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Abstract: The aim of this article is to indicate the rationale for the development of the bioeconomy in
selected EU countries depending on their overall level of economic development. The research was
based on four highly developed countries, i.e., Germany, France, Finland and Denmark, and four
medium-developed countries, i.e., Poland, Hungary, Czech Republic, and Slovakia for the period
2001–2018. Renewable energy consumption, biomass and agricultural production were analysed as
determinants of the bioeconomy development. The question was also answered whether differences
in terms of measures determining the level of bioeconomy development between countries with
different levels of economic development during the studied period are decreasing or increasing,
using sigma (σ)-convergence coefficients. It is shown that the development of the bioeconomy of
the studied countries is related to their level of economic development. In the middle economically
developed countries, real opportunities for the development of the bioeconomy are noted, through a
high share of agriculture in national income; and in highly developed countries—high spending on
research and development and the growth of eco-innovation, which contributes to maintaining a
development advantage between these groups of countries.

Keywords: bioeconomy; EU countries; agriculture; renewable energy; biomass

1. Introduction

The implementation of the bioeconomy concept is a response to the challenges of
today’s world in particular in terms of food security and safety, sustainability of resource
management, reducing dependence on renewable resources, reducing the impact of climate
change, and creating sustainable jobs and progress in maintaining economic competitive-
ness. Global challenges also include [1] increasing global production, declining biodiversity
and climate change, price volatility in agricultural markets and product price speculation,
increasing competition for biomass, and rural urbanisation and growing demand for public
goods. Therefore, for several years now, a number of community documents have been
giving clear priority to the bioeconomy, which includes primary production potential,
that is, agriculture and forestry, fisheries with aquaculture, and coastal management, as
well as pulp and paper production, the management of biomass, including from waste, or
renewable energy production based on biomass and biotechnology.

This is an important area of the EU economy, which is becoming the foundation of
intelligent and sustainable economic growth. In EU Member States, bioeconomy sectors
employed 17.5 million workers in 2017, accounting for 8.9% of the total workforce. At
the same time, this allowed the generation of more than €614 billion in added value,
representing 4.7% of the value of EU GDP (Gross Domestic Product) [2]. It should be
recognised that the development of this area is promising for employment growth especially
in rural, coastal, or industrial areas and that the effectiveness of bioeconomy development
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may be even higher, the higher the degree of innovation implemented in agriculture,
energy, biofuel production, and biotechnology. At the same time, there is a relatively high
level of support for activities in this area from community funds, but the experience of EU
countries with bioeconomy development varies.

The concept of bioeconomy is defined in different ways. It ranges from defining the
bioeconomy as a way to achieve the vision of a society that is completely independent of
fossil fuels for energy production and industrial raw materials to the concept of a sustain-
able and efficient transformation of renewable biological resources through innovation
and the conversion of these resources into products that meet both private and public
expectations [3]. The biggest challenges for Europe in the bioeconomy area are to minimise
the environmental impact of the products created by selecting ingredients that allow their
reuse [4]. Among the aspects that determine the development of a bioeconomy, there is a
wide range of endogenous and exogenous factors, divided into three categories: environ-
mental, economic, and social. Undoubtedly, the determinant of bioeconomy development
is natural capital including renewable resources. In addition to natural capital, human
capital, innovation, and a financial support system for bioeconomy-related activities are
also important.

The bioeconomy is closely related to sustainable development, providing opportu-
nities to achieve and sustain economic growth. The European bioeconomy offers a new
perspective on traditional and high-value regional production and creates new opportu-
nities and jobs for agriculture, forestry, fisheries, aquaculture, and industry [5]. It can be
an alternative for post-mining areas [6] and other shrinking rural or peripheral areas in
Europe, especially in Central and Eastern Europe.

Therefore, the aim of this article is to identify the rationale for the development of the
bioeconomy using the example of selected EU countries with different economic levels.
The main objective formulated in this way is linked to specific objectives, which include:

(1) to present ways of defining the notion of a bioeconomy,
(2) to assess bioeconomy effectiveness in light of stimulants and constraints to its devel-

opment in selected EU countries, by identifying bioeconomy effectiveness measures,
supported by sigma-convergence indicators.

Furthermore, the paper presents different aspects of the bioeconomy, highlighting
its importance for the development of countries with different economic development in
terms of geographical location, their historical path to the EU, economic development and
potential, and basic macroeconomic indicators.

The authors hypothesise that the diversity of bioeconomy development is determined
by the level of economic development of the country, which they intend to verify.

The problems presented in the article are reflected both in Polish and foreign literature
on the subject. However, so far, there is no comprehensive approach to the issues raised
in this paper, which reduces its importance both for economic practice and the field of
economic knowledge. In light of the above, the question was posed whether there is a
similarity or even an increase in differences in the scope of measures determining the effec-
tiveness of bioeconomy between countries with different levels of economic development,
which became the basis for undertaking research in this area, constituting an interesting
source of cognitive values. The study uses Hellwig’s synthetic measure of development,
which allows one to order the analysed EU countries according to the level of economic
development.

2. Materials and Methods

Eight EU countries were selected for the study—four countries with a relatively high
level of development, i.e., Denmark, Finland, France and Germany, and four countries with
a medium level of development from Group V-4, i.e., the Czech Republic, Slovakia, Hun-
gary, and Poland. The selected countries are diverse in terms of their geographical location,
historical path to the EU, economic development and potential, and basic macroeconomic
indicators. In addition, they are differentiated by the period of their EU membership (EU-15
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and EU-12). Thus, spatial differentiation, advancement in the development of primary
production, and in industrial production based on primary production raw materials and
biotechnology can be presented. In addition to the main objective of the study, specific
objectives can be indicated, which include: to systematise the concept of bioeconomy in the
nomenclature of integration groupings and selected EU countries, to determine the level of
economic development of the countries selected for the study using a synthetic indicator,
to identify consumption and production of raw materials as measures of bioeconomy
development in the studied countries, to determine sigma convergence coefficients in EU
countries with similar and different levels of development in the field of bioeconomy, and
to establish a ranking of the studied EU countries according to bioeconomy effectiveness.

The time scope of the study covered the period 2001–2018 regarding bioeconomy
resources, and in some areas, it covered the period 2009–2018, given the introduction
of new policies and regulations such as on bioenergy and biofuels. In order to achieve
the aim of the study and to test the hypothesis, the dissertation uses various statistical
and econometric methods, such as the fact that it was based on various statistical and
econometric methods, including: chain and single-basis dynamics indices, which were
used to assess the development of values of the phenomena in time; Pearson correlation
analysis and linear and multiple regression models; trend models, which were used to
identify statistically significant trends; panel analysis, which was used to assess the rela-
tionships between macroeconomic aggregates and indicators of bioeconomy development
in temporal and spatial terms; cluster analysis using Ward’s method, which was used to
group countries and indicate similarities between them in terms of the level of economic
development; and performance measures, supported by sigma-convergence indicators,
which were used to assess the effectiveness of the bioeconomy in light of its stimulants
and limitations. Calculations were carried out using the econometric package Statistica.
The data used in the study were secondary and came from: European Statistical Office
(EUROSTAT), Food and Agriculture Organization of the United Nations (FAOSTAT), World
Bank, and Organisation for Economic Co-operation and Development (OECD). As a source
base, the statistics included in the PhD thesis of A. Grzyb [7] were used.

