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Abstract: The paper’s main purpose was to identify and present the current situation and changes in
energy consumption in agriculture in the European Union (EU) countries. The specific objectives
were the determination of the degree of concentration of energy consumption in agriculture in the
EU countries, showing the directions of their changes, types of energy used, and changes in this
respect, establishing the correlation between energy consumption and changes in the economic and
agricultural situation in the EU countries. All member states of the European Union were deliberately
selected for research on 31 December 2018 (28 countries). The research period covered the years
2005-2018. The sources of materials were the literature on the subject, and data from Eurostat.
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with a systematic increase in the importance of renewable energy sources. The second research
hypothesis was also confirmed, according to which the increase in the consumption of renewable
energy in agriculture is closely related to the economy’s parameters. The use of renewable energy is
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1. Introduction

In the European Union (EU), around 50% of agricultural production comes from plant
production. Livestock production also generally needs land to feed the animals. About 47%
conditions of the Creative Commons  ©Of the land in the EU is used for agriculture. Therefore, it is a sector closely related to land
Attribution (CC BY) license (https:// ~ use. Changes in the connection between land and agriculture proceed very slowly, and in
creativecommons.org/licenses /by / the short term, this resource does not change significantly [1-5]. Agriculture in the Euro-
40/). pean Union countries has been and will be diversified. They can be divided into segments.
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Countries with a high level of socioeconomic development are most often distinguished,
such as France, Germany, the Netherlands, Denmark, and Belgium. The second group
includes the remaining EU-15 countries. The other two groups are the countries that joined
the EU in 2004 and later [6-13]. In 2011-2013, labor productivity in agriculture in Eastern
Europe accounted for only 19% of labor productivity in agriculture in Western Europe. This
shows that there are still significant socioeconomic and technological gaps between Western
and Eastern Europe, even though Eastern European countries joined the EU as early as
2004 [14-19]. In all Western European countries after 1950, the number of workers in the
agricultural sector decreased. At the same time, productivity increased as the operation of
machines replaced human labor. This resulted in high energy demand. Simultaneously, the
importance of agriculture in generating GDP was gradually diminishing [20,21]. According
to Giannakis and Bruggeman [22], the differences between individual countries result from
the characteristics of human capital, environmental conditions, and technical efficiency
of plant and animal production. By contrast, strong Szabo and Grznar [23] found links
between the value of agricultural production and fixed and variable assets, the number
of livestock, and the financial support provided. Pietrzak and Walczak [24,25] proved
that the agrarian structure is one of the most important agricultural development determi-
nants. Low concentration of land is a significant barrier to agriculture development due to
high production costs and generating low income. According to Nowak and Rézarnska-
Boczula [26], such EU member states as the Netherlands, Denmark, Luxembourg, Belgium,
Great Britain, and Slovakia have the most significant potential for agricultural production.
The first four countries also showed the highest efficiency in the use of production factors,
whereas low and average potential and efficiency characterized agriculture in most new
member states. Similar dependencies were found by Popescu et al. [27-29], Bularca and
Toma [30], Toma [31], and Svoboda et al. [32]. The EU countries also varied in terms of the
production profile. There were specializations in agricultural production. Specialization
can mean agricultural intensification and concentration. Specialization is related to mecha-
nization, economies of size and scale, technological innovations, comparative advantages,
and market forces. Agricultural specialization is also related to farms and agricultural land
features, efficiency, and the geographical scale of specialization [33-37].

Energy is one of the basic inputs in agriculture [38]. At the farm level, energy is
used directly as well as indirectly. Energy is used directly in plant production, livestock
production, and the transport of agricultural products. Indirectly, energy is used outside the
farm to produce and transport fertilizers, pesticides, and machines [39-42]. The increase in
energy demand in agriculture results from the increase in mechanization. Energy supplies
to modern and sustainable agricultural production systems and processing are one of
the main factors in the growth of agricultural production [43-47]. In agriculture, various
energy sources are used; often, these are hybrid systems that use both traditional and
renewable energy sources [48,49].

Karkacier et al. [50] determined a strong relationship between energy use and agri-
cultural productivity. Alipour et al. [51] used rice cultivation to show that water and
electricity account for the largest share of total energy inputs in production systems. Chan-
dio et al. [52] indicated that the increase positively influenced agricultural production
in gas and electricity consumption. The presented research shows a strong relationship
between energy consumption and the value of agricultural production. Energy efficiency
in agriculture is one of the primary energy policy goals in countries with a significant
agricultural sector [53-55].

The agricultural sector also supplies energy in the form of biomass. Biomass means
the biodegradable fraction of products, waste and residues from agricultural production
(including substances of plant and animal origin), forestry and related industries, including
fisheries and aquaculture, as well as biogas and the biodegradable fraction of industrial and
municipal waste [56,57]. Biomass can be used, among others, for the production of biodiesel
and bioethanol [58]. In 2010, biomass was the source of 7.5% of the energy generated in the
EU, and in 2020 this share amounted to 10%. In the world, energy production from biomass
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has grown at a rate of 3.3% annually in recent years. The potential of agriculture in this
respect is tremendous. It all depends on the progress made in introducing high-efficiency
energy crops and on environmental issues [59-65].

