
www.mdpi.com/journal/energies

Special Issue Reprint

Energy Sources from 
Agriculture and Rural Areas

Edited by 

Vitaliy Krupin and Roman Podolets



Energy Sources from Agriculture and
Rural Areas





Energy Sources from Agriculture and
Rural Areas

Editors

Vitaliy Krupin

Roman Podolets

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Vitaliy Krupin

Institute of Rural and Agricultural Development,

Polish Academy of Sciences (IRWiR PAN)

Warsaw

Poland

Roman Podolets

Institute of Economics and Forecasting of the

National Academy of Sciences of Ukraine

Kyiv

Ukraine

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Energies

(ISSN 1996-1073) (available at: https://www.mdpi.com/journal/energies/special_issues/energy_

sources_agricultural_rural_areas).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-8214-6 (Hbk)

ISBN 978-3-0365-8215-3 (PDF)

Cover image courtesy of Vitaliy Krupin

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to “Energy Sources from Agriculture and Rural Areas” . . . . . . . . . . . . . . . . . . . ix

Sergii Kyryzyuk, Vitaliy Krupin, Olena Borodina and Adam Wąs
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Preface to “Energy Sources from Agriculture and

Rural Areas”

This Special Issue is devoted to energy generation within rural areas, including the agricultural

sector. Such technologies and application practices vary depending on the type of agricultural

activity, local natural conditions, and external factors, thus globally creating a multitude of possible

approaches and applications of technologies under particular conditions. We strive to go beyond

strict technological perception and enrich it based on a multidisciplinary approach, making it possible

to pursue an understanding not only of energy generation technologies, but also the conditions of

their implementation and possible measures to increase their efficiency (technological, economic,

environmental, and others).

Energy produced within or in addition to agricultural activities supplies the direct needs of

farms, as well as other entities, through the energy market. Even though it is an integral part of

so-called “renewable sources”, agriculture’s distinct features create the preconditions and necessity

for research on technologies aimed at the generation of energy within agriculture itself. This is needed

for both directly addressing such technologies, as well as for the substantiation of measures available

to ensure the development of complex approaches towards ensuring sustainability in agriculture. It is

also crucial considering the policies aimed particularly at the development of agriculture and rural

areas (e.g., the EU’s Common Agricultural Policy).

A multitude of economic, social, environmental, and institutional factors constantly modify

the conditions for agricultural production, inflicting positive or negative effects upon its structure,

output, and efficiency. Climate change issues are forcing agricultural entities to mitigate their negative

effect upon the environment, while also creating the necessity to adapt and maintain proper efficiency

and output levels. All of these influence the sustainability of rural areas and agriculture, both in terms

of its primary production focus, as well as its input into the generation and use of energy.

Vitaliy Krupin and Roman Podolets

Editors
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Abstract: This study assesses the bioenergy generation potential of crop residues in Ukraine for
the year 2030. Projections of agricultural development are made based on the Global Biosphere
Management Model (GLOBIOM) and verified against available Agricultural Member State Modeling
(AGMEMOD) results in regard to the six main crops cultivated in Ukraine (wheat, barley, corn,
sunflower, rape and soya). Two agricultural development scenarios are assessed (traditional and
innovative), facilitating the projection of future crop production volumes and yields for the selected
crops. To improve precision in defining agro-environmental limitations (the share of crop residues
necessary to be kept on the fields to maintain soil fertility for the continuous cultivation of crops),
yield-dependent residue-to-product ratios (RPRs) were applied and the levels of available soil
nutrients for regions of Ukraine (in regard to nitrogen, phosphorus, potassium and humus) were
estimated. The results reveal the economically feasible future bioenergy generation potential of
crop residues in Ukraine, equaling 3.6 Mtoe in the traditional agricultural development scenario
and 10.7 Mtoe in the innovative development scenario. The projections show that, within the latter
scenario, wheat, corn and barley combined are expected to provide up to 81.3% of the bioenergy
generation potential of crop residues.

Keywords: crop residue; bioenergy; generation potential; residue-to-product ratio; soil nutrient
balance; cereals; industrial crops; GLOBIOM model; Ukraine

1. Introduction

According to the national strategic documents from 2017 [1], renewable energy is expected to play
a growing role in Ukraine, reaching 15.5 Mtoe or 17% of total energy supply by 2030, while the energy
generated from biomass, biofuels and waste is projected to reach 8.8% or 8 Mtoe. This is deemed
crucial for the diversification of energy sources and for increasing Ukraine’s independence from foreign
energy suppliers, while having a favorable impact on climate change and the environment.

Currently (2018 being the latest available data), renewable sources in Ukraine generate 4.3 Mtoe
or 4.6% of the total energy supply, while biomass, biofuels and waste combined generate 3.2 Mtoe
or a 3.4% share [2]. To reach the goals set, an intense structural transformation of the energy sector
is needed, shifting it toward renewable energy generation. Private investors (as the key actors

Energies 2020, 13, 5343; doi:10.3390/en13205343 www.mdpi.com/journal/energies
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in this transformation) must follow the indicative development path and implement the available
production technologies.

As one of the leading domestic entities in the energy sector, the Bioenergy Association of Ukraine [3]
states that the majority of bioenergy generation potential in Ukraine is based on the crop residues
of mainly cereals and oleaginous plants (both from field and processing) and energy crops (corn,
rape, energy trees, and shrubs), which—combined—provide up to 83% of the country’s total biomass
potential (Figure 1).

43%

12%

40%

5%
Crop residues (field and process)

Wood biomass

Energy crops

Other wastes (agricultural and solid)

Figure 1. Economic potential of energy generation from biomass in Ukraine by inputs (based on 2017
data). Source: own aggregation based on Bioenergy Association of Ukraine estimations [4].

The current high energy generation potential of biomass in Ukraine has also been confirmed by
other studies. In particular, [5] provides an assessment of the so-called technical sustainable potential
of crop residues based on five key crops (wheat, barley, corn, sunflower and rape) equaling ca. 6.1 Mtoe
(estimations based on 2013 data). In the study, the technical sustainable potential (i.e., one that ensures
the required return of nutrients to the soil) is derived from the theoretical potential, and takes into
account limitations for yield increases in residues due to technical constraints. In addition, sustainability
constraints are considered, although the study stresses that sustainability is limited to environmental
factors and that socioeconomic factors are not covered. Another study [6] by the Food and Agriculture
Organization (FAO) provides an overview of different assessments of the economic potential of primary
agricultural residues based on data from the first half of the 2010s, with the annual results varying
within the 9.9–12.8 Mtoe range.

Energy generation based on biomass is becoming increasingly important as a low-carbon,
widely available, renewable component of national energy matrices [7], with land-intensive bioenergy
already constituting a significant part of the global energy mix [8]. In the past two decades, studies have
made efforts to substantiate bioenergy development directions and functions [9–13] focusing on the
diverse uses of biomass, and have thereby also tried to define the existing and future energy potential
of biomass globally [14–18] or for particular countries [19–21]. As more and more of the peculiarities
and limitations of biomass utilization become visible, increasing numbers of studies [8,22–24] are also
seeking to go beyond simple assessments of bioenergy potential, additionally defining if and how its
utilization will be feasible and relevant in the long run.

The generation potential of agricultural crop residues is among the most frequently discussed
topics [5,25–27]. The utilization of this potential is especially beneficial to countries focusing on crop
production and boasting vast agricultural areas. Ukraine is one example, boasting 41.5 million ha [28] of
agricultural land and intensifying its crop specialization in its constantly growing agricultural production.
This explains the considerable interest in researching crop residues’ potential in Ukraine [4,6,29–36].
Nevertheless, the variety of approaches implemented in the cited studies exemplify the complexity
of the issue and the existence of different methods to estimate both crop residues’ availability and
the bioenergy generation potential of the withdrawn biomass. Most agree that there is a continuous
need to improve the methods and approaches utilized, taking into account more factors and assessing
existing uncertainties.

Among the research uncertainties are future agricultural development trends; thus, many studies
prefer to assess the present potential of crop residues based on the available statistical data.

2
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Diversified crop yields and their expected values in the future represent other uncertainties, as climate
change, extreme weather events and the limited availability of organic and mineral fertilization have
substantial influence, yet are difficult to predict. Regional disparities exist in terms of soil fertility and
nutrient deficits. Overall, approaches to estimating crop residues’ volumes differ depending on the
research’s purpose. As [37] states, agricultural crop residue estimations are often limited to multiplying
crop yields by a harvest index (the ratio of non-grain plant material to grain material), yet estimates
can be refined by accounting for factors that might limit their quantities.

Crucially, the removal of crop residues from fields must be managed in a balanced manner in
order to satisfy the sustainability of agricultural production and development. Residues play a number
of critical roles within an agronomic system, and have direct and indirect impacts on physical, chemical,
and biological processes in the soil. Excessive residue removal can degrade the long-term productive
capacity of soil resources [27].

Thus, bioenergy generation potential must be realized while maintaining sustainable crop
production through ensuring adequate levels of soil nutrients and aiming at the optimization of
mineral fertilization according to agronomic and environmental norms, as well as economic viability.
This means that the key criterion for crop residue removal is the optimal withdrawal level, ensuring the
balanced satisfaction of both continuous crop production and bioenergy needs. Therefore, the objective
of this research is to define the future bioenergy generation potential of crop residues in Ukraine while
satisfying these agro-environmental limitations.

This article is divided into five sections. Following the introduction, Section 2 explains the methods
used to model Ukrainian agricultural development (serving as the basis for the estimation of selected
crop production volumes), the methods used to calculate the environmental limitations for the removal
of crop residues, and the methods used to estimate the energy potential of crop residues, supplemented
by a description of the data sources. Section 3 presents the research results as follows: (a) a brief
description of Ukrainian agriculture; (b) projections for the development of selected crops’ cultivation;
(c) an assessment of the availability of crop residues based on agro-environmental limitations; and (d)
estimations of bioenergy generation. Subsequently, Section 4 is devoted to a discussion and comparison
of the results obtained with similar studies. Finally, Section 5 presents the conclusions, implications and
limitations of the work.

2. Methods and Materials

Typical agricultural crop residues in Ukraine can be divided into two main groups: (1) field residues,
comprising straw, stalks, stubble, leaves, seedpods, etc.; and (2) process residues, comprising husks,
seeds, roots, and bagasse. The substantiations presented in this article strictly deal with the former
(also referred to as crop residues).

2.1. Modeling Ukraine’s Agricultural Development

Given that the research approach has been designed to estimate the future bioenergy generation
potential of crop residues, 2030 is set as the target year. Thus, it is crucial to identify the current and
projected trends in the development of Ukraine’s agricultural sector that will determine the potential
future availability of bioenergy resources. These estimations serve as the basis for understanding the
economic potential of the crop residues available for energy generation. Trends in the agricultural
production of selected crops are modeled using the Global Biosphere Management Model (GLOBIOM),
including elements such as crop yields, gross harvest, and regional distribution. GLOBIOM is a partial
equilibrium model of the global agriculture and forestry sectors, providing data for crop and livestock
production at the level of simulation units. There are two sets of variables: endogenous (e.g., process,
production, land uses) and exogenous (e.g., population, GDP growth, technological changes). Prices are
determined at the regional level to establish market equilibrium to reconcile demand, domestic supply,
and international trade. The average yield for each crop in each major region or country is taken
from the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT). Potential and
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average yields as well as yield variability dependent on climatic and weather conditions are provided
in simulated units, generated based on suitability studies by the Environmental Policy Integrated
Climate (EPIC) model. Land and other resources are allocated to different production and processing
activities to maximize a social welfare function, which consists of the sum of the producer and consumer
surplus, based on cost structure and input use in terms of simulated units. The model simulates four
different crop management systems—irrigation, high-input/rainfed, low-input/rainfed, and subsistence
farming—with different levels and structures of production cost and profitability. It is based on the
following key determinants: on the one side, demand, and, on the other, the profitability of the various
land-based production activities. Thus, the model allows the land use change between crops and
management systems to maximize the social welfare level [38].

While the estimations for this research are conducted solely with the use of the GLOBIOM,
the results are also compared to the Agricultural Member State Modeling (AGMEMOD) results
available in the literature [39].

Two modeling scenarios have been developed for the purpose of this research with the use of the
GLOBIOM model: business-as-usual (BAU) and innovative (INNO). The BAU scenario is based on the
assumption that the current development trends in Ukrainian agriculture (covering 2000–2015) will
be preserved. The INNO scenario assumes the increasing implementation of agricultural production
technologies through intensifying investment (based on the possible increase in the availability of
financial resources), as well as scientific development, the modernization of existing agricultural
machinery, the application of more advanced agricultural technologies, the use of high-quality seeds,
and improvements in infrastructure. Technological changes (exogenous variables in the model) depend
on GDP growth, via the elasticity function. These changes determine the level of crops’ yields,
the production costs, and the profitability of the different land-based production activities. In general,
the INNO scenario provides a better realization of crops’ potential yields (at least 80% of potential yield
for a high-input system) and the widespread implementation of the high-input management system.

2.2. Methods for Evaluating the Environmental Limitations to Removal of Crop Residues

In order to conduct agricultural activities ensuring sustainable development, it is important to
satisfy the agrochemical Law of Return, which requires that the soil be compensated for the nutrients
removed by crops. In addition, soil nutrient losses due to general agricultural activities need to be
taken into account. Typically, the control is conducted by determining the balance of (a) humus, and (b)
nutrients. The main sources of humus are the humification of crop residues and organic fertilizers,
while its losses occur due to its mineralization and erosion. Nutrient uptake is usually measured on
the basis of experimental reference values that take into account their content in organic and mineral
fertilizers and crop residues, as well as their replenishment due to biological nitrogen fixation and
precipitation. Soil nutrient losses are estimated through their removal by crops during harvest and
due to soil erosion (via the processes of leaching and weathering).

In the following, the estimates for humus and nutrient balances within the cultivation of selected
crops in Ukraine are calculated based on the methodology developed by the National Academy of
Agrarian Sciences of Ukraine (NAASU) [40], which takes into account the aforementioned characteristics.
It includes evaluations of the balances of the essential nutrients (N, P2O5, K2O) and humus. The nutrient
balance is calculated as the difference between nutrient supplies and losses. Nutrients are supplied
through the application of mineral and organic fertilizers, with precipitation, seeds, and symbiotic
and non-symbiotic nitrogen fixation. Nutrient losses occur due to crop harvest, weeds, erosion,
denitrification, and irrigation (although only for irrigated land). Similarly, the balance of humus
is calculated by taking into account all sources of its accumulation (humification of crop residues,
humification of organic fertilizers) and losses (humus mineralization, losses due to erosion).

4
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2.3. Energy Potential of Crop Residues

Although numerous investigations have sought to estimate the energy potential of crop residues
(many of which are referred to in this study), most [5,6,34,36,41] use similar methods based on the
assessment of theoretical potential, while the next estimation steps are referred to differently by the
authors (e.g., technical potential, technical sustainable potential, economic potential). Nevertheless,
the key features they share are derived from the method [30] provided by the National Academy of
Sciences of Ukraine (NASU). The [33] provides further development of this method, outlining three
types (levels) of potential: theoretical, technical, and economic.

Theoretical potential: the overall maximum amount of terrestrial biomass that can be considered
theoretically available for bioenergy generation within fundamental biophysical limits. The theoretical
potential for field residues is calculated based on the maximum crop yields within the particular
climate limits.

Technical potential: the fraction of the theoretical potential achievable for energy generation
under the specific techno-structural conditions with the current technological possibilities (such as
harvesting and processing techniques) available. It can be limited by various factors, in particular
spatial allocation, competition between land users, and ecological limits. The technical potential is
calculated by multiplying the theoretical potential and the coefficient of technical availability.

Economic potential: the share of the technical potential suitable for energy generation under
current market and economic conditions.

The abovementioned elements are calculated as:

(a) theoretical potential:

Pt = Cr ∗Kr ∗Kce

(b) technical potential:

Pte = Cr ∗Kr ∗Kce ∗Kt

(c) economic potential:

Pe = Cr ∗Kr ∗Kce ∗Kt ∗Ke

where: Pt—theoretical potential; Pte—technical potential; Pe—economic potential; Cr—total production
of crop r; Kr—residue-to-product ratio (RPR) of r crop; Kt—coefficient of technical availability of crop
residue; Ke—coefficient for crop residues’ utilization for energy purposes; Kce—oil equivalent for crop
residues (toe); r—crops.

Thus, crop residues’ economic potential depends on a number of the abovementioned coefficients
used for the assessment. What is important to note is that there is still uncertainty within scientific
publications as to their proper levels. The first uncertainty exists in the case of the residue-to-product
ratio (RPR). The recommendations used nationwide, developed by the NASU, offer fixed RPRs [30].
However, both theoretical and applied studies indicate an inverse correlation between the yields
of primary and secondary crops in conditions of the increasing productivity of most primary
crops [5,32,34,41]; thus, yield-dependent RPR values seem to be more suitable. In addition, the influence
of crop varieties and hybrids needs to be taken into account (in particular, cover crops), the cultivation
of which is becoming especially important due to climate change’s impacts (lower water availability,
extreme weather conditions [39]). Therefore, RPRs for both approaches are presented in Table 1
for selected crops. In the second approach, the unknown x in the equation for the crop residue
evaluation is the yield, while the variable y is the crop residue yield depending on the main crop yield,
both in decitons.

5
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Table 1. RPRs (fixed and yield-dependent) for selected crops.

Crops Approach 1: Fixed RPR (Kr)

Approach 2:

Main Crop Yield,
Decitons per ha

Crop Residue
Dependency on
Yield Equation

Yield-Dependent
RPR (Kr)

Wheat, including: 1.0 - - -

-Winter - 10–25
26–40

y = 1.7x + 3.4
y = 0.8x + 25.9

2.0–1.8
1.8–1.4

-Spring - 10–20
21–30

y = 1.3x + 4.2
y = 0.5x + 19.8

1.7–1.5
1.5–1.2

Barley 0.8 10–20
21–35

y = 0.9x + 6.5
y = 0.9x + 7.2

1.5–1.2
1.2–1.1

Corn 1.3 10–35
36–110

y = 1.2x + 17.5
y = 0.95x + 25.95

3.0–1.7
1.7–1.2

Sunflower 1.9 8–30
31–40

y = 1.8x + 5.3
y = 1.1x + 24.7

2.5–2.0
1.9–1.7

Rape - 5–15
16–30

y = 1.7x + 4.7
y = 0.79x + 18.43

2.6–2.0
1.9–1.4

Soya 0.9 5–15
16–30

y = 1.7x + 4.7
y = 0.8x + 18.4

2.6–2.0
2.0–1.4

Source: based on [30,32] (pp. 20–21).

In general, the RPRs estimated within the second approach based on empirical Ukrainian data for the
period 2000–2015 are higher than the RPRs estimated based on the European Union’s data [32] (pp. 12–13).
These differences can be explained by the higher crop yields and different technologies, crop varieties
and hybrids used in the EU. They could be used to understand possible future development trends in
Ukraine in case of the implementation of similar production approaches.

Additional uncertainties in regard to RPRs persist due to existing or periodically arising challenges,
such as seasonal and regional weather uncertainties, the availability of nitrogen, and the application of
herbicides [5] (pp. 73–79).

Some uncertainties also occur when evaluating the coefficient of the technical availability of crop
residues (Kt). Although it is generally characterized by a lower level of uncertainty, some variability
is still present due to differences in the technologies used for harvesting (i.e., requirements for the
height of the cut stem, and availability of equipment on a farm allowing the residues to be harvested).
At the same time, the value of the technical potential of crop residues could be reduced by the negative
effects of weather events (hail, squalls, droughts). In the aforementioned NASU recommendations [30],
the value of the coefficient of technical availability is defined at the level of 0.8. Notably, the use of
slightly lower values has been substantiated in some studies by Ukrainian scientists. In particular,
for the Khersonska region, the coefficient of technical availability of the main grain crops based on
data from 2012–2013 was estimated at 0.5, and for corn and major industrial crops at 0.7 [34] (p. 113).
Another study dealing with the Sumska region defined a coefficient of technical availability of 0.5–0.7
for grains [42] (p. 113).

Concerning the coefficient for crop residues’ utilization for energy purposes Ke, uncertainties depend
on market and technical factors, including market competition and the economic efficiency of
different uses of crop residues (for animal feed, as a fertilizer), the availability of infrastructure for
transportation, and the availability and capacity of biomass processing for other purposes. Traditionally,
the use of cereals’ straw is directed at the needs of livestock (as roughage and bedding). However,
the role of straw in animal nutrition (as a source of fiber) in the transition to intensive technology is
minimized, retaining its functional purpose only as bedding for animals. With market changes in
Ukraine, the profile of agricultural producers has changed significantly due to intensifying production
specialization and a general reduction in livestock numbers. There are fewer and fewer agricultural
enterprises with diversified crop and animal production. Currently, there are regional zones of different
agricultural specializations in Ukraine, most notably a few livestock production zones around key urban
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agglomerations [43] (pp. 131–133). Thus, several conclusions can be drawn that are important from
the point of view of competition over access to agricultural residues for livestock production purposes:

• a general declining trend in demand for straw for livestock production purposes;
• distribution inequalities in the regional concentration of specialized livestock enterprises;
• improvement of livestock production technologies, leading to the reduced use of biomass

as bedding.

Decreasing competition from the livestock sector may be partially offset by increasing demand
for the use of crop residues for agro-environmental purposes within land use, aimed at restoring soil
fertility. Limiting the possibility of applying organic fertilizers (natural manure) increases the role of
crop residues for the restoration of the organic component of the soil: 1 ton of straw equals 2.5–2.8 tons
of bedding manure in equivalent humus [35] (p. 6). However, the use of straw as a fertilizer leads to
additional costs, which is mainly due to increased fuel consumption to mechanically prepare the straw
for further use, and the higher application rates of nitrogen fertilizers to accelerate the mineralization
of straw (10–12 kg of N per 1 ton of straw) [35].

In the last decade, demand for crop residues has been increasing due to climate change’s impacts
(higher temperatures and water evaporation, lower rain frequency) through the implementation of
adaptation measures in crop production. Under new climate conditions, the efficiency of traditional
agricultural practices (primarily based on deep tillage) has been decreasing, especially in the southern
and eastern regions of Ukraine. Accordingly, the issue of the selection and implementation of alternative
technologies and practices aimed at minimizing the negative impacts of weather factors has gained in
importance. Such technologies include strip-, mini, or no-till practices. The use of these technologies
limits the possibility of using crop residues for purposes other than as a cover material [44].

However, it should be noted that currently increasing crop yields provide higher residue outputs,
creating some difficulties for those producers who apply no-till technologies. Therefore, in these cases,
a certain proportion of the crop residues still needs to be removed despite the conditions of highly
productive agriculture. These practices have already spread beyond the country’s arid and wet regions,
being actively implemented on the farms of western, central, and northern Ukraine [45]. The efficiency
of no-till technologies has been confirmed by the experiences of South American countries (in particular
Argentina, with 80% of its main cropland being cultivated with the use of no-till technology [46]),
yet they also have certain disadvantages that reduce their attractiveness for widespread implementation.
The key disadvantages are [44]:

• increased costs of weed (15–100%) and pest (by two to three times) control;
• lower seed germination, requiring increased seeding rates (by 15–25%);
• higher price of equipment for direct seeding;
• higher fire hazard due to the presence of crop residues on the soil surface;
• need to control the application of additional doses of mineral fertilizers (phosphorus, nitrogen)

under certain conditions.

Given the established practice of agricultural technologies in Ukraine, as well as the objective
shortcomings of minimal tillage systems, a significant shift in the structure of the technologies applied
by agricultural producers should not be expected in the near future. Therefore, a surplus of crop
residues is expected to be available in Ukraine overall; however, due to uneven spatial distribution
(regional, district, local), more comprehensive and regionally targeted approaches are required to
assess the economic potential of biomass for energy generation purposes.

As for the coefficient for crop residues’ utilization for energy purposes, according to the NASU
recommendations, a fixed value of 0.25 is applied to all crops [30]. This value is based on the demand of
livestock production and levels to maintain balanced organic matter in the soil. Under visible conditions
of increasing crop productivity, it is possible to expect the achievement of a higher level of Ke coefficient
(0.3 for cereals, 0.4 for industrial crops and corn) without harming sustainable land use, but with the
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application of the recommended rates of mineral and organic fertilizers [29] (p. 17). The use of the
average value of the Ke coefficient is understandable in strategic documents at the national level, but in
in-depth calculations, its values should be detailed, taking into account regional factors: spatial features
of production allocation and local demand from livestock production; technologies used for crop
production; types of crops; and available options to maintain the soil’s fertility by biomass application
(e.g., the digestate from biogas generation, the ash and sludge from biomass combustion process [47]).

2.4. Data Sources

Data on key agricultural trends (yields, area, production, nutrient supply with mineral and organic
fertilizer, etc.) are provided by the State Statistics Service of Ukraine. Data on the production costs of
different agricultural products are calculated based on the annual database “Main economic indicators
of farm activity” are available for 2000–2015 (based on a survey with approximately 8000 farms carried
out annually), which form the basis for the Ukrainian input data used by the GLOBIOM used within
this study. National and regional data on soil types and their nutrient and humus contents are provided
by the State Statistics Service of Ukraine. The spatial allocation of soil types is gathered from the State
Service of Ukraine for Geodesy, Cartography and Cadastre [48].

3. Research Results

3.1. Background: Ukrainian Agriculture and Its Transformation

Since1991, major transformations inUkrainianagriculturehavetakenplace. Overall, livestockproduction
has gradually and substantially declined (the cattle population decreasing eightfold and pig production
by 3.4 times). Consequently, there are fewer opportunities available for the application of organic
fertilizers in the form of manure, as was widely used in Ukraine’s pre-independence era (6208 kg/ha
of agricultural land in 1990 vs. 281 kg/ha in 2018 [49]). In parallel, through the 1990s there was an
initially sharp reduction in the application of mineral fertilizers in crop production due to agricultural
transformation processes and overall economic instability. Thus, the average application of NPK
mineral fertilizers (consisting of nitrogen, phosphorus and potassium components) dropped from
105 kg/ha of agricultural land in 1990 to its lowest record of 6.7 kg/ha in 2000, and only partially
regaining in intensity in the following years, reaching 56.5 kg/ha in 2018 [49]. However, crop production
after the beginning of the 2000s due to the acceleration of investments (including the inflow of foreign
capital) began its steady increase. Even though (since 2010) the rate of mineral fertilization has been
growing, it still does not usually satisfy agronomic requirements to maintain the proper level of soil
nutrients [40] (p. 97). Farming approaches and abilities vary greatly depending on a farm’s type, size,
and market focus. Currently, a wide range of medium and large agricultural enterprises follow an
export-oriented production strategy based on cultivating a limited number of crops: wheat, barley, corn,
rape, sunflower, and soya. Due to their limited access to capital, some (mostly small and medium-sized)
farms do not have the capacity to maintain the necessary equipment for cultivating a diversified
number of crops. Therefore, they usually grow no more than two or three crops. Such limited crop
rotation leads to soil depletion. Indeed, according to previous Ukrainian soil quality studies [50],
humus content decreased by 15% between 1991 and 2005.

Both 2004 and 2005 saw new intense growth in agricultural activity after 13 years of economic
instability and production decline. This growth was accompanied by corporatization and the
introduction of state support for agricultural producers, seeing the area used for arable land increase by
95,000 ha (0.3% of the total, albeit excluding the area of the currently occupied Autonomous Republic of
Crimea) to a total of 29.9 million ha in 2017. This is still 7% less compared to 1990, yet provides evidence
of growing pressure upon agricultural land resources, including those left unattended during the 1990s
and the beginning of the 2000s. The area represented by pastures diminished by over 100,000 ha from
2004 to 2017. Key changes in the sown area structure since 2004 include the increase in areas (and their
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share in total) being used for industrial crops, structural changes in cereals (replacement of rye and
barley by wheat and corn in northern regions). These key changes are summarized in Table 2.

Table 2. Changes in agricultural land use in Ukraine from 2004 to 2017.

Area Type and Crops
Area, Thousand ha Change

2004 2017 Thousand ha %

Agricultural area,
including: 35,819 34,958 −861 −2.4

Sown area, including: 25,952 27,434 1482 5.7
Cereals and
leguminous, including:

14,887 14,607 −280 −1.9

Wheat 5357 6368 1011 18.9
Barley 4492 2506 −1986 −44.2
Corn 2462 4522 2061 83.7
Rye 732 168 −564 −77.0
Industrial crops,
including:

4891 9161 4270 87.3

Rape 113 789 676 598.3
Sunflower 3486 5943 2457 70.5
Soya 269 1994 1725 641.3
Sugar beet 732 318 −414 −56.6
Fodder crops 4128 1826 −2303 −55.8

Note: excluding data from the Autonomous Republic of Crimea. Source: own compilation based on [51].

Crop production currently prevails in the total agricultural output (72% in 2017), having grown by
93% from 2000 to 2017, while the growth of livestock production equals just 20%. Cereals, leguminous and
industrial crops make up over two thirds of the gross crop production. Aside from having relatively high
shares in Ukrainian exports, these subsectors are also providing most inputs for the production of fodder
necessary for the domestic livestock sector. The aforementioned crop groups cover approximately 87%
of total sown areas or 68% of total agricultural land in the country, with the six main crops (wheat,
barley, corn, sunflower, rape, and soya) covering 80% and 63%, respectively [51] (Figure 2).

 

Figure 2. Sown areas and production volumes of main crops in Ukraine (based on 2017 data). Source:
own compilation based on [51].

3.2. Projection for the Development of Selected Crops’ Cultivation by 2030

Ukraine is among the world’s leading countries with the largest unrealized agricultural
potential [52–54]. According to the Global Yield Gap Atlas (GYGA), the current level of crop
yields in Ukraine equal 30–45% of the estimated potential [54]. Therefore, current relatively lower
yield levels could mean bigger opportunities compared to other countries concerning the possible

9



Energies 2020, 13, 5343

increase in productivity in the future, even in the case the development is realized within the BAU
development scenario. In addition, in the next decade the positive impact of climate change will still
mostly prevail in the case of yields of major crops (excluding in south-eastern regions of the country),
increasing average crop productivity relative to the baseline period.

The increasing yield forecasts derived within the GLOBIOM simulation are also confirmed by other
modeling results. This is the case of the report [39] published in 2017, revealing the modeling results
for Ukrainian agricultural development up to 2030, based on the AGMEMOD model. Thus, Figure 3
represents the results for the selected main crops (which combined cover approximately 90% of the
total sown area in Ukraine), comprising both the data for two developed scenarios within this research
(BAU and INNO) and the aforementioned AGMEMOD traditional development scenario results.
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Figure 3. Projection of changes in yields for selected crops in Ukraine by 2030 (compared to average
yields in 2008–2014). Source: Agricultural Member State Modeling (AGMEMOD) modeling results [39]
and own calculations (business-as-usual (BAU), innovative (INNO)) based on the Global Biosphere
Management Model (GLOBIOM).

The modeling results show the following yield growths by 2030: 10–20% for oil crops, and 18–50%
for cereals in the BAU scenario. The AGMEMOD modeling confirms these projections, although,
for the cereals, the expected growth is slightly lower. However, the forecasts for the AGMEMOD
model tend to underestimate the available potential of cereals (Figure 4) when compared to the
latest available statistical data. This provides additional reassurance concerning the credibility of the
forecasts, including the innovative scenario results (INNO). The probability of the innovative scenario’s
realization is confirmed by the visible acceleration of yield levels from 2015 to 2019, which was
possible due to the actual introduction of new crop varieties and plant protection systems minimizing
the negative effects (temperature variations, precipitation reduction) while maximizing the positive
impacts (higher temperatures) of climate change, thereby facilitating the increased adaptation abilities
of domestic agricultural producers [55,56].

The projections of crops’ production volumes obtained via the GLOBIOM approach are compared
with the AGMEMOD results (Figure 5). The general trend of increasing production volumes according
to the results of the GLOBIOM is consistent with the conclusions obtained within the AGMEMOD
modeling, with the exceptions of barley and, to some extent, sunflower. This result can be a guide
for domestic producers to make efforts to improve the economic efficiency of barley production,
as its permanent growth in global demand and available production potential provides barley with a
competitive advantage compared to the key cereal crop in Ukraine: winter wheat.
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Figure 4. Wheat and corn crop yields: comparison of available statistical data and projections obtained
with the AGMEMOD model. Source: own compilation based on [51], verified against [39].
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Figure 5. Projection of production (output) change for selected crops by 2030 (compared to 2008–2014
average volumes). Source: own calculations.

3.3. Assessment of Crop Residues’ Availability Based on Agro-Environmental Limitations

Based on the crop production projections, the theoretical potential of crop residues for the
investigated crops (Table 3) is assessed. For this purpose, both of the abovementioned approaches to
the assessment of RPRs (Kr) are used: Kr1, provided in Table 1, and Kr2, estimated with the use of the
EU’s RPR data [41].

Table 3. Assessment of the theoretical potential of crop residues for the selected crops in 2030, ktoe.

Crops
BAU INNO

Kr1 Kr2 Kr1 Kr2

Wheat 10,850 15,249 11,645 14,824
Barley 3390 3962 3736 5618
Corn 11,892 13,262 14,812 13,137
Sunflower 5214 6022 7823 7983
Rape 3039 3667 4712 5780
Soya 1061 3035 2096 5071
Total 35,446 45,197 44,824 52,413

Source: own calculations.

The assumptions of improving Ukrainian farmers’ access to technologies and financing support
the expectations for the growing technical availability of crop residues. However, there is a high
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risk of adverse weather events that may reduce the technical availability of crop residues in certain
regions and particular years covered by the projection. Given these uncertainties, the coefficient of the
technical availability of crop residues at the level of 0.8 (provided by the NASU [30]) is used within
the estimations.

Currently, the main share of the technical potential of crop residues is being utilized for the
purposes of livestock production and stabilization of soil fertility, leaving only the remainder to be
potentially used for renewable energy generation purposes. To determine future development trends
within the economic potential of crop residues for energy production, some general assumptions are
used for the years to come:

• declining share of roughage in livestock feed;
• a reduction in the use of straw for bedding due to the increasing use of alternative materials (e.g.,

rubber, sawdust).

According to both forecasts obtained based on the GLOBIOM for the period up to 2030, a further
reduction in cattle numbers is expected, with a slight (1–7%) increase in pigs and the further growth
(25–40%) of poultry (depending on the scenario). At the same time, the share of all livestock kept
in farm households will continue to decline according to the ongoing trends. Given these forecasts,
the use of straw for livestock production purposes is expected to equal the baseline values or even
decrease due to the expected gradual implementation of agricultural innovations in corporate livestock
production. Accordingly, this will determine the trends in the amounts of manure available for
various purposes, mainly for application to the soil as organic fertilizers. This, in turn, will engender
certain risks for sustainable land use—specifically compliance with the agrochemical Law of Return.
Under such conditions, the need for crop residues to maintain agro-environmental functions will
increase, limiting the possibilities of its use for bioenergy generation purposes.

The need to return a proportion of agricultural residues to the fields in Ukraine owes to the
low use of organic fertilizers, a consequence of the decline and disproportionate development of the
livestock sector, this being the main source of organic matter for the soil due to manure humification.
A deficit-free balance of humus manure application should be at least at the level of 8 t/ha in the
southeastern regions, and up to 14 t/ha in the northwest when the average level in Ukraine is below
1 t/ha [50] (p. 49). Farmers try to ensure the return of nutrients by more intense mineral fertilization
and by leaving 100% of crop residues in the fields. However, mineral fertilization is often either
conducted in violation of agro-ecological norms of required nutrient balance, or the amount of mineral
fertilization is insufficient for an adequate process of humification of crop residues.

The conducted assessment of the production processes of the main crops in Ukraine confirms the
existence of issues preventing the satisfaction of deficit-free requirements. Thus, wheat production
with a 100% return of crop residues ensures a positive balance of humus (H) and nitrogen (N) in most
regions of Ukraine, but does not ensure the return of phosphorus (P) and potassium (K). The worst
condition with the return of nutrients is observed with respect to the cultivation of barley and corn
(Table 4).

The production of industrial crops also shows unbalanced soil content and an inability to
balance the removed nutrients and humus, although due to the application of sufficient amounts
of nitrogen-based mineral fertilizers, a positive balance for N can be achieved in the cultivation of
sunflower and nitrogen-fixing soybean. Nevertheless, there is still a shortage of humus and potassium
in the cases of the aforementioned crops. The cultivation of rape shows a slightly different picture:
there is an acute deficit of nutrients, but, for humus, the balance of return is sufficient. This can be
explained by the high output of crop root residues of rape, which, during its humification, provide the
return of sufficient organic matter to the soil (Table 5).

Thus, it can be concluded that, in most regions of Ukraine, the currently applied technologies for
the production of the main crops do not satisfy agro-ecological requirements, and limit the opportunity
to remove crop residues for other purposes, including bioenergy generation.
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Table 4. Soil nutrient balance for the production of cereals in Ukraine by region (calculated for 2017).

Regions
Wheat Barley Corn

N P K H N P K H N P K H

Vinnytska 1.8 −18.9 −33.1 0.68 −9.4 −15.7 −30.9 0.38 −14.2 −20.6 −61.6 0.33
Volynska 24.7 −3.6 8.8 0.78 1.5 5.2 16.8 0.32 −28.9 −13.0 −29.9 0.89
Dnipropetrovska −2.1 −10.4 −16.3 −0.07 −6.8 0.1 −9.4 −0.37 −3.8 0.1 −28.4 −1.06
Donetska −16.5 −18.6 −26.1 −0.04 −17.2 −2.8 −15.0 −0.35 −3.8 −7.2 −34.1 −1.28
Zhytomyrska 6.2 −11.8 −7.1 0.60 7.1 −5.7 2.5 0.26 −32.0 −22.5 −51.3 0.44
Zakarpatska 42.9 −8.0 −6.0 0.37 37.2 10.1 12.9 0.15 36.4 −25.7 −50.8 0.07
Zaporizka 12.5 −4.8 −14.5 −0.01 −8.2 −1.4 −11.4 −0.25 −1.4 2.0 −23.1 −0.80
Ivano-Frankivska 22.3 −10.5 3.7 0.76 −7.7 −4.9 −4.4 0.37 −9.7 −9.4 −39.8 −0.24
Kyivska 29.0 −3.6 4.9 0.06 8.3 1.4 12.8 −0.06 4.4 −4.7 −29.7 −0.32
Kirovohradska 1.7 −9.4 −15.5 −0.25 −9.9 1.2 −7.9 −0.49 −10.4 −6.6 −34.5 −1.11
Luhanska −23.7 −15.8 −32.7 0.06 −23.4 −7.9 −24.6 −0.36 −9.5 −9.6 −35.8 −1.20
Lvivska 18.2 −12.2 −8.7 0.62 −16.3 −18.6 −9.3 0.49 −12.7 −0.6 −46.9 −0.10
Mykolaivska −5.3 −5.9 −16.7 0.10 −11.7 −1.4 −12.5 −0.17 −1.3 11.6 −31.1 −0.71
Odeska 5.6 −1.7 −17.2 0.37 −10.1 −1.7 −14.1 0.20 −4.2 −5.1 −34.1 −0.31
Poltavska 13.7 −3.7 −4.4 0.16 7.8 −2.6 −1.7 −0.18 1.3 −13.7 −41.2 −0.69
Rivnenska 18.1 −6.0 10.0 0.77 −11.5 −12.4 −8.7 0.50 −35.4 −21.7 −44.2 0.39
Sumska −13.2 −12.7 −7.3 0.48 −6.3 −3.2 6.0 0.00 −23.4 −22.2 −56.0 −0.01
Ternopilska 23.7 −13.3 −4.6 0.66 −12.1 −18.2 −8.3 0.39 −13.5 −26.3 −61.8 0.25
Kharkivska 7.6 −9.2 −18.5 −0.04 2.7 −3.4 −10.9 −0.51 26.4 −2.1 −28.3 −1.78
Khersonska −15.7 −19.1 −23.8 0.44 −12.8 −10.3 −17.8 0.16 −31.6 −24.0 −66.9 0.90
Khmelnytska −5.0 −18.7 −12.5 0.72 −18.8 −16.1 −9.5 0.34 −34.9 −25.3 −64.5 0.06
Cherkaska 27.1 −6.3 −3.1 0.06 15.0 3.1 11.5 −0.08 1.0 −8.0 −34.3 −0.55
Chernivetska −6.6 −13.4 −10.5 1.03 3.7 −13.3 −12.3 0.56 8.9 1.4 −24.6 0.35
Chernihivska 6.0 −7.2 −0.5 0.41 −2.4 −4.7 8.0 0.15 −14.5 −18.9 −52.3 −0.23

Note: N—nitrogen, kg a.i./ha; P—phosphorus, kg a.i./ha; K—potassium, kg a.i./ha; H—humus, tons/ha. Source:
own calculations based on [40].

Table 5. Soil nutrient balance for the production of industrial crops in Ukraine by region (calculated for
2017).

Regions
Soya Sunflower Rape

N P K H N P K H N P K H

Vinnytska 41.7 1.3 −28.8 −0.97 22.5 8.0 −65.1 −0.88 37.7 −1.3 −21.5 1.14
Volynska 40.4 3.2 −19.6 −0.75 12.9 18.6 −33.0 −0.86 −2.5 −12.3 −30.2 1.70
Dnipropetrovska 30.4 10.0 −20.4 −1.53 1.7 10.4 −48.2 −1.45 −23.6 −17.7 −53.8 0.36
Donetska 27.4 3.5 −8.1 −1.93 0.7 11.0 −44.9 −1.63 −40.2 −31.0 −71.0 0.37
Zhytomyrska 36.4 −6.1 −33.2 −0.94 22.4 9.0 −42.5 −1.12 −16.0 −13.2 −44.3 1.14
Zakarpatska 39.1 −19.1 −68.6 −0.33 44.5 20.6 −31.7 −0.97 12.4 −15.1 −37.8 0.65
Zaporizka 44.8 0.8 −40.0 −0.82 5.7 10.0 −39.5 −1.29 −13.8 −15.6 −50.4 0.36
Ivano-Frankivska 46.9 2.7 −29.4 −1.35 23.5 17.6 −46.6 −1.58 13.4 −13.6 −32.4 1.16
Kyivska 42.4 7.1 −10.2 −1.41 22.5 15.9 −34.6 −1.37 11.1 −12.9 −32.9 0.70
Kirovohradska 24.3 1.2 −20.4 −1.78 −1.6 11.5 −47.8 −1.68 −30.5 −17.5 −54.7 0.17
Luhanska 10.9 −10.1 −26.6 −1.63 −12.2 2.5 −54.8 −1.41 −29.2 −20.4 −62.2 0.29
Lvivska 46.5 1.9 −30.0 −1.36 25.7 7.8 −40.4 −1.59 9.3 −19.5 −54.9 1.13
Mykolaivska 32.5 −1.4 −26.2 −1.16 1.6 10.2 −43.5 −1.13 −32.0 −2.0 −55.2 0.43
Odeska 49.5 7.1 −31.6 −0.48 10.3 14.3 −50.3 −0.70 −3.7 2.1 −45.2 0.63
Poltavska 42.3 3.6 −18.2 −1.60 19.8 10.7 −48.6 −1.45 −37.3 −30.0 −65.2 1.03
Rivnenska 17.5 −11.0 −44.1 −0.80 7.5 5.3 −61.5 −0.92 −14.0 −15.2 −35.6 1.68
Sumska 44.2 4.1 −17.2 −1.42 11.5 13.5 −43.6 −1.36 −27.3 −16.0 −53.7 1.13
Ternopilska 48.3 −1.5 −32.0 −1.06 20.2 6.1 −59.1 −1.19 10.3 −13.6 −42.7 0.97
Kharkivska 51.6 3.3 −17.5 −2.39 18.6 11.4 −54.8 −2.16 51.4 −19.8 −58.8 0.13
Khersonska 26.5 −14.0 −64.3 0.10 3.6 2.0 −42.4 −0.54 −39.9 −29.5 −64.5 0.89
Khmelnytska 41.1 −6.9 −40.1 −1.30 10.9 7.5 −64.5 −1.30 0.1 −14.4 −50.8 0.90
Cherkaska 49.2 4.5 −17.5 −1.54 27.3 17.0 −38.2 −1.39 2.9 −11.2 −36.6 0.67
Chernivetska 28.3 −5.7 −30.3 −0.46 23.5 4.1 −60.5 −0.42 −10.2 −17.2 −51.7 1.13
Chernihivska 34.3 3.6 −19.6 −1.76 23.0 15.0 −35.8 −1.82 −16.5 −14.8 −49.0 1.06

Note: N—nitrogen, kg a.i./ha; P—phosphorus, kg a.i./ha; K—potassium, kg a.i./ha; H—humus, tons/ha. Source:
own calculations based on [40].

Soils with low humus content are especially vulnerable to various climatic factors, which negatively
affect soil composition, structure and quality. In Ukraine, 1.7 million ha (4.1% of the country’s
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agricultural land) is subjected to wind erosion, 13.3 million ha (32%) to water erosion, and over
2 million ha (4.8%) to both of these types of erosion. In addition, 10.7 million ha (25.8% of agricultural
land) is classified as acidic, 1.7 million ha (4.1%) as saline, and 1.9 million ha as waterlogged soils.
Over 20% of the territory of Ukraine is contaminated with various toxic compounds. Some areas are
contaminated with radioactive compounds. Negative geological phenomena are common in over 50%
of the country [57] (pp. 7–8).

