioeconomy Network

For the purpose of drawing conclusions specific to the regional bioeconomy network
and relevant actors, the following two subchapters take a closer look at the regional
network. In particular, we take a look at all regional bioeconomic actors (Section 3.3.1), and
we analyse the three most central actors and their ego networks over time (Section 3.3.2).

3.3.1. Regional Bioeconomic Actors

Table 3 provides an overview of all regional actors in the network and assigns them
to their related bioeconomy sector. For many actors, a clear classification to a specific
bioeconomy sector is not possible due to their diverse economic activities. Nevertheless,
we can derive several insights from this classification. First, most actors from our network
that are located in the Stuttgart region are assigned to process and mechanical engineering,
research, or biotechnology. The high share of companies in the sector of process and
mechanical engineering is not unexpected for the Stuttgart region given the presence
of various mechanical engineering firms and automotive suppliers. The appearance of
many research institutes comes also naturally as our network analysis is based on funded
research projects. The last major group are actors from the field of biotechnology. This
is not surprising as the WBT, also called industrial biotechnology, is closely related to
the local industry [18]. Second, the distribution across sectors shows the relevance of the
bioeconomy for companies not directly working with bio-based resources. For example,
process technology and mechanical engineering may not be the first sector that comes to
mind with respect to the bioeconomy. However, the development of the bioeconomy relies
on what [49] call cross-sectional technologies that can support bioeconomic activities. Third,
seeing the participation in a project as a form of innovation activity, the bioeconomy is
economically relevant for a surprisingly wide range of regional industries. Referring to the
structure of the bioeconomy displayed in Figure 2, the bioeconomic focus of the Stuttgart
region is on the processing and material utilization dimension of the value chain.

Table 3. Classification of the regional actors in the bioeconomy network of the Stuttgart region
by sectors.

Bioeconomy Sector Regional Bioeconomy Actor(s) Count

Process and mechanical engineering
plasma technology GmbH, e-flox GmbH, KE-Technologie GmbH, WS
Reformer GmbH, Hubl GmbH, iat-Ingenieurberatung GmbH,
Deutsches Zentrum für Luft- und Raumfahrt e.V., Coperion GmbH

8

Research

University of Hohenheim, University of Stuttgart, Fraunhofer
Institutes, Steinbeis Innovation gGmbH, DIALOGIK, Duale
Hochschule Baden-Württemberg (DHBW), Hochschule für Wirtschaft
und Umwelt Nürtingen-Geislingen (HfWU)

7

Biotechnology

Subitec GmbH, FUMATECH BWT GmbH, Curetis GmbH, ITV
Denkendorf Produktservice GmbH, nadicom—Gesellschaft für
angewandte Mikrobiologie mbH, Robert Bosch Gesellschaft für
medizinische Forschung mbH, candidum GmbH

7
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Table 3. Cont.

Bioeconomy Sector Regional Bioeconomy Actor(s) Count

Chemical products Blaser Swisslube GmbH, REMSGOLD-CHEMIE GmbH & Co. KG,
Schill + Seilacher GmbH, oelheld GmbH 4

Agriculture, forestry and fishery Felsengartenkellerei Besigheim eG, Staatsschule für Gartenbau
Stuttgart-Hohenheim, Fairventures Worldwide FVW gGmbH 3

Consultancy and audit LKV Baden-Wuerttemberg, ABCERT AG, LASSO
Ingenieurgesellschaft mbH 3

Electrical engineering Institut für Mikroelektronik Stuttgart, Deutsche METROHM
Prozessanalytik GmbH & Co. KG, Festo SE & Co. KG 3