The paper’s main purpose was to identify and present the current situation and
changes in energy consumption in agriculture in the European Union countries. The
specific objectives were the determination of the degree of concentration of energy con-
sumption in agriculture in the EU countries, showing the directions of their changes, types
of energy used, and changes in this respect, establishing the correlation between energy
consumption and changes in the economic and agricultural situation in the EU countries.
Two hypotheses were put forward in the study. According to the first, in the EU, there was
a gradual diversification of energy sources used in agriculture, with a systematic increase
in the importance of renewable energy sources. The second hypothesis assumed that the
increase in the consumption of renewable energy in agriculture is closely related to the
economy’s parameters.

2. Materials and Methods

All member states of the European Union were deliberately selected for research on
31 December 2018 (28 countries). The research period covered the years 2005-2018. The
sources of materials were the literature on the subject and data from Eurostat. Descriptive,
tabular, and graphical methods, dynamics indicators with a constant basis, Gini concen-
tration coefficient, concentration analysis using the Lorenz curve, coefficient of variation,
and Pearson’s linear correlation coefficient were used for the analysis and presentation
of materials.

The first stage of the research presents the energy consumption in agriculture in the
EU countries. The primary sources of obtaining energy used for this purpose have been
shown. The Gini concentration coefficient (Figure 1) was calculated [66]. It concerned
total energy consumption in agriculture. This coefficient was also calculated for energy
consumption in agriculture for individual types of energy. The results covered the two
years of 2005 and 2018. They were used to determine the degree of concentration of energy
consumption in agriculture. It is measured based on energy consumption in agriculture
in the EU countries. If such energy consumption occurred in one country, the coefficient
would be 1. If it is distributed among more countries, the coefficient becomes lower the
closer it is to 0. This proves the even distribution of energy consumption in agriculture
among EU countries. The Lorenz curve (Figure 2) is a graphical representation of the
concentration of energy consumption in agriculture in EU countries [67].

Gini coefficient

concept

formula

measure of unevenness (concentration) of distribution of a random variable

Z; Q2i-n-1)*y,
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n — number of observations,
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- value of the “i-th” observation,
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Yy==2.V
n

Y. the average value of all observations, i.e. i=1

Figure 1. The Gini coefficient formula.
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Lorenz curve
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Figure 2. The Lorenz curve formula.

In the second stage of the research, the structure of energy consumption in agriculture
was presented. The share of energy sources used in agriculture was shown for sources such
as oil and petroleum products, electricity, natural gas, renewables and biofuels, reliable
fossil fuels. This division functioned in all EU. Only five countries were selected for analysis.
France and Poland used the most energy in agriculture. The first of them belonged to the
developed countries, and the second to the developing countries. Romania was in the
middle of the EU countries’ rate of energy consumption in agriculture. Simultaneously, in
the analyzed period, the country recorded the highest increase in energy consumption in
agriculture. Greece was also in the middle of the league. In turn, in this country, the largest
decrease in energy consumption in agriculture was recorded among all EU countries. Latvia
was at the end of the countries’ ranking in terms of energy consumption in agriculture,
but with relatively high growth dynamics. Apart from France, all analyzed countries were
economically developing countries. The countries presented were, therefore, diverse in
many aspects.

The third stage presents the share of renewable energy in the total energy consumption
in agriculture. The focus was on countries with the highest share of this energy. The use of
renewable energy in the economy is significant. There are similar trends in agriculture. At
this stage, the differences between individual EU countries were indicated.

The dynamics indicators (Figure 3) for primary groups of energy sources in individual
EU countries were calculated in the fourth stage [68]. As a result, knowledge was obtained
about the directions and strength of energy consumption changes in agriculture from
various sources.

Dynamics
indicators

1=

Y
Yo

2o =2 100%

Yo or Yo

- the level of the phenomenon in a certain period

- the level of the phenomenon during the reference period

Figure 3. Dynamics indicators formula.

In the fifth stage, the coefficients of variation (Figure 4) for individual energy sources
in agriculture for 2005-2018 were calculated. As a result, it was possible to determine
whether the situation was stable or whether energy consumption was subject to substantial
fluctuations [69].
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Coefficient of variation (Cv)

concept

formula

eliminates the unit of measurement from the standard deviation of a series of number by dividing

where :

it by the mean of this series of numbers

S - standard deviation from the sample

M - arithmetic mean from the sample

Figure 4. The coefficients of variation formula.

In the sixth stage of the research, the relationship between the amount of energy
consumption in agriculture in the EU countries and the economy’s basic parameters and
agriculture was examined. The parameters were selected on purpose based on the literature
review. The indicators assessing the economic situation included the value of GDP, final
consumption expenditure of households, export, and import of goods and services. The
level of economic development is assessed by the parameters of the economy per capita.
The following basic parameters were used to assess agricultural production: gross value
added of agriculture, forestry, and fishing; area of crops and of grain sowing; and cows’
milk production.

At this stage of the research, non-parametric tests were used to establish the correlation
between the variables. The first is Kendall’s tau correlation coefficient. It is based on the
difference between the probability that two variables fall in the same order (for the observed
data) and the probability that they are different. This coefficient takes values in the range
<-1, 1>. Value 1 means full match, value 0 no match of orderings, and value —1 the complete
opposite. The Kendall coefficient indicates not only the strength but also the direction of
the relationship. It is a good tool for describing the similarity of the data set orderings.
Kendall’s tau correlation coefficient is calculated using the formula [70]

T = P(x1— x2)(y1 — y2) > 0] = P[(x1 — x2)(y1 — y2) <0

The given formula estimates Kendall’s tau from a statistical sample. All possible
pairs of the sample observations are combined, and then the pairs are divided into three
possible categories:

P—concordant pairs, when the compared variables within two observations change
in the same direction, i.e., either in the first observation both are greater than in the second,
or both are less than in the second;

(Q—incompatible pairs, when the variables change in the opposite direction, i.e., one
of them is more significant for this observation in the pair, for which the other is less than;

T—related pairs when one of the variables has equal values in both observations.