Within the developed scenarios, the rate of mineral fertilizer application will increase gradually by
2030. The BAU and INNO scenarios are based on the gradual growth of mineral fertilizer application
until 2030, at least by 50% and 85% of the base level (2017) for the farms ranking in the top 10% for
intensive production technologies for these scenarios, respectively. Organic fertilization is expected
to increase as well, but—on average—not more than 2–5 t/ha in the BAU and 3–7 t/ha in the INNO
scenario, depending on crops.

Thus, the main sources of nutrient return are expected to be mineral fertilizers (up to two thirds of
the return amount of nutrients depending on the crop) and crop residues (15–35% accordingly) for all
crops except soya (due to nitrogen fixation, the returns are up to 50–60% of used nitrogen). The organic
matter of the soil (humus) in conditions of limited application of organic fertilizers can be maintained
only by returning the crop residues to the soil. Given that maintaining a positive balance of humus is a
decisive factor for farmers, the possibility of removing part of the crop residues for energy purposes is
therefore further limited. To understand these limitations, Table 6 presents the humus balance for the
investigated crops within the two developed scenarios.

Table 6. Humus balance under conditions of residues’ return to the soil, t/ha.

Regions
Wheat Barley Corn Soya Sunflower Rape

B I B I B I B I B I B I

Vinnytska 1.21 1.52 0.85 1.06 0.81 1.61 −0.60 0.05 −0.70 0.04 1.23 1.88
Volynska 0.91 1.64 0.87 1.14 0.95 1.51 −0.57 −0.44 −0.77 −0.52 1.65 2.16
Dnipropetrovska 0.39 0.57 0.19 0.58 0.08 0.55 −0.42 −0.03 −0.53 −0.19 0.77 1.14
Donetska 0.30 0.48 0.20 0.40 −0.19 −0.04 −0.78 −0.14 −0.64 −0.47 0.67 1.14
Zhytomyrska 0.82 1.41 0.70 1.04 0.75 1.22 −0.78 −0.59 −1.02 −0.69 1.14 1.98
Zakarpatska 0.64 1.53 0.25 0.47 0.11 0.97 −0.54 −0.54 −0.99 −0.68 0.82 2.18
Zaporizka 0.41 0.60 0.25 0.53 0.09 0.17 0.14 0.20 −0.43 −0.26 0.79 1.17
Ivano-Frankivska 0.91 1.47 0.54 0.82 0.19 0.30 −1.11 −1.12 −1.36 −1.25 1.41 1.93
Kyivska 1.01 1.12 0.64 0.85 0.41 1.47 −0.99 −0.04 −1.08 −0.03 1.04 1.95
Kirovohradska 0.47 0.63 0.16 0.47 −0.57 0.83 −1.36 −0.15 −1.46 −0.20 0.28 1.30
Luhanska 0.37 0.56 0.22 0.56 0.00 0.10 −0.54 0.00 −0.55 −0.33 0.70 1.03
Lvivska 0.82 1.19 0.68 0.92 0.41 0.75 −1.08 −0.90 −1.25 −1.10 1.15 2.15
Mykolaivska 0.48 0.67 0.33 0.57 0.34 0.94 −0.21 0.19 −0.32 0.19 0.78 1.40
Odeska 0.62 0.79 0.51 0.70 0.39 1.01 0.12 0.31 −0.21 0.26 0.83 1.16
Poltavska 0.73 1.21 0.49 0.66 0.11 1.23 −1.09 −0.22 −1.13 −0.21 0.80 1.60
Rivnenska 1.04 1.55 0.83 1.11 0.65 1.14 −0.67 −0.58 −0.94 −0.65 1.46 2.08
Sumska 0.59 1.06 0.24 0.47 0.17 0.74 −1.10 −0.86 −1.21 −0.92 0.61 1.24
Ternopilska 0.81 1.09 0.48 0.73 0.39 0.78 −0.93 −0.87 −1.12 −0.89 1.13 1.64
Kharkivska 0.63 0.85 0.22 0.61 −0.99 0.66 −1.85 −0.43 −1.72 −0.41 0.07 1.38
Khersonska 0.70 0.84 0.43 1.00 1.34 1.45 0.62 0.59 −0.15 0.11 0.66 1.27
Khmelnytska 1.26 1.38 0.94 1.08 0.41 1.53 −0.94 −0.08 −1.03 −0.11 1.07 1.70
Cherkaska 1.05 1.31 0.64 0.80 0.35 1.55 −1.12 −0.09 −1.05 −0.11 1.00 1.82
Chernivetska 1.25 1.39 0.49 0.65 0.55 1.28 −0.23 0.14 −0.39 0.17 1.13 1.91
Chernihivska 0.56 1.29 0.44 0.64 0.04 0.67 −1.34 −1.11 −1.53 −1.21 0.81 1.57

Note: B—BAU scenario, I—INNO scenario. Source: own calculations based on [40].

The positive balance of humus indicates the possibility of removing part of the crop residues in
compliance with agro-environmental requirements. In the cases of soybean and sunflower, even within
the INNO scenario, assuming the almost maximum allowable approximation of the yield to the
potential level (and therefore an increase in the yield of the crop and its residues), there is a deficit of
organic matter recovery in the soil. This is due to the relatively lower amount of crop root residues of
soybean, and—for sunflower—a relatively lower coefficient of humification of crop stalks (0.2–0.25
for cereals and legumes, and 0.14 for sunflower). Thus, the average amount of straw that can be
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removed for bioenergy generation purposes varies depending on the crop, the region, and assumptions
according to the developed scenarios. For example, according to the BAU scenario, the amount of crop
residues available for bioenergy generation purposes varies from 0 to 3 t/ha, with a national average
of 0.8 t/ha. Under the INNO scenario, the average and maximum values increase to 2 and 3.8 t/ha,
respectively (Figure 6).
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Figure 6. Amount of crop residues available for bioenergy generation purposes while satisfying
agro-environmental requirements. Source: own calculations.

In addition to satisfying the agro-environmental requirements of land use, a proportion of cereals’
residues (primarily wheat and barley straw) is used for livestock production purposes: the estimated
demand for these purposes equals 3.6 and 2.7 million tons for the BAU and INNO scenarios, respectively.
The lower demand for crop residues from livestock production corresponds with the current level
in EU countries specializing in livestock. In particular, the maximum amount of straw used for
livestock production purposes does not exceed 3.9 million tons in Poland, 3.8 million tons in France,
and 2.9 million tons in Denmark [25].

3.4. Bioenergy Generation Potential (National and Regional)

Both developed scenarios (BAU and INNO) confirm the output growth of the investigated crops,
meaning a higher potential loss of humus and nutrients (in particular due to crop harvest). Thus,
taking into account the requirement to satisfy a positive balance of humus and nutrients in the soil,
the total bioenergy generation potential of the analyzed crop residues in 2030 has been assessed. It is
expected to equal 3643 ktoe within the BAU scenario, while, in the case of the INNO scenario, it is
forecast to reach 10,723 ktoe (Table 7).

Table 7. Economic potential of bioenergy generation from the main crop residues in Ukraine in 2030.

Crops
BAU Scenario INNO Scenario

ktoe % ktoe %

Wheat 1294 35.5 3892 36.3
Barley 442 12.1 1655 15.4
Corn 1257 34.5 3172 29.6
Sunflower 21 0.6 87 0.8
Rape 0 0.0 342 3.2
Soya 629 17.3 1575 14.7
Total 3634 100.0 10,723 100.0

Source: own calculations.

The estimated total economic potential of crop residues available for bioenergy generation
purposes is unevenly distributed throughout Ukraine. Within the BAU scenario, the largest amounts
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of crop residues for bioenergy generation purposes would be available in the regions of Kyivska,
Cherkaska, Poltavska, Vinnytska, and Ternopilska (200–350 ktoe each). Following the assumptions of
the INNO scenario, the regional distribution of future potential does not vary significantly, but the
increase in the amounts of biomass available for renewable energy purposes makes it more promising
in most regions of Ukraine (Figure 7).

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Assessment of economic potential for bioenergy generation purposes from the main crop
residues within the BAU (upper map) and INNO (bottom map) scenarios. Note: no data available for
the Autonomous Republic of Crimea. Source: own calculations.

There is an understanding that these results reveal a slightly lower (compared to real availability)
level of economic potential due to a number of aforementioned constraints applied within the
estimations, as the calculations are based on average regional values of parameters and coefficients,
as well as assumptions about the utilized technologies. If the same calculations were to be conducted
using local data, the estimates of economic bioenergy generation potential would be higher, as they
would involve less generalized constraints and reveal specific local situations.

Additionally, the availability of local data concerning actual crop rotations would facilitate greater
precision with the estimation of the accumulation of nutrients and humus in the soil, including residues
from predecessor crops, in turn increasing the possibility of extracting crop residues for the next crop
rotation (e.g., sunflower, which is less demanding in regard to the Law of Return). Such an absence of
nutrient flows and humus changes within the crop rotation, despite being a limitation, would have
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minimal impact on the results obtained. Another limitation of the research concerns the absence of
actual data and assumptions regarding the regional land management systems (e.g., conventional,
mini- or no-till), which affect the level of nutrients and humus changes, albeit not significantly.

4. Discussion

The Ukrainian expert community has formed an opinion about the possibility of extracting a
significant proportion of agricultural residues for energy generation purposes [4,31,32]. Typically,
such conclusions for Ukraine are based on the application of a scientifically established 0.25 coefficient
for crop residues’ utilization for energy purposes [30]. In addition, along with increasing yield levels,
this ratio can grow to up to 0.3–0.4 depending on the specific crop. It has been noted [29] that the
value of the coefficient is based on compliance with the principles of meeting the crop residue demand
of livestock production (for feed, bedding) and the return to the soil of some of the organic matter
withdrawn with the harvest. In our understanding, the use of a more flexible coefficient would be
more precise. Thus, in this study, the coefficient varies by region and crop type, and primarily depends
on requirements to satisfy the nutrient and humus balance in the soil. However, in order to achieve
greater precision, data on future trends in land erosion, soil quality, the spatial supply of manure and
other agronomical aspects would be beneficial.

This study’s results correspond to a large extent with other similar studies for Ukraine, yet differ
in terms of several key elements pertaining to the methods used for estimation. For example, the value
of assessed economic potential under the developed INNO scenario corresponds with the future
trajectory of energy potential from crop residues developed by the Bioenergy Association of Ukraine.
In particular, the latter’s assessment of residue energy generation potential for 2050 equals 10.8 Mtoe [29].
This amount includes the residue potential of all grain and oilseed crops, with the share of the six
selected crops investigated in our study slightly exceeding 95%. More modest forecasts of the potential
of crop residues are included in the Energy Strategy of Ukraine [1], totaling 5.3 Mtoe in 2030.

The results obtained regarding the economic potential of crop residues are also close to those
of the International Renewable Energy Agency (IRENA) [58] analysis, which confirmed the possible
availability of 11.0–18.3 Mtoe of agricultural residues, including 6.0–9.6 Mtoe of field residues in
2030 depending on the scenario: reference or REmap (Renewable Energy Roadmap). Nevertheless,
the implementation of the REmap scenario assumes the several measures: the development of collection
systems for agricultural residues, establishing the practice of long-term biomass supply contracts
between producers and consumers, and the compulsory inclusion of a biogas plant in major new
projects by agro-food companies. Implementation of these measures would currently be highly limited
due to the difficult economic situation in Ukraine.

Another study [36] evaluating straw and stubble availability alone has shown that, within Europe,
based on 2012 data, Ukraine has the second largest potential for energy generation from agricultural
residues, and the largest potential based on a projection for 2030. It is important to note that Ukraine is
seeing growth in the volumes of crop residues, while a general declining trend for straw and stubble
supply for energy production was also outlined in this study.

In contrast to most of the abovementioned studies, the present investigation suggests going
beyond typical projections based on current fixed yields (and therefore fixed RPRs) and, instead of
assuming a general national coefficient for crop residues that need to be left on the fields, to take
into account regional agro-environmental limitations based on the available soil nutrients. Thus,
it becomes possible to understand which regions have the most bioenergy generation potential from
crop residues, and to use it for future substantiations of regional economic and energy development
strategies. Such estimations could be taken further, achieving greater precision at the regional level if
specific soil fertility data could be obtained and used for calculations.

Discussions have recently taken place as to the future of bioenergy, as the limitations of its
development are becoming more visible based on the experiences of economically developed countries.
One study [8] (p. 274) argues that “land intensive bioenergy makes the most sense as a transitional
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element of the global energy mix, playing an important role over the next few decades and then
fading, probably after mid-century”. We can agree with this statement, although, in our opinion,
differences should also be expected depending on the particular region and the level of economic
development of the country being analyzed. While the aforementioned study has presented a general
global perspective, locally each country would still tend toward the most feasible option to ensure
energy security and utilize the available potential. High differentiation would be present depending
on economic development, technological advancement, and technical efficiency.

In this light, Ukraine can still be considered in an early development stage in regard to bioenergy
generation, with a total 4.6% share (or 4.3 Mtoe) of renewable sources in the total energy supply
(including 3.2 Mtoe from biofuels and waste energy combined) as of 2018 [2]. The country’s dependency
on foreign energy supply also remains critical (considering its unstable relations with its main long-time
energy supplier, the Russian Federation [59]) as, in the same year, 36.5% of Ukraine’s total energy
supply was imported [60]. Decarbonization, being another key goal of the global renewable energy
development goes in line with the growth of biomass utilization, yet presents itself as a complex
issue [61] that needs to be considered and resolved wisely. Therefore, for Ukraine, the utilization
of bioenergy generation potential is among the key perspective development directions available,
and only under conditions of the efficient transformation of energy structure and the appearance of
more beneficial (both economically and environmentally) energy generation technologies compared to
biomass-based ones will further changes be possible.

Furthermore, the high probability of the projected intensification of crop production (within the
six main types outlined in the research) can be identified for Ukraine based on the growing influence
of large agriholdings in the past decade and their specialization. Focusing, in most cases, on crop
production, these agriholdings are gradually accumulating agricultural land, and working to increase
yields and therefore output volumes. Aiming primarily at exports, they managed to increase the
exports of the crops investigated in this study over three-fold between 2005 and 2017: grains by
3.4 times (from 12.7 million tons in 2005 to 42.5 million tons in 2017), and oil crops by 6.7 times (from
0.9 to 6.0 million tons) [62]. Therefore, the existing evidence supports the projected growing capacities
for the production of crop residues.

Another issue that needs to be highlighted here concerns the differences between the results of the
BAU scenario developed within the GLOBIOM and the results derived from the AGMEMOD model,
which was used for reference (Figures 3 and 5). The differences can be explained by the contrasting
approaches taken concerning the projections of crops’ yields and spatial allocation. In particular,
AGMEMOD is based on the econometric function of yield, depending on the logarithm trend of yield
(2008 = 0) and the expected income from crops in the regions (more details on AGMEMOD in [39].
The GLOBIOM uses the simulated crop yields from the EPIC model, which depend on biophysical yield
potential and technological progress (calculated on the elasticities between yield and GDP growth).

5. Conclusions

Growth in the production of the main agricultural crops in Ukraine has been intensifying since
the beginning of the 2000s, and is expected to continue in the next decade. This will be accompanied by
increasing amounts of available crop residues, which could potentially result in the intense development
of energy generation from agricultural biomass. These assumptions demanded in-depth analysis,
utilizing several assessment approaches modified by the authors to increase the precision of the analysis
and to show which elements in the existing methods could be improved.

The study has projected cultivation trends for six selected crops (wheat, barley, corn, sunflower,
rape, and soya), these being the key specializations of the Ukrainian agricultural sector in the past
two decades. Estimations based on the GLOBIOM (verified against the openly available AGMEMOD
results) for the year 2030 included two agricultural development scenarios (traditional BAU and
innovative INNO), allowing us to project the future crop production volumes and yields for the
selected crops. The target year results have revealed a growth in crop output volumes, with higher

18



Energies 2020, 13, 5343

rates in the INNO scenario (assuming the implementation of intensive production technologies).
The data obtained within the developed scenarios have enabled us to carry out projections regarding
the expected volumes of the applicable crop residues.

The previous literature regarding crop residues has shown that despite the generally accepted
guidelines for assessing the energy potential of biomass, there are many uncertainties that significantly
affect estimations of the feasible level of field biomass removal, referred to in this article as the
economic potential of crop residues for bioenergy generation. The main uncertainties are caused by
the nonlinearity of RPR, the uncertainty of the harvesting technologies used, weather, and climatic
risks. Therefore, to estimate projected crop residue volumes, yield-dependent RPRs drawn from the
literature have been used, allowing for improved precision of assessment as well as taking into account
national crop cultivation specificities.

The key agro-environmental limitation of the utilization of crop residues as biomass for energy
generation in Ukraine is the need to preserve soil productivity through the restoration of its fertility.
Under the limited availability of traditional organic fertilizers, crop residues currently represent the
main source for humus recovery and the return of the nutrients withdrawn from the soil during the
cultivation process. The traditional approach to assessing the bioenergy potential of crop residues
is based on the assumption of an up to 25% technical availability of biomass for energy generation
purposes; however, taking into account the agro-environmental requirements (primarily the Law of
Return), this level varies greatly depending on the region and the crop type.

Therefore, this study has gone further to improve the assessment method for the potential
withdrawal of crop residues, and has aimed to calculate the projected availability of soil nutrients
(nitrogen, phosphorus, potassium and humus) for all regions of Ukraine. This then served as the
basis for the estimation of the sustainable removal limits of crop residues for bioenergy generation.
The conclusions based on this analysis demonstrate the need to improve the applied methodological
approach to biomass potential assessment that is being used as the basis for national strategic documents
in the energy policy of Ukraine.

Regarding the results, the assessment of the level of economically feasible bioenergy generation
potential from crop residues for the year 2030 has indicated the possibility of extracting biomass in the
equivalent of 3.6–10.7 Mtoe, depending on the scenario of agricultural development (traditional vs.
innovative). This does not exceed 24% (varying between 8–24%) of the theoretical potential (total crop
residue amount). The projections have also shown that, within the INNO scenario, wheat, corn and
barley combined are expected to provide up to 81.3% of the bioenergy generation potential from crop
residues. Although these results are comparable to several other studies, the approach utilized here
offers less generalized assumptions and the possibility to take into account national crop cultivation
peculiarities, as well as regional soil quality conditions.

As for the practical use of the results obtained, it needs to be stated that an expansion in bioenergy
generation potential from crop residues in Ukraine while complying with agro-environmental
limitations requires the intense implementation of organizational and technical innovations.
In particular, it is crucial to ensure the circulation of biomass between agriculture and bioenergy
generation, which is still poorly developed, thereby influencing the low output of the bioenergy
generation sector and its slow development, as is apparent in terms of its share in total energy output.
The specificity of such exchange determines the necessity and feasibility for development of local and
regional bioenergy systems. These results demonstrate the need for the implementation of policy
measures for the use of local renewable sources of energy, as planned by the Energy Strategy of Ukraine
until 2035 [1]. At the same time, this study warns against the excessive removal of crop residues
in Ukraine, necessitating the monitoring and maintenance of soil fertility, a function that could be
overseen by the State Service of Ukraine for Geodesy, Cartography and Cadastre.
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38. Havlík, P.; Schneider, U.; Schmid, E.; Bőttcher, H.; Fritz, S.; Skalsky, R.; Aoki, K.; De Cara, S.; Kindermann, G.;
Kraxner, F.; et al. Global land-use implications of first and second generation biofuel targets. Energy Policy
2011, 39, 5690–5702. [CrossRef]

21



Energies 2020, 13, 5343

39. Bogonos, M.; Stepaniuk, O. Agrarian Perspectives of Ukraine 2017–2030; German-Ukrainian Agropolicy
Dialogue, 2017. Available online: https://apd-ukraine.de/images/APD_APR_06-2017_AGMEMOD_Baseline_
ukr.pdf (accessed on 4 August 2020).

40. Grekov, V.O.; Datsko, L.V.; Zhylkin, V.A.; Maystrenko, M.I.; Datsko, M.O.; Melnyk, A.I.; Zinchuk, M.I.;
Makarova, G.A.; Fandaliuk, A.V.; Kolodiy, N.M.; et al. Methodic recommendations on soil protection.
State Sci. Technol. Cent. Soil Fertil. Prot. 2011, 107.

41. Camia, A.; Robert, N.; Jonsson, R.; Pilli, R.; Garcia-Condado, S.; Lopez-Lozano, R.; vander Velde, M.;
Ronzon, T.; Gurria, P.; M’Barek, R.; et al. Biomass Production, Supply, Uses and Flows in the European
Union. First Results from an Integrated Assessment; Publications Office of the European Union: Luxembourg,
2018. Available online: https://publications.jrc.ec.europa.eu/repository/handle/JRC109869 (accessed on
5 August 2020).

42. USAID. Evaluation of Current Energy Potential of Clean Energy Sources of Sumska Region. 2016. Available online:
https://merp.org.ua/images/Docs/USAID_MERP_Sumy_Oblast_ASEpotential.pdf (accessed on 11 August 2020).

43. Bezhenar, I.M. The state of specialization in agricultural business structures. Glob. Natl. Probl. Econ. 2016, 10,
128–133. Available online: http://global-national.in.ua/archive/10-2016/28.pdf (accessed on 2 September 2020).

44. Tsyliuryk, O. Minimal Soil Cultivation and No-Till System. Agro Bus. Today. 2019.
Available online: http://agro-business.com.ua/agro/ahronomiia-sohodni/item/12869-minimalnyi-obrobitok-
hruntu-ta-systema-notill.html (accessed on 5 August 2020).

45. Kravtsov, D. System of Zero Soil Tillage or “No-Till” Technology. Available online: https://uhbdp.org/ua/eco-
technologies/articles/1865-systema-nulovoi-obrobky-gruntu-abo-no-till-tekhnolohiia (accessed on 29 July 2020).

46. Peiretti, R.A.; Dumanski, J. The transformation of agriculture in Argentina through soil conservation. Int. Soil
Water Conserv. Res. 2014, 2, 14–20. [CrossRef]

47. Shao, Y.; Wang, J.; Preto, F.; Zhu, J.; Xu, C. Ash deposition in biomass combustion or co-firing for power/heat
generation. Energies 2012, 5, 5171–5189. [CrossRef]

48. State Service of Ukraine for Geodesy, Cartography and Cadastre. Available online: https://land.gov.ua
(accessed on 1 September 2020).

49. Use of Inorganic and Organic Fertilizers in 1990–2019. State Statistics Service of Ukraine. 2020. Available online:
http://www.ukrstat.gov.ua/operativ/operativ2018/sg/vmod/vmod1990-2019_e.xls (accessed on 29 August 2020).

50. National Report on the State of Soil Fertility in Ukraine. Ministry of Agrarian Policy of Ukraine. 2010.
Available online: http://www.iogu.gov.ua/wp-content/uploads/2013/07/stan_gruntiv.pdf (accessed on 2
September 2020).

51. Crop Production in Ukraine. State Statistics Service of Ukraine. 2019. Available online: http://www.ukrstat.
gov.ua/druk/publicat/kat_u/2018/zb/04/zb_rosl2017pdf.zip (accessed on 7 September 2020).

52. Ryabchenko, O.; Nonhebel, S. Assessing wheat production futures in the Ukraine. Outlook Agric. 2016, 45,
165–172. [CrossRef]

53. Alexandratos, N.; Bruinsma, J. World Agriculture towards 2030/2050: The 2012 Revision; ESA Working Paper
No 12-03; Food and Agriculture Organization (FAO): Rome, Italy, 2012.

54. Global Yield Gap Atlas. Available online: http://www.yieldgap.org/web/guest/yieldgaps (accessed on 7
September 2020).

55. Record Harvest of Cereals in 2018. BusinessViews. 2018. Available online: https://businessviews.com.ua/ru/
economy/id/urozhaj-2018-1915 (accessed on 17 August 2020).

56. The Harvest of Cereals Reached the Record 66 Million Tons in 2016. UKRINFORM. 2017.
Available online: https://www.ukrinform.ua/rubric-economy/2157010-vrozaj-zernovih-u-2016-roci-sagnuv-
rekordnih-66-miljoniv-tonn-minagro.html (accessed on 22 July 2020).

57. Sobkevych, O.V.; Rusan, V.M.; Yurchenko, A.D.; Kovaliova, O.V.; Zhurakovska, L.A. Resource Potential of
Agrarian Sector: Problems and Objectives for Efficient Utilization. National Institute for Strategic Studies,
2013. Available online: http://old2.niss.gov.ua/content/articles/files/Agro_sfera-cf5ec.pdf (accessed on 3
August 2020).

58. Gielen, D.; Saygin, D.; Wagner, N. REmap 2030. Analysis for Ukraine. IRENA. 2015. Available online: http:
//banisaenergy.com/sites/default/files/remap-2030-analysis-for-ukraine-120315.pdf (accessed on 5 August 2020).

59. Van de Graaf, T.; Colgan, J.D. Russian gas games or well-oiled conflict? Energy security and the 2014 Ukraine
crisis. Energy Res. Soc. Sci. 2017, 24, 59–64. [CrossRef]

22



Energies 2020, 13, 5343

60. Energy balance of Ukraine 2007–2018. State Statistics Service of Ukraine, 2019. Available online: http:
//www.ukrstat.gov.ua/operativ/operativ2012/energ/en_bal/arh_2012.htm (accessed on 29 July 2020).

61. Sadik-Zada, E.R.; Loewenstein, W. Drivers of the CO2-Emissions in the fossil-fuel abundant settings: (pooled)
mean group and nonparametric panel analyses. Energies 2020, 13, 3956. [CrossRef]

62. Agriculture of Ukraine in 2018: Statistical Yearbook. State Statistics Service of Ukraine. 2019. Available online:
http://www.ukrstat.gov.ua/druk/publicat/kat_u/2018/zb/09/zb_sg2017_pdf.pdf (accessed on 7 September 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

23





energies

Article

Renewable Energy Utilization in Rural Residential
Housing: Economic and Environmental Facets

Aleksandra Siudek 1, Anna M. Klepacka 1,*, Wojciech J. Florkowski 2 and Piotr Gradziuk 3

1 Department of Economics and Organisation of Enterprises, Institute of Economics and Finance,
Warsaw University of Life Sciences, 02-787 Warsaw, Poland; aleksandra_siudek@sggw.edu.pl

2 Department of Agricultural and Applied Economics, University of Georgia, Griffin, GA 30223-1797, USA;
wojciech@uga.edu

3 Polish Academy of Sciences Institute of Rural and Agricultural Development, 00-330 Warsaw, Poland;
pgradziuk@irwirpan.waw.pl

* Correspondence: anna_klepacka@sggw.edu.pl

Received: 24 November 2020; Accepted: 15 December 2020; Published: 16 December 2020

Abstract: Energy and climate policies benefit from modernized construction technology and energy
supply source choices. Energy-efficiency improvement and CO2 emission reduction will result
from renewable energy (RE) utilization in new and retrofit single-family houses in rural Poland.
Several house construction scenarios and heating energy sources comparing building costs and
potential emission reduction are based on already existing structures calculated for a 100 m2 dwelling
corresponding to the average rural home. With the addition of thermal insulation and RE-generating
equipment, construction costs increase, but the energy costs of operating the home dramatically shrink
between a conventional and energy-neutral house. The latter scenario includes thermal solar panels
and a heat pump as heating energy sources as well as electricity-generating PV panels. Replacing coal
with environmentally-friendly RE reduces CO2 emissions by about 90% annually. Additionally, lower
dependence on coal lessens other GHG emissions leading to immediate air quality improvement.
New house building regulations guide homeowner construction and heating energy choice, but even
larger gains could result from retrofitting existing rural houses, expanding environmental benefits
and generating energy bill savings to households. However, the varying climate throughout Poland
will require the purchase of energy in winter to assure residents’ comfort.

Keywords: renewable energy; rural residential housing; emission reduction; construction
regulations; Poland

1. Introduction

The decarbonization of the economy requires multipronged efforts encouraging wide adoption
of energy-efficient technologies and the increased utilization of renewable energy (RE) sources.
Poland’s policies fall in line with European Union (EU) goals and pursue the decarbonization of
the economy [1]. The reduction of fossil fuels is part of the energy and climate change policy in
Poland, the country most dependent on coal for the production of energy in the European Union [2].
Lowering the use of coal is also the goal of the country’s air quality improvement policy because of
the substantial negative health outcomes caused by toxic emissions [3]. The dramatic re-structuring
of industry in Poland in the last decades led to large reductions in using coal and lowered GHG
emissions, especially CO2 which decreased from 11.164 ton per capita in 1989 to 7.876 ton per capita
in 2016 [4]. However, climatic conditions necessitate heating living spaces in homes and apartments
from fall until early spring, and even during cool periods at other times of the year. The needs for
heating energy vary across the country [5], but are particularly important to occupants of single-family
homes, which prevail in rural areas of Poland and are heavy users of fossil fuels. Rural residents lack

Energies 2020, 13, 6637; doi:10.3390/en13246637 www.mdpi.com/journal/energies

25



Energies 2020, 13, 6637

opportunities to access piped heating used by 40% of urban households in 2018 [6]. Improvement of
life quality and utilization of locally available resources such as RE are the goals of the Strategy of
Sustainable Development on Rural Areas, Agriculture and Fisheries for the period 2012–2020 see for
example [7]. This strategy reflects the commitment to sustainable development stated in the Polish
Constitution (1997, Chapter 1, art. 5).

Heating energy accounts for the largest portion of all household energy expenditures. In the
past decade, programs supporting RE utilization by households provided generous subsidies for the
purchase and installation of thermal solar panels and rural households participated in the program
motivated by energy cost savings [8]. However, the utilization of solar energy installations for
single-family homes remains relatively limited. In 2018, one in 52 households used solar energy in
Poland [6]. More recently, homeowners could take advantage of subsidies and low-cost loans through
participation in a program involving the replacement of coal-using boilers with energy-efficient
heating systems including wood pellet furnaces [9]. Such programs reduce heating energy needs in
single-family homes, but those needs strongly depend on the construction technology used to build
the house. In this context, the adoption of new construction technology mandated by new building
regulations takes the concept of sustainable development to a new level. The regulations change
construction methods which result in reduction of energy needs of households.

The new regulations are one element of policies aimed at increasing energy security, GHG emission
reduction, utilization of RE, and encouraging modern thermal insulation methods in the construction
of single-family homes in Poland. The regulations resulted from the EPBD Directive on the energy
efficiency of buildings and become compulsory in 2021. The regulations require all newly built houses
to achieve zero-energy status, i.e., show zero energy consumption. The EPBD also applies to old
buildings. According to the Directive, every potential homeowner receiving a building permit in 2021
has to meet the technical conditions (WT 2021). The new standards apply to all construction projects,
including modernization or expansion of an existing building, although some details have not been
finalized [10,11].

New regulations are a part of a multipronged approach at increasing energy efficiency that
sustain efforts to modernize older rural housing to permanently improve living conditions, local air
and environment quality, and assure energy cost savings to households. The requirements in new
construction regulations improve the coherence of government programs and allow current or
future homeowner to take advantage of several separate programs aiming at energy-efficiency and
RE utilization. Additionally, the mandatory building regulations eliminate the resistance to RE,
while the subsidy and low-cost loans encourage homeowners who expressed opinions that subsides
for RE-utilizing equipment were important in their decision-making [8]. These approaches lessen
rural resident opposition to the use of RE and stronger building regulations while implementing
constitutionally-mandated sustainable development.

To provide insight about gains from energy-efficiency enhancement of single-family houses,
this study compares investment costs, heating energy costs, and the amount of emitted CO2 and other
GHGs under alternative construction technology scenarios and several renewable and non-renewable
energy use setups to heat the living space and domestic hot water. Space and water heating are the
main uses of heating energy by Polish households [12]. Heating energy needs result from climatic
conditions which are quite complex because of the country’s geographical location [13]. The current
study assumes the perspective of a predominantly rural homeowner in a country where GDP per
capita in PPS is below the EU average [14] complementing research on the European decarbonization
pathways analyzing emission reduction and the use of RE at the aggregate level, for example, see [15].

The scenarios include a traditional house heated with coal, traditional house using natural gas,
traditional house heated with wood pellets, a house that utilizes RE and thermal insulation, and an
energy-neutral house built with the latest construction technology. An average rural house had
approximately 108 m2 of living space in 2018 [16] traditionally heated with coal. Starting in 2021,
households and the homeowners will face construction regulations requiring all newly constructed
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buildings to be passive in terms of energy use and equipped with RE micro-installations [17]. Owners of
existing houses constructed with outdated technology and using heating systems emitting large amounts
of air pollutants can enjoy major energy savings by retrofitting their dwellings by taking advantage
of currently implemented government programs. Results from this study provide information for
public education campaigns illustrating the cost differences of operating houses using different types
of energy as well as the associated reduction in air pollution. Lower toxic emissions instantaneously
improve air quality in the immediate neighborhood enhancing life quality and health outcomes and
serving as another argument for convincing homeowners to use the best available technical solutions.

The study expands the existing literature that includes research on energy performance
of multifamily buildings [18] and the use of gas-powered boilers to heat residential houses in
northern Poland [19] or the use of hybrid central heating systems using RE in southern Poland [20].
Moreover, the study considers multiple construction technologies and alternative heating systems.
New construction scenarios are supplemented by a discussion of retrofitting an existing rural home with
a central heating system utilizing biomass, the most common form of RE in the EU [21]. The selected
biomass heating system utilizes wood pellets, a relatively new form of sustainable fuel gaining
popularity in Poland.

The study is justified by constant new construction and the existence of a large number of detached
houses in rural areas of Poland (more than three million) and emphasizes opportunities for higher
energy efficiency, a key element in transforming the energy system in the EU [22]. The focus on
single-family houses is also motivated by the portion of households residing in single-family homes
increasing by more than 3% between 2005 and 2016 reaching 38.2% [23]. The trend to live in a detached
house in Poland, defies the trend towards apartment living in multi-family housing observed in
western EU country-members. The trend reflects the generally smaller average living space in Poland
than in many other EU countries, but the larger detached house space involves critical decisions
regarding energy-efficiency and the choice of heating energy. The consideration of alternative scenarios
of building technology and heating energy sources offers insights about newly constructed homes,
but also provides information for educating the owners of existing detached rural houses about
economic gains from investing in energy efficiency and RE utilization. The study supplements previous
research showing the crucial role of engaging owners of single-family houses to lower heating energy
needs by using some RE [24]. The case study also develops alternative scenarios estimating the amount
of CO2 emission reduction resulting from new building regulations.

An earlier study found that the greater the benefits to rural communities in Spain, the greater the
social acceptance of projects involving the use of RE [25], while a sizable portion of the public did not
see obvious benefits from the long-term economic feasibility of RE use in Finland [26]. The absence
of public consultation before imposing new construction regulations in Poland forcing the use of RE
coincides with the limited information on the benefits and may be interpreted as lacking impartiality.
Although the public has generally favorable views of RE in Poland, once the costs of RE use affect
the household, attitudes change. The distinction between the general support and local perceptions
should be considered suggested a study of German public [27].

2. Rural Housing and Sustainable Growth

Rural areas cover 93% of Poland’s territory [28] and rural residents account for 39.9% of the total
population and that share has increased 0.7% since 2018. Rural areas are associated with farming
and farming dominates the rural economy, but housing construction has been rapidly growing and
contributing to local economies. The drivers of the housing construction sector are the desire of
many Poles to enjoy their own individual family house as well as the replacement or renovation of
existing homes. The first phenomenon results from strict regulations limiting apartment and house
size under the former centrally-planned economy and a chronic shortage of accommodation for the
expanding population. The generation of “baby boomers” was forced to live in cramped apartments
in urban areas, or share rural houses with parents and grandparents. The never-ending shortage of
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construction materials severely constrained the ability to enlarge or build new houses even if the size
of a rural property could allow such an expansion. The transition to a market-driven economy since
1989 removed restraining regulations, while eliminating scarcities of construction materials and lack of
access to updated building technology. The new limitation is the availability of real estate in urban
areas, which led to migration to nearby rural areas, where land was less expensive. The majority of the
approximately 80,000 new homes built every year in Poland is located in rural areas.

Simultaneously, the abundance of construction material permitted rural residents to either replace
their old house or retrofit and enlarge the existing structure. Single-family homes represent 86.3% of
all housing in rural areas [29], while multi-family housing accounts for 76.5% of all urban housing [29].
The booming construction in rural areas creates new demands on the energy supply. The construction
sector uses about 40% of the world’s energy [30]. An average household uses about 65% of purchased
energy for space heating and 16.6% for heating water for daily use in Poland. The share of energy used
for lighting and cooking is relatively small, 9.8% and 8.5%, respectively. The typical rural household
uses more energy than an urban household because of the difference in size. For example, the average
size of a rural house living area was 108.1 m2 versus 67 m2 in urban areas in 2018 [29]. Although many
rural residents enjoy large living areas, their incomes are often below those of urban residents which
drives their search for the lowest possible energy costs [31].

With scattered settlements of low-density housing, rural areas pose a challenge in the supply of
heating energy in Poland. Although 45.8% of multi-family housing in urban areas receive heat from
centralized heat-generating plants, the share among rural households was 2.9% in 2018. For example,
natural gas was used for space and domestic water heating only in 7.3% of rural households in
2018. The typical rural home is heated with solid fuels, primarily coal used, by 86.2% of households.
Rural households used 9.9 million tons of coal and thousands of tons of wood to start the coal fire.
Some households using coal-fired furnaces burn plastic and other burnable waste increasing air
pollution [32]. A recently enacted regulation allows local government representatives to enter homes
in Poland to verify what is being burned in boilers [31]. Inadequate insulation and inefficient furnaces
contribute to heat loss and house construction technology is a major factor determining the heating
energy requirements.

A sizable share of rural homes was constructed before 1961 when regulations allowed the thermal
efficiency of k < 0.87. Rural homes built between 1961 and 1995 represent 51.8% of housing and had to
meet higher requirements of k < 0.3. Since 1996, another 14.5% of houses were built in rural areas,
still under the requirement of k < 0.3. New regulations placed in 2008 increased thermal efficiency
requirements to k < 0.25 [33]. Since then, new regulations follow the guidelines adopted by the
European Commission [34].

The new construction requirements provide strong incentives to use RE, e.g., solar thermal
panels, wood pellet boilers, and heat pumps for home heating systems and PV panels for generating
electricity. The recently introduced programs offer subsidies and low-interest loans for replacement
of home heating systems and are specifically addressed to single-family homeowners and those
building new homes [9]. However, the response to the program operating since January 2018 has
been minor [6]. The results of this study provide evidence of the substantial long-term economic
gains through cost reduction of operating a house and can be applied to popularize the program.
An increased participation in the program directly achieves the goal of local air quality improvement
and extends contributions to national and EU energy and climate policy implementation. As a result,
the consideration of alternative building technologies with a focus on the type of energy used involves
the economic, social, and environmental aspects of sustainability.

The social acceptance of new building regulations determines the future compliance and the use
of RE in new homes. Moreover, once the homes constructed using the modern technology guided be
recent regulations [35] appear in rural landscape, the owners of the existing houses are more likely to
undertake thermal modernization of their residencies. The living comfort in an energy neutral house,
the convenience of purchasing heat-generating energy, and largely eliminated disposal of ash have an
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unquestionable appeal. With the social aspect of sustainability in the background, the focus shifts to
the economic and environmental aspects.

3. Methodology

3.1. House Construction Scenarios

The case study presents three scenarios involving the use of different construction methods. All of
the scenarios involve fully completed and closed structures and include the installation of all windows,
external doors and the door to the garage. Additionally, the scenarios also include insulation of the
roof. However, the energy-efficiency of the insulating materials varies depending on the scenario.
Each of the single-family house scenarios is equipped with heating systems utilizing fossil fuels and
different RE sources. The comparisons also include the use of electricity supplied from the grid.

3.2. Building Model

The average living space of a single-family rural home according to the National Census summary
was almost 97 m2 in 2002 and increased to 101.8 m2 in 2011 [36]. The average living space has been
gradually increasing over time and reached 108.1 m2 in 2018. However, many newly built detached
houses have a floor plan much larger than the existing homes as indicated by the national average of
143.5 m2 in 2018 [37]. The ever-changing living space alters heating needs, although regional climate
variation may shorten or extend those needs in Poland. The current study assumes a single-family
home with 100 m2 of living space and the calculations provide a benchmark that allows for adjustments
for specific homes. Another simplification is the application of a house plan that is a rectangle and
includes a garage as a part of the building. The house is a duplex with a functional second story (attic)
and a gabled roof. Such design is common in rural areas among newly built and existing homes.
The typical house occupies a flat and open terrain; most newly constructed homes are not on farms and
contrast with older rural houses of farming families that are typically surrounded by buildings on the
same property. The model building is heated using radiators mounted on the walls. The space heating
equipment also provides the hot domestic water. The building plan does not include a basement or a cellar.

3.3. Construction Costs

Information about construction costs, costs of RE micro-installations, costs of a coal-fired
furnace, and exterior wall and roof insulation were obtained from publicly available sources
(see Appendix A). The scenarios include separate estimates of the annual costs of supplying the
family with hot domestic water and heating the living space, the two main energy-related expenses
for households in Poland. Calculations use energy prices reported by the Central Statistical Office
(GUS). The alternative construction scenarios include the same major elements: building the shell
of the house, installing windows, doors, roof insulation, and the heating and energy supply fitting.
Although prices of construction and insulation materials vary between regions, those variations are
usually negligible. Any reductions in costs that suppliers can achieve through market segmentation
generally do not exceed transportation costs. Some potential homeowners in rural areas, for example,
may save on labor costs if they choose to perform some tasks such as the installation of roof insulation
or doors, but the savings are relatively small. The summarized costs are for the same building plan,
but differ in the amount, type and energy-efficiency of selected materials and, wherever applicable,
the associated labor costs.

3.4. Evaluation of CO2 Reduction Emission

The indicators of CO2 emissions for various sources of energy used by a single-family dwelling
were obtained from the National Center for Emission Accounting and Management [3]. In the case
of coal, the emission indicator was 94.7 kg/GJ and for natural gas it was 56.1 kg/GJ. The indicator
associated with electricity that a house will have to purchase, especially during the long heating season,
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was 93.87 kg/GJ. The study follows the Ministry of Infrastructure and Development methodology for
establishing energy features of a house or a part of a house issued on 27 February 2015 [38].

3.5. Calculation of Reduction of Other GHG and Particulate Emissions

Currently, the majority of rural homes use coal in inefficient residential stoves to heat the living
space and domestic water. Burning coal emits NO2 and SO2 [39] as well as particulate matter,
a well-recognized problem in Poland [40]. The emissions negatively affect health [41,42], including that
of children [43]. The reduction estimates of selected toxic emissions supplement the measures of
environmental benefits associated with the new building regulations.

4. Results

4.1. Construction and Thermal Insulation Costs

The construction of the shell of the building includes the ground preparation, construction of
foundations, external walls, chimneys, ceilings, roof construction and cover, and gutters (Table 1).
Sustainable growth in single-family home construction begins with the initial investment. The use of
conventional construction technology is less expensive than the energy-neutral technology, but the
differences in material used to construct external walls reveal energy-efficiency gains.

The conventionally-built home uses a brick type characterized by the heat transfer coefficient
U = 0.35 W/m2K and drops to U = 0.31 W/m2K for the other two scenarios (where the lower value
implies better insulating properties) (Table 1). The least expensive scenario includes thin external
wall thermal insulation, and the costs increase for other scenarios. The energy-efficient home has an
insulation layer of material 12 cm thick, while the energy-neutral home’s wall insulation is 18 cm thick
with higher insulating value. The material costs increase by 50% in the energy-efficient house variant
and nearly triple (an increase of 283.3%) in the energy-neutral scenario. Labor costs increase by 89.5%
for the two scenarios as compared to the conventional construction, but the energy efficiency improves
substantially as the heat transfer coefficient decreases from 0.28 W/m2K to 0.15 W/m2K.

Once the shell of the house is completed, the major factors contributing to the total construction
costs are related to the energy efficiencies of the three types of homes (Table 1). Windows, doors
and the garage door installation completes the house and allows for the interior work on the house
(not considered here). A conventional house is equipped with PCV double-pane windows with the
heat transfer coefficient k = 1.4. More energy efficient widows with k = 1.1 are installed under the next
scenario, but triple pane windows with k = 0.85 are installed in the energy neutral house. The cost
differences are substantial and compared to the traditional home, the energy-efficient scenario lists
window costs, respectively, 206.6% and the energy neutral 412.8% higher. Labor costs are only 25%
higher in the energy neutral case because of the more involved installation. The door selected for the
conventional house costs about a third of the entrance door installed in the energy neutral home and
almost 60% of the door in an energy efficient house.

The labor cost difference in mounting the garage door is large in relative terms, 33.3%, but small in
absolute terms between the first and the other two scenarios (Table 1). The garage doors installed in the
three scenarios differ in their insulating capacity (U = 1.6 W/m2K vs. U = 1.1 W/m2K vs. U = 0.9 W/m2K)
and the model, a single vs. segmented door. The interior thermal insulation of the attic differs only in
the cost of the material since the labor cost is the same under all scenarios.

