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ABSTRACT

Countries worldwide are leveraging the 2030 Agenda and its 17 Sustainable Development Goals (SDGs) for build-
ing a more resilient and sustainable future. One solution in this endeavour is transitioning towards a bioeconomy
(BE), utilizing renewable resources and low-carbon value chains to meet food, energy, and materials demands.
However, BE is neither inherently circular nor sustainable, compromising SDGs’ progress. Therefore, we con-
ducted a detailed ex-post analysis using correlation, transfer entropy, and network analysis to understand the
complex causal interactions between BE and SDGs. Moving beyond correlation, we explored the directional in-
fluence of interactions within the BE-SDG nexus. Our findings reveal a robust bidirectional influence between 19
BE criteria and 109 SDG targets across all goals among 48 European countries. While BE can drive progress to-
ward SDGs, a balanced distribution of synergies and trade-offs constrains its impact. Collaborative efforts among
European countries would effectively drive towards achieving both BE and SDGs. SDG 13 has positive influences
from lowered fossil fuel emissions and negative ones due to land use changes and intensified agriculture, which
releases stored carbon. Similarly, SDG 15 emerges as a positive influence, as healthy ecosystem services foster
a resilient BE. Despite efforts towards SDG 12, Europe’s unsustainable consumption impedes BE supply chains.
While BE practices are intended to accelerate sustainability, they fall short of playing a transformational role
in achieving the SDGs. A shift towards a cohesive, collaborative strategy that leverages synergies and mitigates
trade-offs can enhance the BE’s impact, advancing Europe closer to achieving the 2030 Agenda.

1. Introduction

Due to polycrisis and limited efforts (Biermann et al., 2022;
Yuan et al., 2023), the 2030 Agenda with its 17 Sustainable Develop-
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ment Goals (SDGs), an intended roadmap to achieve a sustainable world,
has been significantly derailed (Sachs et al., 2024). In the Agenda’s
second half, countries are exploring different avenues to get SDGs on
track and foster sustainable transitions. Accounting for the potential
of climate change mitigation with low-carbon value chains, the bioe-
conomy (BE) has emerged as a promising avenue for utilising renew-
able biological resources to meet food, energy, and materials needs
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(European Commission, 2018). The BE signifies a fundamental trans-
formation in the production, utilisation, conservation, and regeneration
of biological resources, fostering solutions that benefit all economic sec-
tors (FAO, 2021). Algae-based biofuels offer a prime example, showcas-
ing a sustainable energy solution with notably lower greenhouse gas
emissions (Kumar et al., 2016; Abdullah et al., 2024). The BE’s cycli-
cal approach can accelerate progress towards a more sustainable econ-
omy. The United Nations Food and Agriculture Organization (FAO) ar-
gues that achieving a sustainable BE in the transition to a greener,
fairer, and more prosperous economy will also enable achieving all SDGs
(FAO, 2021).

Many countries have pledged to explore the potential of transition-
ing their national economies towards a BE. Following the launch of the
European Commission’s 2012 BE report (European Commission, 2012),
there has been a marked increase in research activity in BE, circular
economy, and circular BE (D’Amato et al., 2017; Ferreira Gregorio et al.,
2018). The conceptual boundaries, however, remain fluid, multifaceted,
complementary and intersecting (Stegmann et al., 2020; Bugge et al.,
2016; De Besi and McCormick, 2015; Rodriguez-Anton et al., 2019).
For example, circular economy, integral to BE, emphasizes minimizing
waste and maximizing resource efficiency through a continuous loop
of materials, treating products and resources as perpetually circulat-
ing capital rather than waste (Mesa et al., 2024). Despite its concep-
tual intention, BE practices are not inherently circular or sustainable
(Heimann, 2019). While the BE is linked to contributing to several SDGs,
such as food security (SDG 2), clean energy (SDG 7), economic growth
(SDG 8) and responsible consumption (SDG 12), it also poses risks of un-
intended negative impacts (Heimann, 2019; Ronzon and Sanjuén, 2020;
Calicioglu and Bogdanski, 2021).

From an environmental perspective, BE efforts towards decarboniza-
tion (SDG 13) may jeopardize other environmental goals due to exces-
sive land (SDG 15) and water use (SDG 6), and the strain on biomass pro-
duction exceeding planetary boundaries (Miranda et al., 2023; Li et al.,
2024). Due to inevitable trade-offs, BE activities are not always benefi-
cial to both environmental and socio-economic aspects. They require
careful monitoring to minimize or prevent indirect and unintended
harm. Consequently, to enhance the effectiveness of efforts toward a
BE and achieving the 2030 Agenda, countries must recognize to what
extent their practices may inadvertently counter each other, underscor-
ing the need for a balanced approach.

Since 2015, research on the circular economy’s contribution to the
SDGs has grown exponentially. However, the BE remains compara-
tively less examined (Ferraz and Pyka, 2023). Previous research has
explored the BE and sustainability using bibliometric, systematic lit-
erature review methods, or expert knowledge (D’Amato et al., 2017;
Ferreira Gregorio et al., 2018), while only a couple linked directly
to SDGs (Biber-Freudenberger et al., 2020; Calicioglu and Bogdan-
ski, 2021; Heimann, 2019; Zeug et al., 2019).

Only a few studies have used quantitative approaches to reveal
interactions between SDGs and the BE (Ronzon and Sanjuédn, 2020;
Tobben et al., 2024). Beyond these examples, substantial research
gaps persist in theory, topics, data, and methodology (Ferraz and
Pyka, 2023). None highlights the integrated, holistic nature of the BE
and the 2030 Agenda. Despite the limited availability of a BE database,
the growing interest in policy and research has sparked a demand for
evidence-based monitoring, a deeper understanding of the causal inter-
actions between BE and SDGs, and the effective customization of na-
tional policies to support progress.

We assessed the nexus between BE and SDGs in Europe to fill the
above-highlighted gaps. Given the complex and multifaceted interac-
tions between BE and SDGs, encompassing both synergies and trade-offs,
we adopted a systems-based approach to investigate this nexus holisti-
cally. To move beyond the dependency on a single indicator, our study
delved into the interactions at the goal and target levels, each character-
ized by a diverse set of indicators. We also applied this approach to the
BE by choosing a broad range of indicators encompassing social, eco-
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nomic, environmental, and governance dimensions. Besides identifying
synergies and trade-offs, our analysis aimed to uncover what specific
practices drive positive and negative change, enabling targeted prioriti-
zation of interventions.