The Kendall tau estimator is then calculated from the formula

P—Q
P+Q-T

.—‘

Additionally, P+ Q+ T = (%) - N(I\;fl)
where

N—sample size

The formula can be represented as
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The second non-parametric test is Spearman’s rank correlation coefficient. It is used to
describe the strength of the correlation of two features. It is used to study the relationship
between quantitative traits for a small number of observations. Spearman’s rank correlation
coefficient is calculated according to the formula [71]

e = 1— 6Y;_ 1 df
S n(n?—1)

where d;—differences between the ranks of the corresponding feature xi and feature y;
(i=12...,n)

The correlation coefficient takes values in the range —1 < r; < +1. A positive sign of
the correlation coefficient indicates a positive correlation, while a negative sign indicates a
negative correlation. The closer the modulus (absolute value) of the correlation coefficient
is to 1, the stronger the correlation between the examined variables.

3. Results

In 2005-2018, energy consumption in agriculture in the EU countries decreased by
5.9%. Several sources of energy could be distinguished (Figure 5). The energy consumption
from renewable energy sources increased the fastest, as there was an increase in 2005-2018
by 85%. Electricity consumption increased by 25%. There was a decrease in consumption
in the remaining cases, i.e., heat by 33%, gas products by 23%, crude oil by 15%, and fossil
fuels by 9%. This situation is good for the natural environment.

800 000 -+ -______.__‘_
2 600000 — T —= 3 ¢ —8—F
2 400000
= 200000 p——————————————————y ¢4
0 L od e 4 > ¢ & : 1 » » o » » - o
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
—&— Qil and petroleum products —a— Electricity —— Natural gas years
—&— Renewables and biofuels +— Solid fossil fuels

Figure 5. Sources of energy used in agriculture in 2005-2018.

The Gini coefficient was used to determine the concentration of energy consumption
in agriculture from its various EU countries’ sources. This coefficient is a correct and
commonly used measure of inequality. The number of observations was 28 (all EU coun-
tries). The results are presented for total energy consumption and five types of energy, i.e.,
energy from crude oil, electricity, natural gas, renewable sources, and solid fuels. The Gini
coefficient for total energy consumption in agriculture in 2005, calculated from the sample,
was 0.61, and the estimated coefficient for the population was 0.63. This meant quite a high
concentration of energy consumption in agriculture in several EU countries. When the
research was repeated in 2018, the results were virtually identical. Therefore, there have
been no significant changes in the distribution of energy consumption in agriculture in
the EU countries. The Gini coefficients for energy consumption in agriculture were also
calculated for individual types of energy. Additionally, the differentiation was presented
using the Lorenz concentration curve (Figure 6). In 2018, the concentration of energy
consumption was the highest in solid fuels (the coefficient from the sample was 0.95 and
the estimated 0.99), and the lowest for electricity (from the sample 0.62, estimated 0.64). In
2018, Poland was responsible for 96% of the solid fuels consumed in agriculture. It was
mainly hard coal. In natural gas, the Netherlands accounted for 61% of the consumption
of this raw material in agriculture in the EU. The most energy from renewable sources
was consumed in Germany (26%) and Poland (17%). It was mainly biodiesel. Overall,
there were differences between energy types in the level of consumption concentration.
Concentration coefficients were also calculated for the earlier periods, with a frequency
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Total energy consumption in agriculture in 2018

1

every three years. Only between 2014 and 2018, there was a four-year gap. As a result, the
results concern the years 2005-2018. Such a summary allows determining the direction and
pace of the changes in the concentration of energy consumption in agriculture. Generally, it
can be noticed that the concentration of energy consumption in agriculture is maintained in
several countries (Table 1). The reasonably stable situation also results from the permanent
land stock, which is the primary production factor in agriculture. This limits the possibility
of a drastic increase in agricultural production. Another reason may be relatively stable
energy consumption and countries using technologies that ensure similar energy efficiency
(such as tractors and machines, technologies for fattening animals, milk production, etc.).
Only in the case of renewable energy sources, a gradual decrease in the concentration of
its consumption in agriculture can be observed. More and more countries are developing
technologies that allow the use of this type of energy. Agriculture is a sector that produces
more renewable energy than it consumes.

Energy consumption in agriculture from oil and petroleum products in 201¢ Energy consumption in agriculture from electricity in 2018
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Figure 6. Lorenz concentration curves for the types of energy used in agriculture in the EU countries in 2018.

Table 1. Estimated Gini coefficients for the types of energy used in agriculture in the EU countries in
2005-2018.