Various methods were used in the article. Hellwig’s synthetic measure of development
was used to classify countries according to their level of economic development [8–11].
Objects of research, which in the discussed case are countries described by the indicators
below, can be compared if a measure of similarity between them is defined. As a result
of the analysis, a group of factors indicating the level of economic development was
distinguished, i.e., GDP per capita according to PPS (Purchasing Power Standard, in euros);
share of agriculture in gross value added (%); share of employed in agriculture and hunting
to total employed (%); share of expenditure on R&D (as % of GDP); unemployment rate
(%); productivity of resources per (euro/kg); share of people with higher education (%),;
and emission of pollutants to air (carbon dioxide and methane in kg/per capita). This
synthetic measure was assumed to be the Euclidean distance between the objects. When
using this distance measure, all variables must be measured in the same units, or feature
values must be normalised [12]. Classification of multidimensional objects is possible if
features describing these objects are replaced by one synthetic variable. Classification
then comes down to dividing a set of objects into classes according to only one feature.
In this paper, we used Hellwig’s synthetic measure of development, which is the most
frequently used synthetic variable in practical research. The process of constructing the
measure of development started with establishing the elements of the observation matrix,
i.e., the values of characteristics Xj (j = 1, 2, . . . , m), in the analysed case describing the
level of economic development, corresponding to particular objects Oi (i = 1, 2, . . . , n), in
the analysed case—selected EU countries. Then, the coefficient of variation was calculated,
which is a measure of the relative dispersion according to the formula:

Vj =
Sj

xj
(1)
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where Vj is the coefficient of variation for variable j; Sj is the standard deviation for variable
j; and x is the arithmetic mean of variable j.

Standardisation was then carried out according to the following formula:

tij =
xij − xj

Sj
(2)

where tij is the country normalised value of the jth trait; xij are the country empirical values;
xj is the arithmetic mean of the jth trait; and Sj is the standard deviation of the jth trait.

In order, the analysed characteristics were divided into stimulants and destimulants.
Variables that were qualified as destimulants of economic development (share of agriculture
in gross value added (%), share of employed in agriculture and hunting to total employed
(%), unemployment rate (%), and air pollution emissions (carbon dioxide and methane in
kg/per capita)) were transformed into stimulants according to the formula:

xij =
1

xij
(3)

Finally, the pattern of economic development was established, i.e., the matrix of
variables was standardised, which is the basis for determining the so-called pattern of
economic development, i.e., an abstract object (country) with standard coordinates z01,
z02, . . . , zoj, where zoj = max {zij}, where zj is a stimulant; zoj = min {zij}, and where zj is a
destimulant and calculated the synthetic Hellwig index—as the distance of each Pi object
(country) from the benchmark according to the formula:

di = 1 − Di0
D0

(i = 1, 2, . . . , n) (4)

where Di0 is a distance from the object P0

Di0 =
√

∑m
j=1 (zij − zoj)

2; D0 = n−1 ∑n
i=1 Di0

S0 =

√
n−1 ∑n

i=1 (Di0 − D0)
2
; D0 = D0 + 2S0

(5)

The next method concerned the use of the sigma convergence index to test whether
differences in measures of the level of bioeconomy development between countries with
different levels of economic development are increasing or decreasing over the period
studied. In the most general terms, convergence means “coming together”, “converging”,
or “becoming more similar” in various dimensions of the socioeconomic life of the coun-
tries being compared. The concept of economic convergence was introduced to economic
literature by R. Barro and X. Sala-Martin in the context of the macroeconomic theory of
economic growth. Convergence of sigma (σ) type means a decrease in the differentiation of
given variables between particular regions (countries). The idea of sigma convergence is
connected with an attempt to answer the question about long-term trends in the degree
of wealth differentiation in a given group of countries. The determination of conver-
gence/divergence in the bioeconomy sector efficiency between countries with different
levels of economic development was also applied in the analyses, replacing measures of
wealth with measures of bioeconomy sector efficiency. A commonly accepted measure of
dispersion within a group of countries is the standard deviation of the natural logarithms
of, e.g., measures of wealth (most commonly GDP per capita) at a given time t, calculated
according to the following formula.

σt =
√

∑
t=1

(lnyit − lnyt)
2 (6)

where
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σt—standard deviation of the natural logarithms at time t,
i—country index,
yit—the level of the adopted measure (e.g., GDP per capita) in the i-th country in year t,
yt—the average level of the adopted measure (e.g., GDP per capita) in the considered group
of countries in year t.

We speak of σ-convergence, when, over time, the standard deviation of natural loga-
rithms of the adopted measure in a given group of countries shows a decreasing tendency.
Otherwise, we deal with divergence. Convergence always leads to the disappearance of in-
equalities between initially different entities. When the entities are countries or regions, the
differences between them disappear as a result of convergence [13]. In the study conducted,
which consisted in indicating the similarity or the increase in disparities in bioeconomy
efficiency between selected countries with different levels of economic development, the
decrease, over time, of the standard deviation of the natural logarithms of the adopted
efficiency indicators in a given group of countries indicated the similarity of bioeconomy
efficiency between them. Otherwise, it indicated increasing differences in bioeconomy
performance between the countries in the group. Trends towards convergence/divergence
of the following measures of bioeconomy efficiency were considered, which were analysed
in Section 3.2.2 (renewable energy consumption per 1000 inhabitants and per GDP per
capita in USD, biomass consumption per 1000 inhabitants and per GDP per capita in USD,
agricultural production in euro per man-hour (rh), hectare of agricultural land (UAA), and
one euro of consumption (depreciation) of fixed assets).

3. Results
3.1. The Concept of Bioeconomy in the Nomenclature of Integration Groupings and Selected
EU Countries

N. Georgescu-Roegen in 1977 pointed out the biological limitations of growth in the
study of economic phenomena and stated that it is essential in the analyses of economic
processes to understand the biophysical and social context of the processes of production,
exchange, and consumption, which he closed with the name bioeconomics [14]. The term
bioeconomy was defined in 1997 by J. Enriquez and R. Martinez, at a seminar on genomics
at the American Association for the Advancement of Science, explained in [15]. According
to them, the concept of bioeconomy is understood as an economy that relies on materials,
chemical products and energy that are produced from biological resources. Terminological
differences between bioeconomy, biobased economy, and bio-based economy are often due
to the definitional context [16]. In brief, the term bioeconomy is understood as an economic
sector, while biobased economy or bio-based economy refers to the transformation of the
economy as a whole from a fossil-based economy to a biobased economy (Table 1) [17].
In its definition of bioeconomy, the OECD assumed that it is the activity of applying
biotechnology, bioprocesses, and bioproducts to produce specific goods and services.
According to the OECD, the bioeconomy can be understood as a space where biotechnology
provides a significant impact on economic growth. In the EU Strategy, the bioeconomy,
or organic materials economy, refers to the production of renewable raw materials that
primary production provides and their conversion. The bioeconomy includes agriculture
and forestry, inland fisheries, marine and coastal fisheries, food production, wood, pulp
and paper processing, as well as parts of the chemical, biotechnological, and bioenergy
industries [18]. In contrast, bioeconomy in the USA, understood as global, industrial
processing with sustainable use of renewable aquatic and terrestrial resources for energy,
as well as intermediate and final products produced with environmental, social, and
national security benefits [19], has been prioritised by the government administration as it
presents a high growth potential as well as offering high social benefits. By contrast, the
French National Institute for Agricultural Research (INRA) identified bioeconomy as a
key concept for building sustainable development and defined it as a strategy based on
science, technology, and economics, directed towards a transition from a fossil resource-
based economy to a biomass-based economy (for food, bioenergy, chemical products, and
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raw materials), respecting ecosystem services. In Germany, the bioeconomy includes the
agricultural sector and all manufacturing sectors and accompanying service areas that
develop, produce, process, and use any form of biological resources. It should be added
that bio-based innovation also provides a growth boost to traditional sectors such as the
commodity and food trade, IT, machinery and engineering, automotive, environmental
technologies, construction, and many industrial services. In Finland, on the other hand,
a bioeconomy is defined as an economy based on natural renewable resources for the
production of food, energy, products, and services that seek to: reduce dependence on
natural fossil resources, prevent the loss of biodiversity, and create new economic growth
and employment, in line with the principles of sustainable development. It uses the most
important renewable resources in Finland, namely biomass or organic matter from forests,
the country’s primary biological resource. The group of V4 countries analysed does not
have a national definition of bioeconomy or specific bioeconomy strategies, although
bioeconomy-related objectives can be found in other national strategic documents.