2. Materials and methods

We started the analysis by compiling BE and SDG databases based
on two indicator frameworks: the Aspirational Principles and Criteria
for a Sustainable Bioeconomy agreed on by FAO and the International
Sustainable BE Working Group (ISBWG) (Bracco et al., 2019) and the
Global SDG indicator framework adopted by the United Nations Gen-
eral Assembly (UN, 2022). Subsequently, we employed a combination
of correlation analyses, directionality analysis using transfer entropy,
and network analyses to examine bidirectional interactions between BE
and SDGs.

2.1. Bioeconomy framework and data

To steer countries’ transformation, the FAO and ISBWG agreed on a
set of Aspirational Principles and Criteria for a Sustainable Bioeconomy
(Bracco et al., 2019). This indicator framework incorporates 10 princi-
ples, 24 criteria, and diverse impact categories, offering a comprehen-
sive tool for monitoring the transition towards a sustainable, circular
BE [Fig. 1(a); full description in Table S1 and Data S1 in the Supple-
mentary materials]. This framework covers all aspects of sustainability
- social, economic, environmental, and governance — ensuring that the
BE meets current needs and protects future generations’ well-being. The
SDGs are partially integrated into the BE framework to minimise the
risk of transitioning towards an unsustainable BE and to monitor trans-
formative change. In this context, FAO defines BE as the production,
utilisation, conservation, and regeneration of biological resources, in-
cluding related knowledge, science, technology, and innovation, to pro-
vide sustainable solutions (information, products, processes, and ser-
vices) within and across all economic sectors and enable a transition
to a sustainable economy (FAO, 2021). We adopted and used the term
“bioeconomy” as the framework recommends, serving as a concise rep-
resentation of a sustainable, circular BE. The FAO’s framework provides
a valuable roadmap for navigating the complex landscape of BE, but a
comprehensive database is still lacking.

To address the data gap, we developed a comprehensive BE database
founded on the FAO’s framework based on the databases. They are EU-
ROSTAT, FAOSTAT, World Development Indicators (WDI), the Joint
Research Centre (JRC) of the European Commission, AQUASTAT and
Global Footprint Network (EUROSTAT, 2023; FAO, 2022a; FAO, 2022b;
World Bank Group, 2022a; JRC, 2022; Global Footprint Network, 2022).
Our data collection process was guided by specific benchmarks, en-
compassing geographical scope, time frame, and disaggregation levels.
To ensure sufficient temporal coverage for the analyses, we selected
a time series spanning at least 10 years, capturing data from 2000 to
2022. When feasible, BE indicators were disaggregated by, e.g., gender,
age, location, sector, commodity, or process, establishing a versatile BE
database. This granularity enabled country and product-level analyses,
facilitating investigations into synergies and trade-offs across countries
and other disaggregation levels.

We identified 1,382 indicators covering all 10 BE principles and ap-
proximately 80 % of criteria with data disaggregated based on demo-
graphic and non-demographic factors. However, the distribution of in-
dicators per BE principle and criteria varies [Fig. 1(b)], with over three-
quarters of the indicators linked to sustainability’s economic and social
dimensions and only one-quarter associated with the environmental and
governance dimensions. Data S1 provides a comprehensive overview of
all BE indicators, including sources and characteristics (see Text S1 in
the Supplementary materials for a more detailed description of the in-
dicator data selection process). Data S2 in the Supplementary materials
contains the entire BE database.
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Fig. 1. Bioeconomy (BE) framework and data distribution: the framework presents (a) the 10 principles (P) for a sustainable BE and (b) their corresponding data
distribution (FAO, 2021). The ten principles, divided into criteria (C) and impact categories, cover various aspects of the BE. Data covers all principles, 19 of 24
criteria, and 51 of 69 impact categories. Each impact category is covered by at least one indicator and data from multiple sources. The sunburst diagram visually
represents the data distribution, with color coding aligned with the sustainability dimensions highlighted in the BE framework.

2.2. Unifying SDG data

For our analysis, we updated and used the unified SDG database
because indicator selection can significantly influence evaluations of
SDG progress and interactions (Miola and Schiltz, 2019; Warchold et al.,
2022). We followed the approach proposed by Warchold et al. (2022),
which comprehensively amalgamates SDG data from three primary
global sources (UNSTATS, 2022; World Bank Group, 2022b; Sachs et al.,
2022). Our updated database encompasses the period from 2000 to 2022
with comprehensive coverage of all 17 SDGs, 141 targets, and 2,205 dis-
aggregated indicators in the European context (Fig. 2). Data S3 and Data
S4 in the Supplementary materials comprise the updated SDG frame-
work and the unified SDG database.

2.3. Statistical analysis of synergies and trade-offs

In quantifying SDG interactions, the approach of classifying them
as synergies and trade-offs based on (anti) correlation has found
widespread application (Pradhan et al., 2017; Zhou et al., 2017,
Warchold et al., 2021; Zhang et al., 2022; Xing et al., 2024). Accord-
ingly, we applied a temporal analysis, measuring Spearman’s ranked
correlation coefficient (r;) between BE-SDG indicators for each Euro-
pean country (Fig. 2). Synergies are positive interactions where progress
in one BE or SDG indicator favours advancement in another (ry € [0.5,
11). Due to current unsustainable practices, the progress of one BE or
SDG indicator may also impede another’s advancement, which is called
a trade-off (ry € [-1, -0.5]).