Residual materials, recycling BEM Umweltservice GmbH, PROPAKMA GmbH, PlasmaAir AG 3
Construction Alfred Kiess GmbH, Helix Pflanzensysteme GmbH 2
Automotive Mercedes-Benz AG, Robert Bosch GmbH 2
Other processing industries BARiT GmbH, CIKONI GmbH 2
Wood, paper, textile, plastics etc. Deutsche Institute für Textil- und Faserforschung Denkendorf (DITF) 1
Energy technology Hitachi Zosen Inova Etogas GmbH 1
Industrial image processing Matrix Vision GmbH 1
Pharmaceuticals/Medical Technology ORTEMA GmbH 1

Associations AT-Verband (Association for the promotion of adapted, socially and
environmentally sound technologies) 1

Administration State capital Stuttgart 1
Other State Museum of Natural History Stuttgart 1

3.3.2. Analysis of the Three Most Central Actors

To identify the three most central and thus most relevant actors in the network, we
calculate the degree centrality of all actors in the supra-regional network. Table 4 shows
the values for the degree, closeness, and betweenness centrality measures of the University
of Hohenheim, the University of Stuttgart, and the Fraunhofer institutes, which were
identified as the most central actors in the network (supporting our previous observation
based on the network graph), for each year. The central actor ranking is based on the degree
centrality of all actors in the network for each year.

Table 4. Centrality measures of the three most central actors over time.

2017 2018 2019 2020 2021 2022

University of Hohenheim
Central actor ranking 1 1 1 1 1 1
Degree 5 24 70 91 121 90
Closeness centrality * 1.0 0.676 0.743 0.68 0.650 0.618
Betweenness centrality * 0.4 0.585 0.628 0.528 0.486 0.418
Fraunhofer institutes
Central actor ranking - 2 2 2 2 2
Degree - 17 33 61 89 70
Closeness centrality * - 0.554 0.566 0.535 0.588 0.540
Betweenness centrality * - 0.292 0.299 0.089 0.327 0.302
University of Stuttgart
Central actor ranking - 5 5 3 3 3
Degree - 11 18 32 51 46
Closeness centrality * - 0.517 0.525 0.535 0.533 0.540
Betweenness centrality * - 0.055 0.041 0.089 0.097 0.124

* normalized centralities [1, 0].

Of the three key actors in the network, the University of Hohenheim is the most central
based on the values presented in Table 4. Moreover, the University of Hohenheim was the
first regional actor collaborating in publicly funded research projects since 2017. This is not
surprising given the university’s bioeconomy focus in research and teaching since 2013 [66].
The Fraunhofer institutes, which comprise a variety of research institutes in different fields
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that cooperate with industry actors, are the second most central actors in the network since
2018. The Stuttgart region is home to the Fraunhofer institutes for industrial engineering
(IAO), building physics (IBP), interfacial engineering and biotechnology (IGB), and manu-
facturing engineering and automation (IPA) as well as the Fraunhofer information centre
space and construction (IRB). The regional Fraunhofer institutes are closely collaborating
with the University of Stuttgart in research and teaching. While the other two actors have
maintained their very central position since the emergence of the bioeconomy network,
the University of Stuttgart has only moved up to third rank since 2020. Nevertheless, the
University of Stuttgart was still a central and important actor in the network beforehand.

The comparison of the three actors shows a significant difference in degree centrality,
which is defined by the node’s number of direct links [54], and betweenness centrality,
which measures how often a node is between two other nodes’ shortest path [67,68], while
closeness centrality, a node’s average distance to other nodes based on direct and indirect
links [53], differs considerably less between the three actors. The degree centrality can
be understood as a measure of direct influence [53]. The University of Hohenheim has
the most direct links to other actors in the network, and thus the strongest influence
on other actors within the scope of research collaborations, followed by the Fraunhofer
institutes, and more recently the University of Stuttgart. Moreover, a higher betweenness
centrality indicates that the node plays a more central role in the exchange of knowledge
and information in the network, as more nodes are connected via this node on their shortest
path [67,68]. One reason for the higher value for betweenness centrality of the University
of Hohenheim is the higher number of direct connections to other actors. In addition, a
high value indicates a strong involvement in various bioeconomy projects. This further
implies that the loss of one of these central actors could significantly impair the knowledge
flow in the whole network. The importance of the three players for the entire network
is highlighted by their closeness centrality. A high closeness centrality means that these
nodes are not only affected quickly by changes in the network but also affect changes [53].
Thus, all three actors are a central part of the regional bioeconomy network, and their
disappearance would severely impact the performance of the entire network.

