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Abstract: In the face of global challenges, innovative methods of production and consumption are vital, and the bio-
economy signifies a transformational shift based on biological processes, minimal energy use and full integration of re-
sources into ecosystems. This study focused on a sectoral analysis of bioeconomy opportunities with a focus on bio-
energy and waste management in an agriculture sustainable approach. Literature-based analysis was used to approach
the research objectives of the roadmap design methods. A comprehensive sectoral analysis of the bioeconomy was
conducted with a special emphasis on bioenergy and food security. A conditional roadmap of bioeconomy implementa-
tion clusters was presented, which is in line with global trends. Agriculture, being an integral part of the bioeconomy,
faces challenges due to ecosystem degradation, water scarcity, and poverty. The global trend of biotechnology adoption
in agriculture offers benefits for sustainable bio-economic development, including soil conservation, cost reduction,
job creation and improved food quality. Thus, the bioeconomy has significant potential to address global challenges
and achieve sustainable development, which requires innovation, regional adaptation and a commitment to harmonise
economic growth with environmental conservation. Further research into the involvement of the rural areas in the
development of bioeconomy is required.
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Bioeconomy encompasses a diverse range of sectors,
including agriculture, forestry, fisheries, bioenergy, and
bioproducts, all of which rely on biological resources for
sustainable production and innovation (European Com-
mission 2022; Siebert et al. 2022). Within this framework,
agricultural biomass and waste represent a particularly im-
portant area, providing opportunities for value addition,
renewable energy generation, and the development of bio-
based products. By focusing on the agricultural approach,
this study highlights how sector-specific strategies can con-
tribute to the broader objectives of the bioeconomy.

The current challenges of climate change, land and eco-
system degradation, combined with the growing demand

for food and energy, are forcing humanity to look for
new ways of production and consumption. A sustain-
able and circular bioeconomy contributes significantly
to addressing these challenges (Rojas-Serrano et al. 2024).
The bioeconomy represents a new frontier in econom-
ic development that prioritises the reuse and recycling
of secondary raw materials, including waste. This ap-
proach fosters an environment conducive to the repeated
and cyclical utilisation of resources, resulting in increased
gross domestic product and advancements in a country's
socio-economic development (Hodgson et al. 2022).

The bioeconomy is also seen as one of the aspects
of economic activity, an economy based on production
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paradigms that are associated with biological process-
es, use natural resources from the environment, require
minimal energy consumption, and do not pollute the
environment, as the input resources are used more than
once and are completely transformed in the ecosystem
(Tan and Lamers 2021; Holden et al. 2023). In summa-
ry, the bioeconomy in terms of production encompasses
elements: the sustainable use of renewable biomass and
efficient bioprocessing, the incorporation of enabling
technologies like biotechnology, and its widespread
application across sectors such as agriculture, forestry,
healthcare, and industry according to the FAO (2018).
Bioprocessing of organic waste is gaining increasing
importance worldwide for the production of valuable
bio-based products such as biofertilisers, bioethanol, bio-
hydrogen, biogas, bioplastics, organic acids and bioen-
zymes (Adetunji et al. 2023; Velasquez-Pinas et al. 2023).
For example, this strategy enables wastewater reuse,
reduces water sources pollution and produces valu-
able compounds that contribute to human health, such
as phycobiliproteins, carotenoids, omega-3 fatty acids,
exopolysaccharides, mycosporine-like amino acids,
and serve as a source of bioenergy (Najar-Almanzor
et al. 2023). Valenti et al. (2023) provided a rationale for
using agroindustrial by-products as energy sources and
initiating efficient bioeconomic processes for sustain-
able utilisation of renewable natural resources. Differ-
ent areas of biomass processing are emphasised within
the circular bioeconomy system, such as lignin-derived
biochar to improve the conversion of the typical lignin
monomer, which is a challenging substrate to digest,
as outlined by Valenti et al. (2023). However, a compre-
hensive environmental study must be performed before
the introduction of biorefineries. For this purpose, envi-
ronmental life cycle assessment is widely applied (Kie-
hbadroudinezhad et al. 2023). Life cycle assessment,
life cycle cost and social life cycle assessment should
be completed to ensure market adoption of derived
products and business models (Siegfried et al. 2023a).
The development of agriculture based on bioecon-
omy principles is essential for achieving sustainable
development and food security despite climate change
and limited natural resources. Implementing circular
approaches in the agricultural sector can reduce green-
house gas emissions, improve soil fertility, and enhance
the efficiency of biomass use (Khanna et al. 2024). Bio-
economy practices require innovative biotechnologies
such as precision farming and genetic modification,
which optimise agricultural processes and reduce re-
source consumption (Cidén et al. 2021). The Europe-
an Investment Bank (2018) emphasises the role of the
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bioeconomy in utilising renewable resources from both
land and sea to produce food, materials and energy,
thus enhancing resource efficiency and supporting the
transition to a low-carbon economy. Organic farming,
as an essential component of the bioeconomy, supports
ecosystem protection through efficient water and land
management while minimising chemical inputs (Ci-
dén et al. 2021). For the successful adoption of bioeco-
nomic practices, not only technological innovations are
necessary, but also state support programs and market
mechanisms that encourage farmers to implement new
approaches (Khanna et al. 2024).

Building on the results of previous research, this study
provides a sectoral analysis of bioeconomy opportuni-
ties, illustrated with examples from the literature, with
particular attention to bioenergy and waste manage-
ment within a sustainable agricultural framework.

