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Abstract: The bioeconomy aims at decreasing reliance on fossil fuels, preventing or reducing climate
change, eliminating insecurity, and efficiently using resources; however, fierce controversy exists on
conceivable pathways to accomplish these objectives. The transport sector alone, which encompasses
all other industrial sectors, has grown with regard to its energy demand by 50% over the past 30 years.
The aim of this paper is to promote a dialogue as to whether an economy based on biomass can be
more sustainable than today’s existing economies, considering that the economy needs to expand
and be boosted, while creating a cascading and recycling system. This semi-systematic review paper
discusses four research questions based on findings from the last 20 years: (i) What are the crucial
issues in the ongoing debate on the development of a sustainable bioeconomy concept? (ii) Where are
the major conflicting points and focuses? (iii) How does the bioeconomy follow current urbanization
and land-abandonment trends? (iv) How will the crisis linked to the COVID-19 pandemic change
these previous scenarios? As it is not easy to currently predict which pathway will be the most
effective, whether it be the one taken as of now or a specific novel pathway, this article recommends
following a strategy that is diverse regarding its approaches to shaping the bioeconomy and further
funding of renewable energy sources, along with the involvement of urban planning. In addition,
conclusions are validated through a questionnaire completed by 51 experts in the field.
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1. Introduction
In the last two decades, the carbon intensity of the power industry has not significantly
declined [1,2]. Recently, the rapid development of sustainable power sources, together
with the reduction of the share of electricity produced by coal, has actually encouraged a
continuous increase in the carbon intensity of the power sector [2]. In spite of rapid gains
in sustainable power sources, the growth in energy demand has caused an increase in total
carbon emissions from the power sector [3]. In short, decarbonization in the power sector
has not been carried out quickly enough [4]. To preserve the level of carbon emissions from
the electricity sector at the 2015 level, renewable generation needed to grow more than
twice as quickly as it actually did [5].
Starting with energy consumption, the bioeconomy as a global social movement has
the aim of building a platform for the mitigation of climate change through huge investments in research, education, and technology towards the promotion and development of
renewable energies, mainly from biomass [6,7].
Biomass refers to the use of organic material to generate energy, while bioenergy
is produced from organic matter and is emerging as one of the major renewable energy
sources. Both living plants (wood, algae, and crops) and waste from the food and forest
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industries can be used as such or processed in biorefineries into ethanol, biodiesel, and
methane gas to create heat via combustion.
In the contemporary bioeconomy, biomass from the agricultural and forestry sectors is
considered to be the most abundant, and therefore essential, raw material [1]. However, the
use of animal products in the production processes is mentioned only marginally, mainly
due to an analysis of the negative environmental effects of a meat-dominated nutrition,
which is difficult to integrate into a bioeconomy model [8].
While it is widely agreed that the aims of the bioeconomy as a societal and economic
movement are to reduce the reliance on fossil fuels while mitigating climate change and
enabling secure food chains, there is no consensus on how to achieve these objectives in a
sustainable way [8–10]. The original meaning of ‘bioeconomy’, defined in 1971, proposes
an economic model in which natural resources and limits fit into a sound framework, has
since undergone major changes [11,12] in which the understanding of the phrase “of the
economy” has been significantly improved. There are critics, however, with respect to
the present-day bioeconomy as the “economization of ecology”, the “neo-liberalization of
nature”, or the existence of “bio-capitalism”. It was also always difficult to find a common
vocabulary to address and discuss the various interpretations of sustainability due to the
different academic backgrounds and professional experience of stakeholders, executives,
and activists involved in the processes that developed the bioeconomy [13].
Transdisciplinary research [14] has been utilized as one of the possible means to
integrate the various industrial sectors that are involved in the development of bio-based
products. Accordingly, it is not surprising that there are numerous open research questions
around the present concept of the bioeconomy, and numerous possible routes to the
development of a sustainable bio-based economy. An analysis of the bioeconomy’s structure
can lead to a better understanding of what message it has delivered in the past and what it
is offering in the present and future. A special emphasis should be placed on its activities
regarding the expansion of various industrial sectors such as agriculture, forestry, chemicals,
and food, along with the transportation sector that envelops all of these, as well as upcoming
opportunities and risks. Energy scenarios are very important pillars for the development of
policy goals by evaluating a broad range of future options, but the role of the bioeconomy
in future energy scenarios is still not sufficiently clear.
This paper contains an extensive semi-systematic review of the literature aimed at
uncovering the role of the bioeconomy in future energy scenarios and at filling the apparent
research gaps. It also adds an empirical survey and experts’ opinions to confirm the
conclusions drawn on the basis of this state-of-the-art review. Accordingly, the contribution
of this paper is twofold. First, it offers a comprehensive overview of the available literature
in one report, and, second, conclusions drawn are confirmed by an empirical survey
conducted on a sample of 51 respondents.
State-of-the-Art Review Methodology
This paper focuses on the current state of knowledge and is aimed to set priorities for
future strategy, investigation, and research based upon of the literature of the last 20 years.
First of all, the research questions were clearly stated, including the following: (i) What
are the crucial issues in the ongoing debate on the development of the sustainable bioeconomy concept? (ii) Where are the major conflicting points and focuses? (iii) How does the
bioeconomy follow current urbanization and land-abandonment trends? (iv) How will the
crisis related to the COVID-19 pandemic change previous scenarios?
A semi-structured review methodology was applied and the literature selection used
the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) checklist. All sources of literature used are written in English and published in a peer-reviewed
form. Geographical distribution is not limited, while the date of publication is limited
to the last 20 years. We chose the period of 20 years due to the facts given in previous
research [15], where it is shown that our society has become more aware of the climate