Since the two universities and the transfer-oriented research institutes are key players,
an examination of their ego-networks (see Figure 9) can provide further insights concerning
their roles in the network as well as the network as a whole. A distributed, decentralized
network structure [60] can be observed in all three ego-networks. By comparing the
network graphs in Figure 9a–c, it becomes apparent that there is a large overlap between
the three ego-networks. While the ego-networks of the University of Hohenheim and
the University of Stuttgart show only some similarities, the overlaps in the ego-network
of the University of Stuttgart and the Fraunhofer Institutes are particularly evident. The
previously mentioned close relationship between the two explains this. Despite the close
links between the central actors, they individually collaborate with other actors from the
region, as well as beyond the region. Thereby, they gain access to new knowledge regarding
bioeconomic topics and due to their central position, they can contribute to the diffusion
of knowledge in the region. In comparison with the other two actors, the University of
Hohenheim is more involved in research projects with partners outside the Stuttgart region
and Baden-Württemberg (see Figure 9a) in comparison with Figure 9b,c. As previously
mentioned, research collaboration with actors outside the region can bring external and
new knowledge into the region.

3.4. Relevant Bioeconomic Topics in the Region of Stuttgart

In addition to the network structure and the actors in the network, the thematic focus
of the projects provides further insights for answering our research question. To aggregate
the content of the research projects, we used the classification of the research projects
along the value creation process (see Figure 2). Figure 10 presents the supra-regional
network, with nodes and edges coloured according to their VC category. The percentage
distribution refers to the research cooperations between the nodes (i.e., the colouring of the
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edges). Most of the research collaborations are classified into the MIX category (i.e., most
research collaborations cannot be clearly assigned to one of the other VC categories or
span over several projects that are assigned to different VC categories). The second most
represented category in the network (CEP) includes projects that address climate and
environmental protection in the input dimension. This stresses the strong potential of
the bioeconomy for environmental sustainability [69]. The strong focus on WBT and GBT
within the research projects may be due to the specialization of the region and the focus
of the three central actors. For example, engineering is a major focus of the University
of Stuttgart and, in particular, of the Fraunhofer institutes. WBT, often referred to as
industrial biotechnology, is closely linked to engineering, as this area of biotechnology is
primarily concerned with the use of biotechnological procedures in industrial production
processes [18]. The focus on agriculture (reflected in the VC categories GBT and A&F) is
also expected given the University of Hohenheim’s central position in the network and
its reputation for agricultural expertise. GBT is closely related to agriculture and includes
research and breeding of crop and livestock [18].

Figure 9. Ego networks of the three most central actors: (a) ego-network of the University of
Hohenheim (UH) (b) ego-network of the Fraunhofer institutes (FIs); (c) ego-network of the University
of Stuttgart (US).

Figure 10. Distribution of bioeconomic topics in the supra-regional network based on the thematic
focus of the research collaborations.
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For a differentiated analysis and to observe changes in the thematic focus within
the research projects, the proportional distribution of the bioeconomic topics across the
research projects from 2017 to 2022 are considered. As depicted in Figure 11, there are
only marginal changes in the proportions of research collaborations in each thematic field.
The variations may be due to the increasing number of bioeconomic research projects
and the addition of new bioeconomic topics to the research landscape over the years.
While in 2017, the bioeconomic projects fall exclusively into the MIX category, from 2018
onwards several bioeconomic topics are addressed in research projects. However, the
share of the MIX category remains one of the largest, which can be explained by the cross-
sectional nature of the bioeconomy. Only in 2018 does the share of projects in the CEP
category exceed the share of the MIX category. It is noteworthy that research collaborations
with a biotechnology focus have not declined over time, although previous research has
found a clear shift in the funding of biotechnology projects in favour of projects with an
agricultural focus in Germany [18]. Figure 11 refers to the proportional distribution of
research collaborations, but not to the amount of funding. Figure 12 shows that more
funding has been allocated to research projects with a focus on GBT and A&F than to
projects addressing other biotechnology fields over the last years.