Table 1. Definitions of what constitutes the bioeconomy.

Year of
Publication

Source/Author of the
Publication Definition

1977 Gregorescu Roegen A new bioeconomic approach to land resources, which should be used with a view to conservation and
use for future generations.

1997 Enriquez Martinez
All economic activities arising from scientific and/or research activities focusing on the understanding

of the mechanism and processes at the genetic/molecular level and their application to industrial
processes.

2005 KE DG Reasearch Environmentally friendly ecoefficient transformation of renewable biological resources into food,
energy, and other industrial products.

2006 EC DG Reasearch

All production systems that use biochemical and biophysical processes, including the life sciences and
related technologies generally necessary for the production of useful products; agricultural and

industrial applications of biotechnology, biorefineries, bioenergy, and biochemicals are an integral part
of the bioeconomy; the term also includes novel uses of land and sea (such as those improving

ecosystem services and other public goods), as well as the use of materials currently regarded as waste.

2007 Cologne Paper Includes production of renewable biological resources and their processing into food, feed, bio-based
products, and bioenergy.

2007 DEFRA An economic activity that captures the hidden value in biological processes and renewable bioresources,
resulting in a healthier population, growth and environmentally friendly economic development.

2009 OECD Turning knowledge from the life sciences into new, environmentally friendly, ecoefficient, and
competitive products.

2010 BECOTEPS All sectors whose products are derived from biomass.

2010 Geoghegan-Gquin The part of the economy that generates growth and creates jobs through development, processing, and
using biological resources in an environmentally friendly way.

2010 European Commission
Production models based on biological processes, as in natural ecosystems, using natural materials,

consuming a minimum of energy and generating no waste, as all the waste from one process is material
for the next one and is therefore reused in the ecosystem.

2011 McCormick An economy in which the basic building blocks of materials, chemicals, and energy are derived from
renewable biological resources such as plant and animal resources.

2012 White House Based on the application of research and innovation in life sciences to stimulate economic activity and
generate public benefits.

2012 European Commission
The economics of using biological resources of terrestrial or marine origin, as well as those derived

from waste, including food residues, as inputs for industry and energy generation; also includes the
use of bio-based processes in environmentally friendly industry.

Source: own elaboration, also based on [3,14,20–31].

It is important to note that different definitions of the bioeconomy are predominantly
used in different strategies and policies, incorporating measurable objectives and priority
areas in documents and implementation plans for bioeconomy strategies and individual
policies (Table 1). We need to see strategies and policies for a biobased economy in the
context of a strong focus on reducing dependence on fossil fuels [17]. As J. von Braun [32]
notes, the bioeconomy is understood as the ‘biologisation’ of the economy, which is a
social and economic strategy involving producers and consumers. It should therefore
be considered in the broader context of social and technological change and economic
transformation towards a green growth strategy.
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3.2. Raw-Material Resources as a Determinant of Bioeconomy Development in Selected Countries
with Different Levels of Economic Development
3.2.1. A Synthetic Indicator of a Diversified Level of Economic Development

The countries adopted for the analysis are characterised by a different level of eco-
nomic development. Hence, differences in this development are indicated, and the classi-
fication according to the level of development is confirmed. The values of the synthetic
index of the level of economic development calculated with this method are within the
range of 0.12–0.85 (Table 2, Figure 1). We should add there are no units indicated, because
the synthetic indicator is between 0 and 1, which is the result of Hellwig’s method. The
higher it is (closer to 1), the more developed a country is.

Table 2. Values of the synthetic indicator of the level of economic development in the studied EU countries in 2001–2018.

Country/Year 2001 2001 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Czech Rep. 0.44 0.45 0.44 0.45 0.44 0.44 0.44 0.29 0.29 0.29 0.30 0.30 0.30 0.30 0.28 0.29 0.28 0.30
Denmark 0.80 0.84 0.83 0.85 0.84 0.83 0.83 0.48 0.47 0.48 0.47 0.47 0.47 0.47 0.46 0.48 0.49 0.48
Finland 0.69 0.67 0.65 0.70 0.67 0.66 0.63 0.48 0.47 0.45 0.50 0.50 0.47 0.47 0.43 0.45 0.44 0.45
France 0.78 0.78 0.78 0.77 0.75 0.71 0.68 0.60 0.64 0.65 0.66 0.65 0.65 0.62 0.57 0.58 0.60 0.62

Germany 0.80 0.79 0.79 0.77 0.75 0.71 0.67 0.60 0.64 0.65 0.67 0.66 0.65 0.62 0.60 0.60 0.61 0.62
Poland 0.19 0.19 0.17 0.17 0.15 0.15 0.16 0.13 0.18 0.14 0.15 0.15 0.14 0.16 0.12 0.13 0.12 0.11

Slovakia 0.24 0.23 0.25 0.26 0.24 0.21 0.26 0.16 0.18 0.21 0.21 0.21 0.19 0.16 0.17 0.18 0.16 0.17
Hungary 0.30 0.33 0.32 0.31 0.31 0.30 0.31 0.26 0.28 0.26 0.25 0.24 0.27 0.26 0.26 0.24 0.26 0.25

Source: own elaboration based on Eurostat data [33].
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Figure 1. A synthetic indicator of the differential level of economic development in the EU countries studied, 2001–2018.
Source: own elaboration based on Eurostat data [33].

According to the assumptions of the analysis, the closer the value of the indicator
is to unity, the higher the level of economic development of the studied country, which
was especially close to Denmark, Germany, and France, but also Finland, mainly due to
their relatively high GDP per capita, low unemployment, small role of agriculture in the
economy, a relatively well-educated society, and relatively low emissions (except Denmark,
which leads in all types of pollution, e.g., into the air—these are air pollution by sulphur
oxide, nitrogen oxide, and nonmethane volatile organic compounds).

Thus, one may conclude that there is a clear division into the more developed countries,
whose synthetic indicator of the level of economic development is relatively higher and
clearly stands out from the second separated group, i.e., countries with an average level of
development—the Czech Republic, Slovakia, Hungary, and Poland, with a relatively lower
value of this indicator, which, as indicated in the literature, occurs when certain objects are
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characterised by a much weaker development [34,35]. It should also be noted that until
2008 the division between the two groups of countries is even clearer, but after including
the values related to air pollution emissions in the synthetic indicator (since 2008), the level
of the synthetic indicator of economic development decreases with respect to the more
developed countries. It is also not difficult to see that the least developed among these
countries is Poland.

It is worth noting that an important problem that may indirectly affect the post-
communist economic development of Central and Eastern Europe is local corruption
issues. Research indicates that corruption affects postsocialist countries in transition from
a centrally planned to a market economy more than those with a mature, established
market [36–38]. This adverse impact of corruption is evident in the lower level of economic
development of CEE countries. It can also affect other spheres of social and economic
life, including the development of the bioeconomy, which involves relatively large cash
flows and with them the risk of corrupt and unethical behaviour (e.g., the manipulation of
electricity prices on the stock exchange, CO2 emissions, etc.) [39].

3.2.2. Consumption and Production of Raw Materials as Measures of Bioeconomy
Development in the Countries Studied
Renewable Energy

This section of the article analyses indicators that provided evidence of the level of
development of the bioeconomy sector in selected EU countries between 2009 and 2018.
These were: renewable energy and biomass consumption per 1000 inhabitants and per
GDP per capita in USD, and agricultural production in euro per man-hour (rh), hectare of
utilised agricultural area (UAA), and one euro rate of consumption (depreciation) of fixed
assets. These were therefore partial performance indicators of the bioeconomy sector.