emergency that challenges the future of the planet in the last two decades. The literature
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search was conducted from February 2020 to February 2021 using the Scopus, Google
Scholar, and Web of Science databases. The search terms were obtained from the proposed
research questions. They had to be explicitly mentioned in the title, abstract, or keywords
of the examined articles in order to be included. This state-of-the-art review is structured
so that Sections 2 and 3 discuss the background for the development of bioeconomy and
the effect it has on various industrial sectors, which leads to the conclusion that such
concepts of using biomass as an energy resource can create complex societal challenges.
Reflections on the recent pandemic that may be considered a consequence of forest cutting
and more contact of humans and wildlife are discussed in Section 5, while the availability
and management of biomass sources through the discussion of biofuels and biorefineries
are discussed in Section 6. The discussion section follows as the seventh part of this paper.
Finally, the main conclusions are given in Section 8 and are checked by an empirical survey
in the form of analyzing results of the questionnaire answered by 51 experts in the field.
2. Global Trends as a Background to Bioeconomy Development
The very first type of economy known to humanity was the bioeconomy, being a means
of using living things from nature as a raw material for food, goods, and trade. Currently,
global climate change has led to an accelerated development of modern life sciences and
biotechnology that have a final aim to understand biological processes and modify or
engineer areas in such a way that nature itself becomes a factory that provides both raw
materials and products. A bioeconomy uses research and innovations in the biological and
technology sciences to create products and trade, while sustainably managing biodiversity
and public benefits.
The bioeconomy began to be recognized as a knowledge-based concept due its promotion by the European Union (EU) in the 2000s [16]. For Europe alone, the concept of
bioeconomy appears to be an exceptionally promising tool to achieve self-sufficiency in
the supply of raw materials. However, since the biomass potentials in Europe are quite
limited, ideas about shaping a sustainable bioeconomy are questionable. Additionally,
the real impact of crisis response management, such as in the cases of banks over-lending
(2008) and the COVID-19 pandemic (2020–2021), is very difficult to quantify [17–20]. On
the other hand, the scale and direction of urbanization from agricultural land to cities and
from low-income nations toward development, which are always directed by economic
opportunities, need to be considered [6]. The main migrations happen from rural to urban
zones, but there are also flows in other directions, such as from rural to rural, urban to
rural, and urban to urban areas [1,3]. Living in urban areas creates the need for very strong
service sectors, and also shifts industry to be near consumers; therefore, 65% of the world’s
economically active population works in these two sectors, creating 97% of the world’s
gross domestic product (GDP) [1,3]. The rural depopulation migratory pattern negatively
impacts environmental, economic, and social planning in the bioeconomy [21]. It is also
becoming impossible to forecast national economic performance indicators since changes
vary intensively both between nations and within nations, and these performance indicators largely depend on urbanization trends and societal developments. In order to use a
minimum amount of energy and enable the maximum use of biomass, the bioeconomy
model is expected to overcome the traditional linear economy models and enable trough
cascade principles through the reuse and recycling of waste within a circular economy. The
application of circular economy principles to the bioeconomy could make a significant
contribution to increasing the bioeconomy efficiency. Accordingly, the aim of this paper is
to take a deeper look into the role of the bioeconomy in the context of a circular economy.
However, the sustainable nature of a bioeconomy with bio-based products attained by
the recycling and reuse of waste on a global scale may be considered an “elite narrative”,
particularly considering that growing economies and consumption trends of rapidly developing nations such as India will create an enormous need for biomass before the primary
waste from which that biomass is produced is even accumulated.
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Figure 1. Pareto chart of the contribution to primary energy growth in 2018 and 2019 (analysis is
based on data given in [4,22,23,25]).
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The EU aimed to cut its carbon emissions by 2030 to levels that are 40% below the levels
that existed 40 years ago through a strategy which consists of consumption reductions,
higher energy efficiency, and the greater use of renewable energy and to become carbonneutral by 2050 [28]. In addition, for a sustainable use of biomass resources, its strategy
brings the hierarchical utilization of biomass together with healthy food [16,29,30] and
satisfied societal needs [31]. The harvesting of wood biomass from forests should support
development with an emphasis on increased employment in the bioeconomy sector, while
smaller European countries should not be abandoned in improving the bioeconomy in
favor of centralized producers and countries rich in forest resources [8,29,32]. A conversion
from fossil-fuel-based energy to renewables is underway internationally and in the EU’s
bioeconomy [5,22]. The use of the EU bioeconomy as a trademark and an exchange
characteristic of the European response to ecological issues was a procedure which started
more than 30 years ago, advancing from an idea to financial and research funding actions, to
the creation of bioeconomic policies and strategies [30,32,33]. A move toward a bioeconomy
requires huge investments and increases business uncertainty, which is in contrast to the
fact that it is the key driver for sustainable productivity growth. While all strategies thus
far share the motivation to advance the bioeconomy, different countries have adapted
varying priorities. It is well understood that smaller countries should not lag behind
in favor of centralized producers and countries with huge forest resources. The North
Rhine-Westphalia strategy was developed to contribute within the wellbeing segment due
to its long tradition of involvement within the pharmaceutical industry [34,35], whereas
the Canadian regions, which are rich in forest resources, focus on the forestry sector, while
the West Nordic countries invest in forests and marine resources [36].
In Europe, where numerous enterprises are exceptionally reliant on fossil fuels and
petroleum products, forest biomass is seen as the answer for the socially responsible and
secure economic growth due to the steady fuel supply [29,32,33,35]. The innovative work
in research and development in support of the bioeconomy is profoundly contributing to
creative new advances, resulting in organizations delivering novel items and materials from
bioresources, such as bioplastics and nanocellulose materials. The EU Renewable Energy