MATERIAL AND METHODS

A literature-based analysis was conducted using com-
prehensive searches of the Scopus and Web of Science
(WoS) databases, complemented by online research
support tools to explore scholarly literature on bioeco-
nomy. The scope of the study primarily covers the Eu-
ropean Union countries, while selected examples from
other global regions are included to provide compar-
ative context. This focus ensures the relevance of the
findings to EU-specific policies and sectoral develop-
ments, particularly in agriculture and bioenergy.

To identify emerging research trends, a set of carefully
selected keywords was applied, reflecting the agricultural
focus of the study: 'bioeconomy AND biogas, 'bioeconom-
ics AND rural areas), renewable resources AND bioec-
onomy', and ‘agriculture AND waste AND bioeconomics’.
While the broader bioeconomy can include forestry, bio-
based construction materials, and other sectors, this study
concentrates on agricultural biomass, waste valorisation,
and bioenergy applications to maintain a coherent scope.

The analysis tools with an initial example of the results
obtained are presented:

i) An examination of trends in publication activity
over time, supported by illustrative examples from the
literature, makes it possible to trace the evolving dynam-
ics of global interest in the bioeconomy field, with par-
ticular attention to historical milestones in sustainable
economic development.

i) Analysing the applications and directions of bio-
economy research, as reflected in selected publications,
helps to clarify sector-specific developments within this
emerging economic paradigm.
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iit) A review of publication dynamics across different
countries highlights, through documented examples, the
principal contributors to the advancement of bioproducts
for economic development in various global regions.

iv) Considering the sources of project financing, as iden-
tified in relevant publications, allows for an assessment
of the funding landscape within the field of bioeconomy.

Visual illustrating the development of bioeconomy, with
afocus on the bioenergy sector, were created using Canva
software to provide a clear and accessible representation
of research trends and sectoral interconnections.

RESULTS AND DISCUSSION

Overview of sectoral implementation of 'bioecono-
my' and its main components. Bioeconomy represents
alternative solutions that could harness innovation, pro-
mote economic growth and, most importantly, produce
beneficial outcomes for society and the environment.
The national programmes of different countries have sig-
nificant potential for the development of the bioeconomy;,
selected examples of which are presented in Table 1.

Within the European Union, several member states
stand out as leaders in the development and imple-
mentation of national bioeconomy strategies (D'’Adamo
et al. 2020; Siebert et al. 2022). Germany has established
a comprehensive National Bioeconomy Strategy, strongly
linking research, innovation, and industrial deployment.
Finland's updated Bioeconomy Strategy 2022-2035 em-
phasises value creation, climate neutrality, and cross-
sectoral collaboration. The Netherlands has consistently
advanced bio-based policies since the mid-2000s, focus-
ing on biomass valorisation and regional implementa-
tion. Sweden has adopted roadmaps for sustainable use
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of biological resources, while France launched a national
Bioeconomy Strategy and Action Plan (2018—-2020), with
substantial investments in biotechnology and agricul-
tural biogas. Comparative research confirms that these
countries are among the frontrunners in shaping the
European bioeconomy through coordinated policies, in-
novation support, and regional engagement (Siegfried
et al. 2023a, b; Petropoulos et al. 2025).

The circular economy aims to change the classical lin-
ear model of production by focusing on products and
services that minimise waste and other types of pollution.

The above scenarios were used as indicators of the
impact categories of the life cycle assessment, which
are presented in Table 2.

The environmental impact of biogas plants through-
out their full life cycle can be further improved by good
agricultural practices for digestate application, as well
as by reducing the amount of fossil fuels used in the
cultivation and transportation of energy crops (Fuchsz
and Kohlheb 2015).

The factors influencing the development of the agri-
cultural system in the context of bioeconomy advance-
ment have been classified in Figure 1.

Social factors such as urbanisation and demographic
changes play a crucial role in agricultural development.
The increasing trend of urbanisation and the migra-
tion of rural populations to urban areas put pressure
on rural territories, necessitating increased labour pro-
ductivity to compensate for the workforce shortage.
Migration also occurs within the agricultural sector
itself, with people moving from less favourable areas
to more favourable ones (Jha and Bag 2019) Accord-
ing to Saketta (2022), improving rural-urban linkages,
such as enhancing infrastructure and integrating rural

Figure 1. Factors shaping the agricultural system within the context of bioeconomy developmen

Source: Authors' own elaboration
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Table 1. National programs for the development of bioeconomy

Programme name,

. Brief overview Source
country, or region

The Nordic platform, grounded in national programs,

o strengthens Nordic and international research and inno-
Nordic initiative

on bioeconomy,
Nordic countries

vation efforts for the shift toward a holistic bioeconomy. NordForsk (n.d.),

It offers new perspectives on how collaborative research Lyche Solheim et al. (2023)
and innovation can advance biological and sustainable

development within society.

The EU Bioeconomy Strategy promotes the sustainable use

of biological resources for food, energy, and bio-based prod- Liobikiene and
. . ucts while reducing dependence on non-renewable materi- Miceikiené (2023)
]ilfo :;:E%mm strategy als and supporting climate goals. Its action plan focuses Kromer et al. (2024)
on boosting bio-based sectors and investments, fostering European Commission, (2022)
regional deployment, and ensuring ecological sustainability Ry$-Jurek (2024)

through monitoring and ecosystem protection.

The National Bioeconomy Strategy in the Netherlands aims
to transition from fossil fuels to a sustainable, bio-based

economy, leveraging the country's strengths in agriculture
Interreg North-West

Europe (2018)
Samen and Kaldiyarov (2025)
Robaey et al. (2022)

. . and industry. This strategy is driven by the need to address
National bioeconomy

strategy, the Netherlands climate change and resource dependency while capitalising

on economic opportunities. The Dutch government adopts
a facilitative governance approach, promoting regional clus-
ters and innovation, which contrasts with more traditional
top-down strategies seen in other countries.