The last item of closing the structure is the cost of insulating the roof. The heat transfer coefficient
of the insulation, U = 0.036 W/m2K, is identical for the two scenarios and there is a difference in the
thickness of the mineral wool layer (Table 1). The energy-neutral house uses a different insulation,
polyurethane (PUR) foam, characterized by U = 0.023 W/m2K. With the labor costs identical for the
three scenarios, the cost difference is in the amount and type of materials, and the cost more than triples
(327.7% higher) in the case of the energy neutral house as compared to the conventional scenario.
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4.2. Heating System and Electricity Supply

The primary source of heating energy and hot water is a natural gas-operated boiler in the
conventional home. The energy-efficient home is equipped with a gas-fired double function condensing
boiler. Both scenarios imply that a rural resident has access to piped natural gas. Access to piped
gas in rural areas is increasing but still infrequent in Poland. In some regions, especially those with
local natural gas deposits, the use of gas-fired boilers is realistic. Rural residents could use LPG tanks
that must be periodically refilled, but the weather pattern in winter months determines the refilling
frequency and two gas explosions in November 2020 in homes heated by LPG indicate the possible
problems in operating such systems. The differences in costs of these systems are not considered in the
current discussion. The energy neutral home obtains heat energy using the geothermal heat pump,
which is the primary reason for the nearly three-fold increase in equipment costs. Specifically, the boiler
cost of 7200 PLN (1692 EUR) in the conventional house scenario increases to 28,000 PLN (6542 EUR),
or 288.9% more, when choosing a geothermal heat pump. Interestingly, labor costs are basically the
same regardless of the homeowner’s choice of the heating system. Space heating involves radiators in
the case of the conventional and energy-efficient house, and flat, low-temperature radiators in the case
of the energy-neutral house.

The energy-efficient and energy neutral homes utilize RE in the form of solar radiation.
The energy-efficient home uses thermal solar panels, while the energy neutral house uses PV panels
with the capacity of 6 kW. The panels are intended as the supplementary source of energy to power
the heat supply system. Under Poland’s climatic conditions and depending on the region, an energy
neutral house will likely require a purchase of electricity during the months when the demand for heat
is particularly high because of the scarcity of solar radiation. In Poland the available solar radiation is
most scarce during the periods of highest demand for space heating [58]. The energy neutral house will
generate surplus electricity in other periods because the solar radiation is typically higher, while the
heating needs are limited to the use of hot water. On balance, the home will offset electricity purchase
with the supply of electricity to the grid.

Finally, the costs of house ventilation are lowest in the case of using a gravitational system in the
conventional house, but 11 times higher when the energy-efficient house uses mechanical ventilation
(Table 1). The mechanical ventilation system in an energy neutral house is even more pricey and
includes the heat exchanger for the total cost 24 times higher than in the conventional home.

4.3. Total Cost Differences

Table 2 summarizes the total costs of building a single-family 100 m2 house using the three
construction technologies and three choices of the central heating system. The costs for various
construction stages are listed in Polish zloty and euro. The cost of construction of the unfinished
energy-efficient house is 44.5% higher than a house using traditional technology. The costs are 182.8%
higher in the case of an energy neutral house. The cost of the heating system and the supplementary
electricity source for an energy neutral single-family house is a staggering 353.2% greater than that of a
rural house having access to piped natural gas, which reaches a fraction of the rural population.

Table 2. Construction costs of a single-family house using alternative construction technologies and
energy, in Polish zloty (PLN)/euro.

Construction Costs Traditional House Energy-Saving House Energy-Neutral House

Closed unfinished house 22,380/5229 32,350/7558 63,293/14,788
Heating and

supplementary energy
equipment installation

23,700/5537 69,500/16,238 107,420/25,100

Total cost a 183,830/42,951 272,850/63,750 356,713/81,650
a Assumes a single-family house has 100 m2. Note: Exchange rate as of November 15, 2020: 1 euro = 4.2807 Polish
zloty [59].
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4.4. Heating Energy Needs under Alternative Construction Scenarios and Retrofit Options

In the conventional house common in rural areas, the heating system utilizes coal and often
serves a dual purpose of heating the space and domestic water. Maintaining the room temperature
requires constant monitoring and adding coal. Coal not only generates a sizable volume of ash, but ash
disposal involves additional fees. However, the annual cost of heating space and domestic water
is lowest, slightly outperforming the use of natural gas (Table 3). The use of natural gas does not
require constant monitoring and eliminates the removal and disposal cost of ash. Given the lack of
access to natural gas in rural areas, a wood pellet boiler offers an alternative. Wood pellet is a rather
novel energy source available for household use and the specialized boilers require less frequent
monitoring than the coal boiler does, while the amount of ash is a fraction of that resulting from coal
burning. Wood pellets generate substantial environmental benefits because they are a locally available
RE supplied by manufacturers located mostly in rural areas. Moreover, the wood pellet ash can be
readily applied as fertilizer [60] in landscape surrounding a single-family home. The convenience
of wood pellet use is countered by the higher total costs of supplying the house with heat energy as
compared to coal (30.5% more) or natural gas (22% more) (Table 3).

Table 3. Energy generation costs for domestic water and central heating systems for homes built using
alternative technologies and using different energy sources scenarios in PLN and euro.

Heating
Purpose

Traditional
House
(Coal)

Traditional
House

(Natural Gas)

Traditional
House

(Wood Pellet)

Energy Saving
House

(Natural Gas +
Solar Panels)

Energy-Neutral
House

(Heat Pump + PV)

Domestic water
system 4404/1029 3779/883 a 5118/1196 3779/883 148/34

Central heating
system 4007/936 5217 b/1219 5860/1369 864/198 766/179

Note: The exchange rate on 15 November 2020 was 1 euro = 4.2807 PLN [59]. a Price of 1 kWh generated from
natural gas is 0.25 PLN as listed by Viessman. b Price of 1 kWh from electricity is 0.65 based on [16].

The annual costs of heating energy are substantially less in the case of the energy-efficient house.
Those costs are 44.8% less than the coal-using traditional house, the least expensive scenario (Table 3).
In the case of an energy-neutral house the energy costs of heating space and domestic water amount to
only 879 PLN (205 EUR), or 10.5% of the cost of heating the single-family traditional house with coal.
The calculations in the current study disregard the possible costs of routine maintenance.

The heating energy needs vary dramatically for various types of houses (Appendix B,
Tables A1 and A2). A traditionally built house that uses a coal-fired boiler is estimated to require
31,909 kWh heating energy per year. By switching to the use of natural gas as the energy source,
the requirements drop by 37.6%. An energy efficient house that is equipped with a RE installation
requires 83.4% less heating energy then the coal-heated house. Those needs drop by 86% in the case of
an energy neutral house (Table A1). The cost of the annual needs of heating energy depend on prices
suggesting that heating with coal is (15.6%) less expensive than using the environmentally friendly
natural gas coal has been traditionally a secure and affordable energy in Poland [61]. The calculations
do not account for the convenience associated with the use of natural gas and assume that the pipped
gas is available at rural locations. The energy savings are slightly larger when the traditional house
is heated with natural gas, but since that option is available only to a fraction of rural homes such
comparison is less realistic.

The boiler heating water requires an electric pump to force water circulation. The traditional
house with a coal-fired boiler necessitates 334 kWh annually of auxiliary electricity supply, 8% less
than when using natural gas (Table 1). Under the considered construction scenarios, the corresponding
costs of energy production drop from 4404 PLN (1029 EUR) in a traditional house that depends on coal
to 766 PLN (179 EUR) for the energy efficient and energy neutral houses, or 86.4% less.

34



Energies 2020, 13, 6637

4.5. Changes in CO2 Emission

The sustainability principle is well served by the reduction in emissions stemming from the use of
modern construction technology and heating energy source. The traditional coal heated house emits
about 165% times more CO2 than a similar house heated with natural gas (Table 4). The traditional
coal-using house considered in this study already includes energy-efficiency supporting upgrades such
as insulated windows, doors, external wall insulation and an insulated roof. However, among more
than three million single-family houses in rural areas, many still have not completed such upgrades,
while using the inefficient coal-burning boilers.

Table 4. Annual emissions for single-family rural house construction scenarios.

Construction
Technology

CO2

kg/m2/year
SO2

kg/year
NO2

kg/year
PM2.5

kg/year
PM10

kg/year

Traditional house
(coal) 199 23.8 20.4 6.7 7.6

Traditional house
(natural gas) 75 15.1 6.4 6.5 8.3

Traditional house
(wood pellet) 0.8 0 0 1.9 a 2.1 a

Energy-saving house
(natural gas and

passive solar panels)
25 10.5 5.25 4.7 6.3

Energy-neutral house
(geothermal heat

pump and PV panels)
5 0 0 0 0

a g/kg of burned wood pellet.

Switching to a wood pellet boiler nearly eliminates CO2 emissions because the burning recycles
the gas already absorbed by wood from the atmosphere [62]. The only emissions associated with the
use of wood pellet boiler is the electricity needed to operate it causing that heating RE energy option to
emit 0.8 kg/m2/year.

A house built with energy-efficiency in mind and enabled to use RE in the form of thermal solar
panels generates 87.5% less CO2 than a traditional house heated with coal (Table 4). The energy neutral
house releases 3.5% of CO2 volume emitted by a traditional house heating with coal but more than a
house equipped with a wood pellet boiler (Table 4).

4.6. Changes in Toxic GHG and Particulate Emissions

Rural houses in Poland that use the inefficient coal furnaces or boilers are a source of emissions
including SO2, NO2, PM2.5, and PM10. The health effects of those emissions are wide in scope and well
established. For example, rural children exposed to GHG and particulate matter (PM) have higher
risk of developing Type 1 diabetes [63]. The energy neutral house does not emit any toxic gases to its
immediate neighborhood. The amount and composition of emissions associated with that type of a
house depend on the energy source used to supply the house with electricity. However, the energy
efficient house or a traditional house heated with natural gas generates gases other than CO2.

Of particular interest to rural homeowners is the use of biomass in the form of wood pellet.
Compared to coal, a kilogram of wood pellet emits 22.5% less NO2 [64]. Finally, wood pellet emits 96%
less particulate matter than coal. The actual differences in GHG emission reduction depend on the
energy-efficiency of the specific model of the boiler. The use of natural gas, infrequent in rural areas,
also substantially reduces GHG emissions. Heating with the gas condensing natural gas boiler emits
0.001% of SO2 as compared to a coal-fired boiler and virtually no particulate matter [65].
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5. Discussion

The desire to own a family home will drive Poland’s potential homeowners to build their new
house, primarily in rural areas due to space availability. The calculated building costs (Table 1) must be
considered in the context of the household ability to finance the construction. The cost difference between
the single-family home built using the conventional technological solutions and the energy-neutral
house is much larger than similar differences reported in studies in other countries. For example,
the cost difference between the standard house built in accordance with Belgian regulations and a
low-energy house (roughly comparable to the energy-efficient house considered here) was 4% and a
passive (energy neutral) house 16%, respectively [66], while the difference between a standard and
a passive house amounted to 10% in Germany [67]. Both studies suggest a considerably smaller
relative differences between a conventional house and its energy-efficient alternatives established in
the scenarios considered in the current study.

Mortgage financing has a bad reputation in Poland since the financial crisis of 2009–2010 because
although the continuing GDP growth contrasted with the global malaise, many families suffered [68].
Prior to the financial crisis, banks offered mortgages priced in Swiss francs. The Swiss franc rapidly
appreciated during the crisis and dramatically increased the mortgage debt servicing. The repercussions
of that phenomenon are still felt today. Such recent memories combined with the shock in the ongoing
COVID-19 pandemic and the induced economic slowdown affect households’ attitudes discouraging
the long-term credit-financed investment.

A number of future homeowners may not qualify for mortgage financing given the average
income in rural households in general. Regional income disparities also persist. The lack of access to
mortgage financing suggests the already observed prolonged construction because a rural households
and their owners is likely to accumulate savings and then use them to finance the construction in stages.
For example, the first stage will be limited to the unfinished house without the external wall insulation,
windows and door. The last stage could involve the central heating system installation. An extended
construction potentially delays the occurrence of gains to the household and the environment.

The large initial investment in the energy neutral house is expected to eliminate the cost of energy
purchase to heat space and water. Those costs account of the about 60–70% of the cost of total energy
purchase by an average household in Poland. The share is much larger than in many other EU countries
or in the United States. An earlier study showed that the motive to save on the monthly energy bill
was a major motive in the rural household investment in the thermal solar panels [8]. However, the
rural homeowners mentioned the cost of RE utilizing equipment as a constrained and viewed the
subsidy as important.

The currently operating furnace replacement program offers subsidies for qualifying households
if they choose to replace their old furnace or boiler. The subsidy is matched to per capita income
in the household and is proportionally larger for those with least income. The program aims at the
improvement of energy-efficiency by households and includes, besides furnace replacement, subsidies
to window and door replacement as well as external wall and roof insulation. The program also offers
low interest loans for those who do not qualify for a grant. The program is more attractive to retrofitting
an existing single-family home and less to future homeowners.

The comparison of the three construction technologies and the use of various insulating materials
provides important knowledge to consider by future homeowners, but also by the owners of the existing
rural family homes. Splitting the various construction stages (Table 1) demonstrates the costs associated
with the use of alternative insulation. A retrofit of an existing house could involve specific projects.
Among the largest is the resignation from a fossil-fuel based space and water heating system and its
replacement by the RE-based installation such as wood pellet furnace. A retrofit generates potentially
substantial savings to the household and the largest environmental benefits. The reduction of CO2

emission contributes to the national and EU climate policy and represents a direct contribution from
households. The energy neutral house eliminates the emissions of NO2, SO2 and particulate matter
comparison to the coal-heated single-family dwelling. The obtained energy savings, environmental
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benefits, and economic gains support the conclusion that the thermo-modernization of a single-family
rural residence and the modernization of the heating source bring direct economic gains to a household,
indirect benefits in the local air quality improvement, and long term benefits in health benefits and
environmental quality.

Limitations of the Study

The building model considered in this study assumes a simple floor plan and is limited in size.
Many newly constructed houses are larger and there is a great variety of floor plans. Variation in the
age, construction technology, and floor plans pose a challenge for thermal modernization of existing
rural family homes. Although some parts of the house may be thermally insulated-for example the
roof - other parts, like the internal partitions, would have to be rebuilt creating a domino effect forcing
the renovation of several areas of the house. Improving the thermal insulation between various floors
excludes portions of the house from use for the duration of the project. As a result, the thermal
insulation project for an older house may cost more than a similar project for a new house.

The analyzed construction costs use the price lists reflect the asking price of local suppliers.
Ultimately, prices of all building materials and heating systems may be both negotiable and
region-specific. Consequently, the actual construction costs are likely to deviate somewhat from
those considered here. Another source of price variation are changes in price level, which may have
been affected by the ongoing pandemic and altered market conditions.

Another source of limitations is the use of energy prices from the publicly available sources and
for a particular time period. Those prices will change over time and some, for example wood pellet
or coal prices, will vary with respect to fuel quality which is ultimately decided by the homeowner.
Homeowner choices of the heating energy type will influence the volume of GHG emissions, but will
not reverse the general trend in emission reduction due to the shift away from using coal.

The current study did not account for the cost of the parcel, which is likely to be highly variable
across rural areas in the country. A closer examination of household incomes and construction costs
will enable the forecasting of new house construction, and potentially, regional economic growth and
real estate market development. Earlier studies linked the energy performance of dwellings with
market valuation [69,70] once the suitable data became available. Also, the scenarios presented in the
current paper can be supplemented by financial analyses, which can account for regional household
income variation and different types of mortgage loans. Finally, as new construction technology and
heating systems become available, a future study will be necessary to update the data on energy
savings and environmental benefits.

6. Conclusions

Improved energy-efficiency of single-family homes in Poland is required by the new building
regulations, while the retrofitting of the existing detached houses in supported by government programs
aiming at enhancing air quality as well as energy and climate policies. The energy demand reduction
and environmental benefits occur primarily in rural areas because the detached houses dominate the
rural landscape. Results from this study show that switching away from coal, still the primary energy
sources in rural areas, required by new construction regulations leads to a substantial increase in
construction costs of the shell of a house and even larger costs in installing the RE utilizing equipment
to heat space and domestic water. The costs increase for a model single-family home considered here
far exceed the previous estimates for other EU countries. The increased costs may deny the opportunity
of residing in own home to many rural households due to debt servicing. However, retrofitting an
existing house improving its energy-efficiency also generates substantial savings to households on
their energy bill. Retrofitting split into smaller projects, as permitted by household savings, is realistic
and likely to continue in rural areas.

The use of RE is required in all new detached housing, but encouraged in the existing single-family
homes by the subsidy programs. The scenarios considered in this study used wood pellet, solar radiation
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and geothermal energy. For rural households, the RE in the form of wood pellet may be more appealing
because it can reliably heat the house, while being locally accessible. The intensity of solar radiation
is inversely related to the heating energy needs of households in Poland determined by climate.
The regional variations in climate will have to be considered by households investing in a new home
since the winter temperatures can substantially vary. Regional considerations are often ignored in the
“one-size-fits-all” regulations, and are verified by the actual site-specific conditions.

The environmental sustainability is well served by the new construction regulations and the
scenarios considered in this study. Gains in reduction of CO2 are impressive once a household uses any
amount of RE in comparison to a traditional rural house the uses coal. Retrofitting the existing house
with the wood pellet burning boiler nearly eliminates CO2 and SO2 emissions, while substantially
lowers other noxious gases and particulate matter. The effects are instantaneous in improving local air
quality, while the broader effects benefit the implementation of the decarbonization efforts and help
achieve goals of the climate policy.
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Appendix A

Construction materials used in the various scenarios were selected by the architectural design firm
Archiko, Kornelia Lisowska-Siudek, Manager, and the labor costs were estimated by the construction
company collaborating with the design firm. Construction cost estimates were also based on the
estimations developed by the company, “Dobredomy”.

Appendix B

Table A1. Annual heating energy needs, energy production costs, auxiliary electricity needs and total
costs for a rural detached residence central heating system.

Cost
Category

Units
Traditional

House
(Coal)

Traditional
House

(Natural
Gas)

Traditional
House
(Wood
Pellet)

Energy-Saving
House

(Natural Gas +
Solar Panels)

Energy-Neutral
House

(Heat Pump + PV)

Heating
energy kWh/year 31,909 19,923 27,350 5300 4481

Price per
kWh from a
given heat

source

PLN 0.13 0.25 0.21 0.12 0.12

Energy
production

costs
PLN 4148 4981 5744 636 538

Auxiliary
electrical

power
supply

kWh/year 334 363 179 351 351

Price per
kWh a PLN 0.65 0.65 0.65 0.65 0.65

Energy
production

costs
PLN 255 234 116 228 228

Total costs PLN/EUR 4404/1039 5217/1219 5860/1369 864/202 766/179

Source: Based prices listed by [71] and data from [16]. a Price from [16].
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Table A2. Energy generation costs for the domestic water heating system.

Cost
Category

Units
Traditional

House
(Coal)

Traditional
House

(Natural Gas)

Traditional
House

(Wood Pellet)

Energy-Saving
House

Energy-Neutral
House

Heat
demand kWh/year 29,396 14,409 23,706 14,409 4105.5

Price 1kWh
from a given
heat source

PLN 0.13 0.25 0.21 0.25 0

Cost of
Energy

production
PLN 3821 3602 4978 3602 0

Auxiliary
electrical

power
supply

kWh/year 169 272 215 272 247

Price for 1
kWh of

(GUS, 2016)
PLN 0.65 0.65 0.65 0.65 0.65

Energy
production

costs
PLN 110 177 140 177 161

Total costs PLN/EUR 4007/936 3779/883 5118/1196 3779/883 148/34

Source: Calculations based on company price list [71], and data from [16].
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Abstract: The purpose of this work is to determine the impact of selected silage maize cultivation
technologies, including energy inputs in the production chain (cultivation, harvesting, heap placing),
on energy efficiency. The analysis of energy inputs, energy efficiency for the silage maize production
technology were estimated. The research was performed for 13 farms producing silage maize. The
data from the farms covered all the activities and the agrotechnical measures performed. The calcula-
tions of energy inputs made for the silage maize production for selected technologies were performed
using the method developed by the Institute of Construction, Mechanization and Electrification
for Agriculture (IBMER), once the method was verified and adapted to the needs and conditions
of own research. Based on the accumulated energy production and the energy accumulated in the
yield, energy efficiency index values for 13 silage maize cultivation technologies were calculated.
The greatest impact on the results of energy efficiency calculations was shared by fertilizer and fuel
inputs. In conclusion, it can be stated that, in terms of energy efficiency, maize cultivation is justified
and it can generate energy benefits.

Keywords: energy efficiency; energy accumulated; crop production; silage maize; biomass; farms

1. Introduction

Crop cultivation is of special importance for covering the demand for consumption
and animal feed and, to a growing extent, also for energy [1]. The socioeconomic progress,
scientific and technical advancements, and hence the economic development result in an
ongoing increase in electricity and transport fuel consumption globally, which triggers
an increase in the concentration of pollution and environmental degradation (water, soil,
air) [2–4]. The danger that is associated with this matter is the continued increase of
unemployment and famine factors, unless intensive and preventive tasks are introduced,
especially in saving agro-systems transformation. Past actions were based on previous
generations’ experience. The increased level of development in various fields requires us
to use the results of interdisciplinary research. At the same time, the rapid changes in
the conditions of the agro-systems environment and the growing demand for new, more
effective technologies require the simultaneous contribution of knowledge not only in the
field of food production, but also in the field of the quality of newly created products,
their marketing and maintaining the ethical principles of their acquisition, processing and
distribution. In particular, it is about the links between the humanities, technical, and
agronomic sciences, creating an interdisciplinary consilium of experts on the transformation
of agro-systems.

Considerations on the effectiveness of agro-systems transformations, both in the
past and in the long-term perspective, lead to the knowledge and explanation of the
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mechanisms of influence of various environmental factors on the anticipated changes in
the parameters describing the energy-technological condition of the considered objects.
The development of agriculture in line with the paradigm of sustainable development has
become particularly important for industrialized countries, which previously based the
development of the agricultural sector on the industrial model. Especially in Europe, the
agricultural model based on too intensive fertilization, mechanization, and concentration
led to the deterioration of the quality of the natural environment (Stoate et al., 2009). One of
the elements of this research from the microeconomic perspective (at the farm level) is the
comprehensive energy consumption estimated with the so-called pull method was started
at the end of the 1970s [5]. In Europe, the precursor of such research was Pellizzi [6,7]. The
energy performance indicators of respective means of production sometimes differ quite
considerably depending on the authors, the indicator value changes with time, which is due
to the changes in industrial production methods, more complete and more accurate energy
consumption research in various areas of human life and production activity [5,8]. The
energy technology method to assess the food economy transformation effectiveness was
proposed by Nowacki [9], presenting the reasons for the macroeconomic approach to the
food system. He covers the problem of the relationships of the economic measures, energy
and sociological management effectiveness. As the technological level of an agricultural
facility grows, human labor inputs decrease, which is the cause of a significant outflow of
people employed in agriculture to other professions.

In the microeconomic approach, the research of the accumulated production energy
consumption and efficiency is performed to evaluate the management quality in the en-
terprise, including an agricultural farm. The evaluation of the outcomes and economic
methods management effectiveness often fails as the prices imposed often do not corre-
spond to the cash value of the goods or energy offered. Hence, an increase in the importance
of the evaluation of the energy consumption and energy efficiency method based on the
values expressed in reference energy units is seen, allowing for their comparison irrespec-
tive of the place, time, and price relations. Bearing in mind the preferences, payments and
grants for agricultural production, consumables and raw materials, services and credits
applied on the EU market, the study of the energy efficiency becomes of special importance
even though it will not replace the economic analyses which, under more complete market
economy conditions, are definitely the best and the simplest business activity evaluation
methods [10].

Because of a growing energy consumption, new methods of energy generation are
searched for, the existing ones are improved, and the participation of the renewable
resources of energy is increased in the energy balance. The rational use of the resources is
nowadays associated with a permanent use of renewable resources, which means using
them in such amounts in which their increase occurs [11]. The topic of renewable energy
resources is one of the many aspects referring to the limited resources of fossil fuels, a
considerable share of the energy sector in the greenhouse gas (GHG) emissions, which
contributes to climate changes and an increase in energy security. In 2007 the Member
States accepted the so-called climate and energy package, the assumptions of which are,
e.g., limiting the GHG emissions and enhancing the energy security. One of the ways to
accomplish those objectives is to increase the share of energy from the renewable resources
in its total consumption. A special attention must be given to, e.g., agricultural biogas,
the gas produced in the process of methane fermentation of agricultural raw materials,
agricultural by-products, liquid or solid animal feces, by-products, waste or the remains
from the processing of the products of agricultural origin or forest biomass of plant biomass
collected from the areas other than recorded as agricultural or forest, except for the biogas
produced from materials derived from sewage treatment plants and landfill sites [12]. That
renewable energy is considered to show a potential as it is a stable and predictable source
(important in terms of energy security) meeting a number of positive functions not only
for the electrical power system, next to the energy and economic benefits as well as the
environmental ones; it decreases the GHG emissions and provides global and local social
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benefits. It helps activate the rural areas, it creates new jobs, it enhances the investment
attractiveness of the region [13–15].

In Poland, to produce the agricultural biogas, most frequently a mixture of animal
feces with energy crops or with by-products of agricultural origin is used. Applying
co-substrate with a higher content of dry weight, as compared with its content in animal
feces, enhances the production of biogas and the process economic effectiveness [16]. The
right combination is conditioned by the biogas potential of each component as well as
component interaction [17]. An excellent supplement to the fermentation mass in terms of
technology is, e.g., maize silage. Literature provides many reports on the use of maize for
energy purposes or [18–20] the relations between the maize prices and the prices of energy
materials [21,22].

One must note, however, that growing maize requires high energy inputs, hence a
need to perform research to increase the production energy efficiency. Energy efficiency
must be defined as a ratio of the energy value of the biomass yield (the accumulated energy
contained in biomass) to the total energy inputs (the accumulated energy required to
produce the biomass) [10,23]. The cultivation technologies applied affect the environment
to a varied extent and so, in terms of maize cultivation for energy purposes, calculating the
energy efficiency becomes essential [24]. Estimating the energy consumption and energy
efficiency of agricultural materials is indispensable for energy crops in a form of renewable
energy. According to the requirements of Directive 2009/28/WE (RED) on the promotion of
the use of energy from renewable sources, processors of biofuels are required to prove that
the production from agricultural raw materials and the whole process of liquid biofuels
production meet the sustainability criteria. It can be demonstrated by the LCA (life cycle
assessment) method, that proves the reduction of GHG emissions along the entire chain
of production. [25,26]. Those considerations are based on analyses at the microeconomic
level concerning only the energy efficiency of various technologies of the maize for silage
production in use of raw material for processing into biogas as an energy carrier. The
analysis of the drag method by Pellizzi, adapted to Polish conditions by Wójcicki, allows
the comparison of results whether the place, time, and price relationship was used. The
drag method is successfully used by many authors and institutions, for example IBMER-
ITP. The biomass production efficiency is very important in terms of increasing its share
in the energy production. Because of the fears of a competition between plant production
for energy purposes and crops for human consumption, actions are taken and research is
performed to decrease the energy consumption of plant production owing to the optimal
planning and possibly the most effective use of the land allocated for cultivation, compliant
with the principles of sustainable development. An example of such research can be found,
e.g., in the reports by Houshzyara et al. [27,28].

The primary objective of the paper is to determine the energy efficiency of maize with
the use of various technologies. With that in mind, the analysis of energy inputs was made
and energy efficiency was calculated for the silage maize production technology. To achieve
the objective, the results of own research performed on 13 agricultural farms were applied.

The respective sections of the article present the theoretical grounds for the use of
maize for energy purposes followed by the experimental part of the energy efficiency
analysis. After the introduction, chapter 2 discusses in detail the source material and
research methods. The third chapter covers the results of the analyses. With the basic
information on the maize market, calculations were made on accumulated energy, the
structure of energy inputs and energy efficiency. The last part of the article provides
discussion and results.

2. Maize as an Energy Crop

Maize, similarly as most energy crops, is mostly used as a starch material derived
from seed and as a material mostly for producing bioethanol [29] and as biomass including
leaves, stems, and blade apex. Biomass can be used to produce bioethanol of the second
generation, for incineration [30–32] or as silage for biogas production [33,34]. Interestingly,
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the maize acreage in Poland since 2007 has increased by 146% and in 2018 it was 0.65 m ha
(Figure 1), which accounted for 8% of the total acreage of crops in the EU.
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Figure 1. Maize production in 2007–2018, Source: own elaboration based on [35].

Silage maize is a roughage used for cattle feeding. In fact, for the entire year of the
fodder crop field harvest structure, maize shows the highest acreage, in 2016 the green
maize yields accounted for 73.5% of the total fodder crop yields (Figure 2). Next to the silage
allocation to animal feed for livestock or milk production, there also appeared a possibility
of using it for energy purposes, as a valuable substrate for methane fermentation bacteria
for biogas production. One of the most frequently applied substrates of agricultural origin
is slurry, with varied properties depending on the feeding method or the animal species. A
relatively low content of dry weight requires supplementation with substrates, e.g., plant
substrates. An excellent supplement for the fermentation mass in terms of technology is
maize silage which, according to the National Centre for Agriculture Support (KOWR), in
2018, accounted for 12% of the total substrates used in agricultural biogas plants (Figure 3).
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Figure 2. Structure of field green fodder crops production (Total production of field green fodder crops = 100. Source: own
elaboration based on [36].
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The key criterion of the applicability of maize silage for biogas production is the share
of dry weight from 28 to 35%, to much extent dependent on the right harvest date [38].
One of the biggest assets of maize is its high yields (photosynthesis C4); most frequently
from 30 to 50 t/ha. For comparison, the average rye yield under Poland’s conditions is
2.8 t per hectare, wheat—4.7 t per hectare for winter wheat and 3.6 t per hectare for spring
wheat; the 2011–2015 means. One hectare of silage maize can produce from 4050 to 6750 m3

of biogas, which can generate from 87 to 145 GJ of energy (Table 1). Biogas production
from 1 ton of silage can reach 200 m3, and from 1 ton of dry weight of silage the average
of 550–650 m3 of biogas is produced. The amount of methane production ranges from
300 to 400 m3 per ton of dry silage weight [39–41].

Table 1. Average yields, biogas production, and energy from silage maize.

Average Yield of Fresh Weight, (t·ha−1) Average Biogas Production, (m3·ha−1) Average Energy Production, (GJ·ha−1)

30–50 4050–6750 87–145

Source: own elaboration based on [42,43].

Maize shows, e.g., high yields of green weight per area unit, a high biogas yield, a
good ensilaging capacity [44]. The productivity of photosynthesis in C4 plants is about
1.5–2 times higher than in C3 plants; hence a high interest in those plants to be used for
energy purposes [45–48]. The foreseen climate changes have and will have a high impact on
crop cultivation conditions. Maize must be definitely considered a species which because
of its physiology, gets fast adapted to unfavorable climate changes [49]. Table 2 presents
the maize adaptation to climate changes.

The maize cultivation technologies, irrespective of the direction of use, should consider
the economic effectiveness, energy efficiency as well as, while facing climate changes, the
environmental effectiveness, to alleviate and to decrease the rate of environmental changes,
and to limit the GHG emissions [50]. Accomplishing those goals is considered feasible
owing to lowering the energy consumption of production technologies and increasing
the efficiency. The plant production, including the production of silage maize, requires
performing many agrotechnical treatments. The factors affecting the silage maize cultiva-
tion success, acquiring a high-quality material in terms of its ensilaging applicability are
the adequate agrotechnical practices, the cultivar selection adequate for the climate zone
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and the stand [39,51]. The basic principles for making maize silage are accurate crushing,
adding a preservative, fast placing of the heap or filling the silo, hermetic coverage, and
the adequate pick-up, which affects the silage quality and limiting losses [52]. As for an
inaccurate packing, the remaining oxygen makes ensilaging longer, it can lead to the devel-
opment of undesired aerobic microorganisms. The hermetic coverage of the heap with foil
prevents from the rainwater penetrating into the silage, and the load—the right ensilage
straw deposition [53–55]. The tillage system and the dependent material and energy inputs,
the frequency of practices, the dates of the agrotechnical practices performed, the harvest
at the optimal date with a minimum level of losses during the practices are the key factors
of the production energy efficiency.

Table 2. Maize adaptation and response to an anticipated climate change.

Climate Change Mazie Adoption

Warming →Thermophilic plant

Extension of the growing season →Relatively low water needs

Less rainfall in the summer
→Less risk of crop failure
→Longer growing season; later forms have a greater
yielding potential

Source: own elaboration based on [49].

3. Materials and Methods

3.1. Source Material and Object Characteristics

The quality of agricultural enterprise management can be estimated with a balance
sheet for the production period, breaking down the revenues and inputs and the incomes
which can be expressed in a cash unit or the balance sheet for the business activity can be
developed by breaking down the inputs and incomes in reference energy units (MJ) and
reference grain units (JZ) [10]. The efficiency is a quotient of the outcome to the input [56].

The research was performed on 13 farms in the Podlaskie voivodeship (in south-
eastern Poland). The climate of this region is moderate with huge continental influence.
This voivodeship is dominated by agriculture, which is the main branch of the region’s
economy. The fodder area is approx. 55% of the agricultural area. Over 31% stands for
sown area on the arable land are fodder plants. In the studied farms the silage maize
was grown in real farming conditions. The crop acreage ranged from 2.0 to 13.0 ha. The
fields were 0.05 to 2.5 km away from the habitation. The yields varied and ranged from
45 to 80 t·ha−1 (Table 3).

Table 3. Selected elements characteristic for silage maize cultivation.

Technology Number Crop Acreage (ha) Distance from the Habitat (km) Yield (t·ha−1)

1 3.4 0.8 72
2 2.0 0.1 60
3 13.0 1.5 50
4 5.1 0.5 55
5 3.3 0.6 65
6 4.5 1.0 80
7 2.0 2.5 50
8 3.5 2.5 70
9 10.0 2.2 67
10 5.0 1.6 75
11 8.0 2.2 75
12 5.0 1.0 50
13 3.21 1.5 45

Source: own study.

The data from the agricultural farms on selected silage maize cultivation technolo-
gies were provided in the elaborations and process sheets, breaking down all the factors
and agrotechnical practices (record of treatments and practices as well as production
inputs), especially:
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• Types and technical parameters of the machinery, tools and tractors used;
• Machinery aggregate performance;
• Labour inputs;
• Consumables and raw materials and fuel consumption.

With the method of direct interview with farmers, made twice over the vegetation pe-
riod, there were determined the levels of the agrotechnical factors applied, which provided
the data on the means-of-production inputs for the technologies investigated, following
the silage maize cultivation technologies applied on a given farm and the consumption of
the real sowing material, natural and artificial fertilizers, plant protection agents, and the
yields per hectare.

The selected agricultural farms varied in terms of the type and amount of the fertil-
ization applied. As for 12 out of 13 cultivation variants, natural fertilization was involved
in 6 variants—manure only (no 3, 4, 9, 10, 11, 13) at the doses from 12.5 t·ha−1 (no 13)
to 41.4 t·ha−1 (no 4), in 1—only slurry at the dose of 20 t·ha−1 (no 6), in 5—manure and
slurry (no 1, 2, 5, 8, 12), manure—from 30 (no 8, 12) to 47.1 t·ha−1 (no 1) and slurry—from
14 t·ha−1 (no 5, 8) to 20 t·ha−1 (no 12), respectively. The cultivation technology marked
with number 7 did not involve natural fertilization, whereas technology 7—used mineral
fertilization only.

In the objects under study there were also considerable differences in the tractors
and machinery used. The tractors engaged in agrotechnical practices and actions, harvest,
technology transport, or placing a heap varied in terms of power and weight. Depending
on the type of the work performed, carrying out the actions with own tractors, machinery,
and tools or outsourced as services, the power and weight of tractors ranged from 22.4 kW
for Ursus C330 of 1675 kg to 114 kW U1634 with 5190 kg. The harvest was made using the
aggregate of a tractor with a tractor-operated chaff cutter (8 plantations) and with forage
harvesters (5 plantations) with the power of up to 300 kW. For forage kneading and placing
a heap of silage, tractors with weight added reaching the weight of up to 6 tons (ZT 232A)
were used.

3.2. Silage Maize Production Energy Consumption

The energy inputs for silage maize production for selected technologies were calcu-
lated with the calculation method developed by IBMER [57,58] following a verification
and adapting it to the needs and conditions of own research. The accumulated energy
consumption stands for the total consumables and raw material and energy inputs in silage
maize production technologies. To calculate it, the following dependence was used:

Epro = ∑Emat + ∑Etm + ∑EON + ∑El, (1)

where, Epro—the sum of energy inputs incurred on the silage maize production, [MJ·ha−1],
Emat—energy consumption of consumables and raw materials engaged in production,
[MJ·ha−1], Etm—energy consumption of tractors, machinery, and tools [MJ·ha−1], EON—
energy consumption of fuel, [MJ·ha−1], El—energy consumption generated by human
labor, [MJ·ha−1].

The total value of accumulated energy consumption includes: energy consumption
of consumables and raw materials engaged in production, energy consumption of the
use of tractors, machinery and tools, the energy consumption of the fuel, and the energy
consumption of the labor. The respective components of accumulated production energy
consumption were calculated following the formulae: (Emat, Etm, EON, El).

Energy consumption of materials involved in production:

Emat = Es + Ef + Epch, (2)

where, Es = Ms ∗ Is—energy contained in the seeds of maize, [MJ·ha−1], Ms—seed weight,
[kg·ha−1], Is—unit energy consumption index of maize seeds, [MJ·kg−1], Ef—energy
contained in fertilizers, [MJ·ha−1],
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Ef = Enf + Emf, (3)

where, Enf—energy contained in natural fertilizers, [MJ·ha−1],

Enf = Enfm + Enfs, (4)

where:

Enfm = Mnfm ∗ Infm—energy contained in manure, [MJ·ha−1],
Mnfm—manure mass, [kg·ha−1],
Infm—unit manure energy consumption index, [MJ·kg−1],
Enfs = Mnfs ∗ Infs—the energy contained in the slurry, [MJ·ha−1],
Mnfs—slurry mass, [kg·ha−1],
Infs—unit energy consumption index of slurry, [MJ·kg−1],
Emf—energy contained in mineral fertilizers, [MJ·ha−1],

Emf = EmfN + EmfP + EmfK + EmfCa, (5)

where:

EmfN = MmfN ∗ ImfN—energy contained in nitrogen fertilizers, [MJ·ha−1],
MmfN—mass of nitrogen fertilizer, [kg·ha−1],
ImfN—unit energy consumption index of nitrogen fertilizers, [MJ·kg−1],
EmfP = MmfP ∗ ImfP—energy contained in phosphorus fertilizers, [MJ·ha−1],
MmfP—mass of phosphorus fertilizer, [kg·ha−1],
ImfP—unit energy consumption index of phosphorus fertilizers, [MJ·kg−1],
EmfK = MmfK ∗ ImfK—energy contained in potash fertilizers, [MJ·ha−1],
MmfK—mass of potash fertilizer, [kg·ha−1],
ImfK—unit energy consumption index of potash fertilizers, [MJ·kg−1],
EmfCa = MmfCa ∗ ImfCa—energy contained in calcium fertilizers, [MJ·ha−1],
MmfCa—mass of calcium fertilizer, [kg·ha−1],
ImfCa—unit energy consumption index of calcium fertilizers, [MJ·kg−1],
Epch = Mpch ∗ Ipch—energy contained in plant protection chemicals, [MJ·ha−1],
Mpch—mass of plant protection chemicals, [kg·ha−1],
Ipch—unit energy consumption index of plant protection chemicals, [MJ·kg−1],

Energy consumption of using tractors and machines was calculated according to
the formula:

Etm = Et + Em, (6)

where, Et—energy consumption of tractors, [MJ·ha−1], Em—energy consumption of the
machine/s, [MJ·ha−1].

Et =
Mt∗It + Msp∗Isp

Ipet∗Ioe
, (7)

where:

Mt—mass of the tractor, [kg],
It—unit tractor energy consumption index, [MJ·kg−1],
Msp—mass of worn spare parts on the tractor, [kg],
Isp—unit index of energy consumption of spare parts, [MJ·kg−1],
Ipet—exploitation potential (standard number of hours of operation of the tractor during
its use, [h]
Ioe—operational efficiency of the machine when performing a given procedure, [ha·h−1].

Em =
Mm∗Im + Msp∗Isp

Ipem∗Ioe
, (8)

where:
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Mm—machine weight, [kg],
Im—unit energy consumption index of the machine, [MJ·kg−1],
Msp—mass of used spare parts in the machine, [kg],
Ipem—exploitation potential (standard number of hours of operation of the machine during
its use, [h]

Energy intensity brought in the form of human labor:

El =
Nt∗Ito

Ioe
, (9)

where, Nt—number of employed tractor drivers, machine operators, Ito—unit index of
energy consumption of work by tractor driver, machine operator, [MJ·rbh−1],

Energy consumption of used fuel:

EON = ZON · ION, (10)

where, CON—fuel (diesel) consumption of tractors and self-propelled machines, [dm3·ha−1],
ION—unit fuel energy consumption index, [MJ·kg−1].

Formulas (1)–(10) include unitary indicators of energy consumption, assuming differ-
ent values reported by respective authors, which is related to the changes in the production
methods, living standards, etc. To calculate the energy inputs related to direct energy carri-
ers, mineral fertilizers, agrochemicals, the application of tractors, machinery, and human
labor, the accumulated energy consumption indicators for respective energy resources were
used (Table 4) [5,10,59–61].

Table 4. Unitary energy consumption indicators.

Indicator Symbol Unit of Measure Value

Investment measures

Tractors It MJ·kg−1 125
Machines Im MJ·kg−1 110

Tractor tools In MJ·kg−1 100
Spare parts and repair materials Isp MJ·kg−1 85

Human labour

Tractor drivers, machine operators Ito MJ·rbh−1 80

Materials

Manure Infm MJ·kg−1 0.3
Slurry Infs MJ·kg−1 0.2

Nitrogen fertilizers ImfN MJ·kg−1 N 77
Phosphorus fertilizers ImfP MJ·kg−1 P2O5 15

Potash fertilizers ImfK MJ·kg−1 K2O 10
Calcium fertilizers ImfCa MJ·kg−1 CaO 6

Plant protection chemicals Ipch MJ·kg−1 SA 300
Maize seeds Is MJ·kg−1 9

Direct energy carrier

Diesel ION MJ·kg−1 48

Agricultural products

Silage maize Imaize MJ·kg−1 0.8

Source: own elaboration based on [5,30,60–62].

The unitary energy consumption indicators used for the calculations express the
energy equivalent of the unit of given means of production engaged in the production for
a given silage maize cultivation technology, e.g., 1 kg of tractor or machinery, 1 kg of the
raw materials used, 1 dm3 of fuel and 1 man-hour of human labor.
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3.3. Silage Maize Production Energy Efficiency

Energy efficiency of the production of specific yield must be considered a ratio of
the energy value of the product to the amount of energy consumed for the production.
The energy efficiency index value was calculated following the dependence provided by
Harasim [63], Kuś [64] and expressed as a dimensionless coefficient:

Ep = Ev/Epro, (11)

where, Ep—energy efficiency index of silage maize, Ev—energy value of the maize yield per
1 ha, [MJ·ha−1], Epro—the sum of energy inputs incurred on the silage maize production,
[MJ·ha−1].

Using the unitary energy index for silage maize, 0.8 MJ·kg−1 [29], the value of the
energy of the maize yield was calculated from the dependence:

Ev = Imaize · Ym, (12)

where, Imaize—unit energy index maize silage, [MJ·kg−1], Ym—maize yield for silage,
[kg·ha−1].

The estimates of the energy consumption for the production of respective crops,
including silage maize, are applied to determine the energy consumption of respective
kinds of agricultural biomass for energy use. The methodology for investigating the energy
consumption of plant production, silage maize, is applied to study the outcomes and
energy efficiency of agricultural material for human consumption or for energy purposes.

4. Results

4.1. Accumulated Energy

One of the elements affecting the energy consumption of the production process is the
energy inputs resulting from the consumption of traditional energy carriers (ON) in the
technologies applied. For that group of energy carriers and for the cultivation technologies
analyzed and investigated, the diesel oil was considered.

The accumulated energy consumption of the energy carriers in a form of diesel oil for
the technologies studied varied. In extreme cases the differences were more than double.
The data provided in Figure 4 show that the accumulated energy consumption of energy
carriers ranged from 4684.11 (technology 7) to 17,162.61 MJ·ha−1 (technology 10). The
average value of accumulated energy consumption of the energy carriers for the silage
maize cultivation technologies was 10,561.90 MJ·ha−1.

Figure 4. Total energy for the diesel oil consumed [MJ·ha−1]. Source: own study.
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The energy consumption for the cultivation technology is also affected by the accumu-
lated energy related to the use of tractors, machinery, and tools for silage maize production
(Figure 5). The calculations show that the share of the input of energy accumulated in
tractors, machinery, and tools in the total accumulated energy ranged from 524.26 MJ·ha−1,
which accounted for 1% (technology 1), to 12,196.21 MJ·ha−1, which accounted for 23.4%
(technology 5). The mean value for the calculated accumulated energy consumption in
tractors, machinery, and tools was 3886.28 MJ·ha−1. The share of energy generated by
human labor is shown in Figure 6.

Figure 5. Total energy accumulated in the tractors, machines and tools used [MJ·ha−1]. Source:
own study.

Figure 6. Amount of energy generated by human labor [MJ·ha−1]. Source: own study.

As for the silage maize cultivation technologies investigated, the energy input consid-
ered was the consumption of consumables and raw materials. The average value of the
energy consumption accumulated in the consumables for the technologies analyzed was
21,051.22 MJ·ha−1. The share of the input of energy accumulated in the consumables in
the total accumulated energy ranged from 3924.32 MJ·ha−1, which accounted for 32.1%
(technology 13), to 31,845.65 MJ·ha−1, which accounted for 63.0% (technology 1) (Figure 7).
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Figure 7. Total energy accumulated in the natural and mineral fertilizers, plant protection products, and seeds used
[MJ·ha−1]. Source: own study.
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4.2. Energy Inputs Structure

The structure of the energy consumption accumulated for technologies was calculated
for respective energy inputs, namely the energy carriers, inputs of labor, the consumables,
and raw materials as well as tractors, machinery, and tools. Figure 8 presents the share of
accumulated material—energy inputs for the silage maize cultivation technologies from
four energy inputs: in tractors, machinery, and tools, means of transport, as well as in the
spare parts and materials used for the repairs of that equipment, the direct energy carrier,
namely the diesel oil, the consumables, and raw materials used for production and the
human labor inputs.
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50,000

60,000

1 2 3 4 5 6 7 8 9 10 11 12 13

Technology number
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Figure 8. Energy intensity accumulated in the technologies of maize silage from individual energy inputs. [MJ·ha−1].
Source: own study.