Directive and the EU Fuel Quality Directive contain mandatory ecological sustainability
criteria for the implementation of the bioeconomy through strategies that define rules
for biomass feedstock conversion into biofuels [6,37–40]. Challenges are arising not only
from the fact that it is difficult to fulfill the valuation of financial expectations from the
bioeconomy concept, but also from the fact that if focusing industrial development on
renewable energy sources, the growth should be more accelerated than theoretically feasible
in order to reach carbon emissions that match the 2015 level.
Asia/Pacific is the area with the largest percent of adopted biofuel strategies (33%),
followed by Europe (31%). Transnational strategies are the least represented, with only
9% of total documents, as shown in Figure 3. Regarding Europe, it can be noted that the
number of adopted strategies does not depend on GDP. Most of the European countries
have adopted only one of the directives (Figure 4).
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4.1. Societal Challenges
The implementation of a bioeconomy depends on the public investments and change
of consumption patterns, mainly for urban consumers, through socio-ecological strategies.
After centuries of population movement following the industrial revolution from rural
zones to cities, we will need to make sure that all new forest and agricultural activities
have the needed workforce, especially in light of recent situations, such as the pandemic,
that restrict movement [6,21]. Societal movements have settled in the urban areas and are
largely concentrated within megalopolises, which contradicts the concept of bioeconomy
raw material supply. It is possible to create scenarios similar to the situation with fossil fuels,
where two sides could be separated: one privileged side, where the extraction of crude oil
is performed in remote areas in a few countries or offshore, and the work is not particularly
intensive on the workforce; and one less-privileged side, where the oil is transported to
the refinery and value is added. However, there is a real need of knowledge to improve
this refinery process [8,45]. Refineries are considered vital for all countries, but extraction is
vital only for a few, which can create negative consequences on democracy [18,31].
Developing countries are beginning to realize that renewable energy sources, led by
biofuels, give a chance for a new beginning of industrialization, which will later come
with advantages in the form of novel technologies and systems, such as multiple feedstock
bioreactors [46]. Due to their huge area, new industrial blocks based on the biofuel value
chain are built around the plantations, processing, distillation, and downstream capture
and recycling of byproducts at levels of efficiency hardly obtainable in the Northern regions.
However, bioethanol, as the first generation of biofuel, allowed for developed countries to
concentrate on technological developments, which then provided the possibilities for the
Southern regions to reap the benefits of the request to set up new industrial clusters which
produce and export biofuels due to the way it was obtained (made from biomass supplied
from tropical crops) [35].
Environmental consciousness might only be achieved through changes in both the
concepts of bioeconomy and consumption patterns. While all national policies are investing
into the development of the bioeconomy, it is most likely that fully developed countries will
provide the realized and economically feasible processing facilities with high automation,
while the raw materials will be provided by developing countries, where the working
force is less expensive and willing to work and live in rural environments [47,48]. The
migration could be a transitional solution, and, as always, could also create some side
effects on the origin and destination countries. However, in the same way that China is
moving production to Africa to reduce costs, when African countries improve their living
standards, migration will no longer be an option [6,37,44]. The basic economic criteria will
prevail, so it will be very difficult for all countries with the initiatives listed in Figure 3 to
succeed at the same level in the implementation of their bioeconomy strategies [49–52].
A potential successful scenario could be achieved if the generation of biofuel is truly
decentralized and performed as close as possible to the final point of consumption.
4.2. Sustainability in a Biofuel Economy
Numerous authors welcome the use of renewable energy sources, but point out that
all sustainable criteria must be met [53–55].
There are authors that argue for the necessity of governmental regulations to prioritize
the use of the extremely productive soils in the food industry due to the rapidly increasing
global population and higher demands for food [56]. There is also an impact on the
bioeconomy as energy production sites, particularly those for the first-generation biofuels
(from food crops including maize, rapeseed, canola, soybean, sugarcane, and sunflower),
develop only in good soil, which leads to land use conflicts, the risk of expropriations/land
grabs, and the frustrations of small farmers who see economical potential in growing
biofuel crops. The recent development of the second-generation biofuel feedstock, which
do not rely on sugar- or oil-rich crops and that are not dependent on soil quality, can help
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mediate the land use situation, but can still cause constraints regarding the accessibility of
water for the growth of food crops.
Despite the fact that the purpose of a bioeconomy is clear, the term sustainability
is interpreted in different ways and its rationales usually are not precisely defined. The
recognized positions can be separated into three groups: (i) those that contend biomaterials
and bioeconomy sustainable, due to the fact that biomass is renewable; (ii) those that
contend that the bioeconomy will only add to sustainability if all aspects and perspectives of
sustainability are met; and (iii) those that believe that favorable effects might be conceivable
in the short run but will turn out to be negative and unpredictable in the case of urbanization
and populace development patterns.
Previous trends are the basis for understanding the shift to European bioeconomy
advancement, and its approach to a sustainable development model is criticized to be
“weak” when nature is considered as a “resource” that must be continuously used.
One of the most serious objections to biomass use stems from the belief that the
available biomass will be insufficient to meet the demand for food security and will create
competition for land grabbing and land acquisition between food and energy crops [6,51,57].
The solution to this problem could be the second-generation biofuel crop, Miscanthus
giganteus, by using non-food crops, but there are opinions that this will not solve land use
conflicts. The definition of sustainable biomass, particularly with to biofuels, food crops
and, land that can be used for other renewable energy sources such as solar and wind
remains an open question [58,59].
Agricultural commodity prices and the cost of biomass production, land fertilization,
pollution, and political instabilities in producer countries are included as key factors [60].