The first of the indicators that was taken to represent the level of development of the
bioeconomy sector in selected EU countries with different levels of economic development
between 2009 and 2018 was the per capita consumption of renewable energy. It can be
concluded that the higher this indicator, the higher the efficiency of the bioeconomy. This
is due to the fact that this indicator shows the values of renewable energy per capita;
therefore, it can be thought that the higher the value, the more often the population of a
country uses renewable energy and substitutes it for conventional energy sources, which
promotes the development of the bioeconomy sector. In all countries included in the
analyses, the per capita consumption of renewable energy was stable over the study period,
which allows us to conclude that there were no significant changes in this area and that
the differences between countries were characterised by persistence. By far the highest
energy consumption over the whole period under study was in Finland (average 1.82 TOE
per 1000 inhabitants), followed by Denmark (average 0.78 TOE per 1000 inhabitants). The
differences in this respect between the leaders were thus significant, i.e., about 2.5 times
more in Finland (Table 3). Taking into account the fact that the population of this country
is similar to that of Denmark, it should be concluded that the inhabitants of Finland have
by far the greatest possibilities, among the inhabitants of all the other countries studied,
to substitute energy from nonrenewable sources with energy from renewable sources.
Following these Scandinavian countries were Germany, with an average renewable energy
consumption per capita between 2009 and 2018 of 0.43 TOE, and France (0.34 TOE).

The consumption of renewable energy per capita was similar in the Czech Repub-
lic (0.38 TOE/1000 inhabitants) and in Slovakia (0.27 TOE/1000 inhabitants). The low-
est average consumption was in Poland (0.23 TOE/1000 inhabitants) and in Hungary
(0.20 TOE/1000 inhabitants). Thus, these were the countries with the lowest renewable
energy consumption, which may indicate a relatively low level of development of their
bioeconomy.

Highly developed countries had nearly three times higher per capita renewable
energy consumption than medium-developed countries during the period under review.
However, it should be kept in mind that the value of this indicator was reflected in the very
high consumption of renewable energy by the inhabitants of Finland and then Denmark,
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which stood out among the other economies. In the context of the criteria adopted, these
countries should be considered to have the highest efficiency of the renewable energy
sector, measured by its consumption per capita, among all the countries studied. This
applies in particular to Finland.

Table 3. Renewable energy consumption per capita in the surveyed EU countries (in TOE per 1000 inhabitants).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 0.27 0.30 0.33 0.35 0.39 0.40 0.41 0.43 0.43 0.44 0.38
Denmark 0.60 0.71 0.72 0.75 0.77 0.80 0.85 0.86 0.88 0.89 0.78
Finland 1.51 1.74 1.70 1.85 1.82 1.88 1.90 1.92 1.94 1.97 1.82
France 0.30 0.33 0.28 0.32 0.36 0.33 0.34 0.35 0.36 0.38 0.34

Germany 0.30 0.34 0.37 0.40 0.41 0.44 0.47 0.51 0.52 0.53 0.43
Poland 0.16 0.19 0.21 0.22 0.22 0.22 0.23 0.25 0.27 0.30 0.23

Slovakia 0.21 0.25 0.24 0.25 0.26 0.26 0.29 0.31 0.32 0.33 0.27
Hungary 0.18 0.20 0.19 0.18 0.19 0.19 0.20 0.20 0.21 0.22 0.20

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

0.21 0.24 0.24 0.25 0.27 0.27 0.28 0.30 0.31 0.32 0.27

Highly developed
countries—average

(Germany, France, Denmark, Finland)
0.68 0.78 0.77 0.83 0.84 0.86 0.89 0.91 0.93 0.94 0.84

Source: own elaboration based on Eurostat data [33] and OECD [40].

Next, the renewable energy consumption in TOE was analysed per country’s GDP
per capita in USD. This indicator showed, in turn, how often renewable energy can be
used by the industrial and service sectors in a given country, and it is therefore reasonable
to conclude that the higher the values of this indicator, the greater the efficiency of the
renewable energy sector in these countries, as there is relatively more renewable energy
production and opportunities for businesses to use it.

Taking this into account, there were different relationships in relation to the previous
indicator. Germany had by far the highest rate of renewable energy consumption per GDP
per capita (as high as 0.75 TOE on average in 2009–2019), followed by France (0.54 TOE).
In the context of the above statement, it should be emphasised that these were highly
developed countries with the highest efficiency of the renewable energy sector in terms of
its availability to industrial and service entities. Much lower average indices were obtained
for Finland (0.24 TOE) and Denmark (0.09 TOE). This is important because the conclusions
of the analysis of the availability of renewable energy for the inhabitants of these countries
indicated different relationships. Hence, we argue that these countries are characterised
by the different efficiency of this sector, taking into account the criteria determining the
availability of renewable energy for residents and businesses in these countries.

Germany was also the country with the largest increases in the renewable energy
indicator per GDP per capita in USD, compared to the others. The Czech Republic and
Finland were also among the countries with an increasing trend in this indicator between
2009 and 2019. The increase in the value of the indicator of renewable energy consumption
per GDP per capita should be assessed as a very favourable trend, as it shows the increasing
availability of energy from renewable sources by enterprises in these countries. It also
indirectly indicates the development of this sector. Compared to medium-developed
countries, Poland had by far the highest and most outstanding performance in the plus
consumption of renewable energy per GDP per capita. The average for 2009–2018 here was
0.35 TOE. The Czech Republic came second with an average indicator of only 0.13 TOE,
followed by Hungary and Slovakia. In the context of the assumptions made, it is worth
noting that highly developed countries were characterised by an almost three times higher
renewable energy consumption than medium-developed countries (see Table 4), which
may indicate a higher level of bioeconomy development.



Energies 2021, 14, 3182 10 of 21

Table 4. Renewable energy consumption per GDP per capita in USD in the surveyed EU countries (in TOE).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 0.10 0.11 0.12 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.13
Denmark 0.08 0.09 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.11 0.09
Finland 0.21 0.24 0.22 0.25 0.24 0.25 0.25 0.25 0.26 0.26 0.24
France 0.54 0.58 0.48 0.55 0.58 0.53 0.53 0.54 0.54 0.55 0.54

Germany 0.65 0.69 0.69 0.74 0.74 0.75 0.80 0.80 0.81 0.81 0.75
Poland 0.32 0.35 0.35 0.37 0.35 0.34 0.34 0.34 0.35 0.35 0.35

Slovakia 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.05
Hungary 0.09 0.09 0.08 0.08 0.08 0.07 0.08 0.08 0.08 0.09 0.08

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

0.14 0.15 0.15 0.16 0.15 0.15 0.15 0.15 0.16 0.16 0.15

Highly developed
countries—average

(Germany, France, Denmark, Finland)
0.37 0.40 0.37 0.41 0.41 0.41 0.42 0.42 0.43 0.43 0.41

Source: own elaboration based on Eurostat data [33] and OECD [40].

Biomass Consumption

Biomass consumption per capita and GDP per capita in USD were also used as indica-
tors to show the level of development of the bioeconomy sector in selected EU countries
with different levels of development. As in the case of renewable energy consumption, it
was assumed that the higher these indicators, the higher the biomass consumption. This
is due to the fact that these measures showed the use of biomass by both consumers and
the industrial sector. As it is known, the use of biomass is more beneficial to the natural
environment than the combustion of fossil fuels, which results from the fact that the content
of harmful elements in biomass is lower than in nonrenewable sources. Moreover, the
use of biomass allows one to reduce the amount of waste, as it includes both household
waste and other biodegradable organic residues. The per capita consumption of biomass
in the countries studied was more variable than the consumption of renewable energy. The
average range of biomass consumption in thousand tonnes per 1000 inhabitants between
2009 and 2018 was from 2.15 in the Czech Republic to 6.16 in Finland.