Figure 11. Proportional distribution of bioeconomic thematic focus of research collaborations in the
period 2017–2022.
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Figure 12. Distribution of funding across bioeconomic thematic areas in the supra-regional bioecon-
omy network in the period 2017–2022.

4. Discussion

Our analysis and results are consistent with previous research [17–19] and confirm
the most important results to also be valid for the urban innovation network. Based on the
same database for publicly funded projects in Germany, [17] found a similar centralized,
scale-free network structure with a small group of well-connected actors participating in the
majority of all funded bioeconomic projects across Germany. Moreover, [19] who analysed
the bioeconomic research network in Germany between 1988 and 2017 finds a stable core
of research institutes that collaborate with varying project partners over time. Likewise, we
identified three research institutes as the most central actors in the bioeconomic research
network in the region of Stuttgart, namely the University of Hohenheim, the University of
Stuttgart, and the Fraunhofer institutes.

The Stuttgart region has favourable conditions for a prolific integration of the knowledge-
based bioeconomy. The presence of universities and research institutes can have positive
effects on the innovative and economic performance of a region via research collabora-
tions [70] and knowledge spillovers [71–73]. New entrants in knowledge-intensive indus-
tries or emerging business areas such as the bioeconomy are most likely to locate near
universities and research institutes that conduct research in this field in order to benefit
from knowledge spillovers [74–77]. Entrepreneurship in high-technology fields is strongly
affected by regional knowledge production through research and industry [77]. For the
biotechnology sector, a key component of the bioeconomy, researchers have found that
the regional knowledge base plays a crucial role in promoting entry and attracting en-
trepreneurs [78,79]. Due to the range of research institutes and universities that participate
in bioeconomic research projects and due to the centrality of three research-oriented actors,
the Stuttgart region is attractive for new entrants and existing companies alike, which
in turn can have a positive impact on economic activity and job creation. The demand
for labour can, at least in part, be met by graduates from regional academic institutions.
Through a wide range of bioeconomy related study programs, they not only generate new
knowledge in research projects, but also educate and train future workforce.
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The knowledge-based bioeconomy is still at an early stage and many new insights, pro-
cesses, products, and materials are being researched, which makes collaborations between
universities or research institutes and firms even more important to enable the transla-
tion of new knowledge into innovation [73]. The main branches of the manufacturing
sector in the region of Stuttgart are the automotive industry, construction of machinery
and equipment, and electric engineering [80]. Our results show that especially the lat-
ter two branches are engaged in bioeconomy related research. As the bioeconomy is so
far only marginally present in these branches [81] and as little has been invested in the
application of bioeconomic knowledge to date and actual applications have not yet met
expectations [18], collaborations between science and industry are even more important
for application-oriented development and have a high potential to result in new ideas and
business opportunities.