Certain researchers [60,61] believe that the total biomass potential is sufficient to meet
demand, using only lands that are not necessary for food production, while others have the
opposite opinion [62] based on social, technological, and economic constrains.
Two types of biomass could be distinguished from its availability aspect for biofuel:
(i) sustainably available waste (SAW) biomass; and (ii) dedicated fuel (DF) crops [35,63].
SAW does not require new land for cultivation, as it uses existing agricultural and forestry
assets. Being sustainable, SAW biomass contains crop, residues, and waste, collected in an
environmentally sound manner. The SAW biomass could be treated in the same way as
other primary energy sources and can be used for electricity generation, H2 production,
liquid fuel for transportation, or heat. As another option, DF crops are cultivated on land
not used for the production of food crops, livestock feed, or forest products, and thus the
land on which they are cultivated becomes biofuel land [64]. DF crops contain a mixture of
crops that have up to 200% greater biomass yield than SAW biomass [32]. Although DF
crops were initially proved successful, it is questionable if the sunlight used there would be
more efficiently used when collected in another form, such as heat, electricity, or hydrogen
(H2 ) [21,65,66]. Solar energy recovered as fuel energy (S2F) is a percentage of incident solar
energy, whilst solar energy can also be recovered as mechanical energy (S2W) [67]. The
efficiency of converting DF crops to liquid fuel should be higher than S2F efficiency, whilst
S2W efficiency for DF crops is significantly worse than that for alternative routes of using
solar electricity or H2 [48,68]. Finally, in the context of policymakers, the concept of “green”
and “sustainable” should be understood as compatible with the ecological resources of the
planet, both regionally and nation-wide.
Finally, it is evident that an investment in alternative energy sources via the bioeconomy is a long-term process that each country can obtain with various tools through
strategic investments. While generating economic benefits, sustainable development can be
reached only if public interests are fulfilled and technologies and practices are transferred
into assets in the competitive global market. Since the concept of bioeconomy as a set of
diverse practices which are based on the development of products and commodities from
renewable resources is not well understood, it is questionable if it will remain part of a
political project and business model domain or if it will manage to become a transnational
industrial and societal driving force for a sustainable future on the global scale. In our
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although there are some undiscovered possibilities in Asia, Africa, and South America,
biomass remains as another scarce resource.
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5.3. Liquid Fuels
In order to compare yields of alternate processes for various biofuels, the biofuel
produced per ton of biomass is converted to ethanol gallon equivalent (ege) units. The
yield of 100 ege per ton of biomass is equivalent to the production of biofuel with an energy
content of 8.014 MJ from a kilogram of biomass [52,77].
However, the carbon found in biomass is valuable because if it is released into the
atmosphere during the conversion of biofuels, then collecting the same amount of carbon
by growing DF crops would be energy inefficient. If, even after retreating all available
biomass through augmented processes, there is still a need for liquid fuels, then the direct
extraction of CO2 from the air and its conversion into synthetic fuel using solar energy and
H2 is more efficient than growing DF crops.
In any case, the structure of a typical biomass is made up of cellulose, hemicellulose,
and lignin [1,29,78].
Unlike fossil fuels, biomass is characterized by a high atomic ratio of oxygen and
carbon, which is from 0.4 to about 0.8. This ratio depends on the source of the biomass,
and results in an oxygen content of 40–45 wt% and lower energy content of lignocellulosic
biomass [78].
The development of the biomass liquid fuel technology represents a future development for the energy industry [79]. Therefore, it is necessary to shift the focus towards
biomass processing.
6. Agricultural and Forestry Aspects
Beginning in the 1960s, with the development of agriculture and the use of new
technologies, there has been an increase in productivity worldwide. However, this progress
also has negative aspects, the most significant of which were the loss of biodiversity, lack of
fresh water, soil pollution, emissions of harmful gasses, and other similar environmental
damage. It is assumed that global population growth by 2050 will lead to an increased
demand for agricultural productivity [38,80].
The sustainable intensification represents selective crop planning followed by an
increase in yield per hectare, which will lead to minimizing the environmental damage and
maintaining soil fertility. It is very likely that some regions will give up on increasing yields
and unproductive agricultural land in favor of natural ecosystems. Certain experts suggest
a strategy of sustainable intensification, which involves reducing yields from unsustainable
land until a balance is established with the carrying capacity of agroecosystems [81,82].
The main streams in current agricultural development are precision farming, which leans
largely on genetic engineering, and sustainable agro-ecological farming.
When it comes to forestry, it performs an important function by removing atmospheric
carbon dioxide through photosynthesis. The net forest carbon sink is the balance between
carbon input (photosynthesis) and carbon output. There are three main pathways of carbon
output: respiration (50%), decomposition (36%), and carbon removal from the site through
harvest, fire, run-off, and leaching (7%) [83]. The terrestrial carbon uptake is increasing
globally over recent decades [84]. Old forests have slower carbon storage than young forests,
due to a decrease in growth rate, as old and dead trees are considered to be carbon pools
with a low rate of carbon adsorption. The importance of carbon management towards the
planned usage of carbon stocks in forests was addressed in the Paris Agreement document
in 2015 at UNNFCCC COP21 [85].
With the development of technology, it is considered that the forest waste from other
biomaterials will be used more widely for commercial bioenergy production [35]. The
augmented use of forest biomass in energy consumption is firmly supported by forest
policies at the EU level and within the Nordic and Baltic countries, which have plentiful
forests. The increase in production of biomass in the future will create competition among
the agriculture and forestry sectors for land, investment, research funding, etc. [36].
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7. Discussion
7.1. Trade between Local and Global as Well as Centralized and Decentralized Production
Biomass is a unique renewable energy. Due to the fact that, as a direct combustible
replacement to fossil fuels, it can be used in dispatchable centralized power stations. However, the major shortcoming of biomass is its lack of availability [86]. Growing international