The National Bioeconomy Strategy in Sweden aims
to transition towards a sustainable economy by lever-

aging its natural resources, particularly in the forestry Fossil Free Sweden (n.d.)
ossil Free Sweden (n.d.

Petropoulos et al. (2025)

National bioeconomy

sector. This strategy is characterised by a focus on biore-
strategy, Sweden

fineries, innovation, and collaboration among various
stakeholders. The following sections outline key aspects
of Sweden's bioeconomy strategy.

The National Bioeconomy Strategy in France aims

to transition towards a sustainable economy by lever-

aging biological resources. This strategy encompasses

various sectors, including agriculture, biomedicine, and
National bioeconomy environmental management, with a focus on reducing Rao and Pliquet (2023)
strategy, France reliance on fossil fuels and enhancing resource effi- Javourez et al. (2023)

ciency. Key components of the strategy include the

promotion of biotechnologies, the development of inno-

vative biotherapies, and the optimisation of residual

biomass utilisation.

The National Bioeconomy Strategy of Finland aims
to transition towards a low-carbon and resource-efficient
National bioeconomy society, leveraging renewable natural resources and sus- MEAE (2022)
strategy, Finland tainable development. It emphasises the forestry sector, Toivanen (2021)
alongside agriculture and circular economy initiatives,
to foster a comprehensive bioeconomic framework.
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Table 1 to be continued.
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Programme name,
country, or region

Brief overview

Source

National bioeconomy
strategy, Italy

National bioeconomy
strategy, Germany

The Bioeconomy,
Bioenergy, Bioproduct (B3)
Program, USA

Italy's National Bioeconomy Strategy is part of a broader
European effort to transition from a fossil-based
economy to one that is bio-based, leveraging renewable
resources. This strategy is aligned with the European
Bioeconomy Strategy and aims to address grand societal
challenges by promoting sustainable production and
consumption practices. Italy's approach is characterised
by a focus on policy mixes that integrate various sectors,
including energy and manufacturing, to foster a bio-
based economy. The strategy emphasises the importance
of multi-level governance within the European Union

to reinforce this transition.

The program aims to develop innovative solutions aligned
with the 2030 Agenda for Sustainable Development, rec-
ognising and leveraging the potential of the bioeconomy
while staying within ecological limits. It emphasises

the enhancement and application of biological knowl-
edge, with a particular focus on biomass as a renewable
raw material. The program seeks to position Germany

as a global leader in bioeconomy innovation by fostering
societal involvement and strengthening both national and
international collaboration. Biogenic resources are viewed
as more than mere substitutes for fossil materials; they
enable the creation of new products, such as nutritional
supplements for improved infant food, advanced compos-
ite materials for construction or automotive applications,
and optimised, resilient crops.

The program seeks to create new opportunities for farm-
ers and ranchers through the promotion of sustainable
biomass crop cultivation, the development of regional
supply chains, and the advancement of bioproducts,
biomaterials, and advanced biofuels, while also testing
commercialisation models. The program aims to reduce
carbon emissions by supporting resilient agricultural
and food systems and enhancing ecosystem services

to promote ecological well-being. In addition, it focuses
on increasing domestic job creation in rural and urban
areas by cultivating a skilled workforce in emerging sec-
tors and decreasing dependence on imported oil.

Marchetti and Palahi (2020)
Petropoulos et al. (2025)

BMBE (2020)
Jafari et al. (2023)
Siegfried et al. (2023b)
Siebert et al. (2022)

The National Institute of Food
and Agriculture (n.d.)

Source: Authors' own elaboration

communities into agricultural value chains, is essential
for maximising the benefits of urbanisation while mini-
mising its negative impacts. In some regions, migration
trend can lead to a significant reduction in the agricul-
tural labour force, increasing labour costs and relying
heavily on older, less efficient workers, which further
affects agricultural productivity (Dokubo et al. 2023).
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Therefore, improving living and working conditions
is essential not only between rural and urban areas but
also among different rural regions. Where objective
conditions make this difficult, the agricultural system
and its intensity must adapt accordingly.

Natural conditions (climate, soil, terrain, hydrol-
ogy) have always been fundamental factors shaping



Review

Agricultural Economics — Czech, 71, 2025 (12): 680-690

https://doi.org/10.17221/36/2025-AGRICECON

Table 2. Life cycle assessment studies for organic waste management: Case study

Waste management

. Impact categories Characteristics Source
scenarios
An analysis of the scenarios for the case
of Italy shows that:
(1) has the best performance in ten
of the fifteen impact categories con-
(1) undifferentiated carcinogens/non-carcinogens sidered
collection with subse- amount of fine particles (2) has the lowest impact in the cat-
quent biostabilisation ionising radiation egories of carcinogens, land use, water
of the organic fraction  depletion of the ozone layer/global warming eutrophication, global warming, and
and its final disposal fine organic matter mineral extraction. Buratti

at the landfill

(2) separate collection
of the organic fraction
with subsequent
compost production