Of all the energy inputs analyzed, the greatest share in the total accumulated energy
consumption was recorded for the consumables and raw materials; from 32.1% for tech-
nology 13 to 73.5% for technology 3. On average the share of the energy accumulated
in the consumables and raw materials accounted for 53.7%. A lower share in the total
energy consumption was recorded for the energy inputs related to the use of diesel oil
for agrotechnical practices and jobs in the production chain. The values ranged from
14.6% (technology 3) to 42.2% (technology 13). The mean share of energy accumulated in
the energy carriers accounted for 27.5%. Another element affecting the total production
energy consumption was the energy accumulated in tractors, machinery, and tools. The
average share of inputs from that input accounted for 10.2%. As for the technologies
analyzed, the energy consumption values for tractors, machinery, and tools ranged from
1.0% (technology 1) to 23.4% (technology 5). The lowest share in the total accumulated
energy consumption for production was the energy accumulated in human labor. The share
of inputs from that energy input ranged from 3.4% (technology 3) to 13.2% (technology 10),
and the mean value accounted for 8.6%. Table A1 in the Appendix A provides the results
of the calculations of the energy accumulated for all the inputs of energy for each silage
maize technology studied. The percentage share of accumulated energy for each of the
inputs for the technologies researched has also been given.

4.3. Energy Efficiency

Table 5 demonstrates the calculated index of energy efficiency calculated for 13 silage
maize cultivation technologies. The values range from 0.95 (technology 3) to 2.94 (technol-
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ogy 13). As for 11 out of 13 silage maize-growing technologies, the index value was higher
than 1. It means that for the biomass produced the value of the accumulated energy was
higher than the energy in the energy inputs made.

Table 5. Energy expenditure in means of production, energy accumulated in yield, and energy
efficiency index.

Technology Number

Accumulated Energy

EpEpro Ev

[MJ·ha−1][MJ·ha−1] %

1 50,587.01 100 57,408.00 1.13
2 43,436.57 100 48,000.00 1.11
3 42,116.45 100 40,000.00 0.95
4 32,400.24 100 44,000.00 1,36
5 52,229.49 100 51,696.00 0.99
6 26,724.37 100 64,000.00 2.39
7 22,338.06 100 40,000.00 1.79
8 50,567.99 100 56,000.00 1.11
9 45,736.91 100 53,600.00 1.17

10 45,440.50 100 60,000.00 1.32
11 41,161.42 100 60,000.00 1.46
12 38,593.77 100 40,000.00 1.04
13 12,233.01 100 36,000.00 2.94

Source: own study.

The most favorable technological variant in terms of energy efficiency was variant 13
for which, assuming as the reference 100% to be the mean value of the inputs of energy
accumulated in the consumables and raw materials (20,847.75 MJ·ha−1); the energy ac-
cumulated in that input was 81.2% lower than the average value, which had the greatest
effect on the result despite a considerably low yield (45 t·ha−1). Assuming the mean value
of the inputs of energy accumulated in tractors, machinery, and tools for the technologies to
account for 100% (3886.28 MJ·ha−1), for technology 13 those inputs were 53.6% lower than
the average. The analysis of the human labor inputs made for production demonstrated
that, as for technology 13, they are 61% lower than the mean for the technologies investi-
gated. As compared with the mean value of the inputs of energy accumulated in direct
sources of energy; diesel oil (10,561.90 MJ·ha−1, assumed as 100%) for the technologies
under study the inputs of the accumulated energy from that input in technology 13 were
51.1% lower than the mean value.

For two plantations of all those investigated, the energy efficiency index value was
below 1, which means that the technological solutions applied for the crops marked 3 and
5 showed a lack of energy efficiency and the inputs of accumulated energy used to produce
1 biomass yield unit were higher than the energy accumulated in the yield, which was
an unjustifiable solution in terms of energy. The greatest impact on the energy efficiency
calculation results, 0.99 for technology 5, was recorded for the energy accumulated in
tractors, machinery and tools, and for technology 3 (0.95), the inputs of energy accumulated
in the consumables and raw materials.

5. Discussion and Conclusions

According to the union market preferences like grants and subsidies for agricultural
production (materials, services, and loans) the studies in the field of energy efficiency have
huge importance. Plant production, including silage maize, requires performing many
agrotechnical practices. Currently there are undergoing analyses about the possibility of
sustainability development use and the reduction of energy inputs to reduce the negative
impact on the environment, water, soil, air. It can be afforded by the reduction of the
number of treatments performed in order to, among others, replacing the conventional
tillage system with simplified or direct sowing [25,65]. The tillage system and the resulting
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material and energy inputs, the frequency of jobs, the dates of agrotechnical practices, the
harvest at the optimum date with a minimum level of losses while performing the jobs are
the key factors of production energy efficiency [66].

The plant production energy efficiency has been researched by many authors who
referred the index to single agrotechnical practices [67,68], tillage systems [69,70], the entire
technologies and agricultural products [71–74], and to elements of crop rotation [67,70,75].

As for the research of silage maize production technologies in the structure of energy
inputs made for production, it was found that the highest share is recorded for the inputs
of energy accumulated in the consumables and raw materials; 53.7% on average, and
for the energy input the highest share is noted for fertilizers (98% on average, assuming
100% mean energy accumulated in consumables and raw materials). Gorzelany et al. [76]
and Budzyński et al. [74] also claim that the highest share in the structure of the inputs
of energy made for producing silage maize is accounted for the consumables and raw
materials, 56%, respectively, and, depending on the technology traditional 76.5%, including
fertilizers 71.5%, integrated, including fertilizers—63.8%. Similarly, as provided in the
results of this research, the lowest share was found for the inputs of energy in a form of
human labor, depending on the technology, 0.6 and 0.9%. The analysis of the results of the
research of the technologies covered by these considerations also demonstrates the lowest
share of energy of the human labor in the structure of inputs, on average 8.6%. It can be
slightly higher for the results reported by the above authors as they did not consider the
operation time of the tractors and machinery, and the time of driving to the field. In those
analyses the time was factored in and considered essential in terms of performance of the
sets of machinery and tools as well as fuel consumption. The inputs of accumulated energy
from all the inputs for the technologies studied ranged from 12,233.01 to 52,229.49 MJ·ha–1,
respectively for technologies 3 and 5; 38,735.83 MJ·ha–1 on average. Szempliński and
Dubis [77] generated 22,000–24,000 MJ·ha–1 of the energy inputs made for silage maize
production technologies, Budzyński et al. [74]—23,900—18,700 MJ·ha–1 depending on the
input intensity, Gorzelany et al. [76] 24,305 MJ·ha–1, and considering the energy produced
in the yield—37,800 MJ·ha–1; the energy efficiency index was 1.5. In the present study
the mean result of energy efficiency for the silage maize production technologies was
1.44, the minimum value—1.04 (disregarding the technologies with no such efficiency),
the maximum value—2.94. Wielogórska et al. [78] reported on the research performed to
evaluate the silage maize-growing technologies on the farms with the agricultural land
acreage of at least 5 ha, show that the mean energy inputs made for cultivation were
22,200 MJ·ha−1, and the technologies investigated recorded a high energy consumption
index which was the crops mean of 3.2.

The research performed for 13 technologies for the plantation acreage from 2 to 13 has
shown that the most favorable technology solution in terms of energy efficiency was variant
13. With the results in mind, it can be claimed that a relatively low natural fertilization and
a lack of mineral fertilization decreased the maize silage production energy consumption
(12,233.01 MJ·ha–1) enough for, despite the lowest yield for all the technologies, the highest
value of the energy efficiency. Assuming that 100% is the mean value of the energy accumu-
lated in the consumables and raw materials for those technologies (20,847.75 MJ·ha–1) in
variant 13 the energy accumulated from that input was 81.2% lower than the mean value,
which significantly affected the silage maize production energy efficiency index value. The
energy accumulated in the yield for that technology was 28.1% lower than the mean value
(50,054.15 MJ·ha–1). As for that technology, the value of the energy efficiency index was
182% higher than the value for the technology least favorable in terms of energy, however,
with the index value above 0 (1.04 technology 12).

For two plantations of all those investigated, the energy efficiency index value was
lower than 1 (0.95 and 0.99). It means that the technological solutions applied in the variants
marked 3 and 5, respectively, recorded a lack of energy efficiency, the accumulated energy
inputs made to produce a biomass yield unit were higher than the energy accumulated in
the yield. A higher yielding and the accumulated energy of the yield, 40,000.00 MJ·ha–1
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and 51,696.00 MJ·ha–1 (for technologies 3 and 5, respectively) did not compensate for the
high energy inputs made for their accomplishment; 42,116.45 MJ·ha–1 for technology 3 and
52,229.49 MJ·ha–1 for technology 5. Those were the solutions which were unjustified in
terms of energy.

When deciding on a given technological solution, it should be remembered that the
increase in yields is not linear to the increase in energy inputs. Depending on this, there is
a point to which increasing the level of expenditure is justified. Above the optimal value
adjusted to e.g., type of crop, farm size, cultivation system, increasing energy inputs are
not compensated in the yield.

In agricultural practice, due to a decrease in the inputs and a negative impact on
the environment, various production technology modification methods, also for plant
production, for simplified tillage systems and limiting the inputs are being searched
for [79–81]. The energy calculation should be an essential element for the assessment of
plant production, which is frequently limited to economic and production criteria [70,74].

To recapitulate, one can state that, in terms of energy efficiency, growing maize is
justifiable and it can trigger energy benefits. The main factors dividing the cultivation
technologies and harvesting maize for silage in typical Polish farm are size of plantation,
diversity of crops (according to soil and climatic conditions), the level of farmer education,
technical procedure and knowledge, machine park and machine services availability,
possibility of products managing (using and demanding), types of activities in the adjacent
areas, preferences and involvement of production units, and possibility of usage in energy
production e.g., in biogas plants. The development of agricultural biogas plants contributes
to the new jobs opportunities in rural areas, which enables the diversification of farmers
income sources. According to KOWR (31 August 2017), there are nine agricultural biogas
plants registered in the Podlaskie voivodeship. The adequately selected silage maize
production technologies make it a very attractive crop in terms of energy, which becomes
of special importance while facing the need of using the energy from renewable resources.
The analyses covered the maize production technology variants: a field production stage,
through harvest to the preparation of raw material for ensilaging, and placing a heap. The
energy efficiency of a further use will depend on the processing technology applied in the
biogas plant, which will be a continuation of the previous considerations and support the
research results obtained at this stage. Other limitations resulting from the production of
bioenergy from biomass should also be considered. The intensive cultivation of certain
crops requires large areas of cultivation because of their future energy potential (so-called
energy crops like maize). This is related to the acquisition of a significant amount of the
plant and may be associated with the excessive use of fertilizers and other substances
polluting the soil and water, and the reduction of areas for food production [82].

According to the EIA (Energy Information Administration) report from 2015, by the
year of 2040 world energy consumption will increase by 56%, world energy consumption
will increase by 56%, which will lead to an increase in the world CO2 emissions up to
46% [82]. According to above, the estimation of GHG emissions released into the atmo-
sphere is an important issue, which is planned as a continuation of the present research.

Moreover, in the literature there are analyzes of the relationship between the prices
of energy raw materials and the prices of grains and oils [83]. In connection with this, an
interesting research issue will also be the analysis of the relationship between the prices of
maize and the prices of energy resources.
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(Monika Roman), D.Ś., M.R. (Michał Roman); writing—review and editing, A.K., M.R. (Monika
Roman); visualization, A.K., M.R. (Monika Roman); supervision, A.K., K.R., M.R. (Monika Roman),
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Appendix A

Table A1. Value of accumulated energy consumption and the percentage share of accumulated energy in individual energy
inputs for the technologies studied.

Technology Number

Accumulated Energy

Etm EON Emat El Epro

MJ·ha−1 % MJ·ha−1 % MJ·ha−1 % MJ·ha−1 % MJ·ha−1 %

1 524.26 1.0 13,042.99 25.8 31,845.65 63.0 5174.12 10.2 50,587.01 100
2 3606.39 8.3 7443.88 17.1 30,006.30 69.1 2380.00 5.5 43,436.57 100
3 3563.23 8.5 6166.14 14.6 30,960.00 73.5 1427.08 3.4 42,116.45 100
4 2602.04 8.0 5948.59 18.4 21,814.11 67.3 2035.50 6.3 32,400.24 100
5 12,196.21 23.4 10,297.07 19,7 24,581,75 47.1 5154.46 9.9 52,229.49 100
6 1509.79 5.6 4684.11 17.5 19,143.80 71.6 1386.67 5.2 26,724.37 100
7 2862.77 12.8 4844.29 21.7 13,599.00 60.9 1032.00 4.6 22,338.06 100
8 3121.92 6.2 16,722.50 33.1 24,895.00 49.2 5828.57 11.5 50,567.99 100
9 5344.52 11.7 15,662.99 34.2 21,057.40 46.0 3672.00 8.0 45,736.91 100

10 5722.01 12.6 17,162.61 37.8 16,539.88 36.4 6016,00 13.2 45,440.50 100
11 4572.82 11.1 14,868.73 36.1 16,539.88 40.2 5180.00 12.6 41,161.42 100
12 3092.38 8.0 15,296.26 39.6 16,113.71 41.8 4091.43 10.6 38,593.77 100
13 1803.28 14.7 5164.60 42.2 3924.32 32.1 1340.81 11.0 12,233.01 100

Source: own study.
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11. Górka, K. Zasoby Naturalne Jako Czynnik Rozwoju Społeczno-Gospodarczego. In Gospodarka w Praktyce i Teorii; Nr 3(36)2014;

Instytut Ekonomii, Uniwersytet Łódzki: Łódź, Poland, 2014.
12. Dz.U. 2015 poz. 478. Ustawa o Odnawialnych Źródłach Energii z Dnia 20 Stycznia 2015r. Available online: http://isap.sejm.gov.

pl/isap.nsf/DocDetails.xsp?id=wdu20150000478 (accessed on 30 September 2020).
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naturalnych w wybranych technologiach upraw kukurydzy na kiszonkę. Przemysł Chem. 2019, 98, 1000–1005. [CrossRef]
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Efektywność ekonomiczna i energetyczna. Pam. Puł. 1997, 111, 73–87.
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różnych poziomach nawożenia azotem. Acta Sci. Pol. Agric. 2004, 3, 83–90.
73. Czarnocki, S.; Starczewski, J.; Turska, E. Ocena wybranych technologii uprawy pszenżyta jarego. Fragm. Agron. 2006, 2, 287–297.
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Abstract: The strategies, plans and legislation on energy market development and decarbonization in the
European Union (EU) developed in recent years, such as the directives implementing the package “Clean
energy for all Europeans”, aim at promoting not only renewable energy sources, but also new institutions
that involve the development of local energy markets and a greater role for citizens in managing their
own energy generation. At the same time, Poland remains the economy most dependent on coal and
one of the largest air polluters in the EU. In order to minimize this problem and to meet the direction of
energy development in the EU, Poland decided to establish, among other things, an energy cooperative.
It is intended to fill the gap in the development of the civil dimension of energy on a local scale and at the
same time improve efficiency in the use of the potential of renewable energy sources in rural areas. The
authors of the paper seek to verify the extent to which this new institution, which is part of the idea of a
local energy community, one of the driving forces for the implementation of the objectives and directions
of development of “clean energy” set by the EU, has a chance to develop. The research took into account
the characteristics of energy producers and consumers in rural areas, economic preferences provided
for by law, relating to the functioning of an energy cooperative and the existing alternative solutions
dedicated to prosumers. A dedicated mathematical model in the mixed integer programming technology
was used to optimize the functioning of an energy cooperative, and more than 5000 simulations were
carried out, with a typical optimization task performed as part of the research with about 50,000 variables.
The conclusions and simulations make it possible to confirm the thesis that profitable energy cooperatives
can be established in rural areas, with the objective of minimizing the sum of energy purchases from the
distribution network and losses on the energy deposit (virtual network storage) (the energy deposit (or
network deposit) should be understood as energy introduced to the grid during generation surpluses for
its subsequent consumption, taking into account the discount factor).

Keywords: energy cooperatives; renewable energy sources; rural areas; renewable energy community;
mixed integer programming

1. Introduction

Decentralization of large-scale energy, replacing it with pro-ecological, distributed
generation sources and building the civil dimension of energy [1,2], are the objectives of the
energy transformation in the European Union (EU) [3,4]. EU legislation does not impose
a precise formula for achieving these objectives, providing the freedom to individual
member states [5,6]. Building energy self-sufficiency at local level is possible on the
basis of institutions called energy communities (EC) [7]. The first of these is the energy
community defined in the REDII Directive (Renewable Energy Directive II) [8], focused
on a renewable energy community (REC) [9]. The second form of activity is the citizens
energy community (CEC) [10], introduced by the market directive [11]. Both these concepts
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serve the development of locally distributed energy, have a legal personality and are
characterized by voluntary and open participation [12]. Their primary purpose is to
provide economic and environmental benefits at local level. The main differences between
the REC and the CEC [13] are that large and medium-sized enterprises are excluded from
the CEC, whereas energy generation capacity must be available in an REC (it must be from
a renewable energy source—RES) and there are requirements for investment [14].

The EU direction of energy market transformation has also been reflected in Polish law,
where, similarly to the community provisions, two institutions were created that introduce the
civil dimension of energy. These include energy clusters [15] and energy cooperatives—the
latter, being the newest [16] form of support for distributed civil energy, are the subject of
consideration by the authors of this paper. The activity of an energy cooperative may be
conducted in the territory of a rural or urban-rural municipality or in no more than three such
municipalities directly adjacent to each other. The energy cooperative relies on:

• the generation of electricity or biogas, or heat in RES systems;
• the balancing of the demand for the auxiliaries of the energy cooperative and its members.

The provision of opportunities to build local energy communities [14,17] on the basis
of cooperatives [18,19] can be very important especially in rural areas [20]—including by
developing the “smart villages” concept [21,22]. This is where the greatest potential exists
for the use of renewable energy sources (including biomass and biogas), including those of
a waste nature that are part of the characteristics of a circular economy [23,24]. Unfortu-
nately, although solutions concerning energy cooperatives have been in place in Poland
since mid-2019, by the end of 2020 no energy cooperative had yet been established [25].
The considerations of different options for the cost-effectiveness of creating an energy
cooperative as a Polish response to the development of local energy communities in the
EU [26] are the core of the research presented in the paper. However, it should be noted
that it is not the purpose of this paper to assess the extent to which the institution of an
energy cooperative meets Poland’s obligation with respect to REC and CEC.

The main objective of our paper is to check where generation (number, type and
capacity of installed sources) and consumption (energy demand) configurations the energy
cooperative will be a cost-effective solution for the potential members of cooperatives.
Thus an attempt will be made to answer the question of the production and consumer
structure and the number of members that will be necessary for a form of self-organization
such as an energy cooperative to develop. All restrictions and conditions resulting directly
from the Polish law will be taken into account, and an analysis of the cost-effectiveness of
establishing cooperatives in relation to the preferences that apply to individual prosumers
will be analyzed. According to the authors, due, among other things, to different prefer-
ences for individual prosumers [27] and energy cooperatives (the so-called 1:0.8 or 1:0.7
discount rate for individual prosumers (this is a type of support scheme for prosumers in
Poland: owners of micro-installations (capacity up to 50 kW) are allowed to exchange the
surplus of energy produced under favourable conditions for gaps in energy production.
The ratio is 1 to 0.8 for capacity up to 10 kW and 1 to 0.7 in the case of micro-installations
between 10 and 50 kW) [28]) [29] and 1:0.6 for energy cooperatives [16]), the establishment
of a cooperative will not always be economically justified. All the models of cooperatives
proposed and researched in this paper, likewise data concerning energy production and
consumption in households which are potential members of cooperatives, are anonymized
real data from rural areas of Poland.

Our paper fills in a literature gap in the following ways. Firstly, our research, based on
real data, allowed us to create several model energy cooperatives taking into account the
conditions for the establishment and development of these institutions in Poland. Owing
to this, the authors do not limit themselves to examining one specific example, but seek
to show the most optimal model of operation of the citizens’ energy community, which
includes the energy cooperative. Secondly, our paper fills a methodological gap [30], as
the methodological approach presented can easily be used in relation to other distributed
energy institutions (especially the various energy communities), which have been and will
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be established in Europe and on other continents. Thirdly, it is novel at the national level
as it investigates a problem not yet explored for Poland.

The contribution of the paper to scientific literature consists in proving that the energy
communities’ efficiency may be considered using optimization models in the mixed-integer
programming technology, which are a basic tool for operational research applicable to
decision-support processes in all areas of the economy. The paper also contributes to policy-
related literature, because the economic effects of the functioning of energy communities
are underestimated in decisions regarding the creation of such new institutions [30–32],
where legal [33], administrative [34,35] and technological aspects prevail [36–38].

The paper is structured as follows. The second section provides the rules for the
functioning of energy cooperatives and the main model assumptions arising from Polish
law and those made by the authors. The next section describes the output data and their
selection, as well as the mathematical optimization method used in the research process.
Then the results are presented and discussed step by step. The final section presents the
conclusions that have made it possible to conclude the entire research work and to present
its universal character in relation to the methodology of examining the cost-effectiveness
of creating institutions that are part of the idea of energy communities, which is gaining
increasing recognition all over the world.

2. The Background of Energy Cooperatives

2.1. Energy Cooperatives as a Response to Renewable Energy Community (REC) and Citizens
Energy Community (CEC)

As a country whose energy sector is still mainly dependent on coal [39], Poland is
unlikely to meet the minimum 15% national target for renewable energy sources (RES) [40]
in the final balance of energy consumption in 2020 (the European Union is committed
to achieving 20% of energy from renewable sources in gross final energy consumption
in 2020. All member states have individual targets to ensure that the EU plan is met.
Poland has committed itself to achieving 15%. For comparison, Sweden has the highest
level of commitment (49%) and Malta the lowest (10%) [41]) [42] (official EUROSTAT
data will be available in 2022). One of the solutions enabling the acceleration of Poland’s
green transformation is the popularization of local energy communities and the resulting
decentralization of energy. In 2019, the Polish government introduced the institution of an
energy cooperative in order to meet the objectives of the EU directives on the development
of RES and citizens’ energy communities. Energy cooperatives are also intended to:

• increase the energy independence of rural areas;
• improve living and business conditions in rural areas, including increasing the com-

petitiveness of the agri-food sector;
• increase the use of local renewable resources.

Rural areas make up more than 93% of Poland, with almost 40% of the country’s popu-
lation. The increase in energy demand in these areas, coupled with increased consumption
by agriculture, is forcing rural people to use it more efficiently and politicians to develop
energy security strategies for rural areas [43]. This is possible by creating a sustainable
energy policy using renewable energy sources. Rural areas are largely associated with food
production and processing, where agricultural holdings are important. They should now
be seen on the one hand as energy users and on the other as producers of energy or final
energy components based on renewable energy sources [44], including those concentrated
and developed in energy cooperatives.

The definition of an energy cooperative appeared in Polish law during the amendment
of the Act on Renewable Energy Sources. Pursuant to this, an energy cooperative is one
within the meaning of the provisions of the Cooperative Law [45] and the Act on Farmers’
Cooperatives [46] the object of which is to generate electricity, heat or biogas (exclusively
for the auxiliaries of the energy cooperative and its members). Energy cooperatives may be
established (conditions to be met cumulatively):
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• in a rural or urban-rural municipality or in no more than three neighboring municipal-
ities of this kind;

• in the area of operation of one distribution-system operator. The area of operation of an
energy cooperative is to be determined on the basis of the places where the generators
and consumers who are members of the cooperative are connected to the electricity
distribution network or gas distribution network or district heating network;

• as part of low- and medium-voltage networks.

2.2. The Functioning and Billing Rules in an Energy Cooperative

Energy cooperatives operate on the basis of a prosumer system consisting of en-
ergy billing on the basis of “discounts”. With the energy cooperative the energy seller
(a licensed seller of a given type of energy, designated by the Energy Regulatory Office
(https://www.ure.gov.pl/en) in a given area) accounts only for the difference between the
amount of electricity fed into the power distribution network and the amount of electricity
drawn from it for the auxiliaries of the cooperative (its members) in the ratio corrected by
the quantitative coefficient 1 to 0.6 (in the case of prosumers, the coefficients 1 to 0.8 or 1 to
0.7 apply in Poland, depending on the system capacity). In other words, for one MWh of
energy generated by the cooperative and not used at a given moment by its members, i.e.,
fed into the distribution network (the network in this situation operates as a deposit (storage)
for energy unused by the cooperative), 0.6 MWh (600 kWh) of energy can be drawn from the
distribution network. This may happen at any time during the billing period when the cooper-
ative’s generation sources do not cover the electricity demand generated by its members. This
billing concerns electricity fed into and drawn from the distribution network by all electricity
generators and consumers who are members of the energy cooperative. The same applies if
heat or gas is the subject of the cooperative’s operation.

Therefore, it is reasonable to assume that the more the members of the cooperative
“synchronize” the amount of energy generated and consumed at any given time so as not to
discharge energy surpluses into the network, the greater the economic effects of the energy
cooperative will be. It can be said that in such a situation the distribution network will, in
a way, only “protect” the internal energy economy of the cooperative. For this reason, the
authors considered that the production mix should be optimized for the pre-set demand,
with the minimization of energy not drawn from the network deposit and that additionally
purchased from the network, resulting from possible shortages of energy generated inside
the cooperative.

As a prosumer the energy cooperative operates in the power system under a com-
prehensive agreement with an external energy seller. This regulates both the distribution
and sale of possible energy shortages to cooperatives. For an energy seller, an energy
cooperative is a single, collective final consumer subject to single billing. For internal
billing of an energy cooperative between its individual members, the seller indicates the
amount of energy fed into and drawn from the network by its individual members. The
cooperative accounts for them in accordance with internally accepted rules. The amount of
unused energy remains to be taken (compensated) within a given billing period, which
is usually 12 months from the last day of the month in which the surplus occurred. The
energy cooperative does not pay the following fees for the amount of electricity thus billed:

• a fee for energy billing;
• a variable distribution fee;
• costs of commercial balancing.

These costs are covered by the energy seller as part of the value of energy at its
disposal, i.e., 40% of the energy fed into the distribution network by the energy cooperative.
(For the amount of electricity drawn from the network storage (with a coefficient of 0.6),
the energy cooperative does not pay variable fees for the distribution service and does
not pay the seller the billing fees. In addition, the RES, capacity and co-generation fee is
not charged and collected for the amount of electricity generated in all RES systems of
the energy cooperative, and subsequently consumed by all consumers of that cooperative,
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including the amount of energy billed. Energy cooperatives also do not have to obtain
property rights arising from certificates of origin in order to redeem them, and fulfill the
obligations relating to energy efficiency and capacity fees).

2.3. Legal Conditions and Assumptions for Energy Cooperatives

The institution of an energy cooperative is subject to a number of requirements and
assumptions arising directly from the legislation [16], which must be met in order for an
entity to be considered an energy cooperative. According to the authors, in order to better
understand the subject of the analysis and the clarity of the arguments presented in the
following sections, it is necessary to specify all requirements for the establishment and
functioning of energy cooperatives:

1. Energy cooperatives may be established only in rural or urban-rural municipalities.
2. The total capacity of the cooperative’s RES system must cover no less than 70% of

its auxiliaries.
3. The maximum capacity generated by the energy cooperative is not to exceed 10 MW

(30 MW for heat).
4. The maximum number of members is 999.
5. The energy cooperative generates electricity (as well as biogas or heat) exclusively for

its auxiliaries and the auxiliaries of its members.
6. The cooperative discharges the surplus to the common distribution network. The

billing of the provision and consumption of energy to and from the network is carried
out in the system of discounts at the ratio of 1:0.6—i.e., with the possibility of recovery
by the cooperative of 60% of previously produced (and unused) energy.

7. Individual prosumers may benefit from discounts at the ratio of 1:0.8 or 1:0.7, depend-
ing on the capacity of their sources.

8. The “external” balancing of cooperatives with the seller and the distribution system
operator takes place during the annual billing period.

9. The “internal” balancing of energy between the members of the cooperative is carried
out within one hour. From the sum of energy taken within an hour, the sum of energy
fed in at the same time is subtracted. Thus for billing purposes only the result of this
calculation is regarded as energy fed into or drawn from the network (depending on
the result), while the rest is treated as self-consumption, which is not subject to the
system of discounts or charges.

10. The internal billing model can be run for any period—e.g., from an hour to a year.
11. The difference in the amount of energy fed in or drawn out in the different phases

is irrelevant, as the amount of energy is added to the net amount in one hour and is
thus balanced. Single-phase and three-phase systems are treated the same.

12. The surplus of energy fed into the network in relation to the energy drawn out at
a given moment is accumulated in the network deposit during the annual billing
period. After 12 months, the stock is reduced to zero.

3. Materials and Methods (Optimization Model)

3.1. Assumptions for Creating a Sample of the Energy Cooperative for Simulation Purposes

In order to carry out the simulation and study the hypotheses, it was necessary to
prepare several simulation scenarios that reflect the possible reality of energy cooperatives.
Based on actual data on energy producers and consumers in rural areas in Poland, five types
of energy cooperative were created for simulation. They were developed so as to reproduce
different: (i) locational nature, (ii) level (scale) of electricity demand, (iii) nature of economic
activity of the participants in the cooperative, (v) profile of electricity consumption of each
member of the cooperative, (vi) generation potential among the members of the cooperative,
(vii) level of supply voltage of the members of the cooperative and (viii) size.

The structure of energy cooperatives also takes account of formal and legal aspects
resulting from the regulations in force. In particular, the location criterion for the allocation
of members in up to three neighboring rural or rural-urban municipalities and low or
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medium voltage supply was maintained. The criterion for the selection of the generation
structure by the optimizer took account at least 70% of the energy demand within the
annual billing period and different types of generation.

Due to unfavorable hydrological conditions in Poland, which translate into stagnation in
the construction of new hydro power plants [47], it was assumed that a maximum of one hydro
power plant [48] may operate within the energy cooperative. The members of the cooperative
were selected so that there was a watercourse in their municipalities that could be adapted for
the construction of a small hydro power plant. A practical assumption was adopted, stating
that a small hydro power plant is characterized by low capacity of between several dozen and
several hundred kW. The simulation, therefore, took account of the capacity limits of a single
source from 0 to 500 kW with increments of 50 kW. Discreet increments make the simulation
realistic because a source with continuous capacity cannot currently be installed.

In Poland there are moderately favorable solar conditions, but the prosumer energy
is practically based 100% on photovoltaic sources. The structure of photo-voltaic (PVPP)
sources is currently the most popular and fastest-growing method to achieve energy self-
sufficiency in Poland [49]. According to the data from the Ministry of Development, Labor
and Technology [50], at the end of September 2020, there were about 357,000 micro-systems
in Poland (increase of 35.5% compared to the end of the 2nd quarter of 2020 and as much as
131% compared to the end of 2019) [51]. The total PVPP capacity in the Polish power grid
is about 3420 MW [52]. The dynamics of micro-systems growth is influenced by numerous
aid programs (The Importance of Renewable Energy Sources in Poland’s Energy Mix) [53].
The development of photovoltaic sources is also influenced by the economic aspect and the
constantly decreasing unit cost of energy generation (LCOE) [54] for this type of source. In
view of the above, for the simulations it was assumed that at least 25% of energy production
of the members of the cooperative is from solar energy. In addition, capacity limits for a
single PVPP farm from 0 to 1000 kW with increments of 50 kW were adopted.

Rural and rural-urban areas are very often undeveloped or have low-rise buildings.
These factors support the construction of low-mast wind sources with low and medium
capacity. The efficiency of wind generation is about twice as high for Polish wind condi-
tions as for photovoltaic sources, which makes this type of generation attractive in terms
of efficiency and cost [55]. For analysis and simulation, the possibility of cooperative
participants establishing sources with a capacity from 0 to 1000 kW with increments of
250 kW was assumed.

The development of energy cooperatives must ensure that they are at least 70% self-
sufficient in energy per annum and that they have a stable daily and hourly generation profile.
The achievement of these indicators is determined not only by the level of installed capacity
and the efficiency of generation, but also by its stability and the resultant consumer and
generation profile. Taking into account the location criterion when establishing the cooperative
was also intended to take advantage of the agricultural character and potential of the regions.
In this context, it was assumed that members of the cooperative can also build generation
sources with a stable generation profile based on biomass and biogas. For the simulation,
the capacity both of biomass and biogas sources was limited to 0 to 600 kW with increments
of 200 kW. The presence of generation sources of both stochastic (PVPP, wind) and stable
(biomass, biogas) generation in energy cooperatives will result in flattening of the profile and
reduction in generation differences between seasons of the year or times of day.

Due to the fact that the installation of new sources involves significant costs, which
are not analyzed in the model presented in the paper, the assumption was made that for
the optimal balance of demand in the cooperative one member has at most two energy
generation sources, which does not exclude a situation where not all members have
them and are thus energy producers. The discount nature of the operation of the energy
cooperative and its members means that the loss of some energy on its introduction into
the distributor’s network and its subsequent consumption should be balanced by a slight
increase in the installed capacity of the source. For the simulation, it was assumed that
the total annual energy production of each member of the cooperative could not exceed
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120% of the annual energy demand. This level ensures that each member of the cooperative
is fully balanced at an individual level and allows for developing self-sufficiency at an
aggregated cooperative level. The discount model is also characterized by the fact that
the temporary production surplus fed into the network is continuously accumulated in
the network in a follow-up manner, making it possible to use this energy and consume it
during periods when the demand is not covered by the current generation.

3.2. Characteristics of Energy Cooperatives Adopted for Simulation Purposes

Energy cooperatives were established on the basis of current measurement data and
profiles of consumers and generation for each type of renewable energy source. The
purpose of selecting the participants of the cooperative was to reflect:

• the location character—the simulation was made for participants in two southern
voivodeships (administrative divisions), Małopolskie and Śląskie, and the selection
took account of different locations of municipalities within the voivodeships. The se-
lection of two different voivodeships was also aimed at reflecting potentially different
solar levels and thus the efficiency of generation.

• a different level of electricity demand—this resulted in cooperatives with demand
ranging from 762 MWh/year to 9759 MWh/year. Within this criterion, participants
were also selected taking account of the diversity of their individual energy demands.
The cooperative included participants with negligible consumption, oscillating around
one MWh/year, up to 3.5 GWh.

• the nature of participants’ business activity—the selection of participants reflected
the division in Polish law according to PKD codes (Polish Classification of Activities)
relevant for typical agricultural activities, i.e., crop, vegetable, cereal production,
raising of poultry, pigs and cattle as well as services for the agricultural sector. The
complete classification is shown in Table 1.

• the electricity consumption profile of each member of the cooperative—the full range
and variety of tariffs applicable in Poland—was taken into account, which may exist
among the members of energy cooperatives. All analytical scenarios included entities
belonging to one-, two- or three-zone tariffs, thus mapping the diverse nature of
energy consumption. The shape of the profiles of the participants in the cooperatives
is shown in Figure 1, and the belonging of differently profiled members to specific
cooperatives in Table 1.

• the generation potential of members of the cooperatives—the selection of munici-
palities took account of the possibility of building renewable energy sources in each
technology: wind, photovoltaic, biogas, biomass, water.

• the voltage supply of the members of the cooperatives—within each of the five coop-
eratives, the participants were consumers connected to the network at both medium
and low voltages.

• the size—the aim was also to map cooperatives of different sizes, from 11 to 19 members.

Table 1. Characteristics of each analytical scenario.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Voivodeship Śląskie Małopolskie Małopolskie Śląskie Śląskie

Number of members of the cooperative 11 15 11 15 16

Profile of agricultural activity 1 and number of members (pcs)
01.46.Z; (3)
01.13.Z; (3)
01.47.Z; (5)

01.11.Z; (4)
01.13.Z; (1)
01.19.Z; (4)
01.47.Z; (3)
01.50.Z; (3)

01.11.Z; (2)
01.13.Z; (2)
01.19.Z; (1)
01.47.Z; (1)
01.50.Z; (5)

01.13.Z; (4)
01.19.Z; (1)
01.43.Z; (1)
01.47.Z; (3)
01.49.Z; (1)
01.50.Z; (5)

01.11.Z; (2)
01.13.Z; (2)
01.19.Z; (3)
01.47.Z; (6)
01.50.Z; (2)
01.62.Z; (1)

Voltage (LV/MV) and number of members (pcs) LV (4)
MV (7)

LV (10)
MV (5)

LV (10)
MV (1)

LV (8)
MV (7)

LV (9)
MV (7)
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Table 1. Cont.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Tariff group 2 and number of members (pcs)

C11 (2)
C12a (1)
C22b (1)
B21 (1)
B23 (6)

C11 (4)
C12b (1)
C21 (3)
C22a (2)
B21 (3)
B23 (2)

C11 (4)
C12a (1)
C12b (2)
C22a (2)
C22b (1)
B11 (1)

C11 (6)
C21 (2)
B21 (3)
B23 (4)

C11 (6)
C21 (2)
C22a (1)
B21 (1)
B22 (2)
B23 (4)

Energy demand [MWh/year] 9757 3559 762 3383 5922

Minimum, mean and maximum energy consumption by a
member of the cooperative [MWh/year]

min.: 52
mean: 887
max.: 3574

min.: 0
mean: 237
max.: 1045

min.: 3
mean: 69
max.: 312

min.: 6
mean: 214
max.: 1258

min.: 1
mean: 328
max.: 1542

1 Agricultural activity profile: 01.11.Z—Growing of cereals, leguminous crops and oil plants, for seeds, except rice; 01.13.Z—Growing of
vegetables and melons, roots and tubers; 01.19.Z—Growing of other non-perennial crops; 01.43.Z—Raising of horses and other equines;
01.46.Z—Raising of pigs; 01.47.Z—Raising of poultry; 01.50.Z—Mixed farming; 01.62.Z—Support activities for farm-animal production.
2 Tariff group: The first character (C, B) refers to the tariff type, C—low voltage, B—medium voltage; The second character (1 or 2) refers to
the installed capacity level, 1—up to 40 kW, 2—above 40 kW; The third character (1, 2 or 3) indicates the number of time zones; The fourth
character, if any, indicates how to account for the time zones, a—division into peak and off-peak, b—division into day and night.

Figure 1. Average daily-hour profiles for each tariff.

The imposition of the above criteria made it possible to map the structures that com-
bine all the above features in order to reproduce the real conditions for the establishment
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and operation of cooperatives as faithfully as possible and to examine the hypotheses
formulated. Table 1 shows the characteristic and most important features of each of the
cooperatives developed for the simulation.

3.3. Optimization Model

The paper’s results were obtained on the basis of data from a simulation of a dedi-
cated mathematical model (the mathematical model has been developed and included as
Supplementary Materials (see “mip_model.pdf” and “mip_model.tex” files). The mixed
integer programming technique [56] was used for modeling. GLPK software was used in
particular for modeling the high-level GMPL language [57] (this is open-source software).
The COIN-OR/CBC software [58] (also open-source) was used to solve the individual opti-
mization tasks. The model’s basic assumptions will be discussed below01 and fragments
of the GMPL model will be illustrated.

The input data for the model comprised a two-year horizon data in hourly granulation.
The calculation sessions used current data from several dozen consumers from different
billing tariffs. The current two-year generation profiles of the following electricity sources
were used: a small hydro power plant, a wind power plant, a photovoltaic power plant,
wastewater- and biomass-based biogas plants.

Generally, the task of the optimization model was to select the optimum production
mix for the pre-set demand, minimizing the energy not taken from the network deposit
and purchased from the network. The energy demand, depending on the calculation
scenario, was created by individual consumers or aggregated consumers within prede-
fined cooperatives. The energy mix is to be understood as the vector of discrete factors
scaling the generation profiles of the energy producers considered. The coordinates of
this vector are fixed during the optimization period. The business process modeled con-
nected the consumers with the sources on a proprietary basis (the consumer was the source
owner/prosumer). Properly produced energy could be a discrete multiple of the profile
adopted. Below is a relevant fragment of a mathematical model in GMPL language.

subject to def_ProductionMultiplier{e in EnergySources}:
ProductionMultiplier[e] = ProductionDiscretization[e]*ProductionDiscretizationLevel[p];

subject to def_Production{e in EnergySources, h in Hours}:
Production[h,e] = ProductionMultiplier[e]*ProductionProfile[h,e];

The ProductionMultiplier[e] is an integer variable defining a multiple of the standard-
ized production of a specific source at hour h, i.e., ProductionProfile[h,e]. Total production
of the source e is expressed by the variable Production[h,e].

The values of the total integer vector ProductionMultiplier[e] were concretized as part
of the optimization task, for each energy source e. The Production[h,e] vector expressed the
energy production by the source e at hour h. The energy produced could be consumed as
part of own demand, or could be sent to the network to be recovered from it when needed,
with a specific discount. In addition to using energy from self-consumption production and
energy previously accumulated in a network deposit, the consumer could buy additional
energy in the case of an absence of energy in the network deposit. The energy balance
equation in the GMPL modeling language is presented below.

subject to def_EnergyBalance{h in Hours}:
EnergyDemand[h]
=
BuyFromNetwork[h]
+
sum{e in EnergySources} Production[e,h]
-
SendToNetwork[h]
+
PickUpFromNetwork[h];
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where EnergyDemand[h] is energy demand at hour h, BuyFromNetwork[h] is energy
purchase at hour h, Production[h] is energy production at hour h, SendToNetwork[h] is
energy sending at hour h, and PickUpFromNetwork[h] is energy collected at hour h.

The model assumes that it is not possible to send energy to the operator and take
energy from it or collect energy previously sent at the same hour h. The relevant model
equations are as follows:

subject to constr_SingleComponentFlow{h in Hours}:
SendToNetworkIndicator[h] + BuyFromNetworklndicator[h] + PickUpFromNetworkIndicatorl[h] <= 1;

The variables SendToNetworkIndicator[h], BuyFromNetworklndicator[h], PickUpFrom-
NetworkIndicatorl[h] are binary variables indexed by the hours of the optimization horizon,
which took the value 1 for non-zero values of the corresponding current variables and the
value 0 for zero flows.

The equations modeling the operation of a network deposit of energy produced by
prosumers and sent to the network for later recovery are as follows:

subject to def_EnergyStorage{h in Hours}:
Storage[h] =
if(h in StartsOfBillingPeriods) then

0
else
(

Storage[h-1]
-
PickUpFromNetwork[h]
+
Discount*SendToNetwork[h]

);

where the set StartsOfBillingPeriods was a set of indexes containing the beginnings of
billing periods—especially h = 1, i.e., the beginning of optimization, and Storage[h] is the
state of the network energy deposit (storage) at hour h.

The optimization objective function was the sum of two components—energy taken
from the network and energy produced but not consumed. Optimization was to minimize
the following objective function.

minimize objective:sum{h in EndsOfBillingPeriods}
Storage[h]

+
sum{h in Hours}

BuyFromNetwork[h]
;

The set EndsOfBillingPeriods covered the last hours of billing periods.
The optimization covered a two-year horizon and the results are from the first year of

optimization. This operation was aimed at avoiding the “end of the world problem”—this
is manifested by non-intuitive results in the final optimization period (e.g., zero energy
deposit (storage) states in final optimization intervals).

A typical optimization task carried out as part of the research covered approximately
50,000 variables, of which approximately 10,000 were total variables. The limitations
were 150% of the number of variables, and the optimization task matrix comprised about
300,000 non-zero factors. Due to the volume of output data (many variables indexed
by hours within a year), the analysis of the results of a single optimization session is a
complex task. Without additional analytical tools, drawing conclusions from the results of
thousands of optimization sessions is an impossible task. For this reason, an algorithm of
regression trees [59] was used to analyze the profitability of a cooperative depending on the
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input parameters. Aggregates based on the correlation of weekly profiles of the cooperative
members’ demand, aggregates based on the correlation of their annual demand profiles,
and types and capacity of installed sources were used to describe the cooperative’s profit.

4. Results and Discussion

The following section presents the results of two series of experiments. The first
examined the profitability of five specific cooperatives described in detail in Section 3. As
part of the second series of experiments, which attempted to generalize the results, a total
of 5000 cooperatives made up of a set of randomly selected participants were analyzed.

4.1. Hypothetical Cooperatives (Energy Cooperatives Adopted for Simulation)

Table 2 presents a summary of the most important information concerning farms
that are prosumers or energy consumers and that have become members of the energy
cooperatives established for the purpose of the research. The generation structure in
prosumer farms was based on various renewable technologies and fuels. The average daily
production level in prosumer farms varied between 13 and 100 kWh. It is worth noting that
photovoltaic sources dominated the generation structure, whose production characteristics
resulted in generation shortages at night and capacity surplus at noon. The variability of
the daily generation level of individual members of the cooperative ranged between 0 and
1075 kWh and the average daily energy demand was between 0 and 651 kWh.

Table 2. Information concerning farms (prosumers and energy consumers) before the establishment of the cooperative.