Highly developed countries were characterised by higher per capita biomass con-
sumption than medium-developed countries. The average ratio for the former in the period
under review was 4.72, and for the latter, it was 3.38 thousand tonnes per 1000 inhabitants
(Table 5). The highest per capita biomass consumption was recorded in Finland (an average
of 6.16 thousand tonnes per 1000 inhabitants) and Denmark (5.27 thousand tonnes per
1000 inhabitants). In the light of the criteria adopted, these were the countries with the
highest per capita biomass consumption among all the countries covered by the analyses.
Biomass consumption per capita in Germany and France was about half that in Denmark
and Finland. Among the medium-developed countries, Poland had the highest indicators
in this respect. Biomass consumption per capita here was even higher than in Germany and
France. In the context of the adopted criteria, one may say that Poland was characterised
by the highest per capita use of biomass among all the analysed mid-developed countries.
Slovakia, Hungary, and the Czech Republic were next in this respect in the period under
discussion. It is also worth noting that biomass consumption by inhabitants in Slovakia
and Hungary did not differ significantly from that in highly developed countries such as
Germany and France.
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Table 5. Biomass consumption per capita in the surveyed EU countries (thousand tonnes per 1000 inhabitants).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 2.17 1.98 2.23 1.78 1.94 2.21 2.30 2.25 2.31 2.29 2.15
Denmark 4.96 4.94 5.23 5.41 5.17 5.37 5.48 5.33 5.36 5.49 5.27
Finland 5.37 6.14 5.93 5.96 6.61 6.34 6.16 6.22 6.38 6.51 6.16
France 4.03 3.60 3.63 3.77 3.69 4.04 3.84 3.96 4.01 3.97 3.85

Germany 3.31 3.13 3.68 3.69 3.37 3.93 3.64 3.62 3.73 3.69 3.58
Poland 4.62 4.31 4.84 4.64 4.50 4.89 4.73 4.58 4.64 4.82 4.66

Slovakia 3.53 3.60 3.80 3.09 2.98 3.76 3.37 3.23 3.38 3.30 3.40
Hungary 3.14 2.87 3.32 2.47 3.28 4.02 3.50 3.34 3.68 3.55 3.32

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

3.37 3.19 3.55 3.00 3.18 3.72 3.48 3.35 3.50 3.49 3.38

Highly developed
countries—average

(Germany, France, Denmark, Finland)
4.42 4.45 4.62 4.71 4.71 4.92 4.78 4.78 4.87 4.92 4.72

Source: own elaboration based on Eurostat data [33] and OECD [40].

As in the case of per capita biomass consumption, there were slight differences be-
tween countries differing in their level of economic development in terms of the level of
indicators determining biomass consumption per GDP per capita. However, the data in
Table 6 show that among the highly developed countries, Germany and France had the
highest biomass consumption per GDP per capita, and not Finland and Denmark, as indi-
cated by the biomass consumption per capita index (see Table 5). Poland had the highest
average biomass consumption per unit of value added of all countries in the period under
review. It was more than seven times higher than in other middle-developed countries and
also slightly higher than in Germany and France (see Table 6).

Table 6. Biomass consumption per GDP per capita in USD in the surveyed EU countries (thousand tonnes).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 0.83 0.75 0.81 0.65 0.67 0.72 0.71 0.70 0.69 0.65 0.72
Denmark 0.68 0.64 0.66 0.68 0.62 0.63 0.63 0.64 0.63 0.61 0.64
Finland 0.76 0.85 0.79 0.79 0.87 0.84 0.80 0.81 0.83 0.82 0.82
France 7.25 6.28 6.12 6.35 5.96 6.43 5.98 6.21 6.11 6.05 6.27

Germany 7.19 6.39 6.91 6.80 6.00 6.74 6.11 6.33 6.41 6.15 6.50
Poland 9.16 7.97 8.27 7.60 7.09 7.41 6.86 7.02 6.79 6.91 7.51

Slovakia 0.83 0.78 0.79 0.63 0.58 0.70 0.62 0.64 0.59 0.61 0.68
Hungary 1.53 1.34 1.46 1.06 1.33 1.56 1.31 1.42 1.33 1.37 1.37

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

3.09 2.71 2.83 2.49 2.42 2.60 2.38 2.45 2.35 2.39 2.57

Highly developed
countries—average

(Germany, France, Denmark, Finland)
3.97 3.54 3.62 3.66 3.36 3.66 3.38 3.50 3.50 3.41 3.56

Source: own elaboration based on Eurostat data [33] and OECD [40].

This confirms the conclusion from the data in Table 5 that Poland has a similar biomass
consumption to Germany and France.

Agricultural Production

Agriculture provides key resources for use in the bioeconomy. Therefore, it can be
said that the development of this sector also influences the development of that economy.
This is because it determines the quantity and quality of the raw materials that continue to
be used by the sector.



Energies 2021, 14, 3182 12 of 21

Data on the agricultural sector in individual European Union countries are provided
by the system of collecting accounting data from farms in the EU (FADN). It enables
obtaining information about the value of agricultural production and the outlays of par-
ticular resources involved in achieving this effect in representative farms in particular
countries. These data were also used to assess the productivity of the agricultural sector
and for comparative analyses between EU countries with different levels of development
from 2009 to 2018. It was assumed that the higher the value of agricultural output per
resource (efficiency) in a country, the greater the positive indirect effect also on the level of
development of the bioeconomy.

Total income from agriculture per labour input engaged in the sector was by far the
highest and prominent in Denmark compared to other countries (Table 7). The next places
in this respect were France, Germany, and then Finland. Only after these highly developed
countries was the Czech Republic, which belonged to the group of medium-developed
countries. Slovakia and Hungary followed, and Poland was in the last position. The
differences between total revenue from agricultural production per agricultural labour
input between the intermediate developed countries, such as the Czech Republic, Slovakia,
and Hungary, were not large. Only Poland stood out in this respect. All this explains the
almost four times higher productivity of labour resources, measured by total income from
agricultural production per labour input, in 2009–2018 in highly developed countries than
in the cluster of medium-developed countries.

Table 7. Total income from agricultural production per labour input in agriculture of the surveyed EU countries (in euro per
man-hour).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 16.93 19.79 24.62 24.89 24.81 26.49 26.09 26.32 27.56 26.49 24.40
Denmark 96.63 116.50 135.47 145.08 143.64 128.61 123.18 124.08 135.06 122.23 127.05
Finland 27.55 31.09 34.51 41.32 42.33 43.59 41.84 43.42 42.55 44.67 39.29
France 46.27 53.13 58.76 62.26 59.68 48.07 60.21 55.67 61.34 54.78 56.02

Germany 36.69 43.87 47.61 53.93 55.04 52.02 49.07 51.02 49.87 53.45 49.26
Poland 5.88 6.85 7.66 7.88 8.00 7.81 7.71 7.94 8.02 8.24 7.60

Slovakia 13.58 15.69 21.90 21.29 22.18 26.51 25.11 24.34 25.87 26.98 22.35
Hungary 13.76 16.26 19.79 20.13 19.57 19.61 21.10 20.87 19.56 21.09 19.17

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

12.54 14.65 18.49 18.55 18.64 20.11 20.00 19.87 20.25 20.70 18.38

Highly developed
countries—average

(Germany, France, Denmark, Finland)
51.79 61.15 69.09 75.65 75.17 68.07 68.58 68.55 72.21 68.78 67.90

Source: own elaboration based on Eurostat data [33] and OECD [40].

The country with the highest average total income per hectare (ha) of utilised agricul-
tural area (UAA), over the period 2009–2018, as with the ratio of total agricultural revenue
per labour input engaged in the sector, was Denmark. This was followed by Germany,
France, and Finland. Therefore, we can say that the order in terms of productivity of the
land factor in agriculture in highly developed countries was practically the same as in
the case of the productivity of labour factor. The only difference here was that the second
position in terms of the labour factor productivity in agriculture, in the period 2009–2018
was occupied by France, and in the case of land factor productivity, it was Germany
(Tables 7 and 8). As regards the average productivity of agricultural land in the studied
period, in the group of medium-developed countries, Poland was in the first place in this
respect. Let us recall that in the case of labour input efficiency in agriculture in 2009–2018,
it was in the last place. The next positions in this respect were the Czech Republic and
Hungary, with a minimum difference of 24 euro/ha. Slovakia was in last place in this
respect. Thus, again the highly developed countries were characterized by higher efficiency
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of the agricultural land factor than the middle-developed countries. This appears to be a
permanent tendency, as it concerns each of the years of the research period (Table 8).