Estimated Gini Coefficients in Years

Type of Energy Source
2005 2008 2011 2014 2018
Total 0.63 0.62 0.63 0.64 0.64
Oil and petroleum products 0.65 0.65 0.65 0.66 0.66
Electricity 0.66 0.64 0.64 0.64 0.64
Natural gas 0.88 0.86 0.84 0.85 0.87
Renewables and biofuels 0.79 0.76 0.73 0.71 0.71
Solid fossil fuels 0.97 0.98 0.99 0.99 0.99

Each country has a separate history and conditions, also in terms of the energy re-
sources used. Five different countries, i.e., France, Poland, Romania, Greece, and Latvia,
were selected for a more detailed analysis. France has the highest energy consumption in
agriculture of any EU country. It was also an economically developed country, including in
terms of agriculture. In 2005-2018, energy consumption in agriculture in this country de-
creased by 2.8%. Poland came second in terms of energy consumption. It was a developing
country that joined the EU in 2004 and had fairly fragmented agriculture. The total energy
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consumption in agriculture decreased by 11.7% in the analyzed period, which could be due
to agriculture’s ongoing transformation. Romania was also one of the countries admitted
to the EU in 2004, catching up with Western European countries. In this country, energy
consumption in agriculture increased by 163%, by far the highest among all EU countries.
Despite this, Romania was in the middle of the EU countries’ rate in energy consumption
in agriculture. The largest decrease in energy consumption was recorded in Greece, by as
much as 77%. As a result, it was ranked 17th in the EU. It was an economically developed
country but suffering the effects of the economic crisis and having financial problems. The
agricultural sector has also felt the effects of the economic downturn. Latvia was one of
the newly admitted countries to the EU, with a small agricultural sector, but with a high
energy consumption dynamics, because an increase of 43% was achieved. Despite this, the
country ranked 21st in the EU.

In France, almost 3 of the energy used in agriculture came from oil and a dozen or
so from electricity (Figure 7). The share of other sources was small. The share of crude
oil decreased quite slowly, while electricity and renewable energy sources increased. The
situation was, therefore, relatively stable. In Poland’s case, crude oil also dominated, but
its share systematically decreased from 65% in 2005 to 59% in 2018 (Figure 8). Solid fuels,
mainly coal, were also of great importance. A dozen or so percent of energy from renewable
sources was also used, mainly it was biodiesel. This share remained at a double-digit level
throughout the period considered. The other sources were of little importance.

O Solid fossil fuels
m Renewables and biofuels  mElectricity m Heat

%

2005 2008 2011 2014 2018

HEF

O Natural gas m Oil and petroleum products  years

Figure 7. Structure of energy used in agriculture in France in 2005-2018.

2005

2008 2011 2014 2018

years

OSolid fossil fuels ONatural gas BOil and petroleum products BRenewables and biofuels BElectricity @Heat

Figure 8. Structure of energy used in agriculture in Poland in 2005-2018.

In Romania, the share of crude oil in the energy used in agriculture was at a similar
level as in Poland (Figure 9). In this country, however, the importance of this source grew,
as its share increased from 55% in 2005 to 64% in 2018. Almost 20% were used for gas
products (also increased in importance), and a dozen for electricity. Noteworthy is the
very small share of energy consumed from renewable sources (1-2%). Peat was used
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for energy purposes at a similar level. It was one of the few countries that used such an
energy source. In Greece, there were very large changes in the structure of energy used in
agriculture (Figure 10). The reason was a large reduction in energy consumption. Crude oil
decreased in importance (a decrease from 76 to 14% in 2005-2018), while electricity gained
in importance (an increase from 22 to 74%). A positive aspect was the increase in renewable
energy consumption from 1% to 12%. In Latvia, there was the largest consumption of
crude oil in agriculture (Figure 11). Its consumption in the analyzed period was around
60-70%. In the case of electricity, it was around 10%. The importance of gaseous products
has decreased, while of thermal energy and energy obtained from renewable sources
has increased.

2005 2008 2011 2014 2018

B Solid fossil fuels B Peat and peat products O Natural gas years
m Oil and petroleum products W Renewables and biofuels B Electricity

B Heat

100 +

80

60

%

40 -

20 1

1111l

Figure 9. Structure of energy used in agriculture in Romania in 2005-2018.

2005 2008 2011 2014 2018

O Solid fossil fuels ONatural gas @ Oil and petroleum products years

@ Renewables and biofuels mElectricity

Figure 10. Structure of energy used in agriculture in Greece in 2005-2018.

100 -

80 -

60 -
2

40 -

20

0 r T
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O Solid fossil fuels ONatural gas B Oil and petroleum products years
B Renewables and biofuels B Electricity BHeat

Figure 11. Structure of energy used in agriculture in Latvia in 2005-2018.
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In the EU countries, crude oil was the most important, as it satisfied more than half of
the needs of the agricultural sector. In 2005, it was 63% and in 2018, 57%. It was followed by
electricity (16% in 2018), natural gas (12%), and renewable energy sources (10%). The share
of energy from heat and peat combustion was very low. Apart from Greece, all countries
presented had a structure similar to the EU average. Liquid fuels dominated, which is
obvious, because they were the power source for tractors and agricultural machinery. The
share of other sources was smaller and each country had a structure that often corresponded
to energy resources found in the country or those that can be easily supplied.

The share of energy from renewable energy sources in total energy consumption in
agriculture varied across countries. In 2018, in the top five countries, it was above 20%
(Figure 12. Sweden was the clear leader with 35%, followed by Austria (33%), Finland
(25%), Germany, and Slovakia (23% each). These were economically developed countries
that allocated large resources to the implementation of new technologies ensuring the use
of renewable energy. Only Slovakia was a developing country that significantly increased
renewable energy use, as in 2005 it was only 1%. As many as 12 countries have achieved or
exceeded the 10% share of renewable energy, which is the EU average. There were also
economically highly developed countries that had a very small share of renewable energy in
energy consumption in agriculture. Examples are Italy (2% in 2018), Spain (3%), and France
(5%). Nevertheless, the importance of this energy source was systematically growing.

30

25

‘/(

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

—e— Sweden

—&— Austria —— Finland —4a— Germany —=— Slovakia years

Figure 12. Top 5 EU countries in share of renewable energy in the total energy use in agriculture in the in 2005-2018.