trade has led to improvements in biomass transport and storage over the past decade, with
a rise in global biodiesel production, as it is considered to remain the main liquid renewable
fuel, with several airlines beginning to operate commercial flights using biofuels. Limited,
but growing, quantities of gaseous biofuels are fueling trains, buses, and other vehicles,
particularly in Europe.
As biomass production in Europe will not be able to meet demand, industrialists have
relied on imports of cheap biomass from other regions, primarily from Asia (65% of total
EU consumption) [86,87]. On the grounds of the increased demand for biomass, developing
countries will face foreign companies that will want to acquire land within them. Within the
political bioeconomy debate over whether it should be planned on a regional or global scale,
industrialized countries claim the technological leadership in the production of biofuels.
For industrialized countries, other countries are biomass suppliers, and are also markets in
which to place bio-products and procure developed technologies [31,88].
When it comes to biorefineries, it is important to determine whether small-scale or
large-scale facilities are needed and whether centralized or decentralized solutions should
be pursued [13,89].
When considering the bioeconomy, experiences from the past have shown that regional planning has led to negative environmental and social consequences. Developing
countries that traditionally supply sugar-rich biomass have witnessed increased social
injustice toward farmers on their own lands and the delayed development of human
capital [89–92]. For that reason, many politicians and researchers point to the necessity to
establish globally applicable sustainability certification procedures for biomass production
to ensure global bioeconomy development with ecological, economic, and social benefits
for all parties involved.
7.2. The Centralized versus Decentralized Biorefineries
In order to improve biofuel yields from biomass, modern and large biorefineries are
necessary, which also imposes the need for large investments and loans [47,65].
Consequently, the available literature in the field of design and the optimization of
biomass supply chains focuses mainly on an economic point of view and emphasizes the
investment and operational costs. It is often assumed that regional or industrial integration
reduces the cost of biorefineries [51,93]. A number of previous studies [5,22,36] show that
the integration of biorefineries with other industries is possible, such as the use of excess
heat from some processes and byproducts that can be integrated into traditional forest
industries, as well as planning bio refineries in terms of logistics due to the industries’
huge experience with operating with a large-scale biomass. The prevalent attitude is
that biorefineries, as a typical example of the bioeconomy, should be planned as largescale facilities characterized by huge throughputs via maximal investments into high-tech
technologies in order to achieve the maximum use of biomass in the most sustainable way.
Centralized plants could possibly be economically justified at certain sites only with the
aim to maintain the transportation costs within realistic limits, such as large ports in regions
like Russia, Finland, or Sweden. The Finnish strategy attempts for an in-between approach
and promotes the idea that the local and global levels should be interrelated [1]. Some
authors [7,78] point out that a global-level development can only impede trade between
innovation clusters, such as industrial biotechnology in Germany or the palm oil industry
in Malaysia.
As an alternative to large-scale technologies, decentralized, smaller, highly specialized
biorefineries tailored to the particular regional biomass supply and that produce subproducts of biofuels are also advocated, which requires lower transportation costs to the
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larger plants [94]. If raw materials are processed locally, the added value stays in the
region, transport costs are as low as possible, and new workplaces are opened in rural areas;
however, there is a limitation to the investment in continuously developing sustainable
technologies. In any case, the stochastic nature of the dimension caused by seasonal effects
should also be taken into account, instead of using deterministic variables for modeling
and optimization [86,95]. Thus, decentralized supply chain configurations are proposed
to improve economic performance indicators by the reduction of transportation costs in
supply chains in areas with an advanced forestry sector and numerous, large biorefineries.
With dispersed biomass availability, however, the distributed supply chains can turn
competitive, which raises questions about sustainable supply where biorefineries are far
away due to CO2 emissions [6].
Nevertheless, for lower production scenarios, slight difference in the supply chain
costs for the centralized and decentralized supply chains exist [66,96]. It means that the
cost advantage for centralized or decentralized configurations are closely and heavily
dependent on the location and technology applied. Changes in transportation have a lesser
impact on the supply chain costs, as compared to the biomass price. An increase or decrease
in the transportation cost certainly will favor either the decentralized or centralized supply
chain configuration to be applied [21].
A fall in biomass price certainly has a significant impact on the total system cost, but it
is not evident how the biomass price decrease would influence the biomass usage by the
system, particularly in situations when fossil fuel price decreases. The use of biofuels for
transport, especially ethanol from the fermentation of carbohydrate crops, to substitute
gasoline and vegetable oils instead of diesel fuel is desirable. However, it requires very
large areas of land in order to provide an economically feasible contribution to the reduction
of fossil fuel emissions and also has the potential to put further pressure on natural forests
and grasslands [65,93].
The cascading approach, such as the use of food waste and fermentation products for
the second generation of biofuels, has disadvantages such as the decline in technical quality
of recycled products, a lack of economic incentives for the collection of waste products.
In addition, while there are cheap imported raw materials from abroad, there remains
an inadequate infrastructure for the collection of waste repairing products and for their
second-hand use [49,97]. As such, the initial circular economy and cascade concept, which
prioritizes the collection of bio waste towards biofuel production without considering the
additional CO2 footprint due to the collection and transport of waste or its decay of quality,
is no longer valid [98,99].
7.3. Empirical Validation
In addition, after deep theoretical research by a semi-systematic review methodology,
a questionnaire containing possible conclusions was conducted. The questionnaire was
shared with sustainability expert groups to be filled out on a voluntary basis. It has been
filled in by 51 participants originating from 21 countries. Table 1 shows the demographic
statistics of participants.
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Table 1. Participant’s data.
Sex
Male
Female