Cooperative
CP1-Members

Cooperative
CP2-Members

Cooperative
CP3-Members

Cooperative
CP4-Members

Cooperative
CP5-Members

Members 11 15 11 15 16

Capacity [kW]

PVPP 3810 1815 550 1635 2605
SHPP 200 200 200 200 200
WPP 3750 500 0 1000 1250

BMPP 400 800 0 400 1600
BGPP 600 200 0 400 600

Production

Total
[kWh/year] 8,760,000 3,515,000 750,000 3,635,000 6,255,000

Average
[kWh/day] 100 33 13 35 47

Max
[kWh/day] 1075 394 120 685 891

Min [kWh/day] 0 0 0 0 0
Std. dev

[kWh/year] 78 25 10 25 34

Consumption

Total
[kWh/year] 9,757,041 3,558,868 761,883 3,383,286 5,921,660

Average
[kWh/day] 101 27 8 26 42

Max
[kWh/day] 651 234 66 285 366

Min [kWh/day] 2 0 0 0 0
Std. dev

[kWh/year] 26 13 2 11 14

PVPP—Photovoltaic power plant; SHPP—Small hydro power plant; WPP—Wind power plant; BMPP—Biomass power plant; BGPP—
Biogas power plant.

For each member of the five cooperatives analyzed, the optimization task was solved
and the production mix, total energy consumption and energy loss within the network
deposit—unused in the annual billing period—was determined. The simulation results for
energy cooperatives and the aggregated results for the individual members are presented
in Table 3.
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Table 3. Simulation results for cooperatives compared to the results obtained by aggregating partial results of the individual farms.

Consumption from the Network
(Outside the Network Deposit)

[kWh/Year]

Sending to the
Network Deposit

[kWh/Year]

Collection from the
Network Deposit

[kWh/Year]

Loss on the
Network Deposit

[kWh/Year]

Cooperative CP1 (1) 2,073,952 2,522,978 1,446,067 67,737

Cooperative CP1-Members (2) 2,143,778 2,915,817 1,769,080 272,049

(3) = (1) − (2) −69,826 −392,839 −323,014 −204,313

(4) = (3)/(2) −3% −13% −18% −75%

Cooperative CP2 (5) 487,893 1,091,142 647,116 7571

Cooperative CP2-Members (6) 483,684 1,289,791 849,975 52,898

(7) = (5) − (6) 4209 −198,650 −202,858 −45,327

(8) = (7)/(6) 1% −15% −24% −86%

Cooperative CP3 (9) 149,797 344,764 206,850 9

Cooperative CP3-Members (10) 122,274 352,138 241,746 4750

(11) = (10) − (9) 27,523 −7374 −34,896 −4741

(12) = (11)/(10) 23% −2% −14% −100%

Cooperative CP4 (13) 290,354 1,153,711 611,642 80,591

Cooperative CP4-Members (14) 332,716 1,476,989 892,559 141,363

(15) = (13) − (14) −42,362 −323,278 −280,916 −60,773

(16) = (15)/(14) −13% −22% −31% −43%

Cooperative CP5 (17) 430,477 1,787,588 1,023,770 48,835

Cooperative CP5-Members (18) 469,204 2,034,755 1,232,211 192,167

(19) = (17) − (18) −38,727 −247,167 −208,440 −143,332

(20) = (19)/(18) −8% −12% −17% −75%

The analysis of the calculation results leads to several key conclusions:

• In each of the cases of energy cooperatives analyzed, there is a significant reduction
in the loss on the network deposit, i.e., the energy accumulated in it is used almost
entirely within the set billing period. This is particularly evident in the case of
Cooperative CP3, where at the end of the year there is only 9 kWh left in the deposit.
If the cooperative were not established and its members were not accounted for on an
individual basis, the total stock of their deposits would be 4750 kWh. Thus a nearly
100% reduction in lost volume was achieved. The worst results allow for a reduction
in energy loss, as much as by 43% from 141,363 kWh to 80,591 kWh.

• In each of the cases of energy cooperatives analyzed, there is an increase in self-
consumption, i.e., the consumption of electricity by the cooperative during which
the electricity production occurs. This effect is shown in Table 4. The increase in self-
consumption translated into a reduction in sending of energy to the network deposit
and a reduction in the volume of energy drawn from the deposit. The reduction in
the volume of energy fed into the deposit by the cooperative compared to the sum
of individual use of the deposit by its members ranged from 2% to 22%. It should
be emphasized that the energy fed into the network deposit is drawn from it, taking
account of the discount, so minimizing the volume of energy that is sent there is a
desirable phenomenon.

• In three out of five cases it was possible to parameterize the optimization model in
order to achieve a reduction in the energy consumption from the network. In the
case of cooperative CP2, no significant change in the amount collected was observed
between the scenario of the aggregate of individual functioning of farms and the
cooperative thereby established. The establishment of cooperative CP3 proved to be
ineffective from this perspective, since the volume drawn from the network increased
by 23%. The optimization objective set in the task, consisting in a minimization of
the deposit loss and electricity consumption from the distribution network, is also
very important from the perspective of aspects of economic rationality not analyzed
within the framework of the paper, but extremely important. Energy consumption
from the network outside the network deposit is billed each time at full purchase cost
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including both the electricity component as a commodity and full distribution fees
relating to its delivery. The loss of electricity in the deposit after the billing period is
closed is of a similar nature.

• In order to present the economic benefits of the operation of energy cooperatives,
Table 5 presents the results of analyses for the example cooperative CP4 (Source
data, calculation formulas and results are available as Supplementary Materials—at
public source file “Analysis_CP4.xls”) taking account of the costs of energy, costs of
distribution and power (capacity market) fee, broken down into: (i) costs incurred
individually by farms, (ii) costs incurred by farms as prosumers, (iii) costs incurred
by farms—members of cooperatives. The calculations were made based on the actual
tariff rates [60]. Due to the complexity of the economic analyses, their complete picture
is an area of separate analyses and publications conducted by the authors’ team.

Table 4. Energy self-consumption at the level of the energy cooperative and the individual members.

Cooperative CP1 Cooperative CP2 Cooperative CP3 Cooperative CP4 Cooperative CP5

Self-consumption in a cooperative [%] 71 69 54 68 71

Average level of self-consumption among
members of an energy cooperative [%] 57 43 37 48 52

Table 5. Economic account results for energy cooperative (CP4).

Stage Users
Energy Cost Distribution Cost Capacity Market Total

PLN PLN PLN PLN

1

Farm1 193,958 64,035 14,923 272,916
Farm2 592,559 195,632 45,591 833,782
Farm3 118,430 18,588 10,730 147,748
Farm4 148,143 23,252 13,422 184,817
Farm5 97,014 15,227 8790 121,031
Farm6 59,344 6591 4706 70,641
Farm7 66,762 7414 5295 79,471
Farm8 61,525 6833 4879 73,238
Farm9 86,834 9644 6886 103,364
Farm10 15,708 4928 1073 21,708
Farm11 2826 887 193 3906
Farm12 13,937 4372 952 19,260
Farm13 3315 1040 226 4582
Farm14 15,262 4788 1042 21,091
Farm15 72,372 22,703 4942 100,017

Total (1) 1,547,988 385,933 123,651 2,057,572

2

Prosumer1 15,920 5256 1162 22,338
Prosumer2 21,844 7212 1595 30,650
Prosumer3 16,426 2578 1658 20,662
Prosumer4 24,614 3863 2367 30,843
Prosumer5 8502 1334 757 10,594
Prosumer6 11,567 1264 731 13,561
Prosumer7 13,003 1412 851 15,266
Prosumer8 12,237 1330 807 14,374
Prosumer9 417 40 29 486
Prosumer10 3174 996 186 4355
Prosumer11 836 262 47 1145
Prosumer12 2869 900 164 3932
Prosumer13 1294 406 73 1773
Prosumer14 3572 1121 210 4903
Prosumer15 15,475 4854 861 21,190

Total (2) 151,747 32,829 11,498 196,074

3

Member1 15,059 4546 1186 20,792
Member2 46,006 13,890 3624 63,520
Member3 12,637 1983 1185 15,805
Member4 15,807 2481 1482 19,770
Member5 10,352 1625 970 12,947
Member6 5047 1061 383 6491
Member7 5678 1187 431 7295
Member8 5232 1114 397 6744
Member9 7385 241 560 8186
Member10 1349 423 96 1869
Member11 243 76 17 336
Member12 1197 375 86 1658
Member13 285 89 20 394
Member14 1311 411 94 1815
Member15 6215 1950 444 8609

Cooperative (3) 133,801 31,454 10,976 176,231

(2) − (1) −1,396,241 −353,104 −112,153 −1,861,497
(3) − (1) −1,414,187 −354,479 −112,675 −1,881,340
(3) − (2) −17,946 −1375 −522 −19,843
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The economic analysis of the selected energy cooperative (presented in Table 5) proves
the profitability of its establishment and operation. The analysis does not take account of
the fixed distribution and settlement fees, as these are the same at each stage. Additionally,
similar to the assumptions of the model, the analysis of investment outlays was not
included. Investments in generation sources and the related cost depend not only on
the technological solutions used, but also on many ways of financing. It is possible,
for example, to obtain subsidies or loans under national and regional support schemes,
to participate in RES auctions, to participate in the feed-in tariff or feed-in premium
mechanisms. The parameterization of grants and loans is conditioned by many (frequently
changing) factors—the above makes it impossible to carry out a synthetic analysis and
include it in the article [61].

• Self-consumption can be considered as a parameter for optimal adaptation of the
generation profile to the consumption profile. In the analytical scenario before the
establishment of energy cooperatives, the average self-consumption in prosumer
farms ranged from 37% to 57%. The establishment of the cooperative made it possible
to achieve simultaneous generation and consumption at 54–71%.

The solution to the optimal task within the production resources held by its individual
members consisted in determining for each cooperative the equivalent of total energy
consumption from the network and total uncollected energy within the network deposit,
as shown in Table 6.

Table 6. Evaluation of optimization results.

Consumption from the Network (Outside the
Network Deposit) [kWh/Year]

Loss on the Network
Deposit [kWh/Year]

Subject of Optimization

(1) (2) (3) = (1) + (2)

Cooperative CP1 2,073,952 67,737 2,141,689

Cooperative CP1-Members 2,143,778 272,049 2,415,827

Profitability of the Cooperative CP1 vs. Members scenario 11.3%

Cooperative CP2 487,893 7571 495,464

Cooperative CP2-Members 483,684 52,898 536,582

Profitability of the Cooperative CP2 vs. Members scenario 7.7%

Cooperative CP3 149,797 9 149,806

Cooperative CP3-Members 122,274 4750 127,024

Profitability of the Cooperative CP3 vs. Members scenario −17.9%

Cooperative CP4 290,354 80,591 370,945

Cooperative CP4-Members 332,716 141,363 474,079

Profitability of the Cooperative CP4 vs. Members scenario 21.8%

Cooperative CP5 430,477 48,835 479,312

Cooperative CP5-Members 469,204 192,167 661,371

Profitability of the Cooperative CP5 vs. Members scenario 27.5%

It is worth noting that in the case of cooperatives CP1, CP2, CP4 and CP5, the profitabil-
ity was of 7.7% to 27.5%. At −17.93% cooperative CP3 turned out to be unprofitable. This
result was different to the authors’ expectations and was the starting point for designing
and conducting the second series of experiments.

4.2. Random Cooperatives

As part of this experiment, the profitability of cooperatives selected at random from the
previously prepared data of about 100 prosumers was analyzed. As in the first experiment,
the individual prosumers’ data were prepared on the basis of current data. The composition
of the cooperative was drawn from this set and then the optimal tasks for the individual
members and the cooperative were solved. Cooperatives with 10, 20, 30, 40, 50 members
were considered. The main result of the experiment is shown in Figure 2. A single point
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describes the profitability of the cooperative. On the horizontal axis, the total installed
capacity of the cooperative and on the vertical axis, the profitability of the cooperative as a
percentage value are provided. The experimental points corresponding to cooperatives
with a certain number of members are marked in one color. Additionally, regression
straight lines were applied to each such group of points.

Figure 2. Visualization of the profitability of the energy cooperative by number of members.

The statistical results determining the level of profitability as percentages are pre-
sented in Table 7. The first column indicates the number of members of the cooperative.
The following lines contain statistics corresponding to a cooperative with a certain num-
ber of members. The second column contains information on the minimum value of the
profitability of the cooperative. This is followed by the 5%, 25%, 50%, 75%, 95% quantiles
and the average profitability. The final columns comprise the maximum value, standard
deviation and number of observations greater than zero.

Table 7. Statistics of the profitability of the cooperative depending on the number of members.

Number of
Members

Min. Quantile 5% Quantile 25% Median Mean Quantile 75% Quantile 95% Max Standard
Deviation

Greater
than Zero

10 −27.70 −10.93 −1.63 2.42 1.73 6.59 11.18 18.98 6.86 683
20 −18.16 −7.51 −0.40 2.51 2.38 6.36 9.84 16.20 5.21 718
30 −12.21 −4.03 0.62 2.66 2.77 4.97 9.05 13.24 3.90 695
40 −7.63 −2.05 0.83 2.30 2.51 4.00 7.79 11.76 2.86 847
50 −4.95 −1.10 1.16 2.32 2.39 3.50 6.06 10.16 2.08 899

Table 7 shows that the average profitability of cooperatives with different numbers
of members is similar and amounts to around 2%, but the risk of losses varies greatly. As
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the number of members increases, the respective profitability distributions become more
concentrated—see Figure 3.

Figure 3. Distribution of the profitability of the cooperative by number of members.

Experimental data were analyzed using a regression-tree algorithm in order to detect
the rules governing cooperatives’ profitability. Separate trees were created for cooperatives
with the same number of members. As variables describing profitability, the aggregates of
correlation matrices of average weekly profiles in hourly granulation and average annual
profiles in weekly granulation were assumed; information on the structure and capacity
of sources installed were also used. The set of decision-making rules makes it possible to
conclude that in order to maximize the profit of the cooperative:

• for small cooperatives, participants with a similar aggregated energy demand whose
daily/weekly profiles are negatively correlated as much as possible should be selected;

• for larger cooperatives, aggregated energy demand may vary greatly, but the correla-
tion of annual demand trends should be as close as possible to 1;

• diversification of generation sources should be pursued; optimal results were obtained
for cooperatives which had a small hydro-power plant and a wind-power plant, but
with a share in production not exceeding 30%.

It is worth noting that as the number of members increases the risk of losses (negative
profitability) decreases. As the number of members increases, the minimum profitability
increases and the standard deviation decreases.

5. Conclusions

The results of the research and simulations confirm that the profitability of energy
cooperatives is highly dependent on the nature and supply and demand profile of its mem-
bers. The analyses unequivocally confirm that the more numerous an energy cooperative
in which the daily-hour profiles of its participants are maximally negatively correlated,
the higher is the probability of positive profitability, understood as the minimization of
the sum of energy consumption from the network and energy loss in deposit. However,
positive profitability in such a scenario means lower profitability than would be the case
for cooperatives with fewer members. The level of profitability is, therefore, limited, but
the probability of achieving it increases.

The establishment of energy communities on the basis of energy cooperatives has
not yet been practically analyzed in Poland. In the authors’ opinion, this phenomenon
is caused by the necessity to carry out a dedicated and non-trivial optimization analysis
each time confirming the profitability of establishing a cooperative, which is proved by
this research. However, the analyses suggest that in most cases there is a solution that
guarantees the creation of a profitable cooperative. This is confirmed by the results of the
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simulation, in which the objective for the first group of simulations was achieved in four out
of five cases. The second group of calculations each time concerned 1000 simulations, for
each of the five variants with 10, 20, 30, 40 and 50 members of the cooperative. The results
obtained—respectively 683, 718, 695, 847 and 899—also confirm this thesis.

It is worth noting that the legislative framework determining the functioning of energy
cooperatives in Poland imposes relatively unfavorable boundary conditions for their devel-
opment. In particular, the high discount rate of 1/0.6 is a limitation for the establishment
of cooperatives. It limits their profitability in the context of the possibility of independent
functioning of farms in the prosumer area and the achievement of discount rates of 1/0.7 or
1/0.8. It is also worth emphasizing that the negative impact of a high discount factor (ratio)
can be limited by the physical storage of surplus energy and minimizing its flow through
the operator’s network. Work is currently underway in Poland to develop and launch
support schemes for the construction of energy storage facilities, which will certainly have
a positive impact on the increase in the profitability of energy cooperatives. In the authors’
opinion, the legal solution in Poland and—as shown in the paper—giving measurable
effects in most cases, may also be applicable and scalable in other EU countries obliged to
build distributed and civil energy (corresponding to the Community framework imposed
by institutions such as REC and CEC) [8,11].

In order to fully assess the profitability of cooperatives, financial aspects not covered
by this paper (excepting the analysis for CP4—see Table 5) should also be taken into
account, including both the amount of capital expenditure and operating costs. Market con-
ditions, including current electricity prices and transmission and distribution fees, are also
becoming crucial in this context—as well as energy storage (batteries) and e-mobility charg-
ers. Due to their complexity, these elements will constitute an area of further exploration,
research and publication by the authors’ team.

Supplementary Materials: The data presented in this study can be found here, https://www.mdpi.
com/1996-1073/14/2/319/s1.
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43. Piwowar, A.; Dzikuć, M. Development of Renewable Energy Sources in the Context of Threats Resulting from Low-Altitude
Emissions in Rural Areas in Poland: A Review. Energies 2019, 12, 3558. [CrossRef]
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Abstract: This paper provides values of economic, energy and environmental assessments of 20 crops
and assesses the relationships of soil-climatic conditions in the example of the Czech Republic. The
comparison of main soil quality indicators according to the configuration of land and climate regions
is performed on the basis of energy and economic efficiency as well as a comparison of the level
of environmental impacts. The environmental impacts are identified based on the assessment of
emissions from production and also in the form of soil compaction as an indicator of the relationship
to soil quality. As concerns soil properties, of major importance is soil skeleton, slope of land and
the depth of soil, which cause an increase in emissions from the energy produced. Substantially
better emission parameters per 1 MJ through energy crops, the cultivation of perennial crops and
silage maize has been supported. Among energy crops, a positive relationship with the quality of
soil is seen in alfalfa, with a significant reduction in soil penetrometric resistance; energy crops are
also politically justifiable in competition with other crops intended for nutrition of population. The
main advantage of energy crops for the low-carbon economy is their CO2 production to MJ, which is
almost half, especially in marginal areas with lower soil depths, slopes and stoniness, which can be
included in the new agricultural policy.

Keywords: energy crops; gross margin; local conditions; climate; soil; modeling; LCA

1. Introduction

The relationship between food production, energy and the environment is currently an
essential issue faced by agriculture [1]. Soil as a means of crop production is subject to many
relationships associated with nutrition of population, environmental cleanliness as well as
the need to ensure a sustainable source of energy [2]. The problem is escalating due to the
necessity to secure food for the growing population [3–5], while responding to changes
in farming conditions as a result of climate change [6,7]. A need arises to more accurately
specify the production that will be politically justifiable. It turns out that the priority
for political decision-making is the food and nutrition security of the population, but a
wide-ranging discussion has emphasized the additional potential of energy generation
from agricultural products. The entire process has not been adequately specified as yet
due to insufficient knowledge of the context of agricultural production with regard to the
referred to aspects and diverse conditions [8]. Discussions have been opened up on the use
of straw for energy purposes [9], but there are also other matters to be addressed apart from
the sufficient volume of production, which also concern the organic matter in soil [10,11].

Agricultural production has diverse impacts on the environment, economy and energy
production depending on the relevant conditions [12]. Determination of soil and climatic
conditions for crop production and their impact on energy and the environment are crucial
for drafting the supporting documents for the purpose of analyzing the relationship be-
tween the energy production possibilities and the environment as well as for agricultural
policy-making. The existing data provide good quality information regarding the individ-
ual crops in the form of a case study helping to identify mutual relationships. However, a
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systematic overview of crop production as a whole, including energy production and links
to the environment, is missing. The submitted paper uses the comprehensive information
on land resources in the Czech Republic and draws up mutual interactions of economic and
energy nature that are dependent on the main characteristics of climatic and soil conditions
in the Czech Republic. The paper determines the energy and economic margin based on the
cost–benefit analysis by crop production technology, and also a comprehensive relationship
to the environment based on the life cycle assessment (LCA) analysis for a total of 18 im-
pacts in line with the midpoint analysis. Matters of evaluation of production with respect
to decision-making on support, location and potential of agricultural crop production also
for energy generation are addressed by numerous recent publications [13–15]. Multiple
issues arise that are difficult to resolve by the agricultural policy unless the main economic,
energy and environmental context is known well in advance [8].

These matters are extensively covered by the literature. Nonetheless, for the evalua-
tion of all relationships, no comprehensive data are available on the entire territory and
production structure. These issues are therefore mostly reflected only with respect to the
production of one or more crops based on a model solution or a case study [14].

All the explored parameters, namely the economic, energy as well as environmental
parameters, should be subjected to a comprehensive analysis in order to find the optimal
future use of crops. Razm [16] in his production assessment used the LCA model in order
to achieve the Pareto optimality in assessing the environmental and social impacts of crop
production. This procedure can also be applied to seeking the optimal production when
making decisions on the use of biofuels.

Some countries have searched for the missing framework for crop production
assessment—e.g., development of supporting documents for agricultural crop production
in Denmark should be based on a review and an assessment of publicly available databases,
inventory reports and scientific literature on measures in the field of governance and their
effectiveness with respect to legislation, agreements, conventions and standardizations
(Bentsen [17]). The main reason behind this is the necessity to promote the environmental
sustainability represented by greenhouse gas emissions from the agricultural sector, soil
carbon sequestration, water quality, and biological diversity.

The bioeconomy plays an important role in replacing fossil fuels and is the key factor
for sustainability. Wohlfahrt [8] stresses the socio-ecological concept of its exploration,
the importance of knowledge of individual territories, flexibility of business activities of
subsystems and local regulatory instruments. This justifies the necessity to develop an
integrated model approach with various subsystems and heterogeneity. This builds on the
assessment of agricultural land composition and its configuration.

2. Materials and Methods

The energy plan of the Czech Republic provisionally estimates that with a decrease
in the production of biofuels from 11,093 TJ in 2020 to 9276 TJ in 2030—i.e., a decrease by
approximately 15%—that biogas production should fall from 22,856 to 20,166 TJ—i.e., by
12% [18]. This plan states that the value of agricultural production is very uncertain in
the future and depends mainly on the setting of the rules of the Common Agricultural
Policy (CAP). Further development of the trend is based on a careful evaluation of all
aspects of energy production, including in terms of the function of energy production in
the landscape.
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Overall energy effectiveness of production is conditional on the choice of crops in the
given location, while respecting local conditions which depend on the particular type of
farming of agricultural holdings and may vary according to the needs of animal production.
Fundamental studies necessary to derive energy indicators have been addressed by a
number of authors [19–21], and data for the Czech Republic from the IAEI survey and
Preininger [22] were used in this analysis.

In the Czech Republic, a permanent monitoring system of agricultural production
was developed based on the evaluation of evaluated soil ecological units (ESEUs, in the
Czech Republic called BPEJ, introduced in the Czech Republic in 1970). The system is
based on the classification of climatic factors within the climatic region (Appendix C,
Table A2, the main soil unit (MSU (HPJ)), describing the main pedological characteristics
of soil, and on the description of terrain configuration: slope (◦), deep of the soil (cm),
stoniness (%), and by the area in the Czech Republic [23]. MSUs are laid down in a
decree [24], but more information is provided by the tracking of the Research Institute for
Soil and Water Conservation [25]. In the Czech Republic, a total of 2199 ESEUs have been
classified that are mutually compatible throughout the territory of the Czech Republic.
Based on the definition of these units, a paper was elaborated in order to cast more light
on the links between the production and soil-climatic conditions—e.g., the modification
of economic indicators based on production functions [26]. Even though the evidence of
ESEU is domestic, the obtained generalized information can also be used for assessments
in other countries.

Environmental indicators are essential to assess any production. The LCA assessment
of crop growing impacts is described, e.g., by [27–30], and preparations are carried out for
individual evaluation of technologies for the size of emissions, especially CO2 [31].

This study is based on the values included in the Agri-footprint 4.0 database [32]
and impact categories of the ReCiPe method were used. Model processes, based on Agri-
footprint database processes, were modified on the basis of specific data for the Czech
Republic. The adequacy of the modified processes was verified by comparison with the
results of the original Agri-footprint processes and the Ecoinvent 3 database.

The data included in the national database of soil economic information were used
to set the main yields and inputs and are subsequently updated in line with the soil and
climatic conditions in the Czech Republic. The statistical survey is based on a sample
cost survey of approximately 250 agricultural enterprises and the results are processed
according to the IAEA methodology [33,34].

Information on crop yields and costs on individual soil-climatic conditions was
used to calculate total emissions in individual categories according to the Agri-footprint
database [32] and to calculate crop production in MJ. The resulting ratio was assessed
against the description of soils in the Czech Republic [35].

The current papers add more information on ESEU and thus offer a comprehensive
picture of mutual inter-relationship of economic, energy and environmental aspects [36–38].
Figure 1 shows a comprehensive monitoring system based on available data, which are
validated and specified against individual ESEUs. The diagram shows the sources for
processing the economic and energy data of crop yields, technologies and their costs as
well as the composition of crops, including links to the calculation of emissions from
Agri-footprint data.

The main scheme of calculation is given in Appendix A. It is used to calculate the
economic, energy and environmental data.

The basic approach consists in the cost–benefit analysis of production of individual
crops.
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Figure 1. Processing of economic, energy and environmental data for calculation.

2.1. Method to Determine the Economic and Energy Values

When assessing the production, the indicators of economic and energy gain (Gross
margin including overheads) were determined based on the production value once the
necessary operating and overhead costs were deducted [39].

GMoi,p = SOi,p − COGSoi,p (1)

where: GMo,i,p is a Gross Margin with overheads for crops p and soil-climatic conditions
i, COGSo = cost of goods sold including overheads (EUR·ha−1) and SO is a standardized
output of crop products (EUR·ha−1). More details are provided in Appendix B.

This procedure was opted for due to the need to calculate the total costs of production
for the purpose of assessing the economics of farms according to individual crops by the
Institute of Agricultural Economics and Information (IAEI) and it is reflected in all the
supporting documents [40].

The overheads are derived from the economic data on agricultural holdings ascer-
tained by the IAEI survey and, with respect to energy, the same value was used as the
costs of working operations in in the overhead costs to direct variable crop production cost
ratios. The reason thereof is primarily the burdening of production of some crops (e.g.,
potatoes) with high overhead costs of postharvest treatment and storage.

The market price of agricultural production resulting from the IAEI statistical survey
and the resulting price depends on the yields corresponding to the given soil and climatic
units according to ESEU.

Energy gross margin including overheads 2 is similar:

EGMoi,p = ENSi,p − ECOGSoi,p (2)

where: EGMo,i,p is the energy gross margin with overheads for crops p and soil-climatic con-
ditions i, ECOGSo = energy of cost of goods sold (GS) including overheads (Tables A4–A7
MJ) and ENSi,p is the standardized output in MJ (Table A3).

The energy values of EGMo, i, p production were evaluated on the same inputs and
outputs as GMo (1). The primary energy values of the costs are derived from weight of the
machines in kilograms listed in the database according to the example in Table A1, where
the weights (in kilograms) of machines needed for the production inputs are described.
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The value of primary energy per kilogram of weight (Table A5) is divided by the number
of years of depreciation and by the number of hectares processed per year. Energy of
fuel (Table A6) is given by fuel consumption for work operations and for maintenance on
the basis of fuel consumption equivalent, fuel consumption for the transport of materials
and technological equipment, according to the energy of organic and inorganic fertilizers
(Tables A6 and A7) [34], and protective equipment [41]. The costs were calculated by the
Institute of Agricultural Economics and Information (IAEI) [36]. The costs of transport of
material were calculated for the standard distance of 5 km between the farm and the land.
The calculation of costs also included the labor costs based on the average labor rates in
agriculture in the last 5 years.

Soil conditions were determined by soil classification in the ESEU system. Data on
slope, soil depth and percentage of stones over 2 mm in the soil were evaluated in the
physical units.

The economic values of yields and inputs into the soil for soil-climatic conditions in
the Czech Republic were compiled according to the database of ESEUs rated [33,35,36].
Earlier data on revenues for ESEU based on the data of 1970 have been updated by a
detailed survey of 529 plots conducted over a period of 9 years (2002–2010). The yield (Y)
design was based on the production functions of the dependence of yields on natural and
technological conditions [38] according to Equation (3).

Y = f (Wt; S; Z; P; L; T) (3)

where Y: yield of crops, W: variables of temperature, precipitations and soil moisture, S:
soil type, sort and conditions, Z: nutrition of nitrogen, phosphorus and kalium; P: number
of chemical protection operations, L: cultivation of soil and T: progress of technology.

The underlying values for yields and similarly for nitrogen dosing and the chemical
treatment application were compiled according to the statistical valuation of the given
environmental conditions [39].

According to the identified functions, the yields were standardized to the remaining
soil-climatic conditions. Subsequently, the proposed value of standard yields was validated
with the current value of yields under the given conditions, and a new standardized
value of yields was proposed for ESEU. A similar function such as the derivation of the
yield (Relationship 3) was compiled by the dependence of nitrogen doses on soil-climatic
influences.

An example of a comparison of actual and standardized results of production functions
for yield of winter wheat is shown in Figure 2.

The compiled standardized yield values correspond to the categories of soil-climatic
conditions for which the values are determined. The climatic factors that are most important
for the achieved yields are therefore always calculated for the relevant classification scale
and its values—i.e., for climatic regions 0–9 (Table A2). When evaluating specific yield
conditions, there is always a deviation from the standardized values due to the achieved
weather values, which similarly applies to the monitored soil values. Nevertheless, the
database is based on the balanced properties given by long-term observation and statistical
analysis of individual effects. For the purpose of this article, the data are sufficiently
informative even if they do not meet the requirements of directly measured values, and
thus the statistical results are affected by a certain similarity of climatic and soil influences
within specific groups of conditions.
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Figure 2. Comparison of winter wheat yields and yield prediction using the production function [38].

For the economic evaluation of the cultivated crop, the economic efficiency ηEp was
determined according to the Equation (4).

ηEpi,p = SOi,p/COGSoi,p (4)

as the ratio of the value of output (SO) to the value of input (COGS).
Energy efficiency ηEnp is computed similarly in Equation (5).

ηEnpi,p = ENSi,p/ECOGSoi,p. (5)

2.2. Assessing the Environmental Impacts of Crop Production

The assessment comprises the methods determining the formation of emissions from
crop production on soil, water and air as well as physical impacts of production on the
quality of soil in the form of soil compaction.

Determining the Formation of Emissions on the Environment

The content of the evaluation in this article is mainly the ratio of individual types
of emissions and the achieved energy of outputs, which evaluates the relationship of
individual ESEUs and crops to emissions. The main indicator assessing the environmental
impact of production used in this paper was the ratio of total emissions of individual types
of indicators to the total crop production including the by-product [42].

Environmental impacts were added on the basis of a description of specific emissions
(midpoint) and the system allows global life cycle impact (endpoint) for selected crops [39].
Values are based on the results of the ReCiPe method assessment of primary data for the
Czech Republic and the secondary results are based on the Agri-footprint LCI database.

In this context, the stages of the product life cycle are divided into: upstream—processes
preceding the actual manufacturing of the product, core—actual manufacturing of the
product and downstream—processes following the manufacturing of the product.
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2.3. Model Processes to Determine Emissions

The model processes are based on the Agri-footprint database; they were modified
using the specific data of IAEI and are based on the data for energy evaluation—the
weight of machinery, repairs (equivalent in l/ha of consumed diesel), transport costs
(energy requirements of transport in MJ/ha), consumption of fuels and chemical protection
(necessary technology in MJ/ha and weighted dose of pesticides in kg/ha) were expressed
as diesel consumed by diesel engine of an agricultural machine (energy, from diesel burned
in machinery/RER economic) [41,43–45]. The impact of fertilizers was calculated for crop
inputs of N, P2O5, K2O, MgO, CaO, and S, and the emissions factors were derived from
Agri-footprint database. The emission size relationship is based on the source data of the
Agri-footprint database [32,46]. Organic fertilizers were calculated as manure in accordance
with the database documents at the level of ESEU. Emissions to air mainly include nitrous
oxide, ammonia and pesticide residues, carbon dioxide emissions, which as a reaction
of soil with limestone and urea were not included due to the lack of specific data on
consumption. Based on the specific data, emissions from minerals, livestock manure and
pesticides were recalculated and adjusted. Emissions from crop residues remained the
same as in the original process. Emissions to water from mineral fertilizers and livestock
manure and pesticides were recalculated and adjusted on the basis of specific data, and
emissions from crop residues and heavy metals were assessed according to the original
process. Emissions to from soils were based on the specific data; emissions from pesticide
residues were recalculated and adjusted and heavy metal emissions were used from the
original process.

The ratio of total emissions of individual types of indicators and the energy contained
in the total production of the crop, including the by-product, was used as the main indicator
for assessing the ecological impact of production. An overview of the average energy
efficiency of crops in the Czech Republic is given in Figure 1. To assess the impact of
emission to MJ (EmMJ) of produced energy, the specific value of emissions per unit of
output energy in MJ 6 was used:

EmMJi,p = EMmidpi,p/ENSi,p (6)

where EMmidp is the emission of midpoint classifications as a sum of all included partial
emissions of operations, fertilization, chemical inputs and transport, for crops p and soil-
climatic conditions i.

Evaluation of the significance and influence of individual ecological indicators is a
separate issue beyond the scope of this work. For their complex evaluation, it is possible
to use more methods based on the evaluation of the meaning and weights of individual
indicators. Due to the large number of indicators and their various possible interpretations
and due to the simplification of the issue, the methodology of multicriteria decision-making
was chosen to determine the total emission value per MJ EEm according to Equation (7)

EEmi =
k

∑
E=1

(
l

∑
i=1

Emo/l)/k (7)

where Emo is an order of the value of emission for ith crop on ESEU, E is a sort of emission,
k is a number of calculated emissions and l is a number of ESEU.

3. Method of Processing

Databases are maintained in MS Access and MS SQL databases. For each ESEU,
selected technology and crop, standardized values of economic and energy efficiency ηEp
ηEnp as well as Emo and EmMJ for each environmental indicator were processed.
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The supporting documents were elaborated in line with the technological procedures
and verified yields of individual crops under the given ESEU. In the system, it is possible
to compile procedures for different antierosion methods of soil treatment and for different
nitrogen inputs. To compare soil-climatic conditions, the plowing method of tillage was
chosen. All individual ESEU categories were always evaluated during the processing. To
evaluate the average conditions of crops, weighted averages of indicators of crops were
calculated according to the area of ESEU representation in the Czech Republic.

4. Method of Assessment of Crop Impacts on Soil Environment

The impact of crops on soil compaction was evaluated from a survey conducted in
the years 2002–2011; the assessment of the impacts on soil was based on the penetrometric
resistance of soil, which is an appropriate indicator of the overall conditions of agricultural
land [47,48], bearing in mind the need to obtain information on deeper layers of soil on
large areas. Soil penetrometric resistance is closely related to soil-organic carbon (SOC)
formation, where soil resistance decreases with higher soil content [49].

The underlying principles of penetrometer measurements are described in the paper
by Lhotský [50]. The methodology has been modified to have one sample point for
approximately 5 ha. There were three sample points on a plot with the area of up to 10 ha,
with another sample point that always added an additional area of up to 5 ha; the sufficient
number of sample points, however, was 10. The location of these points was chosen so
that they were equally distributed across the entire land plot and were not located in the
headland. During each measurement, the probe was pushed into the soil at a constant
speed and the penetrometer was reset in cases where the probe hit a stone. Soil samples
were collected in each plot in order to determine the soil moisture—namely, from no deeper
than the soil tillage depth and from the subsoil layer.

The obtained values of penetrometric resistance are expressed in the form of the mean
resistance of three layers—namely, 0–18 cm, 19–38 cm and 39–72 cm.

The results were assessed based on the correlation analysis and show, as well as the
direct impact of the crop on the resistance, the general relationships, which determine the
effects of penetrometric reistance in the respective soil layers.

5. Results

The results of the comprehensive assessment of economic, energy and environmental
impacts of crop growing are based on the determination of individual soil and climatic
parameters of the locations where the crops are cultivated. Altogether, the assessment covered
a selection of 20 crops and different options for their use. The assessment of economic
indicators builds on the calibrated economic results of agricultural holdings—namely, on
the average of the last 5 years. Therefore, the results are stable and independent of the
respective year. The economic and energy indicators are based on the cost–benefit analysis,
which facilitates the evaluation of the absolute profit per hectare of the agricultural land
in monetary or energy terms. These indicators are shown in the figures and tables as the
attained efficiencies according to Relationships (4) and (5). The environmental indicators
are related to the produced energy in production including straw.

5.1. Relation of Economic, Energy and Environmental Characteristics to Soil-Climatic Conditions
in the Czech Republic

To determine more detailed effects of weather and soil conditions in the Czech Repub-
lic on the achieved economic, energy and environmental parameters, the available database
data of individual crops and environmental indicators in the database were processed.
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The overview of average energy and economic efficiency of crops in the Czech Repub-
lic in comparison to CO2 emissions is provided in Figure 3 and Table A8 and the average
terrestrial ecotoxicity values are described in Table A9, with individual data provided in a
separated file for all emissions [35].

 
Figure 3. Average values of ηEnp, ηEp and CO2 emission per GJ of energy in the product.

The system enables a comparison of results of ηEnp, ηEp and EmMJ in the same
soil-climatic conditions as well as all the other monitored inputs and outputs. The results of
individual crops show the lowest emission load for CO2 per MJ produced for forage bulk
crops, the largest load is achieved for crops with food use, where economic efficiency also
prevails over energy efficiency. The achieved environmental results depend very much on
the technologies used for growing crops and harvesting. For example, alfalfa has almost
the same cultivation technology as clover, but its environmental impact reflects a high
consumption of diesel fuel, when the silage mass is harvested by high-performance and
high-consumption cutters instead of using solar energy for drying. The different value
of the energy balance between energy and food crops also provides a new perspective
on emissions from animal production, which consumes bulk feeds with better energy
efficiency than food production.

In the following section, the main soil-climatic indicators according to the ESEU
system were used individually.

The obtained values in line with the ESEU code are included in Figure 4.
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Figure 4. Main configuration and climatic properties and EGMo, GMo and EEm in average of crops.

From the above dependencies, the importance of land and climate configuration indi-
cators is obvious. Due to the slope of soil, the energy efficiency decreases most significantly,
namely, by 1.58, while due to the stoniness of soil there is a decrease of 1.54, and due to
the depth of soil, of 1.29. Due to the difference in climate regions of 0.94, the difference in
economic efficiency decreases in similar relations, and in absolute values less significantly
(values in the graphs are multiplied by 10), but the percentage of the decrease is more
pronounced. The percentage changes of all indicators are given in Tables A10–A13.

The results for the main types of soil are shown in Figure 5.

 

Figure 5. EEm, ηEnp, and ηEp among the main types of soil in average of crops.

The results show the main difference value of ηEnp is 1.1; there is also an interesting
difference between the energy and economic efficiency in chernozem, which is mainly
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caused by growing economically favorable crops on fertile areas. Higher emissions per
energy of outputs correspond to the lower economic and energy efficiency.

5.2. Assessment of Impacts of Chosen Crops on Penetrometric Resistance

In order to assess the relationship to soil compaction, a survey was carried out measur-
ing the penetrometer resistance by frequency of crops grown on the plots. The assessment
also included cases when more than three values of penetrometer resistance for the re-
spective crop were obtained. The correlation analysis (Table A13) indicates the main
dependence of the value of resistance in the monitored crop, determining the effects of
penetrometer resistance in the respective soil layers.

The results of the survey of penetrometric resistances from the years 2002–2011 [38]
are shown in Figure 6.

 

Figure 6. The penetrometric resistance according to the number of crop repetitions depending on the
depth of the soil.

The results of penetrometer measurements and the identified trends in soil compaction
are included in Table A14, with plotted significant dependences of the penetrometric
resistance on the crop, the positive effects of alfalfa in subsoil, and the negative impact
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of winter rapeseed growing across the soil profile as well as of maize in the bottom layer
at the depth of more than 39 cm. The values in subsoil are crucial for the assessment of
effects of penetrometer resistance. The values of penetrometric resistance at the depth of
more than 39 cm can be influenced by penetrometer measurements that ended prematurely
due to the solid bedrock. The largest effect on subsoil compaction is seen in poppy seed
(difference of 1.88 MPa) and alfalfa (1.1 MPa). The highest compaction, on the contrary, is
reported for winter rapeseed (3.06 MPa) and triticale (1.4 MPa).

6. Discussion

The main contribution of this article is a comprehensive view of the economic, energy
and emission context of the production of individual crops according to soil and climatic
conditions. The evaluation of individual factors is based on the standardized values of
inputs and outputs of individual crop processing technologies up to the level of work
operations. The work thus enables a systematic view of the production structure of farms
in their soil-climatic conditions, and thus enables better planning and management of land
use in local conditions. The existing information in the literature is fragmented into partial
cases under specific conditions, which are difficult to combine into one framework to find
complex contexts. The literature presents analyses of individual energy and economic bal-
ance of crops, especially according to higher territorial units and countries, or on the basis
of a partial calculation of technology data and simulation of operating conditions [51,52].
This issue is addressed on the basis of data of technological processes individually also
according to the yield of straw [9,53] or biomass of selected crops [54]; however, the over-
all crop balance depending on local conditions for energy, economic and environmental
concepts is not addressed. Specific conditions by territorial units are determined on the
basis of statistical surveys without functional interdependence [9]. This work does not
address the individual technological context of the use of new technological procedures,
but the basic standardized framework, by which the newly obtained data can be evaluated.
The way in which emission data are processed by ordering ESEUs within individual crops
allows the impact of emissions on specific businesses and for specific input choices to
be adapted. The way in which emission data are processed by ordering ESEUs within
individual crops allows the impact of emissions on specific businesses and for specific
input choices to be adapted. Environmental impacts are based on the results of ReCiPe
method assessment of specific data for Czech Republic combined with model processes
of the LCI database Agri-footprint. A system approach to derive emissions based on this
database makes it possible to evaluate individual soil-climatic conditions based on the
full impact of technologies. The basis is a complete evaluation of emissions according to
primary energy in the manufacture of machinery, according to fuel consumption, fertilizers
and protective equipment depending on the doses of material and the performance of
kits in individual operations in specific soil and climatic conditions. Emission sources
are therefore assessed comprehensively and compared to some other sources, which only
evaluate some emission components [55]. The standard LCA database evaluation approach
allows for crop-specific evaluation but without the choice of individual emission items
according to machine aggregations [4,56]. This division makes it possible to adapt the
emission factors for the individual difficulty conditions.

A comprehensive evaluation of individual crops shows significant differences be-
tween energy and food crops. Higher economic efficiency of food crops is accompanied by
increased costs per unit of energy and higher emissions (e.g., soybeans, poppy, sunflower).
Higher energy efficiency of feed crops and lower emissions of energy produced can con-
tribute to a further discussion on the focus of food in relation to animal production as well
as to discussions on energy production. There are conflicting views on this topic and a
detailed LCA analysis of the whole process is needed [57–59]. An important context of the
relationship between emissions EmMJ from the production of feed crops and grains for
human consumption is given in Table 1.
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Table 1. Emissions per GJ of produced energy between crops for food and energy production.

Crops for Emissions Unit Unit/GJ % Dif %

Food Freshwater ecotoxicity kg 1.4-DCB 0.8142 100

Fodder Freshwater ecotoxicity kg 1.4-DCB 0.4080 50.11 −49.89

Food Global warming kg CO2 eq 30.1074 100

Fodder Global warming kg CO2 eq 15.4570 51.34 −48.66

Food Human carcinogenic toxicity kg 1.4-DCB 1.2271 100

Fodder Human carcinogenic toxicity kg 1.4-DCB 0.7158 58.34 −41.66

Food Terrestrial ecotoxicity kg 1.4-DCB 99.5932 100

Fodder Terrestrial ecotoxicity kg 1.4-DCB 50.2889 50.49 −49.51

The table shows that emissions produced from energy crops (fodder: clover grass,
clover hey, maize silage) are 42–50% lower per GJ of energy produced than those from food
crops (winter wheat, spring barley, peas).

The identified connections between energy, economic and environmental impacts of
agricultural crop production show a very significant dependence on soil-climatic condi-
tions. The article separately evaluated the individual properties of land on the operational
indicators of crops. The soil depth affects the energy efficiency of crops in the Czech
Republic by 15%, the economic efficiency by 21% and the overall order of emissions by
33%. The land slope affects the energy efficiency of crops in the Czech Republic by 18%, the
economic efficiency by 23% and the overall order of emissions by 31%. The stoniness affects
the energy efficiency of crops in the Czech Republic by 14%, the economic efficiency by 18%
and the overall order of emissions by 31%. The results depend on long-term observations
of the IAEA and the identification of crop production functions.

Climatic indicators are a factor acting together with soil indicators and according
to their specific compositions, overall results can be derived. The interaction is mainly
due to the achieved crop yields in specific conditions. From the point of view of the
suitability of crops for production, the dependences found show that marginal soils with a
shallow soil depth, high stoniness and slope, even on less fertile soils, have higher relative
emissions from crop production to 1 MJ. Consequently, there is a need to grow crops in
these conditions without large emission effects, especially perennial energy crops, which
can be used for both animal production and energy production.