In the next stage, the dynamics indicators for the basic groups of energy sources were
calculated. The 2005 level was adopted as the basis (Table 2). Over 14 years, the increase in
energy consumption in agriculture was recorded in 11 EU countries, by far the largest in
Romania, and significant in Latvia, Germany, and the United Kingdom. In turn, substantial
declines occurred in Greece, but also significant in Bulgaria, Sweden, Ireland, and Portugal.
The reason for the drops may be the limitation of agricultural production or the use of
more effective technology. In turn, when energy consumption increases, the reasons are
the opposite. Each country should be analyzed separately due to the natural, economic,
and social conditions. In the case of Greece, a substantial reduction in oil consumption
can be observed, which may be related to the cessation or reduction of many agricultural
production. Increase in this country was recorded in the case of the consumption of
renewable energy sources. In Romania, all energy sources” consumption, except for fossil
fuels, increased (decrease by 50%). In Latvia, fossil and gas fuels have been abandoned.
The consumption of energy from renewable sources in the Netherlands and Belgium
proliferated, as it increased by several dozen times. These countries, however, started
out from low consumption of this type of energy. In general, countries are moving away
from fossil fuels, and mostly from gas and heat. As a rule, oil consumption was reduced.
Electricity consumption increased in most countries. In the case of renewable energy, its
consumption has been systematically growing in all EU countries. Only Sweden (with a
very high share of renewable energy) and Bulgaria recorded declines. Some countries did
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not use renewable energy in 2005. Therefore, it was not possible to calculate the dynamics
index for such countries.

Table 2. Dynamics indicators for energy used in agriculture in EU countries in 2005-2018 (year 2005 = 100).

Dynamics Indicators for Types of Energy Used in Agriculture in 2005-2018

Countries . . Oil and Renewables ..
Total  Solid Fossil Fuels  Natural Gas Petroleum Products  and Biofuels Electricity Heat
Romania 263.40 49.82 310.99 309.87 198.55 227.27 17.81
Latvia 142.99 0.18 36.10 154.89 211.59 119.67 308.26
Germany 134.80 - - 93.83 417.30 - -
United 134.02 - 45.92 222.34 195.02 80.95 -
Kingdom
Estonia 118.96 81.01 66.65 137.33 103.81 76.19 70.83
Hungary 114.34 21.00 48.82 169.60 225.12 104.86 150.00
Czechia 113.28 31.94 77 .47 98.75 74513 94.59 55.19
Cyprus 111.99 - - 86.26 - 147.13 -
Luxembourg 105.71 - 724.74 96.46 160.71 102.11 -
Lithuania 103.22 199.15 73.49 111.29 237.97 110.90 41.34
Austria 100.48 19.45 118.48 80.52 121.42 125.12 159.74
Croatia 99.48 - 102.55 94.28 - 94.48 -
Slovenia 97.30 - - 93.75 - - -
Belgium 97.17 52.00 1533.80 41.68 2 807.09 457.57 -
France 97.13 - 80.41 91.87 198.37 114.04 -
Finland 96.13 64.38 7.33 74.88 137.67 120.26 123.86
Malta 94.48 - - 74.33 - - -
EU 94.13 90.60 77.36 96.38 185.30 124.82 66.81
Netherlands 94.00 - 74.67 94.45 4093.37 172.32 39.90
Italy 93.00 - 81.03 90.24 202.12 103.69 879.48
Poland 88.29 97.71 116.89 79.82 110.60 123.50 97.21
Denmark 87.06 21.94 68.03 93.63 108.34 91.36 79.55
Slovakia 80.24 15.49 48.01 73.72 1280.81 61.22 20.67
Spain 78.84 - 39.84 79.44 389.18 94.71 -
Portugal 73.24 - 101.96 65.91 - 107.53 0.00
Ireland 66.57 - - 62.59 - 86.74 -
Sweden 62.25 - 26.89 58.02 63.75 78.08 100.00
Bulgaria 60.95 191.79 53.87 50.25 92.53 137.82 2 816.45
Greece 22.92 24.01 - 4.16 186.10 77.22 -

The coefficients of variation for individual energy sources in agriculture were calcu-
lated for the years 2005-2018 (Table 3). In the case of total energy, there were no large
fluctuations in energy consumption in individual years. The exception was Greece. En-
ergy consumption from crude oil was also relatively stable, apart from Greece, where this
demand has decreased very drastically, and Great Britain, where there has been a large
increase in o0il consumption. There was also little variability in the case of electricity. More
significant variability occurred with heat, solid, and gaseous fuels. There was quite a lot of
variability in most countries in renewable energy due to the rapidly growing consumption
of this energy in almost all EU countries.

To establish the relationship between the amount of energy consumption in agriculture
in the EU countries and the basic parameters of the economy and agriculture, Kendall’s
tau correlation coefficient and Spearman’s rank correlation coefficient were calculated
(Tables 4 and 5). p = 0.05 was adopted as the border value of the significance level. Signifi-
cant results are marked in bold in the table. Correlation coefficients were calculated for
all EU countries for the entire 20052018 period. The study tried to check the correlation,
which does not indicate that a given factor affects another, but a strong or weak relationship
between them. In the case of energy, the total consumption in agriculture and the most
critical groups, i.e., crude oil and renewable energy, were used for calculations.
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Table 3. Coefficients of variation of energy used in agriculture in EU countries in 2005-2018.