Region
49%
51%

Urban
Rural

Age

76.5%
23.5%
Academic degree

18–25
26–30

5.9%
3.9%

31–35

15.7%

36–40

9.8%

41–45

25.5%

46–50
51–55
56–60

15.7%
7.8%
3.9%

61–65
65+

7.8%
3.9%

Bachelor’s or
equivalent
Master’s or
equivalent
Doctoral or
equivalent

4%
21.5%
74.5%

The questionnaire had 15 different statements, and for all of them participants had to
answer how strongly they agree using the Likert scale from 1 to 5 where 1 means “strongly
disagree” and 5 means “strongly agree”. Descriptive statistics have been done, and as
is shown in Table 2, the mean values of almost all the answers are higher than 4. The
only statement that has a mean value lower than 4 is the statement about criticality of
transportation, where the participants showed high levels of disagreement, which indicates
that they recognized the issue of transportation. The values obtained for the answers
empirically validate the conclusions drawn on the basis of the semi-systematic review.
Table 2. Descriptive statistics of collected data.
Question
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15

The balance between food and biomass uses of available land needs to be defined, while also
incorporating the protection of natural spaces in each country.
The consolidated megatrend is to migrate from rural communities to cities, but today’s processes of
biomass require a considerable amount of workforce in forests and arable lands.
COVID-19 pandemic will affect the aspects of globalization.
Most countries are evolving from industrialization to a knowledge economy, so the professional education
for blue collar (or now green collar) workers needs to be properly implemented.
After the crises of 2008 and COVID-19, some countries cannot finance more debt, so new infrastructure
projects must be privately funded. In this new scenario, the decision between centralizing or
decentralizing could even be taken solely by the business interest of a given company or fund.
The decision for the centralized or decentralized process of biomass must take more elements into
consideration and not only the short-term cost.
Mainly replacing crude oil with biomass might be correct using traditional economic criteria but may lead
to a misuse of natural resources and loss of the possibility to implement the learning points from the
decades of intensive use of crude oil.
Transport does not become more critical, not only because of the cost but also because of emissions.
All new solutions will compete with stabilized infrastructures for the generation and distribution of crude
oil, gas, and electricity.
Some of the traditional indicators are too much focused on short-term return on investment.
Renewable sources of biomass, like a forest, have not a closed period of use; theoretically, they are “eternal
by definition”. We have no real tool to calculate the return on investment for a forest, as the forest will not
have a real expiration date.
CO2 emissions, water use, land use and some others are now being consolidated within a Life Cycle
Analysis, so this could be a way to compare different scenarios.
Societal impact will vary considerably depending on the final scenario chosen, so this must be included in
the decision-making process.
The real dimension of globalization will be affected by the COVID-19 pandemic.
A de-centralized solution and the vertical integration within each country could be a strategy to minimize
the impact of potential similar situations.

Mean
Value

Standard
Deviation

4.67

0.589

4.27

0.874

4.32

1.095

4.49

0.674

4.08

1.036

4.63

0.631

4.37

0.824

2.78

1.487

4.35

0.820

4.55

0.673

4.04

1.232

4.37

0.774

4.51

0.703

4.18

1.090

4.05

0.899
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8. Conclusions
During the last few years, the prompt and sizable growth of renewable energy, along
with the reduction in terms of the share of coal in energy production, leads to a more
sustainable enhancement in carbon intensity in the power sector, such that the impact of
the increased energy demand on carbon emissions has been partially offset. However,
the offset is still only partial; regardless of the rapid rise in renewable energy, the speed
of growth for energy demand still resulted in total carbon emissions from the electricity
sector that have been amplified significantly in the last three years. As the analysis of the
existing discourse in this review has shown, various considerations of the relationship
between sustainability and the bioeconomy should be considered. In accordance with the
greater part of the research, the bioeconomy will only add to a more sustainable future if
certain, very important, requirements are fulfilled. A novel framework should comprise
principles and criteria for a sustainable bioeconomy, and involve ecological, social, and
economic aspects as an input for regulation, science, and broad society together, with a
balance between all influential factors and objectives. The discussion on this essential
topic is still in its early phase, and debate will last for years and has to be fortified in
a sense to reach an internationally agreed set of criteria, including the trade of biomass
between different regions of the world, land purchase, and the social wellbeing in those
regions. Worldwide population growth, habits towards calorie-rich diets, and a rising
request for biogenic raw materials require greater agricultural efficiency. The alternative of
extending the cultivated regions is, for the most part, viewed as barely attainable without
imperiling the remaining natural environments and the ecosystem services that they give. It
is expected that the accessibility of fertile soil will shrivel due to worldwide environmental
changes. The commonly acknowledged rule of “food first” gives priority to worldwide
food security and that the food supply is adequate, nutritious, healthy, and safe for the
world’s growing population, even far above the required quantities, and this is placed
ahead of all other ways to use biomass.
However, reliable facts about presently available quantities of biogenic raw materials,
their spatial distribution, and their availability is lacking, and it is not possible to evaluate
the level to which fossil fuels can be substituted by biogenic raw materials. To increase
yields while improving environmental indicators, there are two diverse, sustainable paths:
a high-tech strategy as an intensive approach to centralized agriculture and an agrienvironmental strategy as a transition to sustainable knowledge-based agriculture where local
farmers play important roles. Keeping in mind the diversity among European farming
systems, both proposed paths seem promising. Depending on the contextual factors, the
energetic use of biomass should be limited to exceptions, such as the decentralized heat and
electricity supply in sparsely populated rural areas or in the form of biofuels for specific
purposes such as shipping and air transportation, while there are no viable alternatives for
solar and wind energy.
Looking at European waste hierarchy, it is evident that combustion should only
be considered as an option for the very end of the life cycle of biogenic products, and
holistic and integrated life cycle assessment methodology should be applied to bioeconomy
systems [100]. Thus far, other renewable energy roles within political bioeconomy strategies
are not considered enough.
The degree to which consumers are incorporated in the concept differs together with
their consumption patterns. There are consumption patterns which lead to environmentally
conscious and responsible, reduction-aimed behavior, as critical levers for reducing the
demand for biomass and lessening the pressure on land. The current path strongly relies
on technology, which causes a narrow understanding by other disciplines, predominantly
the social sciences, which results in numerous, unsolved, complex issues. As such, in the
transition route, it is necessary to broaden technology-guided routes to the social field,
especially when forming diversity strategies. It will certainly present novel challenges. For
instance, biofuel products are defined as biofuels and not food in order to enable interregional trade and define the difference between food crops and biofuel crops. However,
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since an internationally agreed set of criteria for a sustainable bioeconomy does not yet
exist, it should be emphasized that such criteria and restrictions have a significant impact
on the potential of biomass that will be sustainably produced in the future. The EU criteria
are related to the potential of biofuels to contribute to greenhouse gas reduction and the
avoidance of direct land use changes, which is unavoidable due to the trends of massive
urbanization and land abandonment, such as people moving to more developed countries
or from agricultural areas to cities. The further inclusion of even stricter criteria would
significantly reduce the available biomass potential.
Finally, the following points have to be mentioned:
1.

The need for a consistent regulatory frame; There are numerous countries with applicable legislation and defined strategies about the bioeconomy, but they are not always
consistent with other national laws and strategies on related issues.
1.1.

1.2.

1.3.

1.4.

The balance between food and biomass uses of available land needs to be
defined, while also incorporating the protection of natural spaces in each
country.
The consolidated megatrend is to migrate from rural communities to cities, but
today’s processes of biomass require a considerable workforce to be present in
forests and arable lands.
Most countries are evolving from industrialization to a knowledge economy.
The workforce needed in the biomass process requires traditional agricultural,
forest, and transport skills. The limited creation of highly educated positions
would be concentrated in the biorefining process. This is quite similar to the
skills required today for crude oil, so the professional education for blue collar
(or now green collar) workers needs to be properly implemented.
Funding of the infrastructure.