(1) incinerators

(2) combined biogas
and composting

(3) mechanical and
biological treatment

(1) anaerobic digestion

followed by composting

of the solid digestate
(2) incineration
(3) anaerobic digestion

followed by incineration

(1) anaerobic digestion
(2) incineration

(3) hydrothermal
carbonisation

aquatic/terrestrial ecotoxicity
terrestrial acids/nutrients
land use/mineral extraction
water acidification/eutrophication
non-renewable energy

depletion of the ozone layer/global warming
acidification
terrestrial eutrophication
marine/freshwater eutrophication
carcinogenicity
depletion of abiotic resources — fossils/elements
formation of a specific substance
ecotoxicity/ionising radiation

global warming
depletion of mineral resources/metals
aquatic ecotoxicity
freshwater/marine eutrophication
toxicity to humans
formation of specific substance
photochemical oxidation
terrestrial acidity
terrestrial eutrophication

depletion of the ozone layer/global warming
depletion of mineral resources
formation of a specific substance
terrestrial acidity
carcinogenicity
freshwater/marine eutrophication

Taking into account the actual perfor- et al. (2015)
mance of the biostabilisation process,

(2) can be the most favourable scenario

only if there is a significant reduction

in air emissions (in particular, hydrogen

sulphide, particulate matter, ammonia,

and NMVOC:s). At the level of end-

points, (2) has the best score in the

category 'damage from climate change'.

For the case of the Danish-German
region, scenario (1) showed the best
environmental performance in 10 of the
14 impact categories assessed, but four
impact categories have either values very
close to zero impact (ionising radia-
tion and depletion of the ozone layer)

or too high uncertainty to draw conclu-
sions (carcinogenicity and ecotoxicity).
Scenario (3) had only environmental
burdens, as the facility did not substi-
tute any goods and used electricity and
diesel, and had direct processing-related
emissions such as nitrous oxide.

Jensen
et al. (2016)

Anaerobic digestion followed by com-
posting (1) is the most economically
and environmentally sound option.

- Incineration (2) showed comparable
environmental impacts but increased
the levelised cost of energy. System
(3) did not reduce the environmental
impact and the costs were higher than
the other options.

Mayer
et al. (2020)

Scenario (1) is the preferred treatment
pathway for organic fraction of munic-
ipal solid waste and food waste, if the
eutrophication process is not dis-
turbed. Implementing step (3) may

be appropriate for the organic fraction
of municipal solid waste and food
waste under certain circumstances.
Importantly, heat must be provided
by a non-fossil resource, which can

be achieved if anaerobic digestion

is combined with a hydrothermal car-
bonisation process.

Mayer
et al. (2021)
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agriculture, as it depends on soil fertility, solar en-
ergy, water, and other natural resources. These fac-
tors are more stable and less dynamic than social
or technological influences, and some remain be-
yond human control. While they largely determine
the nature of agriculture, they do not change rap-
idly. However, under consistent natural conditions,
agricultural systems can evolve significantly due
to advances in science, technology, economics, and
politics. For example, arid steppes are ideal for wheat
cultivation, which continues to be in high demand,
making these areas suitable for long-term crop pro-
duction. In such regions, dry farming techniques are
essential to conserve water. In erosion-prone areas,
soil conservation practices must be prioritised, while
in mountainous regions with challenging terrain, live-
stock and sheep farming are often more viable than
commercial crop production (Tarraf Ibrahem 2024).
Additionally, innovations, especially in biotechnol-
ogy, energy, and industrial development, profoundly
influence agricultural systems by enhancing produc-
tion methods, transportation, and processing, con-
tributing significantly to agricultural progress within
the closed-circle bioeconomy framework (Munaweera
et al. 2022; Wei et al. 2022).

Agroforestry systems (AFS), as noted in do Carmo
Martinell et al. (2019), are one of the options for miti-
gating environmental impact while simultaneously
improving the livelihoods of small-scale farmers in ag-
ricultural regions. A study conducted by do Carmo
Martinell et al. (2019), in the Cerrado biome assessed
the contribution of five biodiverse AFS to mitigating the
effects of global warming and providing ecosystem ser-
vices to small farmers in Brazil. The results demonstrate
the significant carbon sequestration capacity of these
systems, with negative GHG values ranging from —263
to —496 t CO,e-ha™™. Additionally, households benefit
from the microclimate regulation and aesthetic advan-
tages offered by AFS. Future agroforestry projects in ru-
ral communities could play a crucial role in improving
household living conditions and environmental con-
servation. However, efforts must be made to provide
farmers with reliable knowledge, financial support, and
access to markets to ensure their success.

Another study conducted by Zhou (2024) explored
the interaction between digital finance and the in-
comes of farming households in the agricultural sec-
tor. It considered the application of digital financing
tools in bio-agriculture, focusing on their mechanisms
to expand market access, change financing modes, and
increase outreach to agricultural households.
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Waste management remains a challenge in agricul-
ture; however, there are opportunities to add value
through effective waste processing strategies. A study
by Muhl and Oliveira (2022) provides an overview
of agricultural waste processing technologies, iden-
tifying various biological and thermal solutions.
Heavy metals, chemical, and biological pollutants
present significant challenges in treatment processes.
Among the technologies that have been extensively
researched in the scientific community are anaerobic
digestion and composting. Other approaches include
microalgae cultivation, pyrolysis, algae biorefiner-
ies, incineration, combustion, gasification, anaerobic
co-digestion, hydrothermal carbonisation, vermicom-
posting, biosynthesis processes, dry anaerobic di-
gestion, and photobioreactors. The implementation
of these technologies is a crucial step towards achiev-
ing a closed-circuit bioeconomy model.