Coefficients of Variation in the Volume of Energy Used in Agriculture by Types

Countries
Total Solid Fossil Fuels Natural Gas Oil and Petroleum Renev‘vables Electricity Heat
Products and Biofuels
France 0.02 - 0.12 0.03 0.21 0.08 -
Austria 0.02 0.72 0.20 0.06 0.10 0.07 0.20
EU 0.02 0.08 0.09 0.09 0.19 0.07 0.13
Finland 0.03 0.27 0.85 0.07 0.13 0.07 0.08
Croatia 0.03 - 0.12 0.06 - 0.05 -
Slovenia 0.04 - - 0.05 - - -
Lithuania 0.04 0.56 0.22 0.07 0.22 0.07 0.33
Netherlands 0.04 - 0.09 0.04 0.68 0.17 0.34
Italy 0.05 - 0.09 0.06 0.42 0.03 0.72
Denmark 0.06 041 0.14 0.07 0.03 0.04 0.11
Slovakia 0.07 0.57 0.20 0.08 0.90 0.15 0.69
Cyprus 0.07 - - 0.12 - 0.11 -
Poland 0.07 0.08 0.16 0.15 0.07 0.06 0.09
Czechia 0.08 0.34 0.11 0.01 0.66 0.10 0.27
Belgium 0.08 0.56 0.31 0.29 0.49 0.34 -
Luxembourg 0.08 - 1.55 0.10 0.23 0.13 -
Spain 0.10 - 0.67 0.12 0.37 0.14 -
Latvia 0.12 0.75 0.29 0.12 0.38 0.12 0.49
Hungary 0.13 0.99 0.25 0.21 0.34 0.10 0.36
Estonia 0.13 1.79 0.20 0.19 0.40 0.09 0.21
Portugal 0.14 - 0.18 0.17 - 0.09 0.80
Germany 0.15 - - 0.02 0.36 - -
Ireland 0.16 - - 0.19 - 0.04 -
Sweden 0.18 - 0.45 0.14 0.27 0.24 0.00
United 0.19 - 030 051 059 0.14 .
Kingdom
Bulgaria 0.20 0.26 0.29 0.30 0.69 0.12 0.77
Romania 0.25 2.20 0.39 0.30 1.01 0.25 0.36
Malta 0.26 - - 0.36 - - -
Greece 0.60 1.38 - 0.98 0.23 0.10 -

Table 4. Kendall’s tau correlation coefficients between the volume of use of energy in agriculture in the EU countries and

the parameters of the economy and agriculture.

Kendall’s Tau Correlation Coefficient

Tested Parameters Total Energy Oil and Petroleum Products = Renewables and Biofuels
T p-Value T p-Value T p-Value
Correlation coefficients between energy consumption and

Value of GDP 0.978 0.001 —0.341 0.080 0.868 0.001

Final consumption expenditure of 0.978 0.001 ~0.341 0.080 0.868 0.001
households

Export of goods and services 0.978 0.001 —0.341 0.080 0.868 0.001

Import of good and services 0.978 0.001 —0.341 0.080 0.824 0.001

GDP per capita 0.999 0.001 —0.319 0.100 0.846 0.001

Final consumption expenditure of 0.999 0.001 ~0.319 0.100 0.846 0.001

households per capita

Gross value added o.f agnculture, forestry, 0.934 0.001 _0.341 0.080 0.780 0.001
and fishing

Area of agricultural crops —0.495 0.012 0.692 0.001 —0.604 0.002

Area of grain sowing —0.538 0.006 0.077 0.743 —0.516 0.009

Cows’ milk production 0.495 0.016 —0.165 0.381 0.560 0.006
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Table 5. Spearman’s rank correlation coefficients between the volume of use of energy in agriculture in the EU countries

and the parameters of the economy and agriculture.

Tested Parameters

Spearman’s Rank Correlation Coefficient

Total Energy Oil and Petroleum Products = Renewables and Biofuels
T p-Value T p-Value T p-Value
Correlation coefficients between energy consumption and
Value of GDP 0.996 0.010 —0.442 0.100 0.947 0.010
Final consumption expenditure of 0.996 0.010 —0.442 0.100 0.947 0.010
households
Export of goods and services 0.996 0.010 —0.442 0.100 0.952 0.010
Import of good and services 0.996 0.010 —0.437 0.100 0.930 0.010
GDP per capita 0.999 0.010 —0.429 0.100 0.934 0.010
Final consumption expenditure of 0.999 0.010 ~0.429 0.100 0.934 0.010
households per capita
Gross value added of agrlculture, forestry, 0.982 0.010 0442 0.100 0.903 0.010
and fishing
Area of agricultural crops —0.723 0.010 0.824 0.010 —0.780 0.010
Area of grain sowing —0.692 0.010 0.169 0.100 —0.697 0.010
Cows’ milk production 0.618 0.050 —0.178 0.100 0.675 0.010