Furthermore, our results indicate that a high degree of collaboration in the bioeco-
nomic network takes place between regional and supra-regional actors. Previous research
mostly shows that collaboration in knowledge-intensive sectors, such as the biotechnology
industry, is more likely to generate innovation when geographic, social, and knowledge
distance is low [82,83]. However, the supra-regionality is unlikely to pose a problem for
the performance of the bioeconomy network in the Stuttgart region. On the one hand,
geographical proximity is not a prerequisite for successful collaboration. Other forms of
proximity, such as organizational, social, or institutional proximity can overcome physical
distance and even enhance the knowledge exchange [84]. On the other hand, as supra-
regional actors in the network are still located either in Baden-Wuerttemberg or in Germany,
the geographical distance is not too high and the actors’ institutional proximity builds trust
based on common institutions [84], compensating for a potential lack of frequent face-to-
face interaction. Moreover, too much proximity can have a negative effect on innovation in
terms of lock-in, inertia, and missing openness [84]. Therefore, research collaborations be-
yond regional borders can have a positive impact on the innovative performance of a region,
bringing new knowledge into the region that would otherwise not be available to regional
actors [55]. This allows the three central actors in particular to function as gatekeepers
for knowledge inflows into the regional network [83]. Thereby, they can either support or
inhibit knowledge flows in the network. Knowledge can be passed on very quickly via the
central actor(s) to the neighbouring cooperation partners in the network [61]. How well
knowledge is distributed also depends on the effectiveness of the organization’s internal
communication channels, as only specific departments of each organization participate
in the research project. However, the network centrality around the three central actors
can also lead to dependency on the dominant partners and to so-called weak network
failures [85,86]. Weak network failures occur when there is too little interaction between
the actors in an innovation network; weak or missing connections can prevent important
learning and innovation cycles [86]. The loss of a central actor in the network can interrupt
important knowledge flows, or one of the central actors passes on information inefficiently
due to poor communication or because the actor uses the knowledge advantage for their
own benefit.

5. Conclusions

In this paper, we have extended the discussion on urban bioeconomy with an inno-
vation economics perspective by examining the bioeconomic innovation network in the
Stuttgart region to draw conclusions on knowledge processes and innovation. Given the
consistency of our results with previous investigations, a research focus on innovation
networks proves to be much more precise compared with the mainstream emphasis on tech-
nological spillovers. Networks allow for both a specific consideration of the varying roles
and strategic considerations of single actors and well-specified policy recommendations for
innovation policy. The still dominant analytical concept of technological spillovers instead
is not capable of providing insights of similar depth and precision due to the assumption
of involuntary knowledge flows [87].
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We identify a scale-free network structure [58] of research cooperations for the supra-
regional network and a star-like structure [60] with three central actors from the academic
field. This network structure has several implications for regional knowledge and inno-
vation processes. First, the high number of links to supra-regional actors increases the
probability that new, relevant knowledge from other regions, which might otherwise not
be available, flows into the region. Second, the decreasing connectivity of actors at more
narrowly defined regional levels may limit the knowledge flow within the region and
prevent desired cross-fertilization between different bioeconomy knowledge fields. Third,
the high centrality of the three actors can result in an efficient knowledge diffusion on
the one hand, but on the other hand it can also lead to a negative dependency. The high
centrality of the two largest regional universities and the non-university research institute
further implies that these actors are especially efficient in applying for funding. However,
this comes with the risk that they soak up funding and relevant knowledge. A stronger
integration of the so far less-connected actors in the network could initiate the creation of
new, relevant knowledge. Finally, the diversity of the projects’ topics as well as the variety
of actors from different industry branches participating in the projects reflect the relevance
of the bioeconomy across different sectors and industries.

Stronger links between the three main actors may reduce fragility and strengthen
the resilience of the network. This could be achieved through jointly operated research
institutes (e.g., non-university research institutes). In Stuttgart, all Fraunhofer institutes
are currently linked to the University of Stuttgart, which explains their strong ties; so far,
no non-university research institution is tied to the University of Hohenheim. Moreover,
the cooperation between less connected actors in the network should be fostered to gen-
erate more direct knowledge flows, and, thus, reduce weak network failures. This could
be achieved through additional science and collaboration hubs or networking organiza-
tions. Such hubs could also support non-academic actors in applying for funding for their
bioeconomic research and development projects.