To untangle the cause and effect in the BE-SDG nexus, we employed
the bias-corrected transfer entropy called effective transfer entropy
(Marschinski and Kantz, 2002). Transfer entropy is a widely recognized
method for facilitating the quantification of the directionality of infor-
mation flow between two variables (Behrendt et al., 2019; Silini and
Masoller, 2021; Edinburgh et al., 2021), demonstrating notable robust-
ness in real-world applications (Lee et al., 2012; Korbel et al., 2019;
Peng et al., 2022; Novelli et al., 2020; Tongal and Sivakumar, 2021).
By measuring the amount of information transferred from one vari-
able to another, transfer entropy can help identify which variable drives

changes in the other variable and in which direction. For example, if we
observe a high transfer entropy estimate (TE) from variable X to variable
Y, this suggests that changes in X are driving changes in Y and not vice
versa. Transfer entropy can handle non-stationary time series, capture
bidirectional information flow, model linear and nonlinear interactions,
and is robust to time lag selection. However, it can be biased due to small
sample effects. In such cases, effective transfer entropy is often consid-
ered a more robust measure of causal information flow by shuffling data
and using the TE averaged over the simulations to estimate the bias and
calculate effective transfer entropy (Dimpfl and Peter, 2013; Tongal and
Sivakumar, 2021).

To avoid over-interpretation of the effective transfer entropy
estimates (ETE), we implemented thresholds while defining direction-
alities. As the robustness measure, we systematically varied the initial
parameter used in the calculation evaluating the sensitivity of our
results (Text S2 and Figures S1 and S2 in the Supplementary materials).
Also, we assessed the strength of significant directional relations. For
this, we defined ETE as weak or moderate if ETE € [0, 0.22] and
as strong relations if ETE € (0.22, 1] (Text S2 and Figure S3 in the
Supplementary materials).

Combining correlation and directionality analysis, we subsequently
categorized BE-SDG interactions as indicating positive or negative uni-
directionality (either from BE to SDGs or vice versa) or bidirectional dy-
namics (Fig. 2). Estimates with p-values that exceed the 5 % significance
level were considered statistically insignificant and remain undirected
dynamics. Therewith, significant ETE indicates the drivers of informa-
tion flows, as illustrated in Fig. 3. We aggregated significant directional-
ities at the indicator-indicator level to the respective criterion-target and
principle-goal levels by calculating the percentage share of occurrences
(six groups in Fig. 2). This approach allows for a relative analysis of BE-
SDG interactions, focusing on the proportion of synergies and trade-offs
rather than their absolute numbers.

2.4. Bioeconomy and SDG network analysis

We constructed four distinct groups of directed, weighted networks
at the country level representing synergies and trade-offs (edges) be-
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Fig. 2. Approach for determining bioeconomy (BE) - Sus-
tainable Development Goal (SDG) networks. The process
begins with the identification of indicator availability for
both frameworks, followed by correlation analysis, causal-
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tween BE principles & SDGs and between their respective criteria & tar-
gets (nodes) (Fig. 2). We assigned weights to the connections within
these networks based on the frequency of interactions between nodes —
the share of directed synergies and trade-offs. To assess the significance
of nodes within these networks, we calculated their eigenvector central-
ity. A high eigenvector value indicates a node’s influence based on its
connections to other influential nodes. Under our bivariate scenario, we
adopted a layout as tree algorithm for network visualization to achieve a
more intuitive understanding. The layout separates the BE principle and
SDGs by organizing nodes hierarchically, simplifying parent-child con-
nections, revealing patterns, showing directionality based on hierarchy,
and reducing node overlap, making the network easier to interpret.

To ensure our network captures the most significant interactions, we
implemented a threshold-based approach. First, to accurately represent
the BE-SDG nexus, a country must demonstrate a number of indicator
pairs with determined directionality that surpasses the 10th percentile
of all interaction occurrences. Second, we visualized only those con-
nections that surpass the 25th percentile of all interactions of the corre-
sponding principle-goal or criterion-target interaction. Third, to identify
the more prominent direction in cases of multiple directionalities, we
assessed the magnitude of the difference between the respective direc-
tions. We only visualized directions that exceed the 75th percentile of all

from the indicator pair level to criteria-target and principle-goal levels

|

. Condition: Significance of interactions
. Condition: Significance of directionality

occurrences. This approach ensured a nuanced exploration of impactful
interactions while optimizing the clarity of the network representation.
Following Tantardini et al. (2019) suggestions on appropriate methods
for directed, weighted networks with Known Node-Correspondence, we
computed the Euclidean distance and Weighted Jarrcard distance. The
distance matrix forms the basis for subsequent clustering analysis, al-
lowing us to assess the proximity of networks based on their structural
characteristics. We compared the number of nodes, number of edges,
average path length, density, clustering coefficient, average degree, di-
ameter, betweenness centrality, eigenvector centrality, and assortativity
coefficient. Finally, we performed hierarchical clustering using Ward’s
method to group similar networks based on the computed distances.
This approach minimized the total within-cluster variance, effectively
creating clusters that are as homogeneous as possible.

3. Results

Our analysis highlights that while BE contributes to SDG progress,
its impact is constrained by trade-offs. In European countries, 55 % of
the BE-SDG interactions show synergies, while 45 % involve trade-offs,
indicating the need for nuanced strategies. Some countries may readily
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Fig. 3. Bioeconomy (BE) and Sustainable Development Goal (SDG) indicator interactions in Sweden and Spain. Panel (a) demonstrates how BE initiatives in Sweden
can enhance SDG progress, while panel (b) shows how BE activities in Spain may mitigate progress on SDGs. The example highlights the impact of land cover changes
in grasslands and agricultural land use - BE indicators under Principle (P) 1: Food and nutrition security, Criterion (C) 1.2: Sustainable intensification of biomass
production — on water-use efficiency (WUE) and water stress levels — indicator under SDG 6: Clean water and sanitation, Target (T) 6.4: Substantially increase WUE.
The transfer entropy calculations displayed below the interaction graphs reveal the direction of influence between these indicators.

leverage the existing synergies, while others may face context-specific
challenges that require tailored approaches.

3.1. Bioeconomy-SDG nexus — synergies and trade-offs

We identified directed interactions for 19 BE criteria and 109 SDG
targets across all 17 goals among 48 European countries. While 11.6 %
of the interactions indicate directed synergies, with SDGs driving posi-
tive BE change at an average share of 5.9 %, and 5.25 % of the interac-
tions show the BE positively influencing SDGs (Fig. 4). These findings in-
dicate that efforts to achieve the SDGs may have a stronger influence on
shaping the BE development. Bilaterally enhancing interactions are rare
(0.4 %). Trade-offs are evident, with BE transitions negatively impacting
SDGs (4.75 %) more than SDGs negatively affecting the BE (4.4 %), and
0.3 % of interactions being bilaterally mitigating (Fig. 4). The slightly
higher negative impact of the BE on SDGs (4.75 % vs. 4.4 %) suggests
current practices may not be fully sustainable.