The local conditions also cover the effects on the environment in soil based on the
mechanical effects of crop growing on soil. The obtained results suggest major impacts of
individual crops on soil conditions. The penetrometric resistance of the soil depends mainly
on the content of organic matter in the soil and on the method of farming. The content
of organic matter in the soil is ensured both by organic fertilization and in deeper layers,
above all by the decomposition of the root system of crops. According to the performed
penetrometric survey, less compaction of subsoil and subsoil is found in alfalfa and some
springs, spring barley and poppy. In terms of lasting effect on improving the condition of
the soil in the deeper layers of the soil, alfalfa is very important crop [60–62]. Global biogas
(methane) production needs new opportunities for production using legumes on arable
land, as they do not significantly degrade soil quality compared to other crops [63], unlike
the cultivation of sown maize [64]. Under the new climatic conditions, there is a significant
relationship to precipitation, where alfalfa is highly profitable in dry conditions, while
clover in humid conditions [65]. A very important advantage is the high production of
roots in depth with a positive effect on the soil structure, the content of soil organic matter
(SOM) and consequently also on the productivity of the stand [64]. This makes it possible
to improve the sustainability and resilience of the natural environment, in particular with
regard to reduced external inputs, improved humus balance (carbon, energy and nutrient
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cycle), reduced greenhouse gas emissions and the general positive impact of fodder and
catch crops in crop production practices [63].

For the purpose of aligning the growing of crops for food and energy purposes,
according to the effects of selected crops on soil ascertained based on the obtained values
of penetrometric resistance of individual crops, alfalfa is a highly suitable crop since it
improves subsoil compaction and at the same time provides good energy gain. The area
under alfalfa, however, substantially decreased in recent years due to the reduction in cattle
breeding and has reached its minimum in the Czech Republic. The current need to improve
the subsoil conditions together with the need to increase the energy crop capacities, with
the concurrent pressure to reduce the cultivation of maize for silage, speaks in favor of its
production. Alfalfa can easily be used in all the existing biogas plants, up to a share of 20%,
for pellet production and cattle fattening.

The system can analyze 22 environmental indicators in the endpoint category and
18 environmental indicators in the midpoint category [35] and can be combined with the
physical effects of crop growing on soil. The physical effects of crop growing on soil
constitute an equal impact on the environment as the emissions and assume the form of
numerous impacts, especially on soil erosion, soil fertility, resilience to drought as well
as water contamination in the case of topsoil wash off. The subsoil compaction keeps
increasing as a result of a change in crop composition and climate change, with a decrease
in the number of frost days causing soil swelling (frost heaving), as well as an increase in
crop yields that have to be harvested and transported from the land by heavy machinery.

7. Conclusions

The paper describes the process of developing the system of assessment of soil and
climatic impacts on individual crops with respect to economic, energy and environmental
indicators for the classified unit of soil and climatic properties—i.e., ESEU in the Czech
Republic. The main indicator that was selected to compare the individual conditions was
the ratio of the value of individual types of emissions per energy output in MJ. Apart
from this indicator, other usual indicators were also set such as the energy of production
and economic efficiency of production. The statistical results can also be defined for all
the other indicators. Aside from direct classification of soil and climatic conditions, other
soil properties, available from the monitoring of the Research Institute for Soil and Water
Conservation, were subjected to regression analysis.

With respect to emission impacts, perennial energy crops (silage sorghum, sorrel,
hemp), should be encouraged. The current status among major energy crops is of the corn
silage with good emission characteristics, but it is necessary to ensure the proper growing
conditions with regard to soil quality. The exploration of energy outputs diminishes the
nutritional properties of food crops. In spite of this, the analysis shows that in terms of
emissions the energy crops bring more benefits when grown under marginal conditions, if
the cultivation of these crops under the respective conditions is possible. From the point
of view of impact on the soil and sustainable development, justified cultivation of alfalfa
with a proven influence on the amelioration of compacted soils is crucial. Alfalfa has
increased emission effects compared to clover due to harvesting with a high-power cutter.
In the case of alfalfa harvesting on hay, its emissions are comparable to clover. Due to the
increasingly difficult search for suitable biomass for energy production while respecting
the requirements for food production, alfalfa production is a suitable solution for ensuring
the quality of soil and replacement biomass for current energy crops. From the point of
view of sustainable development, this solution is very essential for obtaining biomass from
agricultural sources. The overall use of results should be based on the evaluation of Pareto
optimality [16] in line with the current production options and requirements determined
by policies and thorough knowledge of territorial aspects of production. For the sake of
further development, the use of maps with the impacts of production on emissions under
specific conditions is expected. In the future, it is possible to consider a comprehensive
assessment of emission effects in agriculture [66].
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The article provides a comprehensive view of the joint impact of natural factors on
energy, economic and environmental indicators, and thus provides a better picture of their
impact on measures for further development of energy in regions and for agricultural policy.
As Wohlfart [8] writes, a comprehensive assessment of all contexts is always important
for further assessment of a bioeconomy, and therefore also for energy policy. For further
development, it is important to compare modeled and measured results in connection with
local land conditions for a real evaluation of the conditions of the whole region.

One of the best examples of aligned energy generation and food production is the
use of alfalfa as a sanitary crop to address subsoil compaction and as a crop that can help
reduce maize silage on the soils at risk of erosion and emissions impact [11,67]. Deep-
rooting crops are a desirable source of carbon in the deeper layers of the soil, where they
also ensure the stability of soil aggregates and sufficient soil permeability. Knowledge
of local conditions and their appropriate agricultural use should also become part of the
Green for Europe strategy [68], which assumes keeping global warming below 1.5 ◦C
while still reducing greenhouse gas emissions. The main advantage of energy crops for
the low-carbon economy is their potentially lower CO2 production, especially in marginal
areas with less soil depth, slope and stoniness. Higher variability of biomass production
in the field, taking into account the requirements of sustainable energy, can also lead to
higher deregulation and liberalization of the energy market. See [69] for case of ensuring
sufficient biomass capacities.
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Appendix A

Figure A1. Scheme of the Comprehensive Information System.

Appendix B. Calculation of Costs and Outputs

Appendix B.1. Costs

The evaluation of costs of parameterized production is based on the sum of costs that
have to be spent to achieve the production of crop under ESEU, for plowing technology
with operations factored in. The variable costs, VCosts 8, were calculated based on the
standardized technological procedures for all main crops according to the Institute of
Agricultural Economics and Information.

VCostsi,p,r =
(
WOi,p,r + TCi,p,r + CMi,p,r + LCi,p,r

)× CVCi,p (A1)

where: i evaluated soil-climatic unit ESEU; p—evaluated crop; r—number of operations;
WOi,p,r = unit costs of work operation in line with technologies proposed by Research
Institute of Agricultural Engineering, p.r.i., (EUR/ha); TCi,p,r = transport costs (EUR/ha);
CMi,p,r = costs of material, fertilizers, plant protection products and auxiliary products
(EUR/ha); LCi,p,r = unit labor costs of per cultivation technology and crop under the given
soil and climatic conditions based on the five-year average costs (EUR/hour); CVCi,p,r =
coefficient of variable costs derived from the IAEI cost survey for ESEU, crop and operation.

The indirect costs of producing of crops are determined with the coefficient ICfc 9,
which is determined according to the IAEI cost survey as a share of indirect ICi,p,r and
direct variable crop production costs.

IC f c = ICi,p,r/VCostsi,p,r (A2)

Appendix B.2. Outputs

The price of the parameterized production 10 was determined for standardized yields
on ESEU and is composed of the production of the main product and by-product:

POi,p = Yi,p × PpCR + Ybi,p × Pbp (A3)
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where: Yi,p = yield of parameterized production of the main product for the p-th crop,
which is the corrected normative natural yield of individual main agricultural crops (p) for
individual ESEU (i) [33] (t/ha); the yield is updated annually according to the five-year
average of crop yields in the IAEA cost survey and the FADN survey; PpCR = normative
prices of the main product of individual p-th crops differentiated according to climatic
regionalization (EUR/t); it is updated annually according to the five-year average of
agricultural crop prices from the IAEI and the Czech statistical office (CZSO) survey;
Yb = Yield of by-product (straw) on ESEU and crop; Pb = a normative price of by-product
of crop.

Appendix C

Table A1. The case of technological operations by soya.

Operation
5-Undermining

(Chiseling) 500 mm

10-Transport and Spreading
of Limestone (1.5 t/ha to 2

t/ha))

15-Transport and
Spreading of Manure
and Compost (30 t/ha)

Number of
Operations/Year

0.1 0.1 0.2

weight Tractor Kg 10,800 6400 7000

Machine Kg 2800 6200 9150

Material inputs

Name Limestone, finely ground Manure

Quantity MJ/ha 0 2 t 30 t

Price EUR/MJ 0 23.9 11.4

Costs EUR/ha 0 4.77 68.2

Technical
description of the

operation

Set TK
200 kW

Chisel
bar 3 m

TK
120 kW

Spread it out.
semitrailer

12,000 L

TK
130 kW

Manure
spreader

16 t

Normatives
h/ha 0.56 0.5 1.33

l/ha 21 5.5 25

EUR/ha 49.3 22.3 106.2

Costs EUR/ha 4.93 2.22 21.2

Variable costs total
EUR/ha 4.93 7 89.4

Source: Research Institute of Agricultural Engineering, p.r.i., 2018.

Table A2. Description of the climatic regions.

Region Numeric
Code

Temperature Sum
◦C/Year

Temperature
Average ◦C/Year

Rainfall Average
mm/Year

Risk of Dry Years
Coefficient

Moisture Security
1 Minimum,
10 Maximum

0 3680 10.08 550 0.40 1.5

1 3430 9.40 450 0.50 1

2 3430 9.40 550 0.25 3

3 3380 9.26 600 0.15 5.5

4 3230 8.85 500 0.35 2

5 3080 8.44 600 0.23 7

6 3330 9.12 800 0.05 10

7 3030 8.30 700 0.10 10

8 2830 7.75 750 0.03 10

9 2680 7.34 850 0.00 10

Source: IAEI new calculation of temperature and rainfall [24].
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Table A3. Energy of crop production.

Crop Product
Dry Matter Main

Product %

Energy of Main
Production (MJ/kg of

Product)

By-Product
Energy (MJ/kg

of Product)

Potatoes potatoes 22 3.45 3

Early potatoes potatoes 22 3.45 3

Seedling potatoes potatoes 22 3.45 3

Sugar beet bulbs 23 3.89 1.76

Barley spring grain 85 15.93 13.73

Barley spring malt grain 85 15.93 13.73

Winter barley grain 85 15.48 13.73

Clover on green green matter 21 3.07

Clover on hay hay 85 13.06

Clover grass hay 85 13.13

Corn for silage corn silage 32% of moisture 32 5.984

Corn on the cob grain 85 16.21 13.5

Grass hay 85 13.19

Poppy grain 85 15.48 13.69

Oat grain 85 17.45 13.38

Nonfood wheat grain 85 15.82 13.46

Food wheat grain 85 15.82 13.46

Winter rape grain 85 25.22 13.64

Triticale grain 85 16.22 13.46

Alfalfa silage 40% 40 6.25

Rye grain 85 15.48 13.46

Mustard green matter 21 2.67

Pea grain 85 14.15 13.63

Hemp dry matter 85 13.69

Buckwheat mixture bundles green matter 21 3.07

Soya grain 85 17.66 13.63

Sunflower grain 85 12.41

Bundle green matter 21 3.07

Sorghum green matter 21 3.07

Sorrel dry matter 85 19.17

Source: Preininger [22].

Table A4. Used unit costs of materials.

Inputs Unit Price (EUR/Unit) Unit

Oil 0.98 EUR/L

Work 9.09 EUR/hod

N 1.55 EUR/Kg

P2O5 2.05 EUR/Kg

K2O 1.09 EUR/Kg

MgO 1.68 EUR/Kg

CaO 0.36 EUR/Kg

Sulfur 0.48 EUR/Kg

Chemicals 89.73 EUR/Kg

Manure 40.36 EUR/t
Source: IAEI.
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Table A5. Conversion factors for calculating the energy contained in machines.

Machine Category Value Unit

Tractors 95.7 MJ/kg

Tillage machines 99.2 MJ/kg

Seeders 95.4 MJ/kg

Spreaders and sprayers 95.4 MJ/kg

Combine harvester 83.5 MJ/kg

Straw harvest 95.4 MJ/kg

Traffic machine 83.5 MJ/kg
Source: Preininger [22].

Table A6. Energy of used materials.

Inputs Value (MJ/Unit) Unit

oil 40.7 dm3dm3

benzine 41.5 dm3dm3

propane butane 50.8 kg

natural gas 33.8 m3

lubricants 45.2 dm3dm3

electrical energy 9.6 kWh

coal 27.8 kg

cereal seed 8 kg of seeds

oilseeds, rape, flax 5.7 kg of seeds

seed potatoes 2 kg of seed

beet seed (batch of 100,000 seeds) 172 dose

corn seed (50,000 seeds) 16.2 dose

pea seed bean 7 kg of seeds

N 82.5 kg

P2O5 17.7 kg

K2O 9.6 kg
Source: Preininger [22].

Table A7. Price and energy of nutrients in cow manure.

Nutrients Nutrients kg/t 2 Price EUR/kg 1 Price Total EUR/t 1 Energy MJ/t 3

N 5 1.55 7.73

P2O2 3.1 2.05 6.34

K2O 7.1 1.09 7.75

Mg 1.5 1.68 2.52

Ca 4.5 0.36 1.62

S 1 0.48 0.48

Total 26.43 463

Source: 1 IAEI; 2,3 Preininger [22].
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Table A8. Average emissions global warming and efficiency of crops.

Crop Emission ηEn ηE × 10 kg C02/GJ

Forage sorrel global warming 29.24 5.53 2.96

Clover meadow on hay global warming 11.97 9.59 7.58

Sugar beet global warming 11.62 12.12 8.51

Maize silage global warming 8.62 7.46 11.42

Oat global warming 7.36 11.95 12.84

Maize on the corn global warming 8.63 11.60 13.19

Hemp sown global warming 9.25 4.27 14.70

Spring barley global warming 5.94 9.64 16.41

Winter rye global warming 6.49 10.10 17.93

Triticale global warming 6.05 9.05 19.45

Winter barley global warming 5.64 7.90 20.17

Winter wheat global warming 5.64 8.86 20.76

Winter rape global warming 5.78 9.65 28.53

Sorghum for silage global warming 26.53 6.88 30.01

Alfalfa global warming 4.37 4.53 34.45

Ware potatoes global warming 2.29 13.24 36.86

Peas global warming 4.01 7.01 44.19

Poppy seeds global warming 2.50 11.89 44.80

Soya global warming 4.45 10.15 51.88

Sunflower global warming 0.93 8.49 59.34

Table A9. Average emissions of terrestrial ecotoxicity and efficiency of crops.

Crop Emission ηEn ηE × 10 kg 1,4-DCB/GJ

Forage sorrel Terrestrial ecotoxicity 29.241 5.533 9.510

Clover meadow on hay Terrestrial ecotoxicity 11.971 9.593 24.442

Sugar beet Terrestrial ecotoxicity 11.624 12.122 27.214

Maize silage Terrestrial ecotoxicity 8.620 7.460 36.668

Oat Terrestrial ecotoxicity 7.363 11.952 43.309

Maize on the corn Terrestrial ecotoxicity 8.628 11.596 43.632

Hemp sown Terrestrial ecotoxicity 9.249 4.271 47.801

Spring barley Terrestrial ecotoxicity 5.945 9.639 54.442

winter rye Terrestrial ecotoxicity 6.489 10.096 60.899

Triticale Terrestrial ecotoxicity 6.045 9.050 65.772

Winter barley Terrestrial ecotoxicity 5.639 7.899 67.811

Winter wheat Terrestrial ecotoxicity 5.636 8.864 70.070

Winter rape Terrestrial ecotoxicity 5.775 9.655 97.490

Sorghum for silage Terrestrial ecotoxicity 26.525 6.879 98.681

Alfalfa Terrestrial ecotoxicity 4.366 4.532 112.083

Ware potatoes Terrestrial ecotoxicity 2.289 13.236 117.159

Peas Terrestrial ecotoxicity 4.010 7.011 143.674

Poppy seeds Terrestrial ecotoxicity 2.503 11.895 153.232

Soya Terrestrial ecotoxicity 4.454 10.146 166.673

Sunflower Terrestrial ecotoxicity 0.932 8.490 197.321
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Table A10. Average emissions and efficiency of crops according to the climatic regions.

CR
ηEnp ηEp EEm

Value % Value % Value %

0 8.88 95.18 10.2 96.23 954 272.36

1 8.81 94.43 10 94.34 891 254.53

2 8.81 94.43 10 94.34 959 273.78

3 9.33 100.00 10.6 100.00 350 100.00

4 8.49 91.00 9.1 85.85 1301 371.52

5 8.72 93.46 9.4 88.68 966 275.75

6 8.86 94.96 9.4 88.68 933 266.46

7 8.7 93.25 9.1 85.85 1036 295.91

8 8.39 89.92 8.2 77.36 1087 310.49

9 8.45 90.57 8.1 76.42 941 268.69

min 8.39 89.92 8.1 76.42 350 100.00

max 9.33 100.00 10.6 100.00 1301 371.52

Table A11. Average emissions and efficiency of crops according to the slope.

Slope (◦)
ηEnp ηEp EEm

Value % Value % Value %

1.5 8.93 100.00 9.63 100.00 922.04 100.00

5.0 8.54 95.68 9.20 95.53 987.03 107.05

9.5 8.29 92.86 8.87 92.12 1025.44 111.21

14.5 7.68 86.04 7.85 81.52 1174.31 127.36

21.0 7.35 82.31 7.42 77.03 1211.89 131.44

min 7.35 82.31 7.42 77.03 922.04 100.00

max 8.93 100.00 9.63 100.00 1211.89 131.44

Table A12. Average emissions and efficiency of crops according to the depth of the soil.

Depth of
Soil (cm)

ηEnp ηEp EEm

Value % Value % Value %

30 7.5 85.32 7.8 81.25 1246.73 132.765

45 7.53 85.67 7.6 79.17 1223.34 130.2742

52.5 8.57 97.50 9.2 95.83 968.6 103.1468

60 8.79 100.00 9.6 100.00 939.05 100

min 7.50 85.32 7.60 79.17 939.05 100

max 8.79 100.00 9.60 100.00 1246.73 132.765
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Table A13. Average emissions and efficiency of crops according to the stoniness.

Stoniness
ηEnp ηEp EEm

Value % Value % Value %

5 9.04 104.27 10 108.70 874.42 90.68

12.5 8.67 100.00 9.2 100.00 964.27 100.00

17.5 8.29 95.62 8.9 96.74 1040.84 107.94

35 7.46 86.04 7.5 81.52 1260.94 130.77

37.5 8.24 95.04 8.8 95.65 1036.69 107.51

47.5 7.5 86.51 7.8 84.78 1181.26 122.50

min 7.46 86.04 7.50 81.52 964.27 100.00

max 8.67 100.00 9.20 100.00 1260.94 130.77

Table A14. Correlation analysis of penetrometric resistance according to the frequency of crops on the plot.

Alfalfa
Spring
Barley

Poppy Cereals Triticale
Raps

Winter
Maize
Silage

Winter
Wheat

Penetrometric
resistance 0–18 cm

Pearson Correlation −0.076 0.006 −0.159 ** 0.172 ** 0.078 0.202 ** 0.006 0.023

Sig. (2-tailed) 0.185 0.917 0.005 0.003 0.175 0.000 0.919 0.688

N 306 306 306 306 306 306 306 306

Penetrometric
resistance 19–38 cm

Pearson Correlation −0.118 * −0.106 −0.215 ** 0.164 ** 0.077 0.236 ** 0.095 0.023

Sig. (2-tailed) 0.038 0.065 0.000 0.004 0.178 0.000 0.097 0.683

N 306 306 306 306 306 306 306 306

Penetrometric
resistance >39 cm

Pearson Correlation −0.044 −0.225 ** −0.219 ** 0.083 0.134 * 0.176 ** 0.247 ** −0.003

Sig. (2-tailed) 0.476 0.000 0.000 0.179 0.029 0.004 0.000 0.958

N 264 264 264 264 264 264 264 264

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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37. Voltr, V.; Hruška, M.; Šařec, P.; Leština, J.; Froněk, P. The Methodology for the Valuated Soil-é Soil-Ecological units (BPEJ). (Metodika
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Citation: Zarębski, P.; Krupin, V.;
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Abstract: Aim of the research is to analyze regional gaps in terms of renewable energy generation
across Poland. For this purpose, four types of regions were outlined based on two indicators: the
existing renewable energy generation capacity and the current regional energy demand revealed
through the number of residents. This classification allowed to reveal regions in Poland that have
distinct features of energy gaps and peripherality, while also more successful regions with renewable
energy surpluses and distinct sustainable energy potential. For each of the region type key potential
systemic problems in terms of renewable energy generation development were given. To understand
how peripheral regions and regions with energy gaps could be supported in their development
of renewable energy generation the regional innovation systems, social networks, knowledge and
technology transfer and diffusion were substantiated. Results of the research can serve as an aid in
development of national and regional energy policies, helping to understand peculiarities of local
renewable energy generation and the influence of enabling environment peculiar to the specific
region, including the regional innovation systems and intensity of knowledge transfer and diffusion.

Keywords: renewable energy; energy policy; regional innovation system; social network; knowl-
edge transfer

1. Introduction

Renewable sources of energy are among key sustainable development elements that
are perceived as the future of our planet and can help in its environmental protection while
satisfying the energy needs of global society. Due to the progressive economic development
and the growth of the world’s population the supplies of various fossil fuels necessary
for energy generation are rapidly declining. Yet what is as important—the impact of en-
ergy generation from fossil fuels is polluting the environment and causing an intensifying
climate change, thus leading to unpredictable consequences and shifts in various areas:
weather events, climate zoning, plant growth patterns and biodiversity [1–3], and last but
not least—human health [4]. These issues and the fact that their cause is mainly anthro-
pogenic [5–7] is the reason numerous state governments and international organizations
are taking actions to intensify shifting the societies and their economies toward sustainable
development patterns and thus reducing or even stopping the unfavorable environmental
and economic trends.

The European Union is especially active in this sense implementing policies aiming at
large-scale transformations toward renewable energy generation, reduction of greenhouse
gas emissions, and limiting the pollution of the environment. EU’s Climate and Energy
Framework [8] is one of such policies setting 2030 as their target year. Its basis is the recast
Renewable Energy Directive (RED II) [9] with its key joint EU goals being: (a) at least 32%
share for renewable energy, (b) at least 32.5% improvement in energy efficiency, and (c)
40% cuts in greenhouse gas emissions (compared to 1990 levels).
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To reach the joint renewable energy goal each EU country has set their 2030 targets
within their National Energy and Climate Plans (NECP) [10], ranging from 10% in Malta to
49% in Sweden, with an average 22% share in the final consumption among all 27 states.
Yet, due to the recent introduction of the European Green Deal these targets are to be
updated, as in order to achieve the planned climate-neutrality by 2050 a reduction of the
core indicator—the greenhouse gas emissions—needs to reach 55% by 2030, thus requiring
changes in the corresponding elements of the energy sector. In terms of the share of
renewable energy in the final consumption the European Commission expects the target to
increase from 32% to 38–40% at the EU-27 level [11].

Such ambitions will require intensified efforts from each EU member state, yet some of
them are already struggling to reach the first stage levels—the ones set for the 2020 within
the initial Renewable Energy Directive (RED I) and corresponding National Renewable
Energy Action Plans. Our analysis of the current progress toward achieving the 2020
national renewable energy goals shows (Figure 1) that by the 2019 (more recent data is
still not available [12]) nine countries were behind the schedule. The largest gaps were
manifested by France (5.8 p.p.), the Netherlands (5.2 p.p.), Ireland (4 p.p.), and Luxembourg
(4 p.p.). Among these countries is also Poland being 2.8 p.p. short of the 2020 goal, while
the 2030 target of 21% of renewables in the final energy consumption implies the need of
additional 6 p.p. to reach it. Future updates due to the European Green Deal will increase
this obligation further.
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Figure 1. Actual (2019) and targeted (RED I by 2020 and RED II by 2030) shares of renewable energy in gross final energy
consumption in the EU-27 countries. Source: own compilation based on [10,12,13].

These expectations will require intensification of efforts from both Poland and other
EU countries. Overall, the pace and efficiency of changes in the energy generation struc-
ture are determined by various economic factors related to the possibility of financing
and conducting the modernization of energy infrastructure, both at the level of energy
suppliers and consumers. However, apart from economic factors, non-economic factors
of a social and organizational nature also deserve attention. This differentiation is further
deepened by regional peculiarities and varying levels of socio-economic development, thus
leading to forming of permanent leaders and outsiders among regions, thus deepening the
differentiation further due to occurrence of a system archetype [14] called “success to the
successful”, having an adverse impact on peripheral regions.
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Therefore, the article aims to define the existing gaps in renewable energy generation
across districts of Poland and to broaden the knowledge about the combined role of
regional innovation systems, networks of enterprises and institutions in the process of
knowledge and technology transfer and diffusion. It is put in the context of renewable
energy generation development taking into account specific conditions of four outlined
types of regions in regard to their energy generation capacities and further generation
potential. The general theoretical framework is based on the theory of regional innovation
systems [15,16], social networks [17] and the concept of “gatekeepers of knowledge” [18].
While this study is based on the case study of Poland, it helps to deliver new knowledge
about the processes of renewable energy development typical for other countries as well,
especially in the Central and Eastern Europe.

The need to intensify the further spread of technologies and their implementation
in various regions arises not only from the necessity to increase the share of renewable
energy generation to achieve the set targets. Decentralization of energy generation has also
been emphasized upon by the RED II [9] stating that “the move towards decentralized
energy production has many benefits, including the utilization of local energy sources,
increased local security of energy supply, shorter transport distances and reduced energy
transmission losses. Such decentralization also fosters community development and
cohesion by providing income sources and creating jobs locally”. It is also supporting the
transformation toward ensuring of local and sustainable energy access [19], and minimizing
possible energy access risks.

The conducted research revealed that in the diffusion of technologies and innovations
in the field of renewable energy generation, the flow of knowledge and information is
important, as it helps to raise awareness about the necessity of transformation toward
renewable energy, as well as simplifies the access to innovational solutions and technologies.
Such knowledge relates, inter alia, to the general characteristics of renewable energy
sources, which are the resources obtained within natural processes that are not depleting
limited natural supplies and are an alternative to conventional non-renewable energy
sources. This knowledge is relatively well communicated and understandable to the
majority. However, it can be difficult to understand the process of conversion between
energy sources and how to engage the transformation in practice. As technologies and
solutions constantly develop based on ongoing scientific research, there’s a necessity to
make this information more accessible and understandable. Currently, nine different
sources of renewable energy are used in Poland, the main ones being the solid and liquid
biofuels, as well as the wind energy (Figure 2). It is also worth mentioning that the
structure of renewable energy generation in Poland is not yet highly diversified and differs
significantly from the corresponding structure of the European Union.
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Figure 2. Structure of generated renewable energy by types of installations in Poland in 2019. Source: [20].

There are various factors causing the existing disproportions in the presented structure
of renewable sources of energy. These include, among other, the state support and permit
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systems, investment costs, local conditions (e.g., territorial, infrastructural). Yet among
other crucial factors are also knowledge level and rate of diffusion of innovations and
technologies. When looking at regional level, the energy generation there takes place
under specific conditions depending on particular region, which could be unbeneficial in
case of unfavorable economic and social conditions. This is especially visible in case of
peripheral areas, which are characterized by a number of negative phenomena caused by
weak economic and social structure, low population density, low level of human capital,
low infrastructural development, lack of available and adequate financing sources for
implementation of new advanced technologies. Therefore, such areas require a separate
approach in the context of renewable energy generation development. In the process of de-
veloping the energy innovations, apart from traditional factors related to the development
of technologies and their financing, non-economic factors related to social relations and
knowledge-flow networks are equally important. In the literature on the subject [21,22], the
concept that has already gained a large group of supporters and constitutes the theoretical
framework for the implementation of innovation and the flow of knowledge is the existence
of regional innovation systems. So, what purpose can they serve in regard to renewable
energy generation?

The knowledge and practical skills in the field of renewable energy generation are
often developed and shared within limited scientific environments or enterprises involved
in production of dedicated equipment. The knowledge gap arising from this fact is not
the fault of these professional communities, yet is appearing due to technical limitations,
complexity of issues and solutions, and lack of direct networking platforms involving
stakeholders of various types. This knowledge gap is among the reasons why the rate
of implementation of new technologies in the economy is too slow and falls behind the
expected levels. Lack of knowledge about technologies and benefits, not only economic,
but also environmental and social, is a significant barrier to sustainable development.
Proper knowledge flow and its diffusion in various socio-economic environments can
significantly accelerate development processes. One of the concepts that explains the
mechanisms of creating and diffusing new technologies is one of the regional innovation
system [23]. Its main underlying mechanism are the networks of relations within which
their stakeholders exchange knowledge and cooperate in various projects. This concept
embraces a multi-disciplinary approach, enabling to understand not only the role of
technology in energy generation, but also social and policy conditions that are necessary
to boost the processes of its implementation, especially the knowledge diffusion based on
social networks and relations.

The emphasis on the importance of intensification of renewable energy generation
results from a paradigm shift from the classic perception of energy policy [24] to its
perception in terms of sustainable development. While concentrating the following analysis
on the energy policy and its implications at local level, it is emphasized by the authors that
this approach is not derived from the classic energy policy, but the so-called sustainable
energy policy [25], being an overall long-term improvement of social welfare by striving
to maintain a balance between the following: energy security, satisfaction of social needs,
competitiveness of economy, and environmental protection. Thus, it is more than just
ensuring the energy supply. There is a need to balance other crucial socio-economic
elements, the condition and quality of which may significantly affect the conditions and
the existing potential for development of renewable energy generation.

To conclude the introduction, the article consists of eight sections. Following the
Introduction, Section 2 delivers information and literature review regarding peculiarities of
renewable energy generation development in Central and Eastern EU countries. Section 3
explains the method used to carry out the analysis of regional renewable energy genera-
tion gaps in Poland, substantiates the use of own typology of regions according to their
renewable energy generation potential, provides information about the data sources and
peculiarities of approach in terms of regional dimension. Section 4 presents the research
results, including: (a) an analysis of existing renewable energy generation capacities across
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districts of Poland aimed to understand the occurrence and scale of gaps at regional level,
(b) an analysis of four outlined types of regions in regard to their renewable energy genera-
tion capacities, (c) recommendations for renewable energy development policy across the
four outlined types of regions based on the influence of regional innovation systems and
potential knowledge transfer. Section 5 covers the substantiation of regional innovation
systems, social networks and knowledge transfer from the standpoint of stimulation of
regional renewable energy generation in regions demonstrating energy peripherality and
gaps, which is based on the literature review providing its synthesis and own arguments.
Section 6 covers discussion between the obtained results and other studies, while the
Section 7 is devoted to conclusions, implications of presented research and other possible
research directions.

2. Peculiarities of Renewable Energy Generation Development in Central and Eastern
EU Countries

Renewable energy sources (wind, solar, hydroelectric, ocean, geothermal, biomass and
biofuels) are alternatives to fossil fuels and contribute to reducing greenhouse gas emissions,
diversifying energy supply and reducing dependence on uncertain and unstable fossil fuel
markets, especially oil and gas. Global development dynamics of energy generation from
renewable sources in recent decades indicate that combined they are the fastest growing
exploited source of energy. This is clearly visible in economies of such countries as USA,
India or China. For example, the key slogan for current India’s economic development is
“Go Green”, which is actively implemented through development of renewable energy
generation, zero-emission public transport, other “green” technologies [26].

Yet while the development of renewable energy generation is becoming a global
trend, there are differences between countries and macroregions due to specificities of
socio-economic past and present development. The report “Global trends in renewable
energy investment 2020” indicates that on a global scale, investments in the renewable
energy sector in developed economies increased by 2% in 2019 only (compared to the
previous year)—to USD 130 billion. At the same time, it is stressed that there were sharp
increases in outlays in the USA, Spain, the Netherlands and Poland, and big falls in the
UK, Germany, Australia and Belgium [27].

Renewable energy resources and the level of their utilization should be assessed pri-
marily through the prism of a country’s energy supply and demand. Consequently, the
concept of a renewable energy resource is a purely economic concept and is derived from
the function it delivers. And it should be remembered that the amount of renewable energy
supply may increase according to the changes in the energy needs and along the growing
knowledge and technological possibilities of its conversion into exploitable energy. Al-
though on the EU-27 scale the share of renewable energy in gross final energy consumption
has increased from 9.6% (2004) to 19.7% (2019) [12], it is precisely the above-mentioned
aspects that can be indicated as the reasons why the “renewable energy revolution” [28]
takes place at a different pace in different countries. The use of natural resources for energy
generation depends on many factors that could be categorized collectively as: economic,
social, legislative, and—to a lesser extent—technological [29]. Although renewable energy
generation will definitely be one of key development elements of future long-term EU
strategies, their implementation to an equal extent in all EU countries will always be a
difficult task due to differences in national priorities and conditions. In Western Europe,
the focus on decarbonisation, slowing the climate change and building a single energy
market is well underway, while in countries of Central and Eastern EU, where large share
of energy is still derived from conventional fuels, a rapid transformation replacing them
with renewable energy sources will be more difficult.

The EU member states, in the name of the common good and to limit the climate
change can support one energy source at the expense of abandoning other. Yet to imple-
ment such choices key factor is the social support. Therefore, an awareness of climate
change challenges facing all economic sectors is an increasingly discussed issue among the
academic circles and general public, which is the case in the European Union countries, and
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especially those in Central and Eastern Europe. Within these debates researchers empha-
size the importance of natural, spatial [30], technological [31], social, and political [32,33]
conditions for the development of renewable energy generation. Researchers indicate
potentials for such generation and determine the possible development paths—both re-
newable energy generation in general and broken down into specific types of renewable
energy sources, also taking into account the interrelationships between sources that can be
used for generation of electricity, heat and transport fuels [34].

In the literature it is indicated that countries of Central and Eastern EU have substantial
problems in steering the process of setting and achieving long-term energy policy goals
due to the short-term way of thinking, characteristic for countries undergoing economic
transformation [35]. Not without significance are the past experiences of communism
common for the countries of Central and Eastern Europe, which still manifest specific
impact on local development conditions, including relatively higher corruption, low trust
in political elites and innovative solutions [36]. For example, in Poland, on one side, a
strong political force is aiming to keep the traditional framework in the energy sector (e.g.,
large-scale generation, use of coal), and on the other side, there is an understanding of
alternativeless need to intensify the shift to renewable energy generation, which is not
only an important element of the global climate protection movement and part of EU
policies, but is also cheaper, more efficient and increases local energy security. Yet it is
indicated that level of participation of the public in creation of the energy policy is still
not sufficient, which may cause the deficiency in development of the prosumer model of
renewable energy generation [37]. These issues overall impact the support for renewable
energy generation and implementation of policy measures aimed at such development, as
well as cause implementation of support mechanisms to be highly volatile, thus making
this sector relatively less attractive for investors and entrepreneurs. Existing barriers
increase investment risks, which translate directly onto the costs of energy obtained from
these sources, which could be higher compared to energy obtained from conventional
energy sources. It is also indicated that renewable energy generation technologies are
characterized by an uneven pace of energy supply over time or even intermittent operation
process, meaning their generation level could be at times inconsistent with the level of
energy demand. At the same time, researchers emphasize that the need to take action is
forced both by international public obligations in the field of climate change mitigation
adopted by all the EU countries (including the Central and Eastern ones), as well as
economic, social and environmental considerations, which results in the necessity to
undertake costly investments not only in the energy generation sector, but also in energy
transmission infrastructure.

3. Materials and Methods

According to the legislation in Poland [38] a renewable energy generation installation
is an installation that constitutes a separate set of devices used to generate energy, described
by technical and commercial data, in which energy is produced from renewable energy
sources, or construction facilities and equipment constituting a technical and utility unit
used to generate agricultural biogas—as well as an energy storage connected to this unit,
including an agricultural biogas storage facility.

While the sources of renewable energy vary, generated output can be converted into
either electrical or thermal energy. This article, due to data limitations, deals strictly with
generation of electrical energy, thus it is meant across the article whenever generation of
energy is mentioned.

Processes of innovation and technology diffusion are conditioned by spatial factors
and depend on peculiarities of local socio-economic systems. Due to this, an analysis of
spatial allocation’s differentiation regarding existing technological capacities for genera-
tion of energy from renewable sources was carried out in relation to the regional energy
demand expressed by a number of people living in a given administrative area. Presented
herewith study aims to understand the differences between the regions in development
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of renewable energy generation capacities and define what mechanisms determined this
process. Description of the research stages adopted for this study can be found in Figure 3.
First, a literature review was carried out to explore the renewable energy generation speci-
ficities across Poland and define what factors could influence decisions to undertake the
development of such generation capacities. In the next stage (the empirical part), a spatial
analysis of allocation of renewable energy generation capacities was carried out. It was
conducted based on indicators assigned to individual districts in accordance with the
“Jenks natural breaks optimization” method [39] and presented on maps. This method
is used to present heterogeneous data sets as it aggregates analytical units into groups
with similar values. Grouping of values in different classes is carried out by the function
aiming to minimize the mean deviation of each class from the mean class, while max-
imizing the deviation of each class from the mean of other groups. The next step was
to develop a typology of regions based on the relationship of the two aforementioned
datasets. The first one represented the aggregate index of technological capacity, while
the second one represented the population quantity in a given area. Understanding the
occurrence of districts manifesting energy gaps and energy peripherality was the basis to
go deeper into research of regional innovation systems (RIS) and their possible influence
upon intensification of renewable energy generation development. The regional innovation
systems therefore, constitute the theoretical framework for considerations and explain such
phenomena as social embedding of innovation processes and institutional relations, which
play an important role in knowledge and technology transfer processes.

Figure 3. Algorithm of the performed research. Source: own substantiation with the use of [39].

In terms of the covered types of renewable energy sources (RES), a region’s relative
renewable energy generation potential depends mainly on the capacity of generation
installations based on renewable energy sources in relation to the energy demand expressed
by number of residents in a given region. Large disproportions in this relation cause
regional energy surpluses or deficits (energy gaps), meaning in some regions an imbalance
between supply and demand for energy is present. In order to better recognize this
phenomenon, statistical data was collected about the regional capacities of installations
aimed for renewable energy generation, utilizing the following:

• Biogas (BG),
• Biomass (BM),
• Solar energy (PVA),
• Wind energy (WIL),
• Hydropower (WO),
• Technology of co-combustion of biomass, biogas or bioliquids combined with other

fuels (fossil fuels and biomass/biogas/bioliquids) (ITPO).

Therefore, the aggregate energy generation capacity from renewable sources (EGC) is
calculated as the total of generation capacities of all available technologies:

BGi + BMi + PVAi + WILi + WOi + ITPOi = EGCi

where:

i—spatial unit number,
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EGC—energy generation capacities from all renewable sources.

Due to existence of diversified technologies for electricity generation the data on
different types of renewable energy installations is derived from various sources and
covers those entities and individuals which have: a license to generate electricity, an entry
in the regulated activity register kept by the President of the Energy Regulatory Office [40]
(register of small installation energy producers [41]), an entry in the regulated activity
register kept by the General Director of the National Agricultural Support Center [42]
(register of agricultural biogas producers [43]), as well as micro-installations generating
electricity under the “certificate of origin” system, the guaranteed feed-in tariff system, or
the auction support system [44]. The main source of data used within the study were those
published by the Central Statistical Office in Poland (GUS), additionally some of the data
was obtained from available statistical and scientific publications.

The regional renewable energy generation capacities are presented in the study at a
district level, which in Poland are referred to as powiat, being units of the second-degree
state administrative division, each consisting of several municipalities (gmina) and having
its own administrative body. The total number of such districts in Poland equals 314.

In the scientific literature it is said that deficits and problems in the functioning
of regional innovation systems can be related to the conditions that prevail in specific
types of regions, such as peripheral regions (facing organizational thinness), old industrial
areas (facing cognitive blockades) and some metropolitan regions (facing fragmentation
of interactions and networks) [45]. It should be noted that in many cases the problems
of regional innovation development are in fact similar, but there may be some dominant
innovation problems specific to a given type of region. Therefore, the authors propose
four types of regions that differ in terms of population numbers and renewable energy
generation capacities.

In the Figure 4, the X-axis holds two types of population quantity expressed through
the number of inhabitants and the Y-axis represents the renewable energy generation
capacity. The four quarters are constructed on the basis of the average results of assessments
of these two parameters. The average number of inhabitants for the collected data across
the regions equaled 82,185 people, while the average renewable energy generation capacity
was at the level of 28.5 MW. These values are the cut-off points that determine the energy
region types.

Figure 4. Outlined region types according to the energy/population parameters. Source:
own substantiation.

The research questions to be explored within the article include:

• What disproportions occur between regions concerning renewable energy generation,
which regions can be considered peripheral in this regard and which manifest existence
of technological gaps?
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• What systemic problems block the development of renewable energy generation
technologies region-wise?

• Can regional innovation systems support and intensify the innovation and technology
deployment process in regions with energy deficits and regions with peripheral features?

• What is the role of social and organizational networks in the policy of innovation and
technology knowledge diffusion in regard to renewable energy generation?

4. Defining the Renewable Energy Generation Gaps at Regional Level

Determining the capacity of renewable energy generation installations and the pop-
ulation quantity in districts allowed to develop spatial distribution of energy generation
from available renewable sources across Poland. Results (Table 1) revealed that overall
energy generation from renewable energy installations within the 2005–2020 increased
over ninefold. The quantity and capacity of solar energy installations have shown the most
dynamic growth rates. State support programs and subsidies encouraging to invest in such
installations are a key driver [46] and a clear long-term state policy toward development of
renewable energy generation sources is of high importance [29].

Table 1. Dynamics of installed renewable energy generation capacities within 2005–2020 in Poland
[in MW].

Types of Installations
Years

2005 2010 2015 2020

Biogas 31.972 82.884 212.497 255.699

Biomass 189.790 356.190 1122.670 1512.885

Solar energy - 0.033 71.031 887.434

Wind energy 83.280 1180.272 4582.036 6347.111

Hydropower 852.495 937.044 981.799 976.047

Total 1157.537 2556.423 6970.033 9979.176
Source: Energy Regulatory Office in Poland.

In-depth analysis of the collected data split by the types of renewable energy gen-
eration installations in Poland is presented in Table 2, while Figure 5 presents their
density distributions.

Table 2. Descriptive statistics for the analysis of renewable energy generation installations in Poland.

Parameters

Types of Installations

Biogas
Solar

Energy
Wind

Energy
Hydropower Biomass

Co-
Combustion

All
Sources

Valid 156 276 208 191 29 4 314

Missing 158 38 106 123 285 310 0

Mean 1.267 3.152 30.495 4.144 23.584 12.447 28.457

Std. Error of Mean 0.091 0.226 4.037 1.332 10.228 2.170 3.033

Median 1.000 2.015 10.915 0.220 2.200 11.400 9.450

Mode * 1.000 1.000 0.600 0.030 0.050 8.990 1.000

Std. Deviation 1.131 3.749 58.230 18.415 55.077 4.340 53.740

Variance 1.278 14.055 3390.683 339.114 3033.454 18.833 2887.993

Skewness 1.856 2.804 6.185 8.504 2.853 0.745 5.887

Std. Error of Skewness 0.194 0.147 0.169 0.176 0.434 1.014 0.138

Kurtosis 6.097 11.191 56.055 83.765 7.891 −1.865 54.389
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Table 2. Cont.

Parameters

Types of Installations

Biogas
Solar

Energy
Wind

Energy
Hydropower Biomass

Co-
Combustion

All
Sources

Std. Error of Kurtosis 0.386 0.292 0.336 0.350 0.845 2.619 0.274

Range 7.620 25.710 631.130 207.170 229.950 9.010 634.940

Minimum 0.040 0.020 0.010 0.010 0.050 8.990 0.000

Maximum 7.660 25.730 631.140 207.180 230.000 18.000 634.940

Sum 197.660 869.960 6342.970 791.410 683.950 49.790 8935.400

25th percentile 0.378 0.935 2.000 0.080 0.950 8.998 3.020

50th percentile 1.000 2.015 10.915 0.220 2.200 11.400 9.450

75th percentile 1.903 4.190 42.045 1.125 5.800 14.850 30.230

Notes: * More than one mode exists, only the first is reported. Source: own calculations.

 

 

Figure 5. Density distribution of renewable energy generation installations in districts of Poland in 2020. Source: own calculations.

On the national scale in Poland, among the analyzed types of renewable energy
generation capacities the highest density is present in case of installations for solar energy
generation, which are located mainly in the north and east of the country (Figure 6).
Districts located in the Pomorskie region (north-western part of the country, with access to
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the Baltic Sea coast) are national leaders in their construction. In turn, the areas of central
Poland are showing the lowest densities or even lacking such installations whatsoever.

 
Solar energy 

 
Co-combustion 

 
Biogas 

 
Hydropower 

 
Wind energy 

 
Biomass 

Figure 6. Renewable energy generation capacity by types of installations in districts of Poland in 2020. Source: own
calculations and presentation.
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It should be noted that the renewable energy installations are overall scattered across
the nation, and such approach is one of the pillars of state energy policy. The purpose
of having decentralized energy sources is to provide energy supplies to less urbanized
areas and rural areas, as well as to guarantee sustainable local development of those areas.
The main reason for the development of decentralized energy sources is the technological
progress, which contributes to the reduction of costs of energy generation from renewable
sources, as well as the possibility to utilize energy resources available locally.

Figure 7 presents the combined data about renewable energy generation capacities
for installations of all analyzed types, while also revealing the distribution of population
among the districts, which served to proceed with typologization of regions.

  

Figure 7. Renewable energy generation capacity of all installation types combined (left) and population (right) in districts
of Poland in 2020. Source: own calculations and presentation.