Table 8. Total income from agricultural production per hectare (ha) of utilised agricultural area (UAA) in the surveyed EU
countries (in euro per ha).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 1029 1176 1431 1465 1453 1514 1486 1498 1512 1503 1407
Denmark 3465 4017 4497 4686 4849 4329 4057 4235 4355 4478 4297
Finland 1362 1468 1644 1789 1802 1904 1767 1810 1914 1889 1735
France 1788 2018 2190 2384 2284 2313 2313 2367 2289 2399 2235

Germany 2144 2548 2728 3049 3090 2862 2696 3088 2899 2987 2809
Poland 1193 1422 1576 1621 1606 1583 1528 1609 1577 1599 1531

Slovakia 689 761 1071 973 1001 1183 1120 1096 1104 1099 1010
Hungary 1006 1135 1427 1446 1398 1418 1506 1488 1499 1502 1383

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

979 1124 1376 1376 1365 1425 1410 1423 1423 1426 1333

Highly developed
countries—average

(Germany, France, Denmark, Finland)
2190 2513 2765 2977 3006 2852 2708 2875 2864 2938 2769

Source: own elaboration based on Eurostat data [33] and OECD [40].

Considering the efficiency of the capital factor in agriculture, it should be pointed
out that the country with the highest average value of the indicator of total income from
agricultural production per capital input was Hungary, where, for example, we may note
there is one of the highest indicators in the EU-12 countries of the share of tractors and
harvesters, especially in agricultural holdings above 30 ha. This is surprising, because this
country belongs to the group of medium-developed countries and in terms of efficiency of
agricultural land and labour involved in this sector, it ranked at one of the last positions. It
was followed by Denmark, the Czech Republic, and Germany. These countries had similar
ratios of total income from agricultural production per unit of capital input, measured by
depreciation of fixed assets. Then came Poland, France, and Slovakia, also with similar
indicators of capital efficiency in agriculture, and Finland, which was in the last position
(Table 9).

Table 9. Total income from agricultural production per capital employed in agriculture of the surveyed EU countries
(multiples).

Country/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average

Czech Republic 7.63 8.18 9.19 8.97 8.65 8.88 7.84 8.02 7.99 8.43 8.38
Denmark 8.27 9.43 10.35 10.92 10.93 9.29 8.96 8.88 9.02 9.45 9.55
Finland 3.07 3.37 3.67 4.25 4.25 4.22 4.07 4.11 4.29 4.23 3.95
France 5.10 5.88 6.27 6.51 5.88 6.21 6.18 5.98 6.11 6.28 6.04

Germany 6.69 7.56 7.97 8.52 8.33 8.21 7.61 7.89 8.12 8.34 7.92
Poland 5.78 6.47 6.96 7.10 6.32 5.96 5.71 5.98 6.12 6.34 6.27

Slovakia 3.73 4.10 5.56 6.47 6.53 7.20 6.23 6.56 6.89 6.92 6.02
Hungary 8.54 9.32 11.40 11.45 10.78 12.04 12.14 11.97 11.53 12.03 11.12

Medium-developed
countries—average

(Poland, Czech Republic, Hungary,
Slovakia)

6.42 7.02 8.28 8.50 8.07 8.52 7.98 8.13 8.13 8.43 7.95

Highly developed
countries—average

(Germany, France, Denmark, Finland)
5.78 6.56 7.07 7.55 7.35 6.98 6.71 6.72 6.89 7.08 6.87

Source: own elaboration based on Eurostat data [33] and OECD [40].
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It should be stressed that, in relation to labour and land factor productivity in agricul-
ture, there was a peculiarity in that the middle-developed countries achieved relatively
higher indices determining capital input productivity in agriculture than the highly devel-
oped countries, which may have been determined by relatively high depreciation costs. The
opposite was true for labour and land factor efficiency. This tendency was characterised by
persistence and applied to all years of the research period.

In conclusion, it can be argued that in the period under study, highly developed
countries were characterised by a higher level of development of the bioeconomy sector
than medium-developed countries, which manifested itself, among other things, in higher
renewable energy and biomass consumption per capita, and in terms of GDP per capita in
higher total revenues from agricultural production per labour and land input. At the same
time, it can be assumed that higher efficiency of agriculture translates into a higher level of
bioeconomy development, as it is the most important supplier of raw materials used by
this sector.

3.3. Sigma Convergence rate in EU Countries with Similar and Different Levels of Development in
the Bioeconomy Area

Following is a study carried out to answer the question of whether there is a conver-
gence, or even an increase, in differences in measures of the level of development of the
bioeconomy, between countries with different levels of economic development over the
study period. Convergence sigma indicators were used for this purpose. When examin-
ing trends in per capita renewable energy consumption between countries with different
and similar levels of economic development, none of these groups of countries showed
a decrease in differences in this respect, as evidenced by the σ-convergence coefficients
in Table 10. Differences in this respect, despite the passage of time, remained at the same
level or even deepened between countries, which was particularly evident in the group of
medium-developed countries. The sigma-convergence coefficient for this group in 2018
was 0.3 compared to 0.22 in 2009. It is also worth noting that this group of countries,
compared to the highly developed ones, was characterised by more than 3 times and about
2.5 times lower variation in renewable energy consumption per capita in 2009–2011 and in
2009–2018 (Table 10).

Table 10. Sigma coefficients (σ)-convergence in the studied EU countries with different and similar levels of economic
development with regard to renewable energy consumption—in TOE per 1000 inhabitants and in TOE per GDP per capita
in USD.

Renewable Energy Consumption in TOE per 1000 Inhabitants

Specification 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

countries with different levels of economic development 0.73 0.75 0.74 0.76 0.74 0.75 0.74 0.75 0.74 0.75
countries with similar levels of

economic development
highly developed 0.77 0.79 0.80 0.78 0.74 0.77 0.75 0.76 0.75 0.76

medium developed 0.22 0.21 0.24 0.28 0.31 0.31 0.30 0.31 0.31 0.30

Renewable Energy Consumption in TOE per GDP per Capita in USD

countries with different levels of economic development 0.95 0.95 0.94 0.98 0.98 0.98 0.97 0.97 0.98 0.98
countries with similar levels of

economic development
highly developed 0.95 0.93 0.90 0.93 0.94 0.92 0.93 0.94 0.93 0.93

medium developed 0.79 0.79 0.83 0.85 0.94 0.92 0.93 0.92 0.93 0.93

Source: own elaboration based on Eurostat data [33] and OECD [40].

In terms of renewable energy consumption per GDP in countries with different levels
of economic development, the sigma-convergence analysis did not show a narrowing of
the gap. This was even more evident in the group of intermediate-developed countries.
Only in the highly developed countries, in some years, did renewable energy consumption
per GDP per capita decrease slightly (Table 10).

In the case of biomass consumption by the inhabitants of both medium- and highly
developed countries, the convergence study confirmed similar differences, albeit slightly
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smaller in highly developed countries (Table 11). There was also no tendency for these
differences to diminish in any group of countries during the study period. It is also worth
noting that both in countries with different and similar levels of economic development,
the differences between countries in per capita biomass consumption were similar.

Table 11. Sigma coefficients (σ)-convergence in the studied EU countries with different and similar levels of economic
development in relation to biomass consumption—in thousand tonnes per 1000 inhabitants and in thousand tonnes,
converted to GDP per capita in USD.