While the BE-SDG nexus indicates positive, negative, or bidirectional
dynamics, a substantial proportion remained undirected (43 % synergies
and 33.7 % trade-offs; Fig. 2, Text S3 and Figure S4 in the Supplemen-
tary materials). Notably, the interaction between Principle 10 (Collab-
orative) & SDG 7 (Clean energy) or Principle 8 (Equitable) & SDG 15
(Life on land) show the highest share of directed interactions (33 %).
In contrast, Principle 4 (Resilient and fair) or Principle 9 (Responsible)
and SDG 1 (No poverty) remain largely undirected (85 %).

Directionality becomes more apparent at granular levels, with signif-
icant shares of influence evident in specific countries or criterion-target
interactions [Fig. 4(a) vs (b), and Figure S5 in the Supplementary Materi-
als]. For instance, BE criterion 1.1 (Food security) & SDG target 11.6 (Re-
duce urban environmental impacts) show almost no interactions (97 %
undirected), whereas BE criterion 9.1 (Sustainable biomass consump-
tion) & SDG targets 15.a (Mobilize resources to conserve ecosystems)
and 15.b (Finance sustainable forest management) exhibit the highest
share of directed interactions (43 %). Inferring dynamics at the coun-
try level reveals spatial heterogeneity in BE-SDG interactions (Fig. 5).
In countries like Germany, Poland, and Belgium, the positive impact of

SDGs on BE (33 % — 38 %) is stronger than the reverse (16 % - 21 %),
while the negative impact of BE on SDGs often exceeds that of SDGs on
BE. However, some countries, such as Germany, indicate relative homo-
geneity, with low shares of trade-offs in both directions (14 % - 19 %).

The prevalence of bi-directional dynamics in the nexus varies de-
pending on the analytical perspective. At the indicator level, interac-
tions that are bilaterally enhancing or mitigating represent the smallest
fractions. At the criterion-target level, the frequency of bidirectional dy-
namics increases as multiple indicator directionalities are aggregated.
Thus, multiple occurrences across the six defined categories often rep-
resent criterion-target interactions. This trend becomes even more pro-
nounced at the principle-goal level, where bi-directional dynamics dom-
inate, though their significance varies across individual interactions. For
example, the interaction between sustainable intensification of biomass
production (Criterion 1.2) and water-use efficiency (Target 6.4) high-
lights context-specific complexities. At the European level, interactions
indicate bi-directional dynamics, with no dominant unidirectional influ-
ence (BE enhances SDGs by 10 %, mitigates by 8 %; SDGs enhance BE
by 14 %, mitigate by 9 %). However, country-specific variations become
evident in Sweden and Spain (Fig. 3). In Sweden, efforts towards sustain-
able biomass production significantly enhance water-use efficiency by
22 %. In Spain, the positive effect is less pronounced at 4.5 %. Contrar-
ily, improvements in water-use efficiency affect BE outcomes, more so
in Spain (19 %) than in Sweden (7 %). Poppe Teran et al. (2023) high-
lights a significant increase (+24.2 %) in water-use efficiency in Eu-
ropean grasslands, attributed to regulated transpiration and increased
carbon assimilation. Fig. 3(a) partially reflects this effect in Sweden.
Fig. 3(b), referring to the same criterion-target interaction, illustrates
the intensification of Spanish agriculture through different indicators.
Spain’s agricultural land has decreased (Delgado-Serrano and Hurtado-
Martos, 2018), while the agricultural crops’ water requirements increase
(+21 %), primarily driven by increased evapotranspiration due to global
warming (Vila-Traver et al., 2020). While climate change may indi-
rectly influence the observed interaction, it exemplifies the dynamic
interplay between land and water use within the BE system. This is
particularly relevant in Spain, where a doubling of built-up areas has
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Fig. 4. Distribution of directed synergies (blue) and trade-offs (red) for bioe-
conomy (BE) and Sustainable Development Goal (SDG) interactions, each pre-
sented as a boxplot. Panel (a) illustrates the interactions at the principle-goal
level, panel (b) at the criterion-target level. BE transitions demonstrate a simi-
lar share of positive and negative influences on the SDGs, while efforts to achieve
the SDGs have a stronger positive than negative influence on the development
of a BE. The higher median and broader interquartile range observed at the
criterion-target level indicate greater variability in the directionalities of BE-
SDG interactions.

coincided with a decline in agricultural land and an increase in irri-
gated land (Delgado-Serrano and Hurtado-Martos, 2018). Also, climate
extremes are becoming more frequent, co-occurring, and persistent in
Europe (Pradhan et al., 2022).

3.2. The bioeconomy’s role in achieving SDGs

Among European countries, BE principles related to governance
(Principles 6 and 10) exert the most significant influence on SDGs. It
highlights the need to assess BE governance practices to understand their
role in advancing or impeding SDG progress. The top five principle-goal
interactions [Fig. 6(a)] depict the prominent role of Principle 10. Coun-
tries like Belgium, Croatia, France, Italy, Portugal, and The Netherlands
indicate a strong positive influence of Principle 10 on SDGs, particu-
larly SDGs 7, 12, 15, and 17. Criterion 10.1 (International cooperation)
contributes to several SDG targets by facilitating bioproduct trade. We
observe positive impacts on market access for developing countries (Tar-
get 17.12), agricultural productivity (Target 2.3), sustainable land use
(Target 15.1), biodiversity conservation (Target 15.4), and climate ac-
tion support through integrated policies (Target 13.2). Conversely, some
countries, e.g., Estonia, Poland, and Austria, also indicate high negative
impacts of Principle 10 on SDGs, e.g., SDG 8 (Decent work and economic
growth) and 12.