Innovation aspect of bioeconomy implementa-
tion. The success of the circular bioeconomy hinges
on a harmonious blend of cutting-edge technology, in-
novative approaches, and time-honoured knowledge.
The main components of the bioeconomy are: devel-
opment and utilisation of genomic, post-genomic, and
complex cellular technologies to produce new products
and processes; use of renewable biomass sources for
sustainable production and environmental protection;
integration of biotechnological knowledge and appli-
cations in various sectors of the economy (Siegfried
et al. 2023a). This is also closely related to the possibili-
ties of using different types of wastes in bioprocesses
such as phosphogypsum (Chernysh et al. 2021). Nev-
ertheless, at its core, it is firmly rooted in biodiversity.
It is imperative to seamlessly integrate various forms
of technological advancement into the pre-existing
cycles within the bioeconomy. This imperative aris-
es from the fact that biodiversity plays a pivotal role
in shaping the adaptability and evolution of biological
systems in response to a dynamic environment, there-
by underpinning the long-term sustainability of our bi-
oresources (Palahi 2020). Accordingly, we have formed
a conditional roadmap by clusters of bioeconomy
implementation (Figure 2), which reflects the trends
in the global development of the bioeconomy (BP 2021;
Andhalkar et al. 2023).

One example of the development of the bioeconomy
in the world is bioenergy. As reported by the BP (2021),
experts estimate that proven oil reserves last for 40—
50 years, gas reserves for 80 years, and coal reserves for
about 400 years. Furthermore, the trend of increasing
gas prices over the past 10 years has increased rapidly,
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pharmaceutical; nutritional
marine; ethical & philosophic
agricultural; bioterrorism
industrial; dessert & dry region
environmental; bioinformatics

Figure 2. Model of circular economy based on biotechnology development with phases of the roadmap

Source: Authors' own elaboration

which is an economic prerequisite for the active devel-
opment of bioenergy.

After analysing studies on life cycle assessment
of organic waste management (Buratti et al. 2015; Jen-
sen et al. 2016; Mayer et al. 2020, 2021), the following
possible management scenarios were identified: un-
differentiated collection; landfill disposal; mechanical
and biological treatment; incineration in incinerators;
combination of anaerobic digestion with incineration;
anaerobic digestion accompanied by solid digestate;
separate collection and production of high quali-
ty compost; combined biogas and composting pro-
duction; hydrothermal carbonisation. Furthermore,
a crucial aspect is the processing of various types

of waste, including those from the chemical industry.
Specifically, this includes the integration of phospho-
gypsum — a byproduct of phosphate fertiliser pro-
duction - into agricultural bioprocesses (Chernysh
et al. 2021). Figure 3 illustrates the involvement of ag-
riculture and forestry in the bioenergy sector as a sup-
plier of stable raw materials.

The primary commercial challenge in biofuel pro-
duction is the high cost of production, which direct-
ly affects the fuel price. In addition to reducing the
cost of biofuels, technological advances play a crucial
role in reducing production costs, leading to biofuels
becoming a prominent source of renewable energy.
Therefore, the development of advanced biodiesel and

Figure 3. Involvement of agriculture and forestry in the bioenergy sector

Source: Authors' own elaboration
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bioethanol production technologies is imperative to in-
creasing biofuel production output (Hasan et al. 2023).

In addition, fiscal and regulatory policies to attract in-
vestors and fund research on biofuels from biomass feed-
stocks remain a challenge. Given the substantial costs
associated with project implementation and infrastructure
development, it may be challenging for the private sector
to fully finance such projects. Obtaining a loan or financial
support to initiate investments in the biofuel industry can
be a difficult task under certain circumstances.

The advancement of the bioenergy economy requires
overcoming several challenges related to competition
for agricultural land, rising food prices, difficulties with
technological progress, and obstacles in infrastructure
development (Hasan et al. 2023). The current state of bio-
technology allows for the production of environmentally
friendly products while preserving the environment, sig-
nificantly contributing to the development of methods for
efficient and sustainable business operations.

Another aspect of the bioeconomy that should be dis-
cussed is the impact on adaptation to climate change.
The reliance on imported fossil resources in the face
of current geopolitical challenges has led to significant
increases in operational costs for many European compa-
nies and municipalities. Seruga et al. (2022) show that us-
ing the methanogenesis from municipal biowaste in order
to generate electricity is associated with a 25.3—26.6% re-
duction in CO, emissions compared to a baseline scenar-
io with conventional electricity generation. It is important
to emphasise that biological waste, unlike energy crops,
is considered a sustainable feedstock for biogas and one
of the priority areas for bioeconomy development.

The agricultural sector in the development of the bio-
economy will continually require investments in the
modernisation of physical assets, the expansion of the use
of biotechnology in production processes, and the en-
hancement of resource efficiency to produce sustainable
raw materials for green growth. Innovations are crucial for
the future of the bioeconomy sector as a whole. The tran-
sition to a low-carbon and circular economy opens up po-
tential new markets with increasing demand for biomass
(for bioenergy) and biomaterials for products. Therefore,
balanced and sustainable territorial development supports
cohesion and requires investments in rural areas.

CONCLUSION

A review of the sectoral realisation of the bioecono-
my and its main components was carried out, making
it possible to find key directions for step-by-step imple-
mentation in the long-term planning of roadmaps for
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the development of bioeconomy in regions of the world.
Bioenergy was identified as an important sector of bio-
economy implementation in the current realities of the
development of energy security policy. The factors shap-
ing the agricultural system in the context of bioecono-
my development were analysed and grouped. A model
of circular economy based on biotechnology develop-
ment with roadmap stages was developed. The direc-
tions of participation of agriculture and forestry in the
development of the bioenergy sector were supported.
It can be expected that in the future, research in the
field of bioeconomy will focus more on the participation
of rural areas in the development of the bioeconomy.