On large projects for gas or electricity, and even for crude oil, the main investor has
been the government of a country. These utilities are a public service, so funding from
taxpayers makes sense. The new situation, even more critical after the crises of 2008 and
COVID-19, is that some countries cannot finance more debt, so new infrastructure projects
must be privately funded. In this new scenario, the decision between centralizing or
decentralizing could be taken solely by the business interest of a given company or fund.
2.

The decision for the centralized or decentralized process of biomass must take more
elements into consideration and not only the short-term cost.
2.1.

2.2.

2.3.

3.

Replacing crude oil with mainly biomass might be correct using traditional
economic criteria, but may also lead to a misuse of natural resources and a
loss of the possibility to implement the learning points from the decades of
intensive use of crude oil.
To approach the generation of energy to the consumption point is even more
important when we deal with substances with less specific energy. Transport becomes more critical, not only because of the cost, but also because of
emissions.
All new solutions will compete with stabilized infrastructures for the generation and distribution of crude oil, gas, and electricity. Huge pipes communicating between different continents for the supply of gas or the big investments
already deployed for windmills, will clearly limit the opportunities to implement the best possible solution.

Specific energy is key, but it is not the only criteria for the final selection of the solution.
3.1.

Some traditional indicators are too focused on the short-term return on an
investment. Renewable sources of biomass, such as a forest, do not have a
closed period of use; theoretically, they are “eternal by definition”. We have no
real tool to calculate the return on an investment for a forest, as the forest will
not have a real expiration date.
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3.2.

3.3.

3.4.

CO2 emissions, water use, land use, and some other environmental issues are
now being consolidated within a Life Cycle Analysis, so this could be a way to
compare different scenarios.
Societal impact will vary considerably depending on the final scenario chosen,
so this must be included in the decision-making process. The concept of
societal impact also needs to be revised after the COVID-19 pandemic. The
closing of the borders, as well as the difficulties for the harvest, storage, and
transport of crops have created a new awareness for the need to take these
issues into consideration.
The real dimension of globalization could also be affected by the COVID-19
pandemic.

A decentralized solution and the vertical integration within each country could be
a strategy to minimize the impact of potential similar situations. Cooperation between
countries might become more difficult or easier. During the COVID-19 crisis, we have
observed an almost global coordination with almost all countries acting in equivalent ways
to reduce the impact of the pandemic on the population. In addition, the health criteria
have overruled the economic priority that was in place until this crisis occurred. It is too
early to say if such global cooperation will be an exception or will remain.
4.

Impact on the potential scenarios on the evolution of global democracy.
4.1.

4.2.

Replacing crude oil with biomass could lead to a similar situation with some
countries producing most natural resources, others processing and refining
them, and others consuming most of them. History shows us that the wealth
generated by natural resources did not always improve the living conditions
of citizens. Moreover, democracy is not the most predominant political system
in countries that produce crude oil. The decision on how to evolve bioenergy
can have a critical role in the evolution of political systems. This, combined
with the new scenario after COVID-19 where individual freedom has been
reduced for the common good, can lead to a significant change in the way that
countries are governed.
The political impact might be even more difficult to assess, but it looks as
though it is not a neutral element in this discussion. The same political system
used to generate the legislation to move to a bioeconomy can also create a
primary ally or enemy.

Elements for future research are the following:
A

B

C

Definition of evaluation criteria for “eternal” investments, not only economical but
also environmental (like the Life Cycle Analysis), social (such as the education level
needed for the bioeconomic workforce), and governance (ESG).
Definition of potential scenarios, such as only replacing crude oil with biomass or
integrating vertically, decentralizing energy production, or approaching the generation
to the consumption.
Based on the experience on the influence of crude oil on the political systems of the
production countries, we should try to assess the potential effect of each scenario on
the country’s political system and on its geopolitical relations.

The limitation of this paper, surely, is the number of participants who participated
in the questionnaire survey. Future lines of the research should be focused on motivating
more participants willing to fill in the questionnaire, as well as a deeper analysis of the
questionnaire, such as a factor and reliability analysis. In addition, a systematic review and
meta-analysis are recommended due to the importance of the topic examined.

Sustainability 2022, 14, 560

20 of 23

Author Contributions: K.D.-M. contributed substantially to the conception and design of the article.
M.P. contributed substantially to the interpretation of the relevant literature and to the writing of
the manuscript. E.B. drafted the article. M.I. critically revised the article for important intellectual
content. V.S.B. supervised and considered experts on the topic. All authors have read and agreed to
the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: The questionnaire protocol was approved by the Ethical
Committee of the University of Belgrade—Faculty of Mechanical Engineering.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.
Acknowledgments: The survey is partially supported by MESTD grants from the SAF€RA project
RESMOD and contract 451-03-68/2020-14/200105 (subproject TR 35017).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