Geography and Sustainability 6 (2025) 100293

BE principles have the strongest overall positive and negative influ-
ence on SDG 13 (Climate change). This significant impact stems from the
close connection between many BE practices and their effects on green-
house gas emissions, resource use, and overall environmental sustain-
ability. For instance, our results show that BE practices have a notable
positive effect on reducing CO, emissions from the combustion of fossil
fuels, a key indicator of SDG 13. However, they can also have adverse
effects, such as land cover changes, intensive agricultural practices, and
extensive irrigation. These factors can increase greenhouse gas emis-
sions by releasing stored carbon, highlighting another critical SDG 13
indicator. In contrast, BE principles have the least detected influence on
SDG 11 (Sustainable cities and communities). BE principles often focus
on broader aspects of resource management and production systems,
which might not directly translate to urban planning and development
strategies central to SDG 11.

The top criteria influencing individual SDG targets do not necessarily
correspond to the top principle-goal interactions (Fig. 6 vs. Fig. 7). This
highlights a limitation of analysing interactions solely at the principle-
goal level. Aggregating results can obscure important details about di-
verse interactions, their potential for synergies, and the risk of trade-offs,
disabling the prioritization of specific interactions for focused interven-
tions. For instance, Principle 3 (Competitive & inclusive) negatively af-
fects SDG 12 (Responsible consumption and production), which ranks
among the top five trade-off pairs. Among the top five pairs at criterion-
target level, we observe, however, distinct interactions, with no SDG
12 target apparent. Instead, enhancing the resilience of rural and urban
economies through physical infrastructure (Criterion 3.3) negatively in-
fluences water-related ecosystems (Target 6.6) [Fig. 7(d)]. While de-
veloping BE infrastructure, such as for bioenergy and biofuel produc-
tion, can drive economic growth, without complementary measures, it
can result in negative effects on deforestation, greenhouse gas emis-
sions, nitrogen losses, food prices, and unsustainable water withdrawals
(Humpendder et al., 2018). Increased water consumption for processing
and crop cultivation, coupled with fertilizer runoff and habitat loss due
to land conversion, can disrupt local ecosystems and pollute waterways
(see Text S4 in the Supplementary materials for other examples of di-
rected synergies and trade-offs at the criterion-target level).

3.3. SDGs influences on bioeconomy transitions

Among European countries, strategies to preserve and restore bio-
diversity and ecosystems (SDG 15) have the most significant positive
influence and least negative on the BE, especially in countries such as
Austria, Estonia, Germany, Poland, and Slovakia. Conversely, SDG 12
has the most significant negative influence on European countries, such
as Cyprus, Bulgaria, Turkey, Portugal, and Lithuania. High resource use
and waste generation can deplete the resources required to produce bio-
products. Market volatility, driven by unsustainable consumption, also
challenges BE businesses seeking to plan and invest over the long term.
For instance, substituting plastic water bottles with more expensive bio-
plastic alternatives might seem sustainable. Still, it doesn’t address over-
consumption, a key driver of environmental impact, and may exacerbate
social inequalities (Rosenboom et al., 2022). SDG 6 (Clean water and
sanitation) has the highest net impact, highlighting the need to consider
synergies and trade-offs in multiple directions, particularly in Turkey,
Ireland, Poland, North Macedonia, and France.

Diverse SDGs and targets influence similar BE principles [Fig. 6(b)
and (d)] and criteria [Fig. 7(b) and (e)], with a notable dominance on
economic-related aspects. Principles 3, 6, 8, and 10 are, on average,
the most influenced by SDGs, positively and negatively. Achieving SDGs
that promote sustainable practices, local participation, knowledge shar-
ing, tertiary education, and ecosystem protection positively influences
local economies (Criterion 8.1). For example, greater internet access,
increased technology transfer, and capacity building (Target 17.8), par-
ticularly in less developed European regions, positively influenced par-
ticipation in the bio-based market through biomass trade and related
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Fig. 5. Average share of synergies and trade-offs between bioeconomy (BE) and Sustainable Development Goal (SDG) interactions across European countries,
categorized by the directionality of the interactions: (a) BE enhancing SDGs, (b) SDGs enhancing BE, (c) bilateral synergies enhancing BE-SDG interactions, (d)
bilateral trade-offs mitigating BE-SDG interactions, (e) BE mitigating SDGs, and (f) SDGs mitigating BE. The share it according to the occurrences of interactions at
the BE principle and SDG goal level.
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Fig. 6. The top five bioeconomy principles (BEPs) and Sustainable Development Goal (SDGs) interactions, categorized by directionality and strength (in [%]): (a),
(b) represent synergies, while (c), (d) depict trade-offs. The interactions are identified in at least one-third of European countries.

technologies (Criterion 8.1). Online platforms enable especially small-
scale producers to reach wider audiences and access vital information
on sustainable practices, market trends, and financial services, fostering
their integration into value chains, e.g., an internet-based trading floor
for biomass fuels for Europe (Boermans and Schillig, 2005). Increased
internet usage further stimulates demand for and awareness of bio-based
products, exemplified by Eastern European companies leveraging online
channels to reach consumers (Barska and Wojciechowska-Solis, 2020).
Ultimately, the synergy between technology transfer, internet access,
and bioproduct trade highlights the importance of digital infrastructure
and knowledge-sharing in fostering a dynamic, interconnected, and col-
laborative European BE.

Examining trade-offs at the criterion-target level, four of the top five
negative SDG-BE interactions involve SDG 9 (Industry, innovation, and
infrastructure). SDG targets 9.1 and 9.4, both about upgrading infras-
tructure and retrofitting industries to make them sustainable, negatively
impacting BE Criterion 3.3 (resilience of rural and urban economies),
likely due to competing priorities such as infrastructure expansion and

resource allocation. Improved access to financial services for small-scale
industrial and other enterprises (Target 9.3) can boost economic growth
but may inadvertently obstruct climate change mitigation efforts (Cri-
terion 2.2). The resulting expansion and intensification of economic ac-
tivities across various sectors can generate negative environmental ex-
ternalities that counteract the BE’s climate benefits.