The conducted analysis made it possible to identify four types of regions. Their spatial
arrangement across the country has a mosaic pattern (Figure 8). The most numerous are
the energy periphery regions (Table 3), which can be described as problematic regions with
low energy generation capacity, while also manifesting low population numbers. And as
the research conducted in Poland shows [47], the low population is generally accompanied
by overall low socio-economic development and deficiencies in infrastructure. This also
concerns the energy network infrastructure, which hinders and sometimes even blocks
possibility for the development of new energy sources. Low level and quality of internal
factors (both traditionally understood as soft factors) are noted here. Districts of this
type are characterized by a low level of key conditions essential for the development of
innovation. This is referred to in the literature as organizational thinness [45]. The problem
of the periphery regions is also the underdeveloped network and connections of specialized
knowledge providers, such as universities and research organizations [48]. This type of
region occurs numerously throughout the country, but is especially highly concentrated in
the north-east and mid-west of Poland. In terms of demographic determinants, the situation
in these areas can be assessed as a range from bad to average. They are characterized by
a negative migration balance and outflow of local residents, as well as by struggle with
the problems of ageing population. Residents in these regions are primarily employed in
small-scale agriculture, and have lower average education degree compared to residents of
other regions [47]. Compared to Poland in general, these areas are the least economically
developed, and the phenomenon of energy poverty occurs to a high extent in these regions.
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Figure 8. Spatial distribution of districts according to outlined types in 2020. Source: own calculations
and presentation.

Table 3. Descriptive statistics for the analysis of districts according to their renewable energy generation type.

Parameters

District/Region Types

Sustainable
Energy Potential

Energy
Surpluses

Energy
Gaps

Energy
Periphery

Valid 32 52 89 141

Missing 0 0 0 0

Mean 75.844 91.047 7.799 7.658

Std. Error of Mean 8.968 12.856 0.735 0.600

Median 59.065 67.945 5.770 5.120

Mode * 29.090 28.870 0.210 1.000

Std. Deviation 50.728 92.704 6.929 7.122

Variance 2573.356 8594.022 48.018 50.718

Skewness 2.567 4.282 0.973 0.972

Std. Error of Skewness 0.414 0.330 0.255 0.204

Kurtosis 8.305 23.379 0.019 −0.075

Std. Error of Kurtosis 0.809 0.650 0.506 0.406

Range 251.500 606.070 27.660 27.450

Minimum 29.090 28.870 0.000 0.000

Maximum 280.590 634.940 27.660 27.450

Sum 2427.020 4734.460 694.090 1079.830

Notes: * More than one mode exists, only the first is reported. Source: own calculations.
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The second most abundant type are the regions with energy gaps, which boasting
a relatively high population are simultaneously characterized by low renewable energy
generation capacities. These types of districts are located mainly in central and southern
Poland. It should be noted that this type of region could transform rather quickly into
the type with sustainable energy potential. This may be due to the existing population
potential, since rural areas of this type are showing a positive demographic trend and
are a migration destination [47], thus additionally stimulating their development. Areas
of this type are often located near large cities that determine population development
trend, but at the same time the low renewable energy generation capacity may indicate
insufficient development of infrastructure networks (including energy networks). Unlike
the periphery regions, they face the reverse problem of over-clustering because they are
over-specialized in mature industries hit by decline [49]. This type of regions often has a
highly developed and specialized system of knowledge generation and diffusion; however,
their problem is too much focus on traditional industries and fields of technology (e.g.,
the region of Silesia) [50]. With regard to functioning networks of relations, a key feature
of the old industrial regions is that they suffer from various forms of “lock-in” which
significantly block the development potential and the possibilities of diffusion of innovation
and knowledge. Such blockades are a consequence of overly rigid networks established
between enterprises and the policy, and links between public and private entities, which
hinder the process of industrial restructuring. However, these districts have a substantial
positive potential for the development of prosumer energy, as the population with relatively
higher income levels is more eager to install renewable energy installations [51]. Residents
of areas described as regions with energy gaps are relatively well educated. These are
people who maintain permanent contacts with the city—mainly by being employed there.
It is possible that the environment these people dwell in, contacts with other educated and
highly aware citizens positively affect their pro-environmental attitudes, which in turn
leads to growing popularization of the prosumer model of energy generation in the areas
of their primary residence.

Another type are the regions with energy surpluses. This type is characterized by
low population potential and high energy generation potential—which is not used due to
low population density. Spatially, such districts are located primarily in the north of the
country—mainly in places where wind energy generation is being developed. Nevertheless,
this type is also highly dispersed nationally. It can be seen that the surplus of energy results
from the specificity of the sources located there. The energy generation capacities are not
always located at the densely populated areas. The key task of such regions is to create
energy transmission grids with regions of high energy needs. Financial resources and
systemic solutions are needed so that these regions could flawlessly transmit energy. There
is a lack of organizations that have commercialized this energy generation potential and
there are no institutions connecting the regions.

The last and least numerous type are the regions with sustainable energy potential,
which are characterized by high population numbers and high renewable energy generation
capacities. Districts of this type are highly dispersed throughout the country. However,
the sequence of communes running from Pomorskie to the central part of the country
is quite characteristic. These regions are the least problematic because there is a balance
between their needs and generation capacities. Yet political decisions, unfavorable for
further development and the lack of continuation of the energy policy may pose a threat.
Energy generation leaders in these regions block small producers, which makes it difficult
to implement the idea of decentralized energy generation based on individual prosumers.

In the light of the differences in outlined types of regions an important issue is to
understand possible implications that may have a systemic character and hinder the
potential development of renewable energy generation. For this purpose a typology of
systemic problems [52] has been combined with types of regions outlined in this study
(Table 4). While the types of regions differ according to their renewable energy generation
potentials, all four types may encounter mild or severe potential systemic problems, which
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might either slow down their positive development, or block possibilities of such. Again,
an intensive transfer and wide diffusion of knowledge in this matter could serve as an
important factor ensuring minimization of potential negative implications.

Table 4. Potential systemic problems in regions depending on their renewable energy generation.

Region Types
Potential Systemic Problems According to Selected Dimensions

(Based on Typology of Systemic Problems of [52])

Energy
periphery

Capabilities/capacities:

− Lack of technological knowledge of policy makers and engineers,
− Lack of ability of entrepreneurs to pack together, to formulate clear message, to lobby to the government,
− Lack of users to formulate demand,
− Lack of skilled staff.

Energy
gaps

Knowledge infrastructure:

− Wrong focus or no specific courses at universities and knowledge institutes,
− Gap/misalignment between knowledge produced at universities and what needed in practice.

Lack of legitimacy:

− Different actors opposing change,
− Individualistic entrepreneurs.

Too weak interactions:

− Individualistic entrepreneurs,
− No networks, no platforms,
− Lack of knowledge diffusion between actors,
− Lack of attention for learning by doing.

Hard institutions:

− “Misalignment” between policies on sector level such as agriculture, waste, and energy, and on
governmental levels, i.e., EU, national, regional level and other.

Energy
surpluses

Hard institutions:

− “Stop and go policy”: lack of continuity and long-term regulations; inconsistent policy and existing laws
and regulations,

− “Attention shift”: policy makers only support technologies if they contribute to the solving of a current
problem,

− “Valley of Death”: lack of subsidies, feed-in tariffs, tax exemption, laws, emission regulations, venture
capital to move technology from experimental phase towards commercialization.

Sustainable
energy
potential

Too strong interactions:

− Strong dependence on government action or dominant partners (incumbents),
− Network allows no access to new entrants.

Market structures:

− Large-scale criteria,
− Incremental/near-to-market innovation,
− Incumbents’ dominance.

Source: own substantiation utilizing the typology of systemic problems from [52].

5. Regional Innovation Systems, Social Networks and Knowledge Transfer

The concept of regional innovation system (RIS) is popular among scientists of various
disciplines as its theoretical framework responds to the needs of researching the phenomena
and mechanisms related to the emergence of innovation and knowledge transfer [45]. The
main idea behind the RIS is that the innovation efficiency in the economy depends on the
innovative capabilities of enterprises and research institutions, and on how they interact
with each other and public institutions [53]. The specificity of the concept lies in the fact
that it shows overlapping dimensions, i.e., broadly understood institutional infrastructure
and production system, and then explains the mechanisms of relations that arise between
them based on established rules and regional policy. In this part of the study, authors
search to answer what theoretical perspective the concept of RIS originates from, what are
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its main components and mechanisms, and whether there are different forms of RIS in the
context of regional diversification of the periphery center.

The concept of RIS was created as a result of evolution of views on the functioning of
the national innovation system (NIS), which was described in the works of Edquist [54],
Lundvall [55], and Nelson [56]. It should be noted that it is quite difficult to identify the dif-
ferences between NIS and RIS. The rationale for the emergence of the RIS from the general
concept of NIS was that researchers wondered to what extent regions differ from one an-
other in terms of their potential and processes that take place in the creation and absorption
of innovation. It became the reason to propose a new concept, which to a greater extent
takes into account the regional disparities of potentials for the creation of innovations. One
of the first attempts to define and describe the concept of regional innovation systems can
be found in Cooke et al. [15] who define the RIS as a system in which companies and other
organizations are systematically engaged in interactive learning through an institutional
environment characterized by embeddedness. In addition, Asheim and Isaksen [16] noted
that a (regional) innovation system consists of a production structure (techno-economic
structures) and institutional infrastructure (political-institutional structures).

In the definition of the concept of a regional innovation system, there are three impor-
tant aspects that are key to its understanding. First is the expression “interactive learning”,
which means an interactive process by which knowledge is transferred, then combined
and, as a result, constitutes a knowledge base as a shared resource of various entities
cooperating in the system. Knowledge is the basic factor used not only in the process of
creating innovation, but also in the process of absorption of innovation/technology and
building cognitive, organizational and social closeness. Second, the term “environment”
being an open territorial complex that includes principles, norms, values, and human and
material resources. It is a set of territorial conditions which combined create a potential for
the functioning of a system specific for a given area. The third aspect that definitely distin-
guishes the discussed concept is paying attention to social closeness. Economic relations are
to some extent always embedded in a social context, while social ties or relations influence
economic performance [57]. Social closeness is related to the term “embeddedness” which
covers all economic and knowledge creation processes, and then its duplication in business
environment and beyond. The process of learning and absorption of innovation is often
based on trust, therefore social relations facilitate the exchange of tacit knowledge, which
is by nature more difficult to communicate, exchange and trade through markets [58].

The concept of RIS assumes that innovation is a process in which enterprises use
both internal and external resources of a material and institutional nature. It should be
emphasized that the functioning of regional innovation systems depends not only on
knowledge resources created by enterprises and institutions, but also on the strength and
structure of relations, created networks, which are the platform of cooperation with the
environment. Innovations do not arise in isolation and cannot thrive solely based on given
enterprise’s internal resources, but are rather a result of synergy of numerous factors and
processes. The environment mentioned earlier can therefore be perceived as a network of
entities and institutions that form the framework for innovative activity and interactive
learning. Thus, the interaction between educational organizations, which can be defined
in terms of knowledge and information flows, investment flows, networking and other
partnerships, is the most important process driving the evolution and strengthening of
RIS [53]. In conclusion, RIS is primarily a social system that involves systematic interactions
between different groups of private and public sector institutions and individuals in order
to increase localized learning opportunities in the region.

The innovation system requires defining its main components, i.e., institutions that
play an important role in the innovation process. Lundvall [55] lists the basic elements
of such system, which are: internal organization of enterprises, relations between enter-
prises, role of the public sector, institutional structure of the financial sector, research and
development intensity, and research and development organizations. In general, the main
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elements encompassing RIS are enterprises, institutions, and the knowledge infrastructure
and innovation policy.

An innovation-oriented policy is an important regulator of the processes that take
place in the regional innovation systems. Its direction and scale of activities increase,
among other things, the possibilities of learning and diffusion of knowledge. As practice
shows, the optimal level to implement an innovation policy is one of a region, which was
confirmed in the policy carried out by the European Commission [59,60]. The genesis
of these policies dates back to the 1980s, when a group of OECD experts developed the
concept of a dynamic approach to international competitiveness as an alternative to a static,
cost-based view of the theory of international trade and competitiveness. The concept
developed at that time assumes that international competitiveness can be achieved by
promoting learning and innovation development in societies. Also in other dimensions, the
approach to innovation systems represents an important theoretical and political progress.
Identifying innovation as a key factor of economic growth emphasizes the role of interac-
tive learning processes between multiple entities and organizations [61]. Such RIS policies
aim to improve the interaction and collaboration between the knowledge infrastructure,
companies and institutions. Moreover, these policies respond to individual and collective
innovation needs. In other words, strategies are developed to support the endogenous
institutional capacity of regions by encouraging the diffusion of technology on a regional
scale [62]. Innovative policy tools typically include: managing the scientific knowledge
base; providing financial incentives for innovation efforts, technology dissemination poli-
cies and initiatives; promoting programs and companies leading the implementation of new
technologies; and the creation and maintenance of intangible assets and legal regulations
that favor innovation and technology transfer.

RIS concept distinguishes four main internal mechanisms that explain the efficiency
and success of the system, being the: interactive learning, knowledge generation, proximity,
and social embeddedness. At a heart of the concepts of RIS and knowledge transfer is
the concept of embeddedness, which is based on relationships and social networks and
requires an understanding of the institutional and cultural context [55]. The concept of
embedding appeared in social theory and works of James Coleman [63], which is the main
propagator of the concept of social capital theory. According to this theory, the concept
of rooting refers to resources embedded in the structure of social relations (networks). In
social capital theory, the concept of “social embedding” describes a situation in which
economic activities and behavior are related to or depend on non-economic institutions and
activities such as culture, social networks, politics and religion [17]. The social structure is
made up of connections with social networks, the key element of which is shaping of this
rooting, as well as cohesion, integration and social support [64]. These are the features that
are not subject to market rules, cannot be duplicated or sold, but are crucial for interactive
learning [65]. From the perspective of diversifying development potentials, embedding
occurs in regions where there is a significant concentration of enterprises and institutions,
a high degree of shared social and cultural values, and various resources that can be used
to generate new production and processes.

Within RIS, embedding concerns mainly the relationship between interactive and
collective learning and the nature of knowledge exchange between enterprises and their
institutional environment that supports innovation processes and knowledge transfer. It
follows that networks of social and organizational relations constitute a key dimension
of embeddedness. For shaping the policy of innovation and diffusion of knowledge, it is
important to indicate which network structures are created under the RIS in regions with
specific conditions influencing the development of innovations, as well as understanding
who are the gatekeepers of knowledge, what are the mechanisms of information transfer
and what are the abilities of the potential recipients to the knowledge.

In knowledge-based economies, innovation is considered to be the key driving force
behind economic development [66]. Nowadays, they can rarely be developed by single
entities or individuals. Their creation and success require the activation of the broadly
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understood innovative potential, located in the private sector of the economy, but also the
one accumulated in the public and civic sector, so that as a result it is possible to engage
the potential of creativity and innovation on a mass scale [67]. For this reason, intangible
assets, in particular relational capital, play a special role.

This capital, apart from human capital (competences, education) and structural capital
(structure/organization), is one of the components of intellectual capital [68]. It is defined
as resources related to interpersonal relations, the ability to establish and maintain close
and lasting relationships, building one’s own social network [69]. Relational capital enables
the creation of a network of contacts and long-term cooperation relations. The high level of
this capital influences the connection of entities operating in the networks. It also affects
the quality of information flow between network links and joint activities undertaken by
all or only some of the entities [70].

These “social networks” contain two important components. The first is the network,
which is essentially considered a structure formed by entities (primarily actors/entities) and
their connections. The social nature of these connections, taking the form of interactions,
relationships and ties, is the second component. Functioning in networks allows you to
reach various resources through the exchange of knowledge. It enables the acquisition of
external knowledge and combining it with individual/organizational and tacit knowledge.
Nowadays, in a complex environment requiring a variety of reactions and stimuli, even
large companies and organizations find it difficult to gather all competences and skills
in one place [71]. An important element is also the interpenetration of different areas of
knowledge. In addition, collaborative networking enables greater freedom and security
through sharing experiences and sharing risks. Some researchers also argue that network
structures can accelerate trust building in R&D cooperation, which typically requires
mutual disclosure of knowledge related to competition [72,73].

On the one hand, networks enable the flow of knowledge based on direct relations,
and on the other hand, they can contribute to the exchange of knowledge through indirect
connections. In the case of indirect knowledge exchange, innovation brokers and gate-
keepers of knowledge play an important role. Brokers are network actors that transfer
knowledge between organizations that are not directly related [72]. They play the role of
an information intermediary between information resources and people/organizations
that need information. On the other hand, gatekeepers of knowledge absorb knowledge
scattered on a global scale and introduce it to innovation processes—both at the regional
and local level [66,71,74]. Their tasks, according to Wesley Cohen and Daniel Levinthal [75],
are to monitor the external environment and translate technical information into a form
that is understandable to local stakeholders. As a result, gatekeepers contribute to the
popularization of new ideas and the transfer of new knowledge to the regional and local
level [66]. Both brokers and gatekeepers act as knowledge repositories and contribute to
the use of knowledge they derive from different contexts [76]. As a result, they do not
so much control the flow of information, as influence it, among other by interpreting the
message or giving it a specific meaning. In a sense, they decide which information will
circulate and which will not.

6. Discussion

The study attempts to use the concept of regional innovation system to understand the
dynamics of renewable energy generation development and the role and peculiarities of
energy policy aimed at its development. Scarce attempts have been made so far to explore
how the concept of RIS and social networks can support the diffusion of knowledge related
to renewable energy sources. Moreover, the research conducted so far focuses mainly
on regions with strong centrality features and well-developed economic and research
infrastructure. Recent studies, however, suggest paying more attention to deficit and
peripheral regions and their determinants for the creation and absorption of innovation
and new technologies [77–79]. A particularly important area of research in which there
is a knowledge gap are the problems of innovation systems occurring in regions with an
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energy deficit and peripheral regions with specific development characteristics, which can
provide an appropriate framework for shaping energy policy focused on the development
of renewable energy sources.

In order to understand the mechanisms underlying the appearance of regions charac-
terized by energy gaps and energy peripherality, one should refer to the scientific paradigm
related to the systemic nature of innovation [80]. This paradigm explains that the speed,
direction and success of innovation processes are highly influenced by the environment,
i.e., the regional innovation system in which innovations arise. Such a system as a complex
structure of various institutions and their relations and principles of functioning, may
encounter many emergency situations that hinder the processes taking place within it.
Understanding these problems will help to better understand the occurrence of regional
disproportions in the rate and level of investment for installations related to the production
of renewable energy.

The main feature of large technological systems, including energy systems, is a strong
interconnection with the economic system [81]. This dependence means that the transfor-
mation of the energy system will affect all elements of a sustainable economic system and
requires an excessively high modernization effort, which many economies have not dealt
with so far [82]. Literature review shows various theoretical and practical examples of
problems related to the functioning of systems, such as: problems with the market structure,
infrastructure problems, institutional problems, problems with interaction and problems
with opportunities and local potential [52]. The systemic context allows, first of all, to
identify directions of policy and public support, and to indicate areas with deficiencies in
energy innovation and gaps in knowledge about them.

The new technology may face problems resulting from the market structure and
competitive substitutes, which may be cheaper than the introduced innovations or have
low utility when, for example, there are no externalities in the network. Moreover, when
some actors dominate and control the market, the customer selection processes are lim-
ited [83]. Practical examples in Denmark show that in case of renewable energy generation
installations, the small-scale wind energy generation technologies have been implemented
successfully [84], as opposed to large-scale energy projects such as biomass [85], gasification
and heat pumps [86], which in practice hampered the dissemination of the technology.

Infrastructural problems may concern equipping the region with physical facilities
necessary for the functioning of society or enterprises in economic structures. These are, for
example, electrical energy, natural gas transmission/distribution networks and communi-
cation networks such as high-speed ICT infrastructure and highways. Another dimension
of infrastructural problems is equipping the region with a physical knowledge infrastruc-
ture, which includes highly specialized buildings (laboratories and research facilities) and
equipment, as well as intangible infrastructure related to scientific and applied knowledge.
The implementation of investments related to RES generation installations requires the
transformation of large technical systems, such as the energy system. This is associated with
high investment costs for the expansion of new infrastructure and coordination problems,
and the entire process often requires government intervention [87].

Institutional problems relate to institutional mechanisms that may hinder innovation
processes in the region. Institutions are the main constituent of innovation systems, and
the institutional context defines this system and provides a structural framework. Formal
institutions are consciously created and are characterized by clearly articulated and written
rules of conduct, while informal institutions function as established rules of the game rooted
in local social and cultural structures. Together, these two dimensions of institutions create
the environment in which companies, knowledge institutions and the government itself are
embedded [87]. In practice, institutional problems caused by instability in regulations and
subsidy systems are often encountered. Once adopted, activities and support programs
are withdrawn to be restarted after a few years. Such situations for micro-CHP, wind, PV,
biomass and marine energy have been observed in the UK [88] or with solar collectors
in Sweden [89]. Another observed phenomenon is the shift in political priorities with
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regard to the technology or its application context. An example of such activities is the
implementation of solar cells in the Netherlands. A policy was adopted in the 1970s–1980s
that focused on countries with the highest theoretical solar energy potential and developing
countries as a priority, followed by a sudden increase in interest in PV technology in the
1990s, which due to climate change was also seen as an opportunity for the countries of
North-Western Europe. The following years saw a change in policy and PV technology is
no longer considered a viable option due to its high cost [90].

Another frequently mentioned problem in the functioning of institutions is the lack of
coherent actions between different administrative levels in a given country. An example are
biofuels and PVs in the Netherlands, both supported by provincial (regional) governments,
while at the national level the government hinders the development and diffusion of
these technologies [91,92]. Informal institutions, on the other hand, are responsible for
the legitimacy of the implementation of new technologies and their social acceptance and
observance through the prism of a given institution [93], in case of new technologies,
obtaining legitimacy is often a slow and tedious process.

The functioning of formal and informal institutions often results in problems with
network interaction. Actors of the innovation system, such as: enterprises, knowledge
institutions, government—all interact with each other, including regarding product devel-
opment and design, knowledge exchange and diffusion of new technologies. Interference
and inefficiencies in the functioning of the network can be caused by either too strong or
too weak interactions.

Network failure occurs when dominant gatekeepers and knowledge brokers fail to
fulfill their role and consequently fail to provide the required knowledge. The network can
also be too closed to external interactions, which means that actors are reluctant to leave
the group or let new participants into it. Another situation concerns the imprisonment of
relationships and the inability to develop the network, it results from the same costs of such
changes as well as the possibility of establishing relationships with new partners. Network
failure may also be caused by poor connectivity of network actors with new technologies,
which prevents the process of learning, adaptation to new technological developments and
innovations. Moreover, little involvement in cooperation in the system may lead to the lack
of a common vision of technology development in the future, which in turn may hinder
the coordination of research efforts and investments [87].

The company’s abilities in the form of the lack of competences and resources to mod-
ernize and implement a new technology may also prove to be a significant problem [94,95].
The possibilities of searching for new solutions are significantly limited by the knowledge
gaps of enterprises and the long cognitive and geographical distance, which is why they
are often not aware of the existing opportunities and do not include innovation in their
development vision [83].

Another issue are the interaction problems that affect the dissemination of knowledge
in a multi-stakeholder regional system. Networking of different actors facilitates knowledge
flows, accelerates technology development, reduces uncertainty and creates demand.
Research in this area shows that weak or excessively strong connections and disturbances
in the network are a mechanism blocking renewable energy generation technologies.

The case of Swedish producers of small biofuel boilers shows the lack of cooperation
within the network and the weakness of the relationship [96]. There are only two or
three producers of large biofuel boilers in Sweden, therefore the lack of cooperation may
be due to the lack of potential partners. On the other hand, the weakness of relations
and connectivity within the system may partially result from an information gap about
other entities being potential partners in the region. Another issue is the considerable
individualism of small companies, which means that these companies do not want to
cooperate and share their knowledge with other companies. In addition, some companies,
rooted for some time in local economic and social structures, are reluctant to new entities
and create distance instead of building relationships. Summarizing, the case of Sweden
shows that cooperation networks within the framework of energy generation technologies
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are characterized by poor connectivity and a lack of willingness to cooperate and share
knowledge with other companies.

In terms of ways to assess the efficiency of regional innovation systems and their influ-
ence upon creation of innovations one of them is to take into account the number of patents.
A research [97] was conducted within 194 countries to assess how different renewable
energy support policies affect innovation in solar and wind energy generation technologies.
This substantial work shows that a more comprehensive portfolio of renewable energy
support policies increases the number of patents in the particular field, as well as there is a
definite positive impact on patent activity, which is increasing significantly over time along
with the growing duration of research programs and achievement of R&D objectives.

A different approach to understanding of opportunities and constraints that are
created by the development of renewable energy generation capacities is mentioned by
van Zalk and Behrens [98] in the U.S.A. context. Namely, in their opinion the issue of land
use in this regard is not in favor of renewable energy development, as “the surface area
required for renewable energy systems is greater than that for non-renewable systems,
exacerbating existing environmental policy challenges, from increasing land competition,
to visual impacts”. While this is certainly true and needs to be taken into account, the
overall environmental benefits from decreased pollution are still prevailing.

7. Conclusions

The Polish energy sector is currently facing serious challenges, the currently defined
directions of the state energy policy are to a large extent interdependent. With the clear
goals to increase the share of renewable energy generation in the next decade intense
transformations are needed to reach them, as in the past years its growth rates have been
falling behind “the schedule”. These can be achieved by simultaneous increase of renewable
energy generation shares and by improving the energy efficiency. The later reduces the
increase in demand for fuels and energy, contributing to increased energy security, as a
result of reducing dependence on imports, and also works to improve the environmental
impact of energy by reducing emissions. Similar effects are brought by the development of
renewable energy generation, including the use of biofuels and non-pollutant technologies.

However, the sector also faces numerous challenges resulting from, inter alia, per-
manently high energy demand, inadequate level of development of fuel and energy pro-
duction and transport infrastructure, high dependence on external supplies of natural
gas, nearly total dependence on imported supply of crude oil, and environmental pro-
tection obligations, including climate change mitigation. These intensify the necessity to
implement decisive measures to prevent deterioration of the economic situation of fuel
and energy consumers. Therefore, in order to fully use the energy potential in Poland, it
is necessary to use innovations and knowledge, especially expert knowledge. This is of
exceptional importance for the energy sector, which operates in a complex legal, economic
and technological environment.

In the energy sector nowadays, as in other sectors of economies, one of the conditions
for functioning and development is the systemic use of knowledge to solve emerging
problems, including creating and facilitating innovations. The fulfillment of this condition
requires an incorporation of knowledge into management. The use of knowledge acquired
at the local and regional level, within the company, as well as in contacts between various
organizations obtained through networking activities can serve the process of gaining
knowledge through the exchange of experiences, mutual evaluation of one’s models and
practices, exchange of views and ideas, and conducting joint experiments [18,70]. Network
participants who are in contact with each other ignite discussions and generate new ideas,
define stimulants and share experiences. A special role here is played by entities such
as knowledge gatekeepers and brokers, which are responsible for providing practically
useful knowledge to solve key problems of an organization (this type of knowledge can
be defined as informal knowledge or unclassified knowledge), as well as information that
contributes to the creation and implementation of innovative solutions. Gatekeepers and
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brokers often act as liaisons who influence the creation and connection of various sets of
knowledge, both within the company and from external sources. These are people and
entities with networking skills, with a high level of social and communication skills.

It is worth noting that while in highly developed, innovative areas both the networks
themselves and the entities intermediating in acquiring are quite “dense”, their shortage
in peripheral areas may be another element hindering the development of innovation. In
regional systems, the strive to increase innovation and related entrepreneurship contributes
to changes in the functional structure of regions towards strongly developing regional
centers and less growing peripheral areas [99]. However, it is commonly assumed that
firms in peripheral regions benefit less from local knowledge transfer than firms located
in agglomerations or industrial clusters [100]. This is due to the fact that the peripheral
regions are characterized by a weaker supply of local knowledge transfer than the key
regions. The literature indicates that companies and organizations from peripheral regions
can be innovative to the extent that they are able to compensate for the missing possibilities
of spreading and absorbing knowledge [101]. It is the collaboration in networks and
with intermediaries for acquiring knowledge and skills that is a potential compensation
mechanism, as they establish the organizational framework (organizational proximity) that
enables interactive learning processes.

To conclude, the conducted analysis on the level of districts has revealed that the
energy generation capacities in Poland are spatially unevenly distributed. Most of the
surveyed districts are problematic areas which can be defined as energy periphery or
energy gaps. These are areas that, regardless of the population and demographic situation,
or the level of socio-economic development, are characterized by a low energy generation
potential. Numerous densely populated areas are characterized by a scarcity of energy
generation installations, thus also represent low energy generation potential. This may
indicate the fact that the development of the network infrastructure—in this case, above
all, the energy infrastructure—is not keeping up with the influx of people as well as social
and population changes. Nevertheless, the investment potential in most of Poland is high.
Thus, investment opportunities could be looked for in virtually every area of the market.

The authors focused on the characteristics of Polish regions regarding generation of
renewable energy and its dependence on regional innovation systems and knowledge
transfer. However, detailed definition of renewable energy generation development in
light of local development conditions in various regions requires further study—including,
among other, field research. It may be especially valuable to learn about non-economic
factors, including relational capital and its role in the processes of energy generation
knowledge/technology transfer and collective learning. Another important aspect that
relates to regional innovation systems and renewable energy is the issue of existing policies
for innovation and energy generation development. This would help to understand if
their directions and implemented measures become catalysts for each other and if this
accelerates the processes of transformation of the energy generation system achieving
synergistic effect.

An interesting aspect for further analyzes could also be a research of the structure
of energy generated from renewable sources, yet broken down into its types and specific
sources. Investment chances could be analyzed separately, which are needed on every stage
of product creation, in this case the generation and distribution of energy. Consequently,
this may translate into energy security studies, whether on national or regional levels,
either of which is a strategic issue for each country. Production and transmission of energy
is an economic bloodstream, which, in addition to the transport system, determines the
efficient functioning of the economy. Economic development of all countries depends on
access to energy, which is why its sustainable development is so important.
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Abstract: The paper’s main purpose was to identify the level and factors influencing the consumption
of bioenergy of agricultural origin in agriculture in EU countries. All EU countries were deliberately
selected for research, as of 31 December 2018. The research period covered the years 2004 to 2018. The
sources of materials were the subject literature, Eurostat data, and IEA (International Energy Agency)
data. The following methods were used for the analysis and presentation of materials: descriptive,
tabular, graphical, Gini concentration coefficient, Lorenz concentration curve, descriptive statistics,
Kendall’s tau correlation coefficient and Spearman’s rank correlation coefficient. In the EU, there
was a high level of concentration of renewable energy consumption in several countries. There was
also no change in the use of bioenergy of agricultural origin in agriculture, but the concentration
level was low. The degree of concentration has not changed for both parameters of renewable energy
over a dozen or so years, which proves a similar pace of development of the use of renewable
energy sources in individual EU countries. Higher consumption of bioenergy of agricultural origin
in agriculture was shown to occur in economically developed countries, but with high agricultural
production. There was a strong correlation between the consumption of bioenergy of agricultural
origin in agriculture for the entire EU and individual economic parameters in the field of energy
and agriculture. The relations were positive for all economic parameters, for total renewables and
biofuels consumption and for agricultural production parameters. Negative relations concerned the
total energy consumption and parameters related to the area of agricultural crops.

Keywords: renewable energy sources; agriculture; energy policy; energy in agriculture; bioenergy of
agricultural origin

1. Introduction

Preserving the natural environment for future generations is one of the most important
goals facing the world [1–3]. This issue was presented at many conferences and discussions
at the global and regional level [4–6]. This problem has also been dealt with in the European
Union. In December 2008, the Council of the European Union adopted assumptions on
counteracting climate change. The EU plan is commonly known as “3 × 20”, but there
were four proposals [7,8]. According to them, by 2020, the European Union should reduce
greenhouse gas emissions by 20% (compared to 1990), increase the share of energy from
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renewable sources (RES) in its total consumption to 20%, and increase efficiency by 20%
energy. It was also assumed that the share of biofuels in the total consumption of transport
fuels would increase by at least 10%. For individual countries, different target shares of
energy from renewable sources in gross final energy consumption have been defined for
2020 [9,10]. Its highest share was expected in Sweden (increase from 39.8% in 2005 to 49.0%
in 2020), Latvia (from 32.6% to 40%) and Finland (from 28.5% to 38%). In other countries,
the target share ranged from 10% in Malta, to 15% in Poland, to 31% in Portugal. In total,
this share was to reach 20% or more in 12 countries, and up to 15% in 10 countries. In
the remaining ones, it was lower than 15%. The next challenges posed by the European
Union are even more ambitious, as they involve achieving a reduction by at least 40% of
greenhouse gas emissions by 2030 (compared to the level from 1990), increasing the share of
renewable energy in its total consumption to a minimum of 32% and an increase of at least
32.5% in energy efficiency [11–13]. The European Green Deal published by the Commission
has set out a clear vision of how to achieve climate neutrality by 2050. It proposes to increase
the EU’s climate ambition for 2030 and 2050, a zero-pollution ambition for a toxic-free
environment, supplying clean, affordable and secure energy, mobilizing industry for a clean
and circular economy, building and renovating in an energy and resource efficient way,
preserving and restoring ecosystems and biodiversity, a fair, healthy and environmentally
friendly food system, accelerating the shift to sustainable and smart mobility [14].

For millennia, mankind has mostly used natural, reproducible energy sources. These
were plants that provide food and fuel, animal products (including oils), and to some
extent, water, wind, and especially the sun. Along with the socio-economic development,
raw materials obtained from the depths of the earth, such as coal, oil and natural gas,
were increasingly important. These are non-renewable resources and their combustion
products pollute the environment. In this situation, mankind is forced to look for such
energy sources that are constantly recreated. Such sources include solar energy [15], wind
energy, water [16], including river currents, sea and ocean waves, nuclear energy [17],
energy from biomass [18], biogas or bioliquids [19]. Renewable energy also includes the
heat obtained from the ground (heat pumps, geothermal energy), air (aerothermal) and
water (hydrothermal energy) [20–24].

The most important feature of renewable energy is its inexhaustibility. In addition,
renewable energy sources have a much lower negative environmental impact than conven-
tional fossil energy technologies. Most of the expenditure related to renewable energy is
related to the materials and labor needed to build and maintain facilities. However, there
are no costs of importing energy [25–27]. The main advantages of renewable energy include
ensuring energy security for the future, which means a continuous and uninterrupted
supply of energy necessary to run the economy [28]. There is a strong relationship between
the level of energy intensity and socio-economic development. Renewable energy also
creates additional jobs [20,29,30]. Another advantage of renewable energy sources is their
availability. These sources are scattered around the world, making them easily accessible to
everyone. Renewable energy reduces the electrification gap between rural and urban areas.
As a result, it can affect the development of rural areas [31]. Where connection to the power
grid is almost impossible, renewable energy is the most effective solution [32–34]. RES
also reduces the negative effects on the environment and health. The emission of harmful
substances to the atmosphere is reduced and the carbon footprint is reduced. This reduces
the risk to human health as most diseases are related to air pollution [35–37].

Agriculture provides many types of renewable energy. It is easiest to identify energy
produced only in agriculture, such as solid and liquid biofuels and biogas. Solid biofuels
are defined as any plant material that is used directly as fuel or transformed into other
forms prior to combustion. This includes many wood materials produced by an industrial
process or supplied directly by forestry and agriculture (firewood, wood chips, bark,
sawdust, shavings; sulphite lyes, also known as black liquor; animal materials/waste,
industrial waste (renewable) and others solid biofuels). Charcoal is not included in this
category. Biogas are gases consisting mainly of methane and carbon dioxide, produced
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either by anaerobic digestion of biomass or by thermal processes. Liquid biofuel is primarily
biodiesel, mixed or replaced with fossil gas or diesel fuel [38–41].

Agriculture is a significant producer of renewable energy and is considered by policy
makers in this respect. Meanwhile, the consumption of renewable energy in this sector
must also be encouraged. Ideally, this energy should be produced on farms themselves.
The undertaken research topic is important as it shows the other and still underestimated
side of renewable energy in agriculture, i.e., its consumption. Thus, the article fills the
research gap.

The paper’s main purpose was to identify the level and factors influencing the con-
sumption of bioenergy of agricultural origin in agriculture in EU countries. Additional
objectives were to define the conditions for the development of renewable energy sources
in the EU, determine the directions of changes and the importance of renewable energy in
individual EU countries, and present the consumption of bioenergy of agricultural origin
in agriculture in EU countries.

Two research hypotheses were formulated in the paper:

Hypothesis 1. The processes of the concentration of bioenergy of agricultural origin in agriculture
entails a greater concentration of this energy consumption in the countries that are the largest
agricultural producers in the EU.

Hypothesis 2. The use of bioenergy of agricultural origin in agriculture was closely correlated
with the parameters of agricultural production.

The organization of this paper is as follows: in Section 2, the literature review is
elaborated. Section 3 proposes methods to identify the level and factors influencing
bioenergy consumption of agricultural origin in agriculture. In Section 4, the results of
the research were presented. In Section 5, Discussion, reference is made to other research
results that dealt with the relationships tested. Finally, Section 6 concludes this paper.

2. Literature Review

Agriculture has many functions. In this sector, natural resources are somewhat lim-
ited, as is the land stock. Thus, there is a competition between the use of land for food
production and energy purposes. The production and use of renewable energy represent a
secondary transformation in the agricultural sector [42–47]. The production and consump-
tion of renewable energy may result from the reluctance of farmers to use environmentally
harmful fuels and as a way to diversify agricultural production. The biophysical features
of the farm are also important, as they determine the investment in the production of
renewable energy [48–51]. In addition, for example, the production of agricultural biogas
or electricity from agricultural biogas is a regulated activity requiring the registration of
energy companies operating in the production of agricultural biogas. The external factor
for developing small-scale agricultural biogas plants is the system of subsidies on this
account. Financial aid in the EU is granted to farmers for projects to diversify into non-
agricultural activities, including agricultural biogas production and energy production
from agricultural biogas. Internal factors concern human and financial resources and the
level of marketization of agriculture and the agrarian structure in a given area. The size
of farms mainly determines the development of agricultural biogas plants. It is easier
to obtain the raw material for agricultural biogas production in large farms [52,53]. One
way to produce and consume renewable energy in the agricultural sector is to use crop
residues from existing crops [54]. Biomass production can, in principle, apply to all types
of agricultural products. The potential for energy use is therefore very large [55].

Biofuels can be one of the sources that meet the global energy demand. Their advan-
tage is environmental neutrality [56–58]. Agriculture is one of the most important sectors
that supply various forms of biofuels. The production of first-generation biofuels relies
heavily on energy crops such as maize and sugarcane. In Europe, biodiesel production is
dominant, such as in the USA—of ethanol [59,60]. Second-generation biofuels are made
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of cellulose, hemicellulose or lignin. The lignocellulosic raw materials are mainly maize
straw, rice husk, wheat straw and sugar cane bagasse [61]. Second generation biofuels
can be blended with gasoline, which can be burned in internal combustion engines and
distributed via existing infrastructure or engines slightly modified for internal combustion.
An example of second-generation biofuel is cellulose ethanol, which is produced biochemi-
cally [62]. Third-generation biofuels come from algae biomass. The production of biofuel
from algae is usually dependent on the lipid content. Algae are used, among others, for
the production of biodiesel [63–67]. Fourth-generation biofuels use inexhaustible, cheap
and widely available raw materials to convert solar energy into solar biofuels. The pro-
duction of photobiological solar biofuel or electrofuel uses the synthetic biology of algae
and cyanobacteria [68–70].

Biofuel production systems competing with farmland may to some extent threaten
food production, but also increase environmental pressure and affect biodiversity and
ecosystem services [71,72]. The production of biofuels by agriculture is part of the concept
of sustainable agriculture [73]. On the other hand, agriculture should also use the energy
produced in this sector, e.g., biofuels. Then, in a sense, the agricultural sector would supply
itself with energy [74,75]. Such activities would also be beneficial for sustainable agriculture
and the environment [76,77]. In agriculture, renewable energy can be used for heating and
cooling. The problem here is the existence of low-capacity installations that convert this
energy and supply the farm directly. An example is the use of biogas, the production of
which is unlimited by climatic conditions. Biogas is used in agriculture for cooking and
heating. Another possibility is to produce biofuels in small factories on the farm. Then,
such fuel can be directly used in agricultural machinery operating on a farm. Optionally, it
can be used as a percentage additive to conventional fuel [78–83].

Increasing the use of renewable energy can be achieved by initiating effective poli-
cies by governments. Policymakers should encourage domestic and foreign investors to
invest in renewable energy projects, including providing tax breaks to produce renewable
energy [84,85]. Investments are the main factor driving the increase in renewable energy
consumption in all sectors, including agriculture [86,87].

3. Materials and Methods

EU countries were deliberately selected for research, as of 31 December 2018. The
research period covered the years 2004 to 2018. The sources of materials were the literature
on the subject, Eurostat data, and IEA (International Energy Agency) data.

The first stage presents issues related to renewable energy in the EU. The aim was to
show the similarities and differences between EU countries. The differentiation between
individual countries regarding the declared share of renewable energy in total energy
until 2020 was presented. Subsequently, the degree of concentration of renewable energy
consumption in the EU and changes in this regard were determined. Gini’s associate was
used for this purpose. The degree of concentration is measured by the amount of renewable
energy consumed in the EU. If these values concern only one country, the coefficient would
be 1. If they are spread over more countries, the coefficient becomes lower; the closer to 0,
the more even the distribution of the volume of renewable energy consumption among EU
countries. The Lorenz curve is a graphical representation of the degree of concentration of
the volume of renewable energy consumption in EU countries.

The Gini coefficient is a measure of unevenness (concentration) of distribution of a
random variable. When the observations are sorted in ascending order, the coefficient can
be represented by the formula [88]:

G(y) =
∑n

i=1(2i − n − 1)× yi

n2 × y
(1)

where:

n—number of observations,
yi—value of the “i-th” observation,
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y—the average value of all observations, i.e., y = 1
n

n
∑

i=1
yi.

The Lorenz curve determines the degree of concentration of a one-dimensional random
variable distribution [89]. With sorted observations yi, which are non-negative values

0 ≤ y1 ≤ y2 ≤ · · · ≤ yn,
n
∑

i=1
yi > 0, the Lorenz curve is a polyline whose apexes (xh, zh),

for h = 0, 1, . . . , n, have the following coordinates:

x0 = z0 = 0, xh =
h
n

, zh =
∑h

i=1 yi

∑n
i=1 yi

(2)

The Gini coefficient determines the area between the Lorenz curve and the diagonal
of a unit square multiplied by 2.

EU countries were deliberately selected for research, as of 31 December 2018. The
research period covered the years 2004 to 2018. The sources of materials were the literature
on the subject, Eurostat data, and IEA (International Energy Agency) data.

In the second stage of the research, descriptive statistics relating to the share of
renewable energy in individual EU countries were presented. This part of the research
aimed to obtain information on regularities occurring in individual EU countries and in
the entire EU. Statistics analyzed include the average, median, minimal, maximal, standard
deviation, coefficient of variation, skewedness, curtosis.

The third stage focused on the use of renewable energy in agriculture. As the Eurostat
data do not contain precise data on renewable energy consumption in individual sectors
(including agriculture), it was decided to use IEA (International Energy Agency) data.
The consumption of renewable energy in the agricultural sector is presented, but it refers
only to renewable energy produced in agriculture (primary solid biofuels, biogases and
liquid biofuels). Originally, data was collected for all EU countries. After verification,
it turned out that in six countries the data was incomplete. In Croatia, Ireland, Malta
and Slovenia, the consumption of bioenergy of agricultural origin in agriculture was not
recorded but was generated in this sector. In Cyprus and Portugal, the consumption of
bioenergy of agricultural origin in agriculture was not recorded in the first years of the
period considered. Therefore, it was decided not to include these countries in the analysis.
As a result, 22 EU countries were subjected to the study. At this stage of the research, the
degree of concentration of bioenergy of agricultural origin consumption in agriculture
in individual EU countries was shown. The Gini coefficient was used for this purpose.
Graphically, the concentration level is represented by the Lorenz curve. These methods
have been described earlier.

In the fourth stage, the dynamics of changes in bioenergy consumption of agricultural
origin in agriculture in individual EU countries were determined. As a result, the following
trends were observed. Additionally, the research period was divided into three- to four-
year periods. As a result, changes in particular periods were more visible. The dynamics
indices with a constant base were used for the research. The constant-based dynamics
index has the following formula [90]:

i =
yn

y0
or i =

yn

y0
× 100% (3)

where:

yn—the level of the phenomenon in a certain period,
y0—level of the phenomenon during the reference period.

In the fifth stage, descriptive statistics concerning the share of renewable energy
consumption in agriculture (coming only from primary solid biofuels, biogases and liquid
biofuels) in the total consumption of renewable energy from this sector were presented.
Thanks to this, it is possible to identify regularities occurring in individual countries, as
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in the entire EU. Agriculture contributes to renewable energy production but is generally
responsible for the low consumption of this energy type, especially produced in this sector.

In the sixth 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 means no match of ordering, and
value -1 means 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 by the formula [91]:

τ = P[(x1 − x2)(y1 − y2) > 0]− P[(x1 − x2)(y1 − y2) < 0] (4)

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

P—compatible pairs, when the compared variables within two observations fluctuate
in the same direction, i.e., either in the first observation both are greater than in the second,
or both are smaller,

Q—incompatible pairs, when the variables change in the opposite direction, i.e., one
of them is greater for this observation in the pair, for which the other is smaller,

T—related pairs when one of the variables has equal values in both observations.
The Kendall tau estimator is then calculated from the formula:

τ =
P − Q

P + Q − T
(5)

Additionally,

P + Q + T =

(
N
2

)
=

N(N − 1)
2

(6)

where:

N—sample size.