REFERENCES

Adetunji AL, Oberholster PJ., Erasmus M. (2023): From garbage
to treasure: A review on biorefinery of organic solid wastes
into valuable biobased products. Bioresource Technology
Reports, 24: 101610.

Andhalkar V.V, Foong S.Y., Kee S.H., Lam S.S., Chan Y.H,,
Djellabi R., Bhubalan K., Medina F., Constanti M. (2023):
Integrated biorefinery design with techno-economic and life
cycle assessment tools in polyhydroxyalkanoates processing.
Macromolecular Materials and Engineering, 308: 2300100.

Federal Ministry of Research, Technology and Space
(BMBFS): Bioeconomy. Available at https://www.bmftr.
bund.de/EN/Research/EnergyClimateAndSustainability/
EnvironmentAndSociety/Bioeconomy/bioeconomy_node.
html (accessed Aug 12, 2023).

National Institute of Food and Agriculture (n.d.): Bioeconomy,
Bioenergy, and Bioproducts (B3) Programs. Available at htt-
ps://www.nifa.usda.gov/grants/programs/bioeconomy-bio-
energy-bioproducts-b3-programs (accessed Aug 12, 2023).

Interreg North-West Europe (2018): Bioeconomy Factsheet:
The Netherlands. Lille, Interreg North-West Europe.
Available at https://vb.nweurope.eu/media/4663/180369_
biobase4sme_2luik_netherlands_v4_lr.pdf

BP (2021): Statistical Review of World Energy 2021. London,
BP. Available at: https://www.bp.com/content/dam/bp/
business-sites/en/global/corporate/pdfs/energy-econom-
ics/statistical-review/bp-stats-review-2021-full-report.pdf
(accessed Aug 28, 2023).

Buratti C., Barbanera M., Testarmata F., Fantozzi F. (2015):
Life cycle assessment of organic waste management strate-
gies: An Italian case study. Journal of Cleaner Production,
89: 125-136.

Chernysh Y., Yakhnenko O., Chubur V., Roubik H. (2021):
Phosphogypsum recycling: A review of environmental
issues, current trends, and prospects. Applied Sciences,
11:1575.


https://www.nifa.usda.gov/grants/programs/bioeconomy-bioenergy-bioproducts-b3-programs
https://www.nifa.usda.gov/grants/programs/bioeconomy-bioenergy-bioproducts-b3-programs
https://www.nifa.usda.gov/grants/programs/bioeconomy-bioenergy-bioproducts-b3-programs
https://vb.nweurope.eu/media/4663/180369_biobase4sme_2luik_netherlands_v4_lr.pdf?utm_source=chatgpt.com
https://vb.nweurope.eu/media/4663/180369_biobase4sme_2luik_netherlands_v4_lr.pdf?utm_source=chatgpt.com
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2021-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2021-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2021-full-report.pdf

Review

Agricultural Economics — Czech, 71, 2025 (12): 680-690

Cidén C.F, Figueir6 P.S., Schreiber D. (2021): Benefits of or-
ganic agriculture under the perspective of the bioeconomy:
A systematic review. Sustainability, 13: 6852.

do Carmo Martinelli G., Schlindwein M.M., Padovan M.P,,
Vogel E., Ruviaro C.F. (2019): Environmental performance
of agroforestry systems in the Cerrado biome, Brazil. World
Development, 122: 339-348.

Dokubo E.M., Sennuga S.O., Omolayo A.F.,, Bankole O.L.,
Barnabas T.M. (2023): Effect of rural-urban migration
among the youths and its impacts on agricultural devel-
opment in Kuje Area Council, Abuja, Nigeria. Journal
of Research in Science and Technology, 4: 12-27.

D'Adamo I, Falcone P.M., Morone P. (2020): A new socio-eco-
nomic indicator to measure the performance of bioecono-
my sectors in Europe. Ecological Economics, 169: 106539.

European Commission (2022): EU Bioeconomy Strategy.
Available at https://knowledge4policy.ec.europa.eu/bioec-
onomy/bioeconomy-strategy_en (accessed Sept 23, 2025).

European Investment Bank (EIB) (2021): Agriculture, Bio-
economy and Rural Development: An Overview. Luxem-
bourg, European Investment Bank. Available at: https://
www.eib.org/attachments/thematic/agriculture_bioec-
onomy_and_rural_development_overview_2021_en.pdf

FAO (2018): Bioenergy and Bioeconomy: Working Together
to Put Planning into Action. Rome, Food and Agriculture
Organization of the United Nations. Available at: https://
www.fao.org/energy/news-and-events/news/news-details/
Bioenergy-and-bioeconomy-working-together-to-put-
planning-into-action/en (accessed July 22, 2023).

Fossil Free Sweden (n.d.): Bio-strategy. Available at https://
fossilfrittsverige.se/en/start-english/strategies/biostrategy/
(accessed Sept 23, 2025).

Fuchsz M., Kohlheb N. (2015): Comparison of the environ-
mental effects of manure- and crop-based agricultural
biogas plants using life cycle analysis. Journal of Cleaner
Production, 86: 60—66.

Hasan M., Abedin M.Z., Amin M.B., Nekmahmud M., Oldh J.
(2023): Sustainable biofuel economy: A mapping through
bibliometric research. Journal of Environmental Manage-
ment, 336: 117644.

Hodgson A., Maxon M.E., Alper J. (2022): The U.S. bioec-
onomy: Charting a course for a resilient and competitive
future. Industrial Biotechnology, 18: 115-136.

Holden N.M., Neill A.M., Stout J.C., O'Brien D., Morris M.A.
(2023): Biocircularity: A framework to define sustainable, circu-
lar bioeconomy. Circular Economy and Sustainability, 3: 77-91.