For example, studies in Eastern Europe suggest an inverted N-shaped
Environmental Kuznets curve for deforestation (Zafeiriou et al., 2023),
where initial economic growth leads to reduced deforestation, and fur-
ther growth counterintuitively results in its resurgence. A policy em-
phasis on economic growth, often through agricultural expansion, can
outweigh environmental concerns, negating forests’ carbon sequestra-
tion potential. As domestic demands and export purposes drive those
patterns, integrating these enterprises into global value chains increases
transportation-related emissions. These negative externalities can un-
dermine progress towards climate goals and hinder the transition to
a low-carbon BE, particularly as smaller enterprises, facing increasing
competition from large-scale facilities, strive to maintain profitability.
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Fig. 7. The top five bioeconomy (BE) criteria and Sustainable Development Goal (SDG) target interactions, categorized by directionality and strength (in [%]): (a),
(b), (c) represent synergies, while (d), (e), (f) depict trade-offs. The interactions are identified in at least one-third of European countries.

This pressure can incentivize practices prioritizing short-term economic
gains or social equity over long-term climate solutions. Text S5 in the
Supplementray materials elaborates on other examples of directed syn-
ergies and trade-offs at the criterion-target level.

3.4. Bioeconony-SDG networks

Networks at the principal-goal level indicate significant closeness
due to the aggregation of directionalities (Data S5 in the Supplementary
materials). The high bi-directionality among interactions and the holis-
tic representation of BE principles and SDGs contribute significantly to
network proximity. However, the criterion-target networks reveal vari-
ations in the frequency and direction of influence, primarily in target
occurrences rather than criteria (Data S6 in the Supplementary mate-
rials). These diversified shares of synergies and trade-offs decrease the
network’s proximity. We observe 37 to 66 nodes representing diverse
criteria and targets, connected by 125 to 371 edges illustrating syner-
gies and trade-offs. Both the number of nodes and edges can influence
the nexus’ complexity, indicating a more integrated and diverse or more
focused set of interactions.

Austria has the highest number of nodes (66) among synergy and
trade-off networks, while Iceland has the fewest with 44 and 37 nodes,
respectively. Germany exhibits the most positive interactions (371),
whereas North Macedonia has the fewest (145). Regarding negative in-
teractions, Lithuania exhibits the highest count (318), whereas Belarus
has the lowest (125). The range of edges’ weights extends from 10 % to
100 %, indicating that synergistic or impeding relationships can consti-
tute a significant portion or even the entirety of the interactions within
these systems. Turkey and North Macedonia exhibit unique dynamics,
characterized by both the highest average shares of synergies (> 39 %)
and trade-offs (> 40 %). Ireland, Albania, and Iceland have similarly

high average shares of synergies (> 37 %). Contrarily, Greece, Denmark,
and Finland have the lowest average shares of synergies (< 29 %). Italy,
Belgium, Finland, and Spain exhibit networks with the fewest negative
impacts within the BE-SDG nexus on average (< 28 %).

Our analysis revealed a clustering coefficient of zero, indicating the
absence of communities or tightly connected groups within the network.
This, coupled with the relatively short average path length and diameter,
suggests that the flow of information or influence within the network is
limited. The bivariate nature of our analysis likely contributes to these
findings. The networks are characterized by a relatively low average
density, suggesting a sparse structure with numerous non-existing con-
nections between criteria and targets. Every criterion is, on average, con-
nected to 2 to 4.5 targets or vice versa. The variance in the density and
average degree suggests that some networks are better connected than
others. For example, concerning synergy networks, Germany, Switzer-
land, and Ireland are countries with a higher number of nodes, connec-
tions, density, and average degree. Despite having many nodes, North
Macedonia, Serbia, and Ukraine exhibit low levels of synergistic con-
nections, density, and average degree, resulting in more fragmented
networks. The networks are also partially decentralized, allowing for
alternative pathways and reducing the risk of total network collapse if
a single node is removed. A few nodes have significantly higher central-
ity scores (betweenness and eigenvector), suggesting that these nodes
are critical hubs. There are nodes with mid-to-lower centrality values,
which implies that centralization is not extreme.

Furthermore, the networks display heterophilic patterns with dis-
assortative mixing due to the bivariate scenario, which includes only
criterion-target interactions without criteria-criteria or target-target in-
teractions. As all assortativity coefficients are negative, we can conclude
that high-degree nodes tend to connect with low-degree nodes. In prac-
tical terms, this might mean that more influential or central nodes (of-
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Fig. 8. Hierarchical clustering of European countries based on bioeconomy (BE) and Sustainable Development Goal (SDGs) interaction networks: the clustering is
shown for networks characterized by synergies (a) and trade-offs (b), using the Euclidean distance method. The vertical axis, representing height (or dissimilarity),
provides insights into the degree of similarity between countries’ network structures.

ten criteria) in the network are interacting with less influential nodes
(mainly targets), potentially forming star-like structures or bridging dif-
ferent communities with the network. Such a structure promotes diver-
sity within connections. For example, social-oriented criteria tend to
interact with a set of targets, whereas environmental-oriented criteria
interact with a slightly different set of targets. For instance, the United
Kingdom’s network shows a weaker negative assortativity (approx. -
0.4), indicating diversity in connections. This might be advantageous
for synergistic networks regarding functionality and resilience but dis-
advantageous in trade-offs. Turkey’s trade-off network is strongly disas-
sortative (-0.68), dominated by negative interactions primarily centered
around the environ- mental BE criteria of water quality and quantity
maintenance (Criterion 2.3) and land, soil, forest, and marine environ-
mental preservation (Criterion 2.4) and that consumption of bioecon-
omy goods aligns with sustainable biomass supply levels (Criterion 9.1).

We categorized countries into four clusters based on the synergies
between BE criteria and SDG targets [Fig. 8(a), Figures S6 to S8 and
Text S6 in the Supplementary materials comparison to the weighted

10

Jaccard distance method]. Western and northern European countries
are clustered closely at a lower height, indicating a high level of struc-
tural similarity in their BE-SDG synergy networks. Countries in this
cluster, such as Belgium, Denmark, Finland, and Ireland, are under-
going a transition by modernizing their BE activities and implement-
ing structural changes, while others are still in the early stages of this
transition (Ronzon et al., 2022). Their clustering suggests strong align-
ment in their network structures and is driven by the countries’ dedi-
cated national BE strategies already implemented or under development
(European Commission, 2024). France, Austria, and Germany stand out
as a distinct cluster, distinguished by their exceptionally high number
of edges. While geographically close, these countries also lead in ad-
vanced BE strategies with significant sustainability focus (Dolge et al.,
2023), indicating an overall higher share of synergies than trade-offs.
In contrast, southern and eastern European countries form clusters at a
much higher height, reflecting more substantial differences in network
structures compared to their Northern counterparts. Iceland may be an
outlier with distinct network structures within its respective regions,
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reflecting unique policy approaches or different stages of BE-SDG inte-
gration. Further, the southeastern cluster, containing, e.g., North Mace-
donia, Republic of Moldova, or Albania, is relatively distant from the
other three clusters, reflecting unique synergistic network features.