Biomass Consumption in Thousand Tonnes per 1000 Inhabitants

Specification 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

countries with different levels of economic development 0.29 0.35 0.31 0.40 0.37 0.31 0.31 0.33 0.34 0.35
countries with similar levels of

economic development
highly developed 0.22 0.30 0.25 0.25 0.31 0.23 0.26 0.27 0.25 0.23

medium developed 0.31 0.34 0.32 0.40 0.35 0.34 0.29 0.30 0.31 0.33

Biomass Consumption Thousand Tonnes Converted to GDP per Capita in USD

countries with different levels of economic development 1.16 1.11 1.11 1.16 1.12 1.12 1.11 1.12 1.13 1.11
countries with similar levels of

economic development
highly developed 1.33 1.25 1.28 1.27 1.22 1.28 1.24 1.26 1.25 1.24

medium developed 1.14 1.11 1.10 1.18 1.22 1.11 1.24 1.21 1.19 1.18

Source: own elaboration based on Eurostat data [33] and OECD [40].

The sigma-convergence coefficients in Table 11 show that the level of variation between
the analysed countries in terms of biomass consumption in thousand tonnes per GDP
per capita in US$ was the highest of all bioeconomy performance indicators studied so
far. It remained at a similar level regardless of the level of economic development, as
evidenced by the high standard deviations in the group of countries with different levels of
development. The variation in biomass consumption per capita was only slightly smaller
among middle-developed countries than among highly developed countries.

As regards trends in factor productivity in agriculture in high and medium-developed
countries, in the former group, in recent years there has been a tendency for the differ-
ences to decrease with respect to the previous years. Such a trend did not occur in the
medium-developed countries, where either an increase in the variation in agricultural
factor productivity relative to previous years took place most frequently throughout the
period under study or the variation between countries remained at the same level as the
year before (e.g., 2013 and 2015). The data below also show that the variation in total agri-
cultural income per labour input engaged in agriculture between countries with different
levels of development, from 2009 to 2018, was significantly higher than in countries with
similar levels of economic development.

The variation between countries with different and similar levels of economic devel-
opment in total revenue per land and capital input during the period under study was
much smaller than for the agricultural production revenue per man-hour. This was partic-
ularly true for total revenue from agricultural production per euro of capital input. This is
evidenced by the comparative analysis of the sigma-convergence coefficients (Table 12). In
the case of the agricultural land factor efficiency, we can see that in relation to 2009, the
differentiation in this respect between highly developed countries first increased and then
decreased after 2013. With regard to middle-developed countries, also no constant trend in
this respect can be indicated, because it was so that in one year the differentiation increased
in relation to the previous year and in the next year it decreased. The differentiation of
indicators of total income from agricultural production per the input of land engaged
in agriculture in the examined period was smaller in the group of medium-developed
countries than in the group of highly developed countries. Moreover, the differentiation in
this respect between countries with different levels of economic development was definitely
greater than in countries with similar levels of economic development and referred to all
years of the research period.
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Table 12. Sigma coefficients (σ)-convergence in the examined EU countries with different and similar levels of economic
development in relation to total revenues from agricultural production per: labour input involved in agriculture (in euro per
man-hour); land input involved in agriculture (in euro per ha) and per capital input involved in agriculture (multiplicity).

Total Revenues from Agricultural Production per Labour Input Involved in Agriculture (in Euro per Man-Hour)

Specification 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

countries with different levels of economic development 0.87 0.88 0.85 0.88 0.87 0.82 0.82 0.83 0.84 0.83
countries with similar levels of

economic development
highly developed 0.54 0.56 0.58 0.54 0.53 0.50 0.48 0.48 0.47 0.47

medium developed 0.47 0.56 0.58 0.52 0.52 0.58 0.58 0.57 0.59 0.58

Total Revenues from Agricultural Production per Land Input Involved in Agriculture (in Euro per ha)

countries with different levels of economic development 0.51 0.52 0.45 0.49 0.50 0.43 0.41 0.47 0.49 0.50
countries with similar levels of

economic development
highly developed 0.39 0.42 0.41 0.43 0.43 0.35 0.35 0.37 0.38 0.40

medium developed 0.23 0.26 0.17 0.23 0.21 0.35 0.15 0.28 0.31 0.22

Total Revenues from Agricultural Production per Capital Input Involved in Agriculture (Multiplicity)

countries with different levels of economic development 0.38 0.38 0.37 0.32 0.32 0.32 0.33 0.34 0.33 0.34
countries with similar levels of

economic development
highly developed 0.43 0.44 0.44 0.40 0.41 0.35 0.34 0.35 0.34 0.33

medium developed 0.37 0.36 0.31 0.40 0.41 0.35 0.34 0.36 0.35 0.34

Source: own elaboration based on Eurostat data [33] and OECD [40].

The variation in the efficiency of the capital factor in agriculture, in the period 2009–
2018 was similar, and in 2012–2015, even identical in countries with different levels of
development. It is also peculiar that between countries with different levels of economic
development, it was smaller than in the groups of countries with similar levels of economic
development. Here, one can also point to the tendency of decreasing differences in this
respect between countries with different levels of economic development and highly
developed countries (Table 12).

4. Discussion

The study makes it possible to rank selected EU countries with different levels of
economic development according to the level of development of the bioeconomy sector
over the study period. This approach was also used in the work prepared by Bracco and
Flammini [41], who analysed countries with different levels of economic development and
with different bioeconomy strategies. They focused on countries from six continents such
as Argentina, Australia, Germany, Malaysia, the Netherlands, South Africa, and the United
States. The analysis showed that the sectors covered by a country’s bioeconomy strategy
mostly reflect the priorities set by the country and comparative advantages related, for
example, to the availability of natural resources, traditional industries, labour productivity,
and investment in research and development. Examples include the agri-food sector, which
has been identified as a priority for Argentina, Malaysia, and South Africa, while the
Netherlands and the United States focus more on nonfood sectors. The results presented
also indicate that most countries measure the progress of the bioeconomy through economic
values and share of GDP.

The bioeconomy performance indicators provide an aggregate assessment of the
performance of the sector, as they are made up of submeasures, which were discussed
earlier. In principle, two clusters of countries can be identified.

The first of these, with significantly higher bioeconomy effectiveness, includes highly
developed countries and Poland. Effectiveness of the bioeconomy sector in Poland should
therefore, against the background of countries with a similar level of economic develop-
ment, be assessed as the highest and similar to that in Finland. For example, in 2009, the
efficiency of the bioeconomy sector in Poland was even slightly higher than in Finland, and
in 2011, it was higher than in France. However, subsequent years have seen the efficiency
of the bioeconomy sector in Poland deteriorate relative to the highly developed countries,
which should be assessed as a negative trend.
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The second group of countries with significantly lower bioeconomy efficiency than in
highly developed countries are Hungary, the Czech Republic, and Slovakia. In all years of
the 2009–2018 period, the country with by far the lowest bioeconomy efficiency of all the
countries studied was Slovakia; and only slightly higher efficiency indicators of this sector
were recorded by the Czech Republic.

Therefore, we can say that during the studied period, highly developed countries
were characterised by a higher bioeconomy sector efficiency than medium-developed
countries, which follows from the earlier comparative analysis of partial bioeconomy
efficiency indicators. The higher efficiency of the bioeconomy sector in highly developed
countries is also indicated by Komen [42], as well as by D’Hondt, Jimenez-Sanchez, and
Philp [43].

In terms of developed countries, depending on the year, the country with the highest
bioeconomy performance was either Germany or Denmark (Figure 2).
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Figure 2. Aggregate bioeconomy efficiency index in the analysed EU countries with different levels of economic development
from 2009 to 2018. Source: own elaboration based on Eurostat data [33] and OECD [40].