In Kendall’s tau correlation, significant positive relations were found for all parameters
with the total energy supply in agriculture. The strength of the relationship was very
significant for the economic parameters. These relationships were solid for both the
global performance and per capita performance parameters. The parameters related to
agriculture were less related to the energy supply in the agricultural sector. A solid
relationship was in the case of gross value added of agriculture, forestry, and fishing.
Hostile average relations were in the case of total agricultural area and agricultural area of
the grain. In general, these areas slightly decreased, and there was a systematic increase
in energy consumption in agriculture. Average positive relations were between cows’
milk production and total energy consumption in agriculture. Both parameters tended to
increase. Similar relationships were found between renewables and biofuels consumption
in agriculture and the studied parameters. Interestingly, in renewable energy, the strength of
dependence was lower for the relationship with all the analyzed parameters of the economy
and agriculture than in total and crude energy. This may indicate certain independence
in the development of these energy sources. It is merely a necessity and additionally
contributes to the protection of the natural environment. In this case, social factors are more
critical than in the case of other energy sources. Oil and petroleum product consumption
relationships were inconsistent with all parameters, except for the total agricultural area.
A strong positive correlation was obtained for this parameter. Diesel fuel was mainly
used to power tractors and agricultural machines that are used to cultivate the land.
So, such dependencies are not strange. The presented correlation results indicate solid
relationships between the volume of energy consumption in agriculture and the economic
potential and economic development level. The general situation in the economy was
more decisive. When favorable, it also fueled agriculture and favored more work. In
turn, the economic crisis also affected agriculture and led to a reduction in production. In
land-related parameters, these relationships were negative because land resources do not
increase but even decrease. In turn, energy consumption in agriculture grew, including
as a result of replacing human labor with devices and greater mechanization of labor and
the use of crops and agricultural production requiring greater energy consumption per
production unit. Milk production increased in animal production, which was positively
correlated with energy consumption in agriculture. It must also be said that differences
were depending on the type of energy. The lower strength of the relationship was found in
the case of renewables and biofuels. The results were generally not significant for oil and
petroleum products consumption.
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The analysis carried out with the use of Spearman’s rank correlation coefficients gave
very similar results. The strength of the relationship was slightly different. Both tests con-
firm the close relationship between total energy consumption in agriculture and economic
parameters and smaller ones with agricultural parameters. In the case of renewable energy,
the strength of the relationship was also smaller. On the other hand, the consumption of
diesel oil was not related to the economic situation or directly to agricultural production
parameters. The only exception was the agricultural land area, which strongly influenced
diesel fuel consumption for tractors and agricultural machinery.

4. Discussion

Many authors confirm a strong relationship between energy consumption and agricul-
tural productivity [72,73]. The main factor of the increase in productivity was technological
progress, taking place precisely due to mechanization and the use of machines requiring
energy supply [74-77]. Agriculture’s energy use and trends have varied around the world.
In the EU, US, and Japan, most energy consumption indicators were decreasing. Only the
Netherlands and Spain saw an increase. In developing countries, energy consumption in
agriculture has increased [78,79]. There were differences between individual EU countries.
Most EU countries could better rationalize their use of inputs (resources), achieving greater
production efficiency. Western European countries were more productive than those in
Eastern Europe [80,81]. Countries should also find an appropriate compromise between
meeting the demand for products through domestic production and import. One cannot
forget about environmental protection in these activities [82]. For example, supporting or-
ganic farms contributes to the reduced energy consumption in agriculture in the EU [83-86].
On the other hand, saving energy does not only mean saving fuel and electricity. Essential
areas of energy saving include reducing the demand for power (machines and devices),
reducing the energy consumption of production as a whole, and using alternative energy
sources for production. The technical and technological modernization of agriculture
directly impacts the energy consumption of production [87-91]. One of the saving methods
is the introduction of precision farming [92,93].

Changes in energy consumption from individual sources have been and will be varied.
Farajian [94], in his research, predicted that there would be an increase in electricity con-
sumption in agriculture and a decline in diesel fuel consumption. Electricity is consumed
in four categories: farm buildings, agricultural land, cultivation procedures, and farms.
Electricity is supplied to all machines located in outbuildings, such as milking machines
and grain mills. Electrical equipment is also used to harvest and plant irrigation and dry
with fans [95-97].

The relationship between economic activity and energy use is fairly well researched.
The first results of research on this subject were published in the 1950s [98,99]. The topic
was developed in the following decades, with particular emphasis on the US economy,
including by Schurr et al. [100], Warren [101] de Janosi and Grayson [102], Solow [103], and
Rasche and Tatom [104]. Studies on other countries on the relationship between economic
performance and energy consumption were initiated by Kraft and Kraft [105]. The studies
covered different periods and different methods were used. One should mention the
research by Humphrey and Stanislaw [106] for Great Britain, Zilberfarb and Adams [107]
for developing countries, Yu and Choi [108] for international comparison, Adams and
Miovic [109] for Western Europe, Abakah [110] for Ghana, Shafik and Bandyopadhyay [111]
for the Country Panel, Hawdon and Pearson [112] for the UK, Masih and Masih [113] for
the Country Panel, Cheng and Lai [114] for Taiwan, and Naqvi [115] for Pakistan. In the
following years, many researchers dealt with the relationship between economic growth
and energy consumption. Increasingly longer periods are used from a large number of
countries, using increasingly reliable econometric methods. Despite numerous studies,
there is still no clear answer to the relationship between economic growth and energy
consumption. Some researchers support the hypothesis that energy consumption leads to
economic growth, e.g., Apergis and Payne [116], Ozturk et al. [117], Ouedraogo [118], Aslan
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et al. [119]. Some researchers claim that economic growth affects energy consumption, e.g.,
Huang and Hwang [120], Narayan et al. [121], Kasman and Duman [122]. Some researchers
support the feedback hypothesis that there is a two-way causal relationship between energy
use and economic growth, e.g., Constantini and Martini [123], Belke et al. [124], Coers and
Sanders [125]. There is also a group of researchers who support the neutrality hypothesis
that economic growth and energy consumption are independent, e.g., Wolde-Rufael [126],
Kahsai et al. [127], Laughter and Pope [128]. The results and relationships depended on
the countries (groups of countries), periods, and methods used.