Our analysis is subject to limitations that should be considered in the interpretation
of our results and that offer potential for future research. First, even though the data
for the year 2022 already provides a good basis for the analysis, it may be that a later
extraction of the data from the database leads to a different picture of the network in
that year, as information on bioeconomy research projects that started after we extracted
the data has now been uploaded to the database. Secondly, the short observation period
(2017–2022), which is due to our database, limits our conclusions as research projects are
usually planned for a period of a few years. The non-academic actors might not engage
in several bioeconomy research projects simultaneously. It would be interesting to see
how the network evolves in terms of follow-up projects and long-term collaboration and
whether connectivity among the actors will increase in the future.

The joint research projects in the federal funding database represent, although relevant,
only a fraction of the actual research activities on bioeconomy in the region of Stuttgart.
The inclusion of further data sources or the collection of primary data could therefore
alter our results. Moreover, our network construction is based on data aggregation with
regard to the VC categories as well as the nodes in the network. To reduce data noise, we
constructed the network’s nodes based on the organization receiving the funding and not
the department executing the research project. In the case of the Fraunhofer institutes, for
example, this means that our investigation does not reveal which institutes in particular
participated in the research projects. The aggregated data for the Fraunhofer institutes
contains research institutes in as well as outside the Stuttgart region. Hence, these results
should be treated with caution. An analysis on the department level could allow a more
distinct evaluation and interpretation.

Our results only allow limited generalization for urban and industrialized regions
with similar premises, as our research is based on a single case and potentially specific to the
Stuttgart region due to regional peculiarities. Therefore, similar analyses across different
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urban regions should be performed to validate the robustness of our results and to uncover
differences in terms of bioeconomy innovation networks due to regional prerequisites.
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Appendix A