Javourez U., Karan S.K., Hamelin L. (2024): Residual biomass-
es at scale: Ensuring future bioeconomy uses outperform
current baseline.

Jafari Y., Shang L., Kuhn A., Heckelei T. (2023): The national

and regional impact of the EU bioeconomy strategies on the

689

https://doi.org/10.17221/36/2025-AGRICECON

agri-food sector: Insights from Germany. German Journal
of Agricultural Economics, 72: 73-90.

Jensen M.B., Mgller J., Scheutz C. (2016): Comparison of the
organic waste management systems in the Danish—German
border region using life cycle assessment (LCA). Waste
Management, 49: 491-504.

Jha S., Bag D. (2019): The service sector: Migration, technol-
ogy and productivity. International Journal of Sociology
and Social Policy, 39: 2-21.

Khanna M., Zilberman D., Hochman G., Basso B. (2024):
An economic perspective of the circular bioeconomy in the
food and agricultural sector. Communications Earth &
Environment, 5: 507.

Kromer J.O., Popova G., Biihler K., Lindblad P. (2024):
Strengthening the 2018 EU Bioeconomy Strategy through
Microbiome Analysis and Synthetic Microbial Consortia
Technologies. ARPHA Preprints, 5: €121032.

Kiehbadroudinezhad M., Hosseinzadeh-Bandbaftha H., Pan]J.,
Peng W., Wang Y., Aghbashlo M., Tabatabatei M. (2023):
The potential of aquatic weed as a resource for sustainable
bioenergy sources and bioproducts production. Energy,
278:127871.

Liobikiene G., Miceikiené A. (2023): Contribution of the
European bioeconomy strategy to the Green Deal policy:
Challenges and opportunities in implementing these poli-
cies. Sustainability, 15: 7139.

Lyche Solheim A., Tolvanen A., Skarbevik E., Bjorn Klgve B.,
Collentine D., Kronvang B., Blicher-Mathiesen G., Hashemi
F., Juutinen A., Hellsten S., Pouta E., Vermaat J.E. (2023):
Land-use change in a Nordic future towards bioeconomy:
A methodological framework to compare and merge
stakeholder and expert opinions on qualitative scenarios.
CATENA, 228: 107100.

Mayer F., Bhandari R., Gath S.A., Himanshu H., Stober-
nack N. (2020): Economic and environmental life cycle
assessment of organic waste treatment by means of in-
cineration and biogasification. Is source segregation
of biowaste justified in Germany? Science of The Total
Environment, 721: 137731.

Mayer F.,, Bhandari R., Gath S.A. (2021). Life cycle assessment
on the treatment of organic waste streams by anaerobic
digestion, hydrothermal carbonization and incineration.
Waste Management, 130: 93—-106.

Marchetti M., Palahi M. (2020): Perspectives in bioeconomy:
Strategies, Green Deal and Covid19. Journal of Silviculture
and Forest Ecology, 17: 52-55.

MEAE (2022): Bioeconomy Strategy 2022-2035: Sustain-
ably Towards Higher Value Added. Helsinki, Minis-
try of Economic Affairs and Employment of Finland.
Available at https://tem.fi/en/-/bioeconomy-strategy-
2022-2035-sustainably-towards-higher-value-added


https://knowledge4policy.ec.europa.eu/bioeconomy/bioeconomy-strategy_en?utm_source=chatgpt.com
https://knowledge4policy.ec.europa.eu/bioeconomy/bioeconomy-strategy_en?utm_source=chatgpt.com
https://www.eib.org/attachments/thematic/agriculture_bioeconomy_and_rural_development_overview_2021_en.pdf
https://www.eib.org/attachments/thematic/agriculture_bioeconomy_and_rural_development_overview_2021_en.pdf
https://www.eib.org/attachments/thematic/agriculture_bioeconomy_and_rural_development_overview_2021_en.pdf
https://fossilfrittsverige.se/en/start-english/strategies/biostrategy/
https://fossilfrittsverige.se/en/start-english/strategies/biostrategy/
https://tem.fi/en/-/bioeconomy-strategy-2022-2035-sustainably-towards-higher-value-added
https://tem.fi/en/-/bioeconomy-strategy-2022-2035-sustainably-towards-higher-value-added

Review

Agricultural Economics — Czech, 71, 2025 (12): 680-690

Muhl D.D., de Oliveira L. (2022): Technologies for the
circular economy in agriculture (Tecnologias para a eco-
nomia circular na agropecudria). ITheringia, Série Boténi-
ca, 77: €2022008. (in Portuguese)

Munaweera T.LK., Jayawardana N.U., Rajaratnam R., Dissan-
ayake N. (2022): Modern plant biotechnology as a strategy
in addressing climate change and attaining food security.
Agriculture & Food Security, 11: 26.

Najar-Almanzor C.E., Velasco-Iglesias K.D., Nunez-Ramos R.,
Uribe-Veldzquez T., Solis-Bafuelos M., Fuentes-Carrasco
O.J., Chairez L, Garcia-Cayuela T., Carrillo-Nieves D. (2023):
Microalgae-assisted green bioremediation of food-processing
wastewater: A sustainable approach toward a circular economy
concept. Journal of Environmental Management, 345: 118774.

NordForsk (n.d.): Nordic initiative on Bioeconomy. Oslo, Nor-
dForsk. Available at https://www.nordforsk.org/programs/
nordic-initiative-bioeconomy (accessed Aug 13, 2023).