The pattern can be represented as:

τ = 2
P − Q

N(N − 1)
(7)

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 [92]:

rS = 1 − 6 ∑n
i=1 d2

i
n(n2 − 1)

(8)

where:

di—differences between the ranks of the corresponding features xi and feature yi (i = 1, 2, . . . , n).

The correlation coefficient takes values in the range −1 ≤ rs ≤ +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 one, the stronger the correlation between the examined variables.

The following methods were used to present the materials: descriptive, tabular and graphic.
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4. Results

In 2019, most of the energy in the world came from crude oil—33.1% (in 2010 it
was 34.7%), then coal—27% (29.8%) and natural gas—24% (22.4%), while nuclear energy
provided 4.3% (5.2%). Renewable energy accounted for 11.4% (7.8% in 2010) of sources,
of which 6.4% (unchanged) was hydropower. Overall, it can be said that changes in
the structure of global energy consumption are small, but are in the generally desirable
direction, i.e., a decrease in the share of fossil fuels (by 5.5 percentage points) and an
increase in renewable sources (by 3.6%) [93,94].

4.1. Renewable Energy in EU Countries

There was a large variation in the share of energy from renewable sources in the
total energy consumption in the EU countries (Figure 1). Countries were using renewable
energy to a very large extent (Sweden, Latvia, Finland), but also to a small extent (Malta,
Luxembourg, The Netherlands). Each country submitted declarations of achieving a certain
share of renewable energy in total energy consumption. Based on the 2018 data, it can be
concluded that slightly more than half of the countries will achieve their targets. Natural
and economic factors may cause the existing differentiation in goals and the possibility of
achieving them.

Figure 1. Share of energy from renewable sources in gross final energy consumption in EU countries in 2018.

Then, the degree of concentration of renewable energy consumption in the EU coun-
tries was determined. For this purpose, the Gini coefficient was used. This coefficient is
a correct and commonly used measure of inequality because it meets all the postulated
axioms in this respect. It assumes values in the range from 0 to 1. A result close to 1
means that there is a very high concentration of energy consumption in one country, and
close to 0 means that consumption is dispersed across many countries. The number of
observations was 28 (all EU countries). The results are presented for the consumption of
renewable energy. The Gini coefficient for total renewable energy consumption in 2004,
calculated from the sample, was 0.57, and the estimated coefficient for the population was
0.59. This meant quite a high concentration of renewable energy consumption in several
EU countries. In the case of repeating the research for 2018, the results were virtually
identical (sample coefficient 0.56 and estimated for the population 0.58). Therefore, there
have been no significant changes in the distribution of renewable energy consumption
in EU countries. The existing differentiation was also presented by means of the Lorenz
concentration curve (Figure 2). In 2018, most renewable energy was consumed in Germany,
France, Italy, Sweden and Spain. In these five countries, the combined use of renewable
energy accounted for 54% of total renewable energy consumption in the EU. In total, the
top 10 countries used 79% of the total EU renewable energy consumption. As a rule, most

141



Energies 2021, 14, 3014

renewable energy was consumed in economically developed countries and the largest
countries in terms of socio-economic potential. Concentration ratios were also calculated
for the earlier periods, with a frequency of every three or four years. As a result, the results
concern the years 2005 to 2018. Such a combination allows to determine the direction
and pace of changes in the concentration of renewable energy consumption. Generally, it
can be noticed that the concentration of renewable energy consumption is maintained in
several countries (Table 1). One of the reasons may be a fairly stable rate of increase in the
consumption of renewable energy in individual countries and the use of technologies that
ensure similar energy efficiency.

Figure 2. Lorenz concentration curves for renewables and biofuels consumption in the EU countries in 2004 and 2018.

Table 1. Gini coefficients for renewables and biofuels consumption in the EU countries in 2004 to
2018.

Type of
Coefficient

Gini Coefficients in Years

2004 2008 2011 2014 2018

from the
sample 0.57 0.58 0.56 0.56 0.56

estimated 0.59 0.60 0.58 0.58 0.58

The share of energy from renewable energy sources changed from 2004 to 2019
(Table 2). The highest average share of energy from renewable energy sources were in
Sweden (48.45%), Latvia (34.99%) and Finland (34.90%). It is worth mentioning that the
average in Poland was 9.74% and it increased 21.22% (Table 1). The lowest share of energy
from renewable energy sources was found in the analyzed period in Malta (3.14%), Luxem-
burg (3.85%) and The Netherlands (4.73%). The average share of energy from renewable
sources for the EU 28 was 13.93%. It is worth mentioning that Iceland (70.55%) and Norway
(64.66%) achieved a much higher share than the EU.

We have also analyzed the minimal share of energy from renewable sources. As we
can see from Table 1, the lowest minimal share of energy from renewable sources was in
2004 in Malta (0.10%), Luxemburg (0.90%), and United Kingdom (1.10%). The highest
minimal share of energy from renewable sources in 2004 was in Latvia (29.62%), Finland
(28.81%), and Sweden (38.68%). These countries also had the highest maximal share of
energy from renewable sources in 2019, respectively (40.98%, 43.08%, and 56.39%).

The coefficient of variation informs about the changes that were in the analyzed
variable. The biggest changes were observed in Malta (99.00%), United Kingdom (67.32%),
Luxemburg (56.98%), and Ireland (45.68%). The smallest changes were found in Slovenia
(6.75%), Croatia (9.71%), and Latvia (10.78%).

Skewedness was positive in the following countries: Denmark, Ireland, Greece, France,
Cyprus, Latvia, Lithuania, Luxemburg, Malta, The Netherlands, Slovakia, Finland, and
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United Kingdom. It means that the tail on the right side of the distribution is longer than
the left side. Other countries reached negative skewedness.

Kurtosis is also an asymmetry measure. The data proved that the kurtosis reached a
positive value for 2004 to 2019 only in Luxemburg and Slovakia. The vast majority of the
EU countries achieved a negative value, indicating that the measure was different in 2004
to 2019 in relation to the mean.

Table 2. Descriptive statistics of share of energy from renewable sources (%) in the EU in 2004 to 2019. Red font indicates
the lowest results. Bold font indicates the highest scores.

Countries Average Median Minimal Maximal Range
Standard
Deviation

Coefficient of
Variation

Skewedness Curtosis

Austria 30.65 32.11 22.55 33.81 11.25 3.58 11.70 −1.08 −0.11
Belgium 6.16 6.68 1.89 9.92 8.03 2.76 44.76 −0.25 −1.39
Bulgaria 14.88 14.99 9.10 21.56 12.47 4.50 30.24 −0.08 −1.51
Croatia 25.73 26.07 21.99 28.97 6.98 2.50 9.71 −0.21 −1.53
Cyprus 7.48 6.70 3.07 13.90 10.83 3.51 46.96 0.43 −0.81
Czechia 11.70 11.88 6.77 16.24 9.47 3.41 29.11 −0.18 −1.55

Denmark 25.05 24.43 14.84 37.20 22.36 7.53 30.07 0.18 −1.35
Estonia 24.11 25.33 15.97 31.89 15.92 5.13 21.29 −0.27 −1.24
Finland 34.90 33.50 28.81 43.08 14.27 4.88 13.99 0.25 −1.44
France 12.95 12.97 9.34 17.22 7.88 2.63 20.34 0.05 −1.32

Germany 12.37 13.00 6.21 17.35 11.15 3.34 26.97 −0.34 −0.92
Greece 12.45 12.45 7.16 19.68 12.52 4.35 34.92 0.13 −1.48

Hungary 11.76 12.68 4.36 16.21 11.84 3.50 29.78 −0.71 −0.69
Ireland 6.76 6.79 2.38 11.98 9.61 3.09 45.68 0.10 −1.22

Italy 13.79 14.23 6.32 18.27 11.95 4.11 29.78 −0.49 −1.15
Latvia 34.99 35.01 29.62 40.98 11.36 3.77 10.78 0.01 −1.33

Lithuania 21.24 20.69 16.48 26.04 9.56 3.61 17.00 0.04 −1.54
Luxembourg 3.85 3.02 0.90 8.97 8.07 2.19 56.98 0.82 0.01

Malta 3.14 2.36 0.10 8.49 8.39 3.10 99.00 0.47 −1.28
The Netherlands 4.73 4.59 2.03 8.77 6.74 1.81 38.22 0.55 −0.18

Poland 9.74 10.66 6.89 12.16 5.28 2.07 21.22 −0.39 −1.54
Portugal 25.64 24.59 19.21 30.87 11.66 4.21 16.42 −0.02 −1.39
Romania 21.88 22.83 16.81 25.03 8.22 2.98 13.63 −0.63 −1.14
Slovenia 20.68 20.93 18.37 22.86 4.49 1.40 6.75 −0.40 −0.82
Slovakia 10.07 10.24 6.36 16.89 10.53 2.81 27.88 0.60 0.26

Spain 13.71 14.07 8.34 18.35 10.01 3.49 25.48 −0.31 −1.31
Sweden 48.45 49.08 38.68 56.39 17.71 5.46 11.27 −0.32 −1.09

United Kingdom 5.47 4.43 1.10 12.34 11.24 3.69 67.32 0.49 −1.05
European Union 13.93 14.03 8.56 18.88 10.32 3.35 24.06 −0.18 −1.27

4.2. Consumption of Bioenergy of Agricultural Origin in Agriculture

Agriculture is one of the many sectors that can benefit from renewable energy. The
article presents energy consumption in agriculture, but coming from primary solid biofuels,
biogases, and liquid biofuels, i.e., agricultural energy. The Gini coefficient was used to
determine the degree of concentration of such energy consumption in the agricultural
sector. In 2004, the Gini coefficient calculated from the sample was 0.32, and the estimated
coefficient for the population was 0.33. This meant a relatively low concentration of
bioenergy of agricultural origin consumption in agriculture in several EU countries. In
the case of repeating the research for 2018, the results were identical. Therefore, there
have been no significant changes in the distribution of bioenergy of agricultural origin
consumption in agriculture in the EU countries. The existing differentiation was also
presented by means of the Lorenz concentration curve (Figure 3). In 2018, most bioenergy
of agricultural origin was used in agriculture in Germany, Poland, France, Finland and The
Netherlands. In these five countries, combined use of bioenergy of agricultural origin in
agriculture accounted for 65% of total renewable energy consumption in the EU agricultural
sector. The top 10 countries used 90% of total bioenergy of agricultural origin consumption
in agriculture in the EU. As a rule, most renewable energy in agriculture was used in
economically developed countries and countries with large agricultural production and
those developing energy from non-renewable sources. The latter factor may even be
decisive. Concentration coefficients were also calculated for the earlier periods, with a
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frequency of every three or four years. As a result, the results relate to the years 2004
to 2018. Such a statement allows determining the direction and pace of changes in the
concentration of bioenergy of agricultural origin consumption in agriculture. Generally, it
can be noticed that the concentration of bioenergy of agricultural origin consumption in
agriculture is maintained in a dozen or so countries, of which usually two to three countries
consumed this energy the most (Table 3). Individual countries changed at the positions of
leaders. In 2004, Sweden consumed the most bioenergy of agricultural origin in agriculture;
in 2008 and 2011, it was Poland; in 2014 and 2018, it was Germany. Despite these changes
between countries, the level of concentration has remained unchanged. One of the reasons
may be a certain stabilization in agricultural production and a fairly stable pace of growth
in renewable energy consumption in individual countries. This is because countries use
technology that provides similar energy efficiency.

Figure 3. Lorenz concentration curves for bioenergy of agricultural origin consumption in agriculture in the EU countries in 2018.

Table 3. Gini coefficients for bioenergy of agricultural origin consumption in agriculture in the EU
countries in 2004 to 2018.

Type of Coefficient
Gini Coefficients in Years

2004 2008 2011 2014 2018

from the sample 0.32 0.32 0.32 0.32 0.32
estimated 0.33 0.33 0.33 0.33 0.33

The use of bioenergy of agricultural origin in agriculture varied across countries. The
dynamics of changes was also different (Table 4). The use of bioenergy of agricultural origin
in agriculture was the fastest in The Netherlands, Italy and Belgium. In the years 2004 to
2018, in these countries, there was an increase of several dozen times. Of these, only The
Netherlands has achieved a high volume of bioenergy of agricultural origin consumption
in agriculture. In Italy and Belgium, the starting level in 2004 was low, so despite the high
dynamics, the level in 2018 was still relatively low. Only in Sweden has the consumption
of bioenergy of agricultural origin in agriculture decreased. Despite this, the country
was characterized by a high volume of bioenergy of agricultural origin consumption in
agriculture. High growth dynamics were achieved among the countries with the highest
volume of bioenergy of agricultural origin consumption in agriculture, i.e., in Germany
(increase by 427%) and Poland (by 187%). In most countries, the highest increases in
the consumption of bioenergy of agricultural origin in agriculture were recorded in 2004
to 2008, and the lowest in 2014 to 2018. It can therefore be concluded that bioenergy of
agricultural origin is introduced more and more slowly in agriculture. In some countries,
there was stagnation or a decrease in the consumption of this energy.
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Table 4. Dynamics indicators for the consumption of bioenergy of agricultural origin in agriculture
in the EU countries in 2004 to 2018.

Countries
Dynamics of Changes in the Years

2004–2008 2011–2008 2014–2011 2018–2014 2004–2018

Austria 92.24 110.50 109.34 100.19 103.54
Belgium 1357.14 188.27 155.99 90.83 170.31
Bulgaria 63.38 166.67 192.00 71.18 139.96
Czechia 86.98 280.73 235.99 110.42 428.73

Denmark 110.72 94.34 97.35 101.83 526.89
Estonia 118.75 107.24 151.53 88.26 348.70
Finland 103.35 108.93 126.80 98.04 132.86
France 271.62 122.21 108.55 118.98 6230.43

Germany 212.08 164.10 136.15 111.19 182.64
Greece 176.81 189.51 89.45 116.34 190.09

Hungary 91.84 124.22 68.69 169.53 232.91
Italy 113.04 273.08 1259.15 160.29 7594.44

Latvia 56.04 123.23 138.52 190.93 286.50
Lithuania 124.02 127.12 95.05 126.85 335.38

Luxembourg 245.57 87.11 63.91 170.37 1674.32
The Netherlands 2238.89 157.77 138.88 154.81 540.69

Poland 260.00 126.34 81.30 107.27 39.85
Romania 863.08 35.47 129.65 84.50 212.90
Slovakia 154.05 730.70 28.57 520.59 228.95

Spain 237.96 208.21 112.82 96.74 103.54
Sweden 104.30 46.87 91.97 88.64 170.31

United Kingdom 189.99 112.14 291.59 34.27 139.96
EU 22 158.40 118.28 123.25 99.15 428.73

Individual EU countries differed in terms of the level of bioenergy of agricultural
origin consumption in agriculture. Indicators can also be used to determine the importance
of bioenergy of agricultural origin in agriculture. One of them is the share of bioenergy of
agricultural origin consumption in agriculture (coming only from primary solid biofuels,
biogases and liquid biofuels) in the total consumption of renewable energy from this sector.
Particular descriptive statistics allowed for the identification of regularities occurring in
individual countries and the entire EU (Table 5). In 2004 to 2018, the highest average
share of bioenergy of agricultural origin in agriculture was recorded in The Netherlands
and Poland (over 10%). In turn, it was the lowest in Italy, Romania and Bulgaria. In
most EU countries, the median was most often close to the arithmetic mean value. The
lowest minimum share of bioenergy of agricultural origin consumption in agriculture
in the total consumption of renewable energy from agriculture was in Italy (0.01%) and
Romania (0.05%), and the highest in Luxembourg (4.75%) and Poland (4.52%). In the
case of the maximum values, the lowest share was in Italy (0.52%) and Romania (1.16%),
and the highest in The Netherlands (20.56%) and the United Kingdom (16.72%). The
smallest difference between the maximum and minimum value was in the case of Italy
(0.52 percentage points) and Romania (1.11), and the largest in The Netherlands (20.12) and
the United Kingdom (13.35).
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Table 5. Descriptive statistics of share of energy consumption from bioenergy of agricultural origin in agriculture (%) in the
EU in 2004 to 2019. Red font indicates the lowest results. Bold font indicates the highest scores.

Countries Average Median Minimal Maximal Range
Standard
Deviation

Coefficient of
Variation

Skewedness Curtosis

Austria 5.05 5.13 4.37 6.24 1.88 0.48 9.47 0.85 1.43
Belgium 2.37 2.81 0.21 3.77 3.56 1.26 53.30 −0.80 −0.77
Bulgaria 0.62 0.48 0.29 1.73 1.44 0.38 60.89 2.14 5.06
Czechia 3.24 2.53 1.01 5.99 4.98 1.99 61.31 0.18 −1.96

Denmark 5.01 4.94 4.03 6.87 2.84 0.73 14.58 1.10 1.84
Estonia 1.00 0.90 0.25 2.50 2.25 0.51 51.10 1.81 5.35
Finland 3.13 3.13 2.63 3.91 1.29 0.37 11.85 0.38 −0.36
France 1.51 1.51 0.47 2.03 1.57 0.40 26.29 −1.21 2.25

Germany 4.18 4.06 1.79 6.71 4.92 1.75 41.83 0.17 −1.38
Greece 2.14 2.15 0.89 3.37 2.48 0.81 37.85 −0.07 −1.39

Hungary 0.86 0.86 0.43 1.89 1.45 0.34 39.64 1.88 5.62
Italy 0.17 0.02 0.01 0.52 0.52 0.23 133.36 0.87 −1.35

Latvia 1.50 1.44 0.76 3.01 2.25 0.59 39.11 1.28 1.92
Lithuania 1.63 1.70 0.92 2.43 1.51 0.44 27.04 0.08 −0.06

Luxembourg 7.78 7.92 4.75 11.71 6.96 1.85 23.74 0.02 0.34
The Netherlands 11.36 12.01 0.44 20.56 20.12 6.26 55.13 −0.44 −0.83

Poland 10.75 11.13 4.52 12.67 8.15 1.92 17.82 −2.65 8.72
Romania 0.30 0.18 0.05 1.16 1.11 0.34 112.68 2.21 3.77
Slovakia 3.11 1.52 0.54 7.87 7.33 2.94 94.54 0.70 −1.36

Spain 1.32 1.67 0.38 1.95 1.57 0.59 44.98 −0.77 −1.34
Sweden 4.41 3.86 1.90 7.31 5.41 2.07 47.02 0.12 −2.03

United Kingdom 9.67 9.74 3.38 16.72 13.35 4.56 47.15 −0.05 −1.25
EU 22 3.25 3.34 1.63 4.06 2.43 0.63 19.55 −1.28 1.89

The variability of the examined index of the share of bioenergy of agricultural origin in
agriculture was also determined. The greatest stabilization was in Austria (the coefficient of
variation was 9.47%) and Finland (11.85%), and the greatest in Italy (133.36%) and Romania
(112.68%). In most EU countries, volatility was very high. For the entire EU, the coefficient
of variation was around 20%.

Skewness was positive in most EU countries, which means that the results were higher
than the average for most of the years studied. Particularly high results were achieved
in Romania and Bulgaria. On the other hand, most of the below-average results were
achieved in Poland and France. Kurtosis is a measure of how results are concentrated
around the mean. Results were positive in about half of the countries and negative in
another half. A lot of results concentrated around the average were recorded in Poland
and Hungary, and the lowest in Sweden and the Czech Republic. In general, it can be
stated that there was a large variation between EU countries in the share of bioenergy of
agricultural origin consumption in agriculture (coming only from primary solid biofuels,
biogases and liquid biofuels) in the total consumption of renewable energy from this sector.

To establish the relationship between the amount of energy consumption from bioen-
ergy of agricultural origin in agriculture in the EU countries and the basic parameters of the
economy, energy and agriculture, Kendall’s tau correlation coefficient and Spearman’s rank
correlation coefficient were calculated (Table 6). p = 0.05 was adopted as the border value
of the significance level. Significant results are marked in bold in the table. Correlation
coefficients were calculated for all EU countries (28 countries) for the entire 2004 to 2018
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.
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Table 6. Kendall’s tau correlation coefficients and Spearman’s rank correlation coefficients between
the volume of bioenergy of agricultural origin consumption in agriculture in the EU countries and
the parameters of the economy, energy and agriculture. Bold font indicates the highest scores.

Tested Parameters

Kendall’s Tau
Correlation Coefficient

Spearman’s Rank
Correlation Coefficient

τ p-Value rs p-Value

Correlation coefficients between bioenergy of agricultural origin consumption in agriculture and

Value of GDP 0.810 0.001 0.925 0.001
Final consumption expenditure of households 0.810 0.001 0.925 0.001

Export of goods and services 0.810 0.001 0.929 0.001
Import of good and services 0.771 0.001 0.911 0.001

GDP per capita 0.790 0.001 0.914 0.001
Final consumption expenditure of households per capita 0.790 0.001 0.914 0.001

Total energy consumption −0.771 0.001 −0.925 0.001
Total renewables and biofuels consumption 0.867 0.001 0.932 0.001

Total energy consumption in agriculture −0.105 0.553 −0.136 0.010
Gross value added of agriculture, forestry and fishing 0.657 0.001 0.821 0.001

Area of agricultural crops −0.733 0.001 −0.857 0.001
Area of grain sowing −0.505 0.008 −0.686 0.001

Raw cows’ milk delivered to dairies 0.829 0.001 0.946 0.001

In the case of Kendall’s tau correlation, significant positive relations were found for
almost all parameters with the amount of bioenergy of agricultural origin consumption
in agriculture in the EU. The strength of the relationship was very great for the economic
parameters. These relationships were very strong for both the global performance and per-
capita performance parameters. Energy-related parameters were also strongly correlated
with the consumption of bioenergy of agricultural origin in agriculture. The only exception
was the parameter on total energy consumption in agriculture. The dependencies were
varied, as a positive correlation was found in relation with the total consumption of
renewable energy, and a negative correlation in the total energy consumption. This means
that changes in the consumption of bioenergy of agricultural origin in agriculture follow
the same direction as changes in the renewable energy consumption in the economy. There
is an overall reduction in energy consumption in the EU; therefore, there was a negative
correlation for this parameter. The parameters related to agriculture had less correlation
with bioenergy consumption of agricultural origin in the agricultural sector. A strong
positive relationship was observed for gross value added of agriculture, forestry and
fishing, and a very strong positive one for raw cows’ milk delivered to dairies. Both
parameters showed an upward trend. Negative strong and average relations were found
for the total agricultural area and agricultural area of grain, respectively. Overall, these
areas slightly decreased, while the consumption of bioenergy of agricultural origin in
agriculture increased. The presented correlation results indicate that there were very strong
relationships between the volume of bioenergy of agricultural origin consumption in
agriculture and the economic potential and the level of economic development. 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, the consumption of
bioenergy of agricultural origin in agriculture grew, including the more and more common
use of this type of energy, cheaper technologies, and the promotion of renewable energy.
In animal production, milk production increased, which was positively correlated with
bioenergy consumption of agricultural origin in agriculture. It should also be noted that
there were also various correlations with different parameters of energy consumption in
the economy. It all depended on the existing trend. Total energy consumption was falling,
so it was negatively correlated with bioenergy of agricultural origin in agriculture. In
turn, the consumption of renewable energy in the economy increased, which meant a
positive correlation.
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The analysis carried out with the use of Spearman’s rank correlation coefficients gave
very similar results. However, the strength of the relation was much greater. Both tests
confirm the close relation between bioenergy of agricultural origin consumption in agriculture
and economic and energy-related parameters, and a smaller one with agricultural parameters.

5. Discussion

Kazar and Kazar [95] stated that, in the long term, economic development will lead
to the production of renewable energy. In a short time, there is a two-way causal link
between renewable energy production and economic development. The study covered
154 countries between 1980 and 2010. In turn, Apergis and Payne [96] found that this
relationship is bidirectional in both the short and long term. The study was conducted for a
panel of 20 OECD countries over the period of 1985 to 2005. Sadorsky [97] also found such
relationships based on a study of 18 economies of developing countries. Over the long
term, a 1% increase in real per capita income has increased the per capita renewable energy
consumption by around 3.5% in these economies. Similar two-way relationships were
found in the studies by Pao and Fu [98] examining Brazil, Lin and Moubarak [99] studying
China, Shahbaz et al. [100] examining Pakistan, and Khoshnevis Yazdi [101] studying
Iran. The one-way causality between renewable energy and economic growth was stated
by Leitão [102] in the Portuguese economy. This study was conducted for the period
of 1970 to 2010, using time series (OLS, GMM, unit root test, VEC model, and Granger
causality). The Granger causality reports a unidirectional causality between renewable
energy and economic growth. Bhattacharya et al. [103] carried out studies on 38 countries
with the highest renewable energy consumption. Renewable energy consumption has had
a significant positive impact on economic performance in most of the countries surveyed.
Similar results were obtained in the study by Saidi and Omri [104] on the example of 15
countries with the highest consumption of renewable energy. The fully modified ordinary
least square (FMOLS) and the vector error correction model (VECM) techniques were used.
A bidirectional causality between economic growth and renewable energy in the short- and
long-run for both models was found. Menegaki [105] performed research on a sample of
27 European countries. The empirical results do not confirm a causal relationship between
renewable energy consumption and GDP. However, this study covered the period of 1997
to 2007, before the targets for 20% of renewable energy in total energy were set. A study
from 2004 to 2017 by Busu [106] confirmed the relationship between renewable energy and
economic growth in 28 EU countries. Biomass production has had the most significant
impact on economic growth of all renewable energy sources. According to the author, in
the analyzed period, an increase in the basic production of biomass by 1% would affect
the economic growth by 0.15%. Similar results were obtained by Armeanu et al. [107] for
the years 2003 to 2014. The 1% increase in primary production of solid biofuels increased
GDP per capita by 0.16%. The vast majority of studies have found a two-way relationship
between renewable energy production and economic growth. In particular, such results
were achieved when the share of renewable energy in the studied countries was already
significant. In addition, it must also be remembered that almost all of its production is
spent on domestic consumption in the case of renewable energy. There was little trade in
this type of energy.

Similarly, as in other sectors, agriculture is also closely related to energy. The increase
in agricultural production is positively correlated with energy consumption. In most EU
countries, the technical and technological modernization of agriculture directly affects the
lower energy consumption of production [108–112]. In the case of agriculture, the studies
by Alola and Alola [113] found a one-sided relationship between the use of agricultural land
and the consumption of renewable energy. There was no feedback. The research results
concerned 16 countries of the Mediterranean coast in the years 1995 to 2014. Ben Jebli and
Ben Youssef [114] found in their research a long-term two-way causal relationship between
renewable energy consumption and agricultural value added (AVA). The study concerned
Tunisia in the years 1980 to 2011. The research was repeated in Morocco [115] and five North
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African countries [116]. In this case, too, a two-way relationship in consumption between
renewable energy consumption and agricultural value added (AVA) was found. Khan
et al. [117] obtained similar results on in their study of Pakistan. They showed a multilateral
relationship between AVA, renewable energy consumption, and carbon dioxide emissions.
The research covered the years 1981 to 2015. According to these authors, Rehman et al. [118]
and Ali et al. [119], the government in Pakistan should support the growth of the AVA,
because it will contribute to a greater use of renewable energy and, consequently, lower
emissions of pollutants into the environment. Additionally, it is necessary to introduce
modern technologies [120]. The authors suggest that increasing international economic
exchange will allow the agricultural sector to develop and benefit from the transfer of
renewable energy technologies. Aydoğan and Vardar [121] argue that increasing the share
of renewable energy may increase production in the agricultural sector. The balanced
panel data set of E7 countries (Emerging Seven—Brazil, China, India, Indonesia, Mexico,
Russia and Turkey) over the period 1990 to 2014 was used. Liu et al. [122] suggest that the
development of sustainable agriculture can promote renewable energy. The research in
four selected countries of the Association of Southeast Asian Nations (ASEAN-4: Indonesia,
Malaysia, the Philippines, and Thailand) in 1970 to 2013 was made.

Jebli and Youssef [123], using data from Argentina in 1980 to 2013, found that agricul-
ture and renewable energy production are substituting and competing for land use. Such
substitution and competition should be limited by encouraging R&D in the production of
second- or third-generation biofuels and new technologies for renewable energy, or the
increase in agricultural productivity per unit area. Quite a controversial statement was
made by Al-Mulali et al. [124]; according to these authors, the production of renewable
energy increases the inefficiency of land and water use. The research was performed in
58 developed and developing countries in the years 1980 to 2009. Destek and Sinha [125]
thought the opposite. Consuming renewable energy reduces environmental impacts. The
authors studied OECD countries in 1980 to 2014. Similar results were obtained in the study
by Destek et al. [126], which concerned the EU countries in 1980 to 2013. In the studies
of Solarin et al. [127], it was noted that there are differences between types of renewable
energy. To reduce carbon dioxide emissions, there is a need to replace fossil fuels with
other renewable energy sources (e.g., hydropower) rather than energy from biomass. The
research covered 80 developed and developing countries in the period 1980 to 2010. In a
study by Wang [128] on Brazil, Russia, India, China and South Africa (BRICS countries),
a high impact of biomass in reducing environmental pollution was found. Energy from
biomass was treated as a clean energy source. The research covered the years 1992 to
2013. Based on the presented review, it can be concluded that the perception of renewable
energy also depended on the period covered by the research. More recent data show that
renewable energy has a significant environmental impact. Therefore, it is purposeful to
promote this energy on farms instead of conventional energy. An example is the largest
biogas market in the world. The development of the German biogas sector has mainly
been triggered and driven by consecutive versions of the Renewable Energy Act (REA) and
accompanying regulations [129]. It was similar in the USA, where new tax incentives were
introduced [130]. Piwowar [131] stated that in Poland, institutional support is necessary
and increases the awareness of farmers. The low propensity of farmers to use renewable
energy technologies was also found in other EU countries. An example was, among others,
Ireland [132]. Energy self-subsistence of agriculture is particularly desirable in European
agriculture, where the individual farm sizes are average [133].

6. Conclusions

Maintaining the natural environment in a proper condition requires an energy trans-
formation. There is a need for an increased use of renewable energy sources. The EU
has adopted targets for the share of these energy sources in total energy consumption.
Each country has different limits that it has pledged to meet by 2020. The declarations
resulted from the current state of development of renewable energy in a given country
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and technical possibilities and the level of economic growth. In the years 2004 to 2019,
the production of renewable energy in the EU was relatively high and increased in each
country at a similar pace. However, the starting potentials were different, and there are
still significant differences between countries.

There has been a relatively high concentration of renewable energy consumption in
several countries. The level of concentration has not changed, but there have been some
changes in the order of countries. The reason is the development of renewable energy
production in all countries and the use of similar technology. There was some stabilization
in countries with a high share of renewable energy in total energy consumption. The
dynamics of changes were slight, but these countries already had an established position.
Countries with less renewable energy increased their consumption volumes very quickly
but started far below the leaders. Therefore, very high dynamics of changes can be
misleading. As a result, there were still disproportions.

The use of bioenergy of agricultural origin in agriculture, but produced in this sector,
was quite dispersed across many countries. The level of concentration has not changed.
There have been some changes in the positions of individual countries. Thus, the first
research hypothesis was not confirmed. As a rule, most renewable energies was used in
agriculture in economically developed countries, but with large agricultural production,
such as Germany, Poland, France, Finland, and Spain. The factor related to the development
of obtaining energy from non-renewable sources can be a decisive factor. One of the
reasons was changes in the level of concentration of non-renewable energy consumption
in agriculture. It may stabilize in agricultural production and a relatively stable rate of
increase in renewable energy consumption in individual countries. The agricultural sector
changes relatively slowly compared to other sectors of the economy. For faster changes,
large investment outlays are necessary, but also greater project support.

There were very large differences between EU countries in terms of basic statistics
on the share of bioenergy of agricultural origin in agriculture but coming from energy
produced in this sector. The average percentage in a few countries was above 10%, and in
a few countries, it was below 1%. In addition, in the years 2004 to 2018, there were large
differences between the maximum and minimum share of bioenergy of agricultural origin
in agriculture in countries such as The Netherlands and the United Kingdom, and small
ones in Italy and Romania. Interestingly, Italy and Romania were the countries with the
most significant variability in the share of bioenergy of agricultural origin in agriculture.
The reason was the very low shares in these countries, not exceeding 1.2%. There were
also differences between countries in terms of measures of asymmetry and concentration.
Overall, there was a very wide variation between EU countries in the share of bioenergy of
agricultural origin in agriculture. It was more significant than for the entire sector of the
economy. This may indicate that the agricultural sector is less innovative and less willing
to introduce changes than the whole economy.

A correlation was found between the consumption of bioenergy of agricultural origin
in agriculture for the entire EU and individual economic parameters in the field of energy
and agriculture. The strength of the relationship varied. Only in the case of total energy
consumption in agriculture was there no relationship. There was a high positive correlation
in the relationship between bioenergy of agricultural origin consumption in agriculture and
economic parameters. This means that economic development contributes to the greater use
of bioenergy of agricultural origin in agriculture. In the case of energy-related parameters,
the relationships were not clear. Total energy consumption, i.e., a parameter that tended to
decrease, was negatively correlated with bioenergy consumption of agricultural origin in
agriculture. The parameter of total renewables and biofuels consumption, which showed an
upward trend, was positively correlated. There was also a differentiation in the parameters
related to agriculture. The dependencies here were similar to those for energy. A positive
correlation was found for gross value added of agriculture, forestry, and fishing, as well as
for raw cows’ milk delivered to dairies. The production parameters of agriculture increased.
On the other hand, the negative correlation was with parameters with a downward trend,
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such as the area of agricultural crops and area of grain sowing. The second hypothesis
was confirmed, according to which the consumption of bioenergy of agricultural origin in
agriculture was closely related to the parameters of agricultural production. However, it
should be added that the relations were positive or negative depending on the trend in the
case of a given parameter related to agriculture.

Overall, it must be stated that the consumption of bioenergy of agricultural origin
in agriculture from this sector was at a low level and was growing very slowly. This
is due to the low propensity to innovate in the agricultural sector. It can also be stated
that the potential of agriculture related to the production of renewable energy for energy
consumption on a farm is not used. There is much to be carried out in this regard. Apart
from the appropriate information campaign, it is necessary to financially support initiatives
contributing to the self-supply of farms with energy.

The limitation of the research is the poor availability of data. Information is aggregated.
It is difficult to obtain data on the type of renewable energy used in agriculture that is
produced in agriculture. For example, solar energy can be used in a farmer’s household
and on a farm. There is a need to perform micro-level research concerning farms in one
locality or individual farms. The results may differ from one EU country to another.
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31. Gradziuk, P.; Bańkowska, K. Renewable Energy–Implications for Agriculture and Rural Development in Poland. Wieś Rol. 2017,
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80. Igliński, B.; Buczkowski, R.; Iglińska, A.; Cichosz, M.; Piechota, G.; Kujawski, W. Agricultural biogas plants in Poland: Investment

process, economical and environmental aspects, biogas potential. Renew. Sustain. Energy Rev. 2012, 16, 4890–4900. [CrossRef]
81. Mekhilef, S.; Faramarzi, S.Z.; Saidur, R.; Salam, Z. The application of solar technologies for sustainable development of agricultural

sector. Renew. Sustain. Energy Rev. 2013, 18, 583–594. [CrossRef]
82. Nacer, T.; Hamidat, A.; Nadjemi, O. A comprehensive method to assess the feasibility of renewable energy on Algerian dairy

farms. J. Clean. Prod. 2016, 112, 3631–3642. [CrossRef]
83. Goncalves, F.A.; dos Santos, E.S.; de Macedo, G.R. Use of cultivars of low cost, agroindustrial and urban waste in the production

of cellulosic ethanol in Brazil: A proposal to utilization of microdistillery. Renew. Sustain. Energy Rev. 2015, 50, 1287–1303.
[CrossRef]

84. Paramati, S.R.; Ummalla, M.; Apergis, N. The effect of foreign direct investment and stock market growth on clean energy use
across a panel of emerging market economies. Energy Econ. 2016, 56, 29–41. [CrossRef]

85. Paramati, S.R.; Apergis, N.; Ummalla, M. Financing clean energy projects through domestic and foreign capital: The role of
political cooperation among the EU, the G20 and OECD countries. Energy Econ. 2017, 61, 62–71. [CrossRef]

86. Lee, J.W. The contribution of foreign direct investment to clean energy use, carbon emissions and economic growth. Energy Policy
2013, 55, 483–489. [CrossRef]

87. Sbia, R.; Shahbaz, M.; Hamdi, H. A contribution of foreign direct investment, clean energy, trade openness, carbon emissions and
economic growth to energy demand in UAE. Econ. Model. 2014, 36, 191–197. [CrossRef]

88. Dixon, P.M.; Weiner, J.; Mitchell-Olds, T.; Woodley, R. Erratum to ’Bootstrapping the Gini Coefficient of Inequality. Ecology 1988,
69, 1307. [CrossRef]

89. Dagum, C. The Generation and Distribution of Income, the Lorenz Curve and the Gini Ratio. Econ. Appliquée 1980, 33, 327–367.
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Citation: Jasiński, J.; Kozakiewicz,

M.; Sołtysik, M. The Effectiveness of

Energy Cooperatives Operating on

the Capacity Market. Energies 2021,

14, 3226. https://doi.org/10.3390/

en14113226

Academic Editor: Talal Yusaf

Received: 26 April 2021

Accepted: 27 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Rural and Agricultural Development, Polish Academy of Sciences, 72 Nowy Świat St.,
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Abstract: The European Green Deal aims to make Europe the world’s first climate-neutral continent
by 2050 by shifting to a clean circular economy, combating biodiversity loss and reducing pollution
levels. In Poland, whose economy invariably remains one of the most dependent on coal consump-
tion in Europe, institutional responses to the above EU objectives have taken the shape of energy
cooperatives aimed at filling the gaps in the development of the civic dimension of energy on a
local scale and the use of potential renewable energy sources in rural areas, including in relation to
the agricultural sector. This article is a continuation of the authors’ previous research work, which
has so far focused on the analysis of the development of profitability of Polish institutions that fit
into the European idea of a “local energy community”, which includes energy cooperatives. In this
research paper, they present the results of subsequent research work and analyses performed on the
basis of it which, on the one hand, complement the previously developed optimization model with
variables concerning actual energy storage and, on the other hand, analyze the profitability of the
operation of energy cooperatives in the conditions of the “capacity market”. The latter was actually
introduced in Poland at the beginning of 2021. The research took account of the characteristics of
energy producers and consumers in rural areas of Poland, the legally defined rules for the operation
of the capacity market and the institutional conditions for the operation of energy cooperatives
that can use the potential of energy storage. A dedicated mathematical model in mixed integer
programming technology was used, enriched with respect to previous research, making it possible
to optimize the operation of energy cooperative with the use of actual energy storage (batteries).
Conclusions from the research and simulation show that the installation of energy storage only
partially minimizes the volume of energy drawn from the grid in periods when fees related to the
capacity market are in force (which should be avoided due to higher costs for consumers). The
analysis also indicates that a key challenge is the proper parameterization of energy storage.

Keywords: energy cooperatives; capacity market; energy storage; rural areas; mixed integer pro-
gramming

1. Introduction

Decreasing amounts of raw material and constantly increasing pro-environmental
pressure make it necessary to look for solutions to increase the efficiency of the use of
resources and the optimization of their use [1]. Based on social relationships, the global
sharing economy trend is changing fundamental organizational and distribution models
and is built on a network of integrated individuals and communities [2]. This phenomenon,
which is based on the human tendency to cooperate [3], to share and exchange resources,
is beginning to encompass more and more spheres of social life, including the electricity
market sector [4,5]. The EU policy imposes a direction for the reorganization of the
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generating sector by supporting the creation of self-balancing energy areas (regions and
communities) [6,7], where energy generation is based on renewable sources (Clean Energy
Package (CEP)) [8].

Building local energy independence manifests itself in the creation of cooperatives,
enabling benefits to be drawn by cooperating demand and supply side entities. In the
EU, creating energy self-sufficiency at the local level is possible on the basis of institutions
called energy communities (EC) [9,10]. Their structure and operating model correspond
with the guidelines set out in (i) the REDII directive [11], where the focus has been on the
Renewable Energy Community [12], and it is also a result of (ii) the “electricity market direc-
tive” [13], where the Citizens Energy Community (CEC) is promoted. Creating opportunities
for building local energy communities [14] can be of great importance, especially in rural
areas. This is where the greatest potential exists in terms of the use of renewable energy
sources (including biomass and biogas), as well as potential waste.

The Polish responses [15] to the development of local energy communities promoted
in the EU are characterized by energy clusters [16] and the energy cooperatives analyzed in
this article, which the creators of this form of energy cooperation intend to be established
in rural areas. The object and the scope of activity of energy cooperatives, as well as the
conditions affecting their creation and operating profitability, have already been assessed
and described by the authors of this research paper [17]. The considerations and analyses
carried out earlier focused on illustrating the benefits seen from the perspective of integrat-
ing the supply side (producers) and the demand side (consumers) into the structure of a
cooperative. However, they did not correspond with the change in energy market activity
in Poland from an energy-only market to a capacity market [18]. In Poland, capacity-market
mechanisms have been implemented since January 2021, which significantly affect the
operating models and market strategies of both power suppliers and consumers, who
are the payers of capacity fees [19]. From this perspective, it is reasonable to extend the
analyses carried out so far to energy cooperatives, with elements related to their operation
in the energy market and the capacity market [20].

The creation of the capacity market in 2018 was one of the largest changes in the Polish
power sector in recent years [21]. From 2021 onwards, those in Poland will pay not only
for the electricity generated but also for the available capacity of the power system [22].
This means that power plants will be paid both for electricity production and standby
capacity, i.e., full availability [23]. On 30 November 2020, Poland’s Energy Regulatory
Office (URE) announced the electricity rates for consumers [24] that Poles would have seen
on their bills from January 2021 [25]. A new item on the bill for electricity supplies is the
capacity fee which, for recipients other than households, will be PLN 76.20/MWh (EUR 1
is around PLN 4.5) [26]. The capacity fee provides financing for the capacity market, i.e.,
mainly for maintaining capacity in readiness and for modernization and construction of
new conventional power plants. This fee will depend on energy consumption between
7 am and 10 pm on weekdays but, given that these are standard working hours, the vast
majority of energy consumption will be covered by it [27].

The aim of this paper is to present the results of the research concerning the assessment
of the actual impact of energy storage (not only based on the virtual network deposit)
on the operating efficiency of energy cooperatives, the increase in the degree of energy
independence in the conditions of the capacity market and the minimization of energy
consumption during the capacity-fee hours. Thus, an attempt will be made to answer the
question: with what production, storage and consumer structure and with what number
and configuration of cooperative members does a form of self-organization such as an
energy cooperative have a chance to develop and improve its operating efficiency? The
models developed by the authors so far [17] will be supplemented by the key element
for these considerations—batteries (energy stores) [28]—which may determine not only
the character and structure of emerging cooperatives but also, in some cases, become a
factor determining their profitability [29,30]. The research objectives set by the authors are
the analysis and assessment of: (i) whether, through an appropriate choice of generation
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sources and an energy storage facility, it is possible to avoid consuming energy from
the grid (outside the virtual network deposit) [17,31], which makes it possible to avoid
capacity fees; (ii) whether it is worth installing high-capacity energy storage, or whether a
measurable effect of improving the optimization target can already be achieved by storage
with a lower capacity and power; (iii) to what extent it is possible to estimate the volumetric
savings in consuming energy from the virtual network deposit through the use of an actual
energy store; and (iv) whether it is reasonable to build an actual store for each cooperative
and, if not, which cooperatives it would be reasonable for.

All models of cooperative proposed and studied in this paper, as well as the data on
production and energy consumption on farms that are potential members of a cooperative,
are anonymized real data obtained from rural areas of Poland. In addition, real data
and parameters of energy stores were used in the analyses, so that the conclusions and
recommendations from the analyses take on a real and practical dimension.

The paper is structured as follows. The second section provides the main character-
istics of the capacity-market model in Poland. The institutional description and legally
defined rules for the operation of energy cooperatives can be found in the research team’s
previous paper [17]; they have therefore not been reproduced in detail in this article. The
next section describes the assumptions for the selection of the research sample, taking
into account the formal conditions for the establishment of energy cooperatives and the
specific character of farms in rural areas in Poland, the input data and their selection, as
well as the optimization method, developed in relation to previous analyses, which was
used in the research process. The results of the research are then presented and discussed
in the subsequent section of the article. In conclusion, it was possible to summarize all
the completed work and research, and potential areas of further research interest to the
authors have been indicated.

2. Background—The Capacity Market in Poland

The diagnosis of a permanent and continuously growing power shortage, seen both in
the short- and long-term scenario [32], was clearly stated by the Polish Transmission System
Operator (TSO) in 2014–2015 [33]. In the context of the problems identified at that time, it
became a strategic objective to plan changes in the functional model of the energy market
in Poland in such a way as to prioritize the security of electricity supply in the Polish Power
System (PPS) [34]. The need for changes was an effect of the situation in the regulatory
and market environment, which resulted in the permanent exclusion of some centrally
dispatched generating units that are critical from a PPS point of view [35]. Maintaining the
energy market as an energy-only market would clearly lead to energy supply disruptions
and, consequently, to high costs for the economy for not supplying energy [36]. Two main
phenomena that influenced the implementation of capacity mechanisms were diagnosed:

• Missing money;
• Missing capacity.

The problem of missing money was due to the fact that the revenues from the units
critical to the safety