Beddington, J. Food, Energy, Water and the climate: A perfect storm of global events? In Chief Scientific Adviser to HM Government;
DTI: London, UK, 2009; pp. 1–9.
Conti, J.; Holtberg, P.; Diefenderfer, J.; LaRose, A.; Turnure, J.T.; Westfall, L. International Energy Outlook 2016 with Projections to
2040; USDOE Energy Information Administration (EIA), Office of Energy Analysis: Washington, DC, USA, 2016.
Conticini, E.; Frediani, B.; Caro, D. Can Atmospheric Pollution Be Considered a Co-Factor in Extremely High Level of SARS-CoV-2
Lethality in Northern Italy? Environ. Pollut. 2020, 261, 114465. [CrossRef] [PubMed]
Budischak, C.; Sewell, D.; Thomson, H.; Mach, L.; Veron, D.E.; Kempton, W. Cost-Minimized Combinations of Wind Power, Solar
Power and Electrochemical Storage, Powering the Grid up to 99.9% of the Time. J. Power Sources 2013, 225, 60–74. [CrossRef]
Stewart, R.; Niero, M. Circular Economy in Corporate Sustainability Strategies: A Review of Corporate Sustainability Reports in
the Fast-Moving Consumer Goods Sector. Bus. Strategy Environ. 2018, 27, 1005–1022. [CrossRef]
Huang, Z.; Yu, H.; Peng, Z.; Feng, Y. Planning Community Energy System in the Industry 4.0 Era: Achievements, Challenges and
a Potential Solution. Renew. Sustain. Energy Rev. 2017, 78, 710–721. [CrossRef]
Overbeek, G.; De Bakker, E.; Beekman, V.; Kiresiewa, Z.; Delbrück, S.; Ribeiro, B.; Stoyanov, M.; Vale, M. Review of Bioeconomy
Strategies at Regional and National Levels; The European Union: Brussels, Belgium, 2020.
Ingrao, C.; Bacenetti, J.; Bezama, A.; Blok, V.; Goglio, P.; Koukios, E.G.; Lindner, M.; Nemecek, T.; Siracusa, V.; Zabaniotou, A.;
et al. The Potential Roles of Bio-Economy in the Transition to Equitable, Sustainable, Post Fossil-Carbon Societies: Findings from
This Virtual Special Issue. J. Clean. Prod. 2018, 204, 471–488. [CrossRef]
Priefer, C.; Jörissen, J.; Frör, O. Pathways to Shape the Bioeconomy. Resources 2017, 6, 10. [CrossRef]
Muscat, A.; De Olde, E.M.; Ripoll-Bosch, R.; Van Zanten, H.H.E.; Metze, T.A.P.; Termeer, C.J.A.M.; van Ittersum, M.K.; De Boer,
I.J.M. Principles, Drivers and Opportunities of a Circular Bioeconomy. Nat. Food 2021, 2, 561–566. [CrossRef]
Mayumi, K.; Gowdy, J.M. (Eds.) Bioeconomics and Sustainability: Essays in Honor of Nicholas Georgescu-Roegen; Edward Elgar Pub.:
Cheltenham, UK; Northampton, MA, USA, 1999; ISBN 978-1-85898-667-8.
McCormick, K.; Kautto, N. The Bioeconomy in Europe: An Overview. Sustainability 2013, 5, 2589–2608. [CrossRef]
Rosenberg, N. Technological Change in the Machine Tool Industry, 1840–1910. J. Econ. Hist. 1963, 23, 414–443. [CrossRef]
Hoffmann, S.; Thompson Klein, J.; Pohl, C. Linking Transdisciplinary Research Projects with Science and Practice at Large:
Introducing Insights from Knowledge Utilization. Environ. Sci. Policy 2019, 102, 36–42. [CrossRef]
Abad-Segura, E.; Batlles-delaFuente, A.; González-Zamar, M.-D.; Belmonte-Ureña, L.J. Implications for Sustainability of the Joint
Application of Bioeconomy and Circular Economy: A Worldwide Trend Study. Sustainability 2021, 13, 7182. [CrossRef]
Bonviu, F. The European Economy: From a Linear to a Circular Economy. Romanian J. Eur. Aff. 2014, 14, 78.
Atz, U.; Van Holt, T.; Douglas, E.; Whelan, T. The Return on Sustainability Investment (ROSI): Monetizing Financial Benefits of
Sustainability Actions in Companies. In Sustainable Consumption and Production, Volume II: Circular Economy and Beyond; Bali Swain,
R., Sweet, S., Eds.; Springer International Publishing: Berlin/Heidelberg, Germany, 2021; pp. 303–354. ISBN 978-3-030-55285-5.
Coccia, M. Two Mechanisms for Accelerated Diffusion of COVID-19 Outbreaks in Regions with High Intensity of Population
and Polluting Industrialization: The Air Pollution-to-Human and Human-to-Human Transmission Dynamics. MedRxiv 2020,
48B, 1–45.
Di Marco, M.; Baker, M.L.; Daszak, P.; Barro, P.D.; Eskew, E.A.; Godde, C.M.; Harwood, T.D.; Herrero, M.; Hoskins, A.J.; Johnson,
E.; et al. Opinion: Sustainable Development Must Account for Pandemic Risk. Proc. Natl. Acad. Sci. USA 2020, 117, 3888–3892.
[CrossRef] [PubMed]
Shangguan, Z.; Wang, M.Y.; Sun, W. What Caused the Outbreak of COVID-19 in China: From the Perspective of Crisis
Management. Int. J. Environ. Res. Public Health 2020, 17, 3279. [CrossRef]

Sustainability 2022, 14, 560

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.

49.
50.
51.

21 of 23

Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land Clearing and the Biofuel Carbon Debt. Science 2008, 319,
1235–1238. [CrossRef]
BP Energy Economics. BP Statistical Review of World Energy Report; British Petroleum: London, UK, 2019.
Vo, X.V.; Zaman, K. Relationship between Energy Demand, Financial Development, and Carbon Emissions in a Panel of 101
Countries: “Go the Extra Mile” for Sustainable Development. Environ. Sci. Pollut. Res. 2020, 27, 23356–23363. [CrossRef]
Peters, G.P.; Andrew, R.M.; Canadell, J.G.; Friedlingstein, P.; Jackson, R.B.; Korsbakken, J.I.; Le Quéré, C.; Peregon, A. Carbon
Dioxide Emissions Continue to Grow amidst Slowly Emerging Climate Policies. Nat. Clim. Chang. 2020, 10, 3–6. [CrossRef]
Rae, C.; Bradley, F. Energy Autonomy in Sustainable Communities—A Review of Key Issues. Renew. Sustain. Energy Rev. 2012, 16,
6497–6506. [CrossRef]
IEA. Global Energy Review 2019. Available online: https://www.iea.org/reports/global-energy-review-2019 (accessed on 22
March 2021).
Pawar, S.S.; Van Niel, E.W.J. Thermophilic Biohydrogen Production: How Far Are We? Appl. Microbiol. Biotechnol. 2013, 97,
7999–8009. [CrossRef]
Sikora, A. European Green Deal—Legal and Financial Challenges of the Climate Change. ERA Forum 2021, 21, 681–697. [CrossRef]
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