Palahi M. (2020): Why the world needs a ‘circular bioecono-
my' — for jobs, biodiversity and prosperity. Cologny, World
Economic Forum. Available at: https://www.weforum.
org/agenda/2020/10/circular-bioeconomy-nature-reset/
(accessed Aug 20, 2023).

Petropoulos D., Deirmentzoglou G.A., Apostolopoulos N.,
Paris B., Michas D., Balafoutis A.T., Athanasopoulou E.,
NibbiL., Li H., Carvalho L., Moreira da Silva M.H., Moreira
da Silva J.E. (2025): Digital and entrepreneurial competen-
cies for the bioeconomy: Perceptions and training needs
of agricultural professionals in Greece, Italy, Portugal, and
Sweden. Agriculture, 15: 1106.

Rojas-Serrano F., Garcia-Garcia G., Parra-Lépez C., Sayadi-
Gmada S. (2024): Sustainability, circular economy and
bioeconomy: A conceptual review and integration into the
notion of sustainable circular bioeconomy. New Medit,
23:3-22.

Robaey Z., Asveld L., Sinha K.M, Wubben E., Osseweijer P.
(2022): Identifying practices of inclusive biobased value
chains: Lessons from corn stover in Iowa, sugar cane
in Jamaica, and sugar beet in the Netherlands. Cleaner and
Circular Bioeconomy, 3: 100032.

Rys-Jurek R. (2024): On-farm production of renewable energy
in 2014-2022. Energies, 17: 5395.

Rao M., Pliquet E. (2023): Faire de la France un pays leader
en biothérapies et en bioproduction. Annales des Mines -
Réalités industrielles, 2023: 7-9. (in French)

Saketta T.G. (2022): Urbanisation and rural development
in developing countries: A Review of pathways and impacts.
Bonn, German Institute of Development and Sustainabil-
ity (IDOS). Available at https://www.idos-research.de/
uploads/media/DP_5.2022.pdf

Seruga P., Krzywonos M., den Boer E., Niedzwiecki L.,
Urbanowska A., Pawlak-Kruczek H. (2022): Anaerobic

690

https://doi.org/10.17221/36/2025-AGRICECON

digestion as a component of circular bioeconomy — Case
study approach. Energies, 16: 140.

Samen A., Kaldiyarov D. (2025): Bioeconomy as a strategic
direction for sustainable development of the agricultural
sector. Scientific Horizons, 28: 129-141.

Siegfried K., Guinther S., Mengato S., Riedel F., Thrén D.
(2023a): Boosting biowaste valorisation — Do we need
an accelerated regional implementation of the European
law for end-of-waste? Sustainability, 15: 13147.

Siegfried K., Bliimel L., Riedel F., Moosmann D., Cyftka K.-F,,
Richters M., Reumerman P., Vos J., Matisons M., Thrian D.
(2023b): Plating the hot potato: How to make intermedi-
ate bioenergy carriers an accelerator to a climate-neutral
Europe. Energy, Sustainability and Society, 13: 37.

Siebert R., Herzig C., Birringer M. (2022): Bioeconomy and
genome editing: A comparison between Germany and
the Netherlands. In: Lanzerath D., Schurr U,, Pinsdorf C.,
Stake M. (eds): Bioeconomy and Sustainability: Perspec-
tives from Natural and Social Sciences, Economics and
Ethics. Cham, Springer: 183—-198.

Tan E.C.D., Lamers P. (2021): Circular bioeconomy con-
cepts — A perspective. Frontiers in Sustainability, 2: 701509.

Tarraf Ibrahem N. (2024): A climate-crop-spectral approach
for wheat adaptation with climate changes in the arid and
semiarid regions. In: Wanyera R., Wamalwa M. (eds): Wheat
Research and Utilization. London, IntechOpen: 49—-64.

Toivanen T. (2021): A player bigger than its size: Finnish bioec-
onomy and forest policy in the era of global climate politics.
In: Backhouse M., Lehmann R., Lorenzen K., Lithmann M.,
Puder J., Rodriguez F., Tittor A. (eds): Bioeconomy and
Global Inequalities. Cham, Palgrave Macmillan: 131-149.

Valenti F,, Selvaggi R., Pecorino B., Porto S.MC. (2023): Bioec-
onomy for sustainable development of biomethane sector:
Potential and challenges for agro-industrial by-products.
Renewable Energy, 215: 119014.

Velasquez-Pinas J.A., Ampese L.C., di Domenico Ziero H.,
Radis Steinmetz R.L., Belt C., Forster-Carneiro T. (2023):
Circular bioeconomy of coffee industries: Energy and tech-
no-economic approach based on biogas and biomethane
production. Journal of Cleaner Production, 418: 138045.

WeiX.,LuoJ.,PuA., LiuQ., ZhangL., WuS., Long Y., Leng Y.,
Dong Z., Wan X. (2022): From biotechnology to bioec-
onomy: A review of development dynamics and pathways.
Sustainability, 14: 10413.

Zhou X. (2024): Analyzing the impact of digital finance on farm
household income in the agricultural sector: Mechanisms

and challenges. Journal of Commercial Biotechnology, 29: 92.

Received: September 25, 2025
Accepted: October 17, 2025
Published online: December 15, 2025


https://www.nordforsk.org/programs/nordic-initiative-bioeconomy
https://www.nordforsk.org/programs/nordic-initiative-bioeconomy
https://www.weforum.org/agenda/2020/10/circular-bioeconomy-nature-reset/
https://www.weforum.org/agenda/2020/10/circular-bioeconomy-nature-reset/
https://www.idos-research.de/uploads/media/DP_5.2022.pdf
https://www.idos-research.de/uploads/media/DP_5.2022.pdf

	_Hlk149643452