The trade-off network dendrogram (Fig. 8(b)) reveals key differences
in cluster composition and height compared to the synergy network clus-
ters. The majority of northern and western European countries are clus-
tered together with Italy, Portugal and Spain. Iceland and Switzerland
exhibit a high dissimilarity in the network structure compared to their
regional counterparts. In contrast to the synergy clusters, two clusters
within the trade-off networks are more similar to each other than to two
clusters located in closer proximity. The divergence in network struc-
tures leading to diverse network clusters underscores the importance
of considering context-specific factors when analysing BE-SDG interac-
tions.

4. Discussion

While previous research has mainly explored the impact of the
BE on SDGs qualitatively, there has been less evidence in quantita-
tively analysing the nexus, and even fewer studies have looked into bi-
directional dynamics. We investigated synergies and trade-offs within
the BE-SDG nexus quantitatively. By doing so, we could also define
the drivers of change. Besides BE principles and SDG interactions, we
conducted a granular analysis examining individual criteria and target
interactions. For example, instead of assessing high-level aspirations,
e.g., “inclusive economic growth”, we dissected specific elements such
as “resilience of rural and urban economies”, “land ownership” or “fi-
nancial support for small-scale enterprises”. Our evaluation of the BE-
SDG networks for European countries shows distinct regional variations,
where we applied weighted, directed networks to investigate these in-
teractions. Understanding the distances between these networks can
inform various implications, such as identifying potential for collabo-
ration among countries with similar network structures and determin-
ing the need for targeted interventions in outlier networks with unique
features. Our analysis demonstrated that countries cluster according to
shared characteristics and challenges, suggesting that a one-size-fits-all
approach may not effectively promote BE-SDG integration across Eu-
rope.

4.1. Interpretation of findings

We found a relatively even distribution of positive and negative in-
teractions within the BE-SDG nexus, which corresponds with findings
by others (Heimann, 2019; Ronzon and Sanjuén, 2020). Leveraging the
BE for SDG progress requires careful consideration, as its impact de-
pends on the implemented practices. While the negative impact of the
BE on SDGs is only slightly higher (4.75 % vs. 4.4 %), this trend, along
with the broader prevalence of trade-offs, highlights the need to balance
BE transitions to enhance sustainability. Governance- and collaborative-
related BE principles are central to this dynamic, causing synergies and
trade-offs with various SDGs. Thus, to address trade-offs, a collabora-
tive approach is essential to unite international, national, public, and
private actors while working beyond the European context on emerging
issues. Our analysis suggests that well-designed market mechanisms, co-
herent policies, regulatory interventions, transparent governance, and
institutions in the BE encompass a bottleneck for accelerating sustain-
ability progress, transcending SDGs and targets. Yang et al. (2024) rec-
ommend three mechanisms to drive this shift: cooperation among coun-
tries with similar bioresources or capabilities, peer-led initiatives, and
policy and technology coherence. SDG 13 is particularly susceptible to
positive and negative influences from BE transitions, highlighting the
importance of selecting practices that align with climate goals. Simi-
larly, Tobben et al. (2024) concluded that there are major trade-offs
between the goals of climate change mitigation and the preservation of
ecosystems through the protection of natural land.
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Some SDGs have a stronger directional influence in driving positive
changes toward a BE. SDG 15 appears to be the most positively influ-
encing SDG, while SDG 12 has the strongest negative influence. These
findings align with Ronzon and Sanjuan (2020), who identified that
ecosystem preservation (SDG 15) positively correlates with most other
BE-related SDGs. In contrast, domestic material consumption of biomass
(SDG 8 and SDG 12) has negative interactions.

Our analysis reveals that determining a one-directional influence be-
tween the BE and SDGs is challenging due to their complex and inter-
connected nature. Generally, the aggregation of results leads to a pre-
dominance of bidirectional interactions at the criterion-target and even
more at the principle-goal level. This is due to the multidimensional
nature of criteria and targets, measured by diverse indicators, result-
ing in a complex system of influences. The aggregation process tends
to mask these complexities, highlighting the importance of considering
context-specific factors and granular interactions to understand BE-SDG
dynamics comprehensively. For example, recurring synergies and trade-
offs observed regarding small-scale producers, rural empowerment, and
policy coherence underscore the need for targeted interventions to un-
lock their potential. Toma et al. (2021) propose a multifaceted approach
to encourage participation by small-scale farmers, including enhancing
market integration through continued support for short supply chains,
ensuring adherence to appropriate hygiene and quality standards, fa-
cilitating the adoption of sustainable practices and innovative digital
technologies, investing in rural infrastructure and services, aligning in-
vestments with broader development goals through mechanisms like Co-
hesion funds; and simplifying agri-environment and climate measures.
Yet, food system research prioritized availability and access over rural
land use, while rural agri-food planning overlooked the inclusion of sus-
tainability (Jonsdéttir and Gisladoéttir, 2023).

Our findings emphasize that BE-SDG network clusters are influ-
enced more by economic development and the advancement of BE
strategies than by regional factors. Similarly, Calicioglu and Bogdan-
ski (2021) concluded that the link between BE principles and SDGs
varies considerably depending on a country’s strategic BE objectives. Ad-
vanced economies like Germany, Austria, and France cluster in synergy
networks, reflecting strong BE and SDG integration. At the same time,
Eastern and Southern European countries show distinct patterns due to
different development stages. Trade-off clusters highlight conflicts in in-
dustrialized nations, particularly around balancing bioeconomic growth
with environmental goals. Iceland, Switzerland, and Turkey emerge as
outliers compared to their regional counterparts. This indicates unique
national challenges or approaches to BE and SDG integration that dif-
fer from broader European trends. Countries that cluster closely in syn-
ergy networks, such as those in Northern and Western Europe, demon-
strate a high degree of alignment in their BE strategies and sustainable
development, suggesting opportunities for shared policy frameworks
and best practice exchanges. Whilst Northern and Western European
countries might be at the early stages of a transition, other countries’
transition remains elusive (Ronzon et al., 2022). Countries with simi-
lar trade-off networks — often in Eastern and Southern Europe — in-
dicate shared challenges in balancing BE growth with sustainable de-
velopment, pointing to the need for joint efforts in mitigating negative
impacts. Ronzon et al. (2017) further demonstrated the diversity of BE
across EU member states, identifying country clusters based on labour
productivity and employment share in biomass-related sectors that can
be related to our findings. Overall, the proximity of countries in these
network clusters offers insights into potential regional partnerships and
strategic interventions to optimize BE and SDG outcomes, particularly
where structural similarities can drive more effective and collaborative
policy actions.