bioeconomy_words_main = c (“actinomy”, “aeruginosa”, “agrar”, “agri”, “agro”, “akti-
nomycet”, “alga”, “alge”, “algi”, “alkaloid”, “allelop”, “amino”, “anbau”, “antig”, “antikörp”,
“apfelanbau”, “apheres”, “apoptos”, “aptam”, “arabidopsis”, “archae”, “array”, “assay”, “as-
tacus”, “autotroph”, “baccatin”, “bacillus”, “bact”, “bakt”, “barley”, “basidiomycet”, “baum”,
“bäum”, “beet”, “bio”, “blut”, “bodenfruchtbarkeit”, “brassica”, “breed”, “canola”, “carotin”,
“cellulose”, “cereal”, “cerevisia”, “chitin”, “chitosan”, “chlorophyll”, “chloroplast”, “chromo-
som”, “clib”, “coli”, “coryne”, “cuphea”, “cyto”, “denitrifikation”, “derivat”, “diversitat”,
“dna”, “drosophila”, “edelkreb”, “eiwei”, “elisa”, “embryo”, “endog”, “enzym”, “epilyz”,
“epitop”, “erblich”, “ernte”, “erreger”, “escherichia”, “esteras”, “eukary”, “eutropha”, “farm-
ing”, “fauna”, “feedstock”, “ferkel”, “ferment”, “fett”, “fettsaeur”, “fettsäur”, “flachsfaser”,
“flavonoid”, “fleisch”, “flora”, “food”, “forst”, “freiland”, “frucht”, “frücht”, “fruecht”, “fun-
geos”, “fungus”, “fusarium”, “futter”, “gartenbau”, “geflügel”, “gehirn”, “gerst”, “getraenke”,
“getränke”, “getreid”, “gewachs”, “gewächs”, “gewaechs”, “glioblastom”, “glucos”, “gluta-
mat”, “glutamicum”, “glyc”, “glyk”, “golgi”, “grain”, “haploid”, “harnstoff”, “hefe”, “hep-
atozyten”, “heterotroph”, “hoelz”, “holz”, “hölz”, “homolog”, “homozygot”, “honigbi”,
“hormon”, “hortinlea”, “human”, “hydroformyl”, “hydrolys”, “inhibitor”, “insekt”, “inter-
feron”, “inulin”, “ipas”, “kairomon”, “kartoffel”, “kartoffelkreb”, “kaskad”, “kautschuk”,
“keim”, “kiefer”, “klonal”, “kohlenhy”, “koksaghyz”, “kollag”, “kolorektal”, “korn”, “kul-
tivierung”, “landrass”, “landwirtschaft”, “leben”, “leber”, “legehenn”, “leguminos”, “lek-
tin”, “liganden”, “lignin”, “ligno”, “lipas”, “lipid”, “lockstoff”, “lymph”, “lysin”, “lyso”,
“maeus”, “mais”, “malign”, “marin”, “markergestützt”, “maus”, “mäus”, “meliloti”, “mes-
enchymal”, “metabol”, “methylier”, “mikroalg”, “mikroben”, “mikrobie”, “milch”, “mis-
canthus”, “mistel”, “mitochond”, “mizell”, “monozyt”, “morbus”, “morphism”, “mrna”,
“mutant”, “mutation”, “mykorr”, “nachwachs”, “naehr”, “nahr”, “nähr”, “napus”, “nat-
uer”, “natür”, “nematod”, “neuron”, “nukleas”, “nuklease”, “nuklein”, “okolog”, “okosys”,
“oled”, “oligom”, “oligonukleotid”, “omega”, “omics”, “organ”, “osmose”, “palmoel”,
“palmöl”, “papier”, “pappel”, “pathog”, “pcr”, “pektin”, “peptid”, “pferd”, “pflanz”,
“phaeno”, “phano”, “phäno”, “phanomics”, “phenom”, “pheromon”, “photosynth”, “phy-
topathog”, “pilz”, “plant”, “plantag”, “plasmid”, “pluripotent”, “polymerase”, “polyoma”,
“pradikativ”, “prädikativ”, “praedikativ”, “praparat”, “prokaryot”, “proteas”, “protein”,
“proteom”, “protoplast”, “pseudomonas”, “qtl”, “raps”, “rekomb”, “resistenzg”, “retiku-
lum”, “rezeptor”, “rhizobium”, “rhizosph”, “ribosom”, “rogg”, “saat”, “sacch”, “samen”,
“schädling”, “schaedling”, “schwein”, “sequenzanalys”, “serum”, “sinapin”, “sirna”,
“snp”, “solanum”, “somat”, “sonnenblum”, “staphylococcus”, “staphylokinas”, “starkeva-
rietat”, “stärkevarietät”, “steroid”, “stofflich”, “stoffumwandl”, “stoffwechsel”, “strepto-
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mycet”, “stroh”, “subtilis”, “tannen”, “taraxacum”, “tarulin”, “thaliana”, “thuringiensis”,
“tierisch”, “tilling”, “tissu”, “transgen”, “transkriptom”, “tropi”, “vakzin”, “vegeta”, “vita-
min”, “vitro”, “vivo”, “vulgaris”, “wald”, “wein”, “weißstängel”, “weissstängel”, “weiz”,
“wheat”, “wood”, “wuchsstoff”, “xylos”, “zebra”, “zellkultur”, “zerocarbfp”, “zoonos”,
“zucht”, “zücht”, “zucker”, “zuecht”, “zwitter”).

Notes
1 In Germany: NUTS 3 regions correspond to the districts and autonomous cities. With regard to the region of Stuttgart, this

includes the state capital Stuttgart and its five surrounding administrative districts, namely Boeblingen, Esslingen, Goeppingen,
Ludwigsburg, and Rems-Murr.

2 We set the Force Atlas layout to the following parameters: inertia = 0.1, repulsion strength = 150.0, attraction strength = 1.0,
maximum displacement = 1.0, autostab strength = 80.0, autostab sensibility =0.2, gravity = 30.0, speed = 1.0, and adjust by sizes
was checked.

3 The minimum size was set to 15 and the maximum size to 70.
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