In assessing the drivers of bioeconomy development, it is important to emphasise that
the EU single market comprises nearly 500 million consumers with growing consumption
needs in terms of both range and quality and with growing needs met by environmental
services. Satisfaction of consumer needs is ensured because EU Member States have a large
production potential, in terms of primary production from agriculture, forestry, fisheries
and aquaculture, and microorganisms. Diversified raw materials from primary production
provide a solid raw-material base for processing into food and feed for animal husbandry
and breeding. Part of the raw materials from agriculture, fisheries and aquaculture, raw
materials from forestry, waste from primary production, and food waste and organic
waste from the municipal sphere constitute a valuable raw material—biomass, which is
intended to be processed into bioproducts and bioenergy, as mentioned above. It should
be noted that with the extension of the biomass processing chain (cascade use), the added
value of the produced bio-products and bio-energy increases. Production surpluses of
agricultural raw materials, as well as raw materials from fisheries and aquaculture and
raw materials from forestry which are used for processing in the following industries:
chemical, pulp and paper, wood, furniture, biotechnology and bioenergy production, can
be used for these purposes. Of particular importance for stimulating the development
of the bioindustry is the development of technologies for cascade and the circular use of
biomass, the development of technologies for biorefining of biomass and the development
of technologies allowing for the production of bioenergy, including biofuels I, II, and
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subsequent guarantees, biogas, and biomethane. A similar perspective is provided by
D’Hondt, Jimenez-Sanchez, and Philp [43] indicating that the bioeconomy provides an
opportunity to address the problems of the efficient use of biomass and to solve critical
issues such as food security.

In the bioenergy sector, there is a decrease in the use of solid biomass for direct
combustion in favour of cogeneration, including for heating and cooling, and an increasing
use of bioenergy in transport.

An important driver for the development of the bioeconomy in the EU is high, and
simultaneously developed, qualifications and skills of the workforce, both in primary
production, as well as in the processing and feed industries and sectoral bioindustries. The
basis for high qualifications and skills of the workforce is education, which is guaranteed
by well-qualified researchers in the life sciences, biotechnology, materials engineering,
and ITC technologies. The development in this field has accelerated with the concept of a
knowledge-based bioeconomy and developing technological, organisational, or manage-
ment innovations [44]. A similar approach is presented by Biber-Freudenberger et al. [45],
indicating that some technological innovations have led to increased resource efficiency
and that part of the sustainability gains achieved by high-tech countries are due to the
development and application of advanced technologies and knowledge as an intrinsic
part of innovative activities. Of particular importance is the development of agricultural,
pharmaceutical, industrial, and environmental biotechnology. The development of biotech-
nology revolutionizes primary production supported by new plant varieties, animal breeds,
and microorganisms, which allow one to obtain higher plans with expected parameters,
as well as the breeding of animals with effective use of feed in relation to weight gain,
quantity and quality of milk produced, or other values of this production. Individual
biotechnological technologies make it possible to obtain modern medicines, bioproducts,
including biodegradable bioplastics, and reduce the use of chemical fertilisers and plant
protection products, which reduces the eutrophication of ecosystems. There is a growing
number of patents in the bioeconomy, supported by good intellectual property protection.

Policy decisions taken by the EU on the implementation of the Bioeconomy Strategy,
coupled with the implementation of the Global Development Goals, the Europe 2020
Economic Strategy, the Forestry Strategy, the Circular Economy and the Blue Economy [46],
give a strong impetus to the implementation of the bioeconomy in Member States, as
well as at the regional and local levels. The operationalisation of the implementation of
the bioeconomy can be found in a number of Community policies, including agriculture,
climate and energy and support for the development of bio-based industries, including
the cascading use of biomass. The EU supports policies for the development of regional
and smart specialisation, which dynamises the implementation of regional development
strategies affecting regional and local development. The EU research, development, and
innovation policy with high R&D investments under Horizon 2020 intensively support
research development and innovation implementation in the bioeconomy area. In addition,
public procurement policy can effectively support the development of the bioeconomy and
the offered biobased products in a wide spectrum of bioeconomy sectors.

Constraints on the development of the bioeconomy in EU member states are mainly
related to the competition for bioresources between food and feed production and the use
of bioresources for bioindustry and bioenergy production. One should point out the high
import of soya meal for the needs of the feed industry, for the production of which about
20 million ha of soya crops are used, especially in South America. Despite changing crop
technologies, plant varieties, and animal breeds, there is a limit to the amount of biomass
that can be obtained from agriculture, forestry, fisheries and aquaculture, microorganisms,
and marine biomass, to be used as raw materials for the bioindustry and to generate
bio-energy. The limit on biomass harvesting in agriculture and forestry is also linked to
the need to leave some biomass, such as harvest and wood residues, to enrich soils with
organic matter due to the scarcity of organic fertilisers. Indeed, soils should contain an
adequate level of humus, which guarantees the binding of water and nutrients in the soil.
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Soil humus is also an important carbon store in the soil, helping to reduce GHG emissions.
Harvested biomass especially from agriculture is largely local due to its use and high
transport costs. There are opportunities and technologies to increase biomass production
by using a group of plants with high photosynthetic efficiency in cultivation, but given
the monoculture nature of these crops, this can lead to a serious threat to biodiversity.
Growing highly intensive monoculture crops with high biomass yields, increases pressure
on the environment, leading to soil degradation, increased demand for water for cultivation
and eutrophication of the environment. It should also be added that data on the amount
of biomass obtained, as well as its components, i.e., proteins, fats, sugars, starch, and
cellulose, are largely estimates. It is important to stress the need to complete value chains
in the bioeconomy, which allow effective cascading of biomass use and to complete the
knowledge on the life cycle of products made from biomass. Among the constraints, the
need to reduce energy intensity in the bioeconomy and the necessary reduction of GHG and
ammonia emissions in primary production as well as in the bioprocessing chain should also
be pointed out. Among the social indicators, declining employment in primary production,
especially in agriculture, which is also facing cost reductions that could increase resource
efficiency, should be mentioned as a constraint.

5. Conclusions

Both the adopted objectives of the study and the scope of the conducted analyses
made it possible to positively verify the research hypothesis that the differentiation of
the development of the bio-geo-based economy is conditioned by the level of economic
development. Turning to the conclusion, it should be stated that the development of
the bioeconomy of the studied countries is linked to the level of GDP, both in nominal
terms and GDP per capita, to the share of agriculture in gross value added, to the share
of employed in agriculture and hunting in total employment, to the share of expenditure
on R&D, to the unemployment rate, to the productivity of resources, and to the share of
people with tertiary education or to emissions of pollutants into the air, as confirmed by
the different values of the constructed synthetic indicator of their economic level.

Identification of similarities between the countries studied in terms of resources
related to production, forestry, and aquaculture indicates that two groups of countries
can be distinguished. The first group includes Germany, France, and Poland with high
resources in agriculture and aquaculture, and partly in forestry, where Poland was ranked
fourth after Finland. The second group with lower primary production resources includes
Denmark, Finland, the Czech Republic, Slovakia, and Hungary.

In the countries belonging to the group of medium economically developed, there
are real opportunities to develop their bioeconomy, thanks to a relatively high (compared
to highly developed countries) share of agriculture in GDP or opportunities to develop
aquaculture; however, high spending on research and development and growth of eco-
innovation is higher in highly developed economies, which contributes to maintaining a
developmental advantage between these groups of countries.

The study found that highly developed countries had a significantly higher level of
development in the bioeconomy sector over the period studied than medium-developed
countries. The country with the highest level of development in this respect was Ger-
many, followed by Denmark, France, and Finland. Poland, on the other hand, had the
highest level of bioeconomy sector development among the middle-developed countries,
and which was similar to some highly developed countries (Finland and France). How-
ever, the gap between Poland and highly developed countries has widened. It was also
noted that during the studied period the value of the aggregated indicator of the level
of bioeconomy development brought Poland closer to Finland and France than to the
medium-developed countries.

The lowest level of bioeconomy sector development was found in Slovakia, slightly
higher in the Czech Republic, and significantly higher in Hungary, but the trends were
stable as they applied to each of the years of the research period, allowing us to conclude
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that differences in the level of bioeconomy sector development between the medium-
developed countries studied are stable and similar despite the passage of time.

The research undertaken and the results obtained allow for further research in the
future to extend the analysis to other sectors of the economy and other EU countries. In the
future, the issues raised will also oscillate around the issue of evaluating the support system
for bioeconomy-related activities in relation to formulating programmes and strategies for
its development in EU countries.
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