4.2. Limitations

For adequate interpretation of our findings, it is also essential to ac-
knowledge the limitations of our approach. Transfer entropy between
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time series, the method we applied, does not necessarily imply causal-
ity but generates causal hypotheses, providing valuable insights into the
direction and strength of the information flow between the variables.
Nevertheless, we advanced the quantitative investigation of SDG inter-
actions to obtain causal hypotheses moving beyond correlation analysis.
Further, our analysis did not capture confounding factors or underly-
ing mechanisms. Due to limitations in the mathematical investigation,
some detected synergies and trade-offs might remain undirected or po-
tentially spurious. However, we attempt to interpret some underlying
mechanisms behind the synergies or trade-offs by delving deeper into
existing literature (Pradhan, 2023). The analysis further revealed that
most interactions remained undirected. It is anticipated that as time-
series data accumulates, the share of undirected interactions may de-
crease, strengthening the statistical approach and potentially revealing
clearer directional influences. However, a comprehensive understand-
ing of interactions within the system is founded on the need for reliable
data. Also, although sectoral and disaggregated data are available, many
BE practices are cross-cutting, and our compiled database might not ef-
fectively capture them. Nevertheless, we provided a BE database for the
first time, rooted in the FAQ’s definition of the BE and its principles, cri-
teria, and indicators. Future research could explore BE data scalability
for effective application across diverse contexts (Mesa et al., 2024), ac-
counting for sustainability impacts beyond borders (Zhang et al., 2024).
We also acknowledge the heterogeneity of data within our statistical
analysis. The number of indicator pairs representing interactions indi-
cates substantial variation across countries. Due to data limitations and
the application of thresholds and significance criteria, the number of
countries included in the analysis decreases progressively at each step,
as does the number of indicator pairs analysed. While not yet exhaustive,
our compiled databases enable dynamic analysis across all dimensions
of sustainability, providing a valuable resource accessible to a broader
research community.

4.3. Implications

We demonstrated that the FAO’s BE framework, though conceptu-
ally promising, has yet to materialize in practice. Leveraging the BE to
advance SDG progress within the current context could appear counter-
productive, resulting in unintended trade-offs and untapped synergistic
potentials. In other words, without additional measures and efforts, the
sustainability of the existing BE concepts is not assured (Heimann, 2019;
Ronzon et al., 2022).

Regarding the transformational effect of the BE transition on the
2030 Agenda, our findings also suggest slow and rather unsustainable
progress. For example, the BE is a cornerstone of the European Green
Deal’s ambition for climate neutrality by 2050. However, the gap be-
tween the Green Deal’s primary focus on agricultural production, land
use, and biodiversity and the equally critical area of dietary change and
food consumption within the EU led to substantial global spillover ef-
fects, resulting in a net loss for the global environment (Zhong et al.,
2024; Zhao et al., 2025). Also, the EU’s BE, driven by the growing de-
mand for biofuels and bio-based chemicals, contributes significantly to
GHG mitigation from fossil fuels but could increase agricultural water
use and loss of forest areas (Tobben et al., 2024).

To mitigate these trade-offs, BE policies must prioritize sustainable
consumption, circularity, and adherence to the waste hierarchy. The bal-
ance of synergies and trade-offs raises questions about the true sustain-
ability and circularity of BE transitions. Evaluations of IPCC reports also
reveal gaps in the holistic consideration of sustainability (Pradhan et al.,
2025), emphasizing the need for future transitions to comprehensively
address the interconnectedness of climate change, SDGs, and the bioe-
conomy. Transgressing the solid approach, using a transformative sys-
temic one that accounts for all SDGs, combining interaction analysis
and modelling, including scenario analysis of various policies, is needed
to strengthen the science-policy interface (Pradhan et al., 2024). While
current BE practices may not be sufficient to drive radical change, iden-
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tifying strategic entry points and leveraging synergies can significantly
accelerate progress. Even in the face of delays and trade-offs, Europe
can substantially impact sustainability by prioritizing efficiency, circu-
larity, renewable energy, and innovation, serving as a model for others
to follow.

5. Conclusions

BE falls short of contributing to a transformational role in advanc-
ing SDGs. While often seen as a catalyst for SDG progress, European
BE practices reveal a moderate transformational role. We observed syn-
ergies and trade-offs within the BE-SDG nexus, varying across criteria,
targets, and geographical scales. Though conceptually promising, the
FAO’s BE framework has yet to materialize. Nevertheless, progress to-
wards the 2030 Agenda has demonstrated a stronger positive influence
on the BE. We investigated the complexities of the BE-SDG nexus, focus-
ing on statistical time series analyses. This approach facilitates prioritiz-
ing specific BE and SDG areas for targeted interventions. Our findings
highlight that understanding causal interactions at both national and re-
gional levels is essential for developing effective BE transition strategies.
Knowledge of the nexus dynamics would allow countries to maximize
opportunities presented by synergies and minimize potential drawbacks
associated with trade-offs, ensuring a more sustainable and equitable fu-
ture. Our findings also respond to the need to inform the policy debate
on the interactions from a holistic viewpoint. From a policy coherence
perspective, many EU policy instruments and strategies are already in
place to foster synergies and prevent trade-offs. Still, they have not yet
overcome the antagonisms observed in this study. Collaborative efforts
among European countries are particularly effective in driving this pos-
itive change towards achieving both BE and SDGs.
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