Different results have been obtained for the relationship between the volume of
agricultural production and energy consumption. For example, Dogan et al. [129] studied
the electricity consumption in agriculture in Turkey in 1995-2013. They found that the use
of electricity in agriculture affected agricultural production in non-coastal regions, while a
two-way causal link existed between these variables for coastal regions. Raeeni et al. [130]
found, based on Iranian agriculture that a 1% increase in agricultural energy consumption
leads to a 1.29% increase in agricultural production in the long run. Similar results were
achieved by, among others, Altinay and Karagol [131], Lee and Chang [132], Adebola [133]
and Apergis and Payne [134]. Apergis and Payne [135] found a two-way causality between
renewable and nonrenewable energy consumption and economic growth in the short and
long term. They also found short-term substitutability between the two energy sources.
In general, the current trend is to decouple energy consumption from economic growth.
According to this assumption, energy consumption should fall and economic growth
should follow [136]. The ways to achieve this goal are to reduce the area of crops with
the simultaneous advancement of agricultural technology, improving the productivity per
unit area. There were, however, significant differences in agricultural technology between
countries [137,138]. Developed countries and regions may be more suited to introducing
new agricultural technologies to improve productivity than developing countries [139]. In
developing countries, compensation for agricultural productivity may come from educating
farmers in agricultural knowledge and experience [140,141]. In Western European countries,
a situation is observed where agricultural production remains at a similar level, but the
consumption of energy allocated for this purpose is falling [142]. There is a significant
difference between the old (EU-15) and new EU member states (admitted after 2004) in
agricultural productivity. Consequently, there are also differences in the efficiency of energy
use [143,144]. It is precisely the increase in energy efficiency in agriculture that should
reduce the differences between developed and developing countries [145].

Many studies have confirmed the relationship between energy consumption in agri-
culture and economic growth [146,147]. These dependencies were analyzed, even taking
into account the environmental Kuznets curve. The attention was paid to CO, emissions
from agriculture-related to energy consumption in agriculture and economic growth. The
relationships were one-way [148]. It is precisely the reduction of pollutant emissions into
the environment that is the primary goal of agriculture. The emission of pollutants is inex-
tricably linked with energy consumption. Therefore, the aim is to apply energy-efficient
technologies and implement innovations in agriculture [149-153].

5. Conclusions

Energy is an indispensable production resource in agriculture. First of all, it is used to
power machines and devices operating in this sector. In the EU countries, the total energy
consumption has decreased. However, according to its circumstances, there are changes
in their origin sources, and each country has its structure in this regard. It was found
that the concentration level of energy consumption in agriculture did not change and was
relatively high. This situation is influenced by the relative stability of production, which is
conditioned, among other things, by the land-owned resources. Another reason may be
relatively stable energy consumption and countries with technologies that ensure similar
energy efficiency. Only in the case of renewable energy sources, a gradual decrease in the
concentration of its consumption in agriculture can be observed. More and more countries
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are developing technologies that allow the use of this type of energy. Agriculture was a
sector that produced more renewable energy than it consumed.

In the EU countries, crude oil was of the most significant importance, as about 60% of
the energy used in agriculture came from this source. Electricity and natural gas accounted
for a dozen or so percent, and renewable energy accounted for 10%. In most countries,
the structure was similar, i.e., with the dominant importance of crude oil. In the case of
other energy sources, the proportions were varied. Overall, renewable energies grew in
importance in all countries. In the top five countries in 2018, such sources accounted for
over 20% of the energy used in agriculture. As a rule, economically developed countries
developed this type of technology, but there were also examples of developing countries,
such as Slovakia, which dynamically increased the production and energy use from renew-
able sources. There were also examples of economically developed countries that used
very little renewable energy in agriculture, such as Italy and Spain. Overall, the EU is
shifting away from fossil and gaseous fuels, the importance of liquid fuels and the growing
importance of electricity and renewable energy. The rapid changes created high volatility
for fuels that were gaining in importance and those that were losing. Energy sources
with stabilized consumption, such as electricity and crude oil, were characterized by low
consumption volume variability. There was also a significant stabilization concerning the
total energy used in agriculture. The first hypothesis was confirmed. There are processes
of diversification of energy sources used in agriculture, but these changes are prolonged.
The importance of renewable energy sources is also systematically growing.

A significant influence of the economic situation on energy consumption in agriculture
was found. The better it was, the more energy was used in agriculture. The union strength
was lower in the case of renewables. Thus, the second hypothesis was confirmed, according
to which the increase in the consumption of renewable energy in agriculture is closely
related to the economy’s parameters. It should be added that this relationship was not very
strong. Such energy is a necessity and results from concern for the natural environment.
Therefore, economic factors may have a smaller impact.

A close correlation was also established between agricultural parameters concern-
ing land resources and production volume and energy consumption. Thus, the already
known regularities were confirmed. In agriculture, energy consumption will increase as
a result of increasingly replacing human work with devices. It seems that the increase
in mechanization will be faster than the development of energy-consuming technologies.
The only chance to achieve progress in mechanization in agriculture without increasing
the harmful impact on the environment is by introducing renewable energy sources. The
conducted research confirms this trend. These energy sources are also increasingly com-
monly introduced by all countries, regardless of the level of economic development. In
the following years, increasing consumption of energy from renewable sources should be
observed. Modern agriculture in the European Union should follow this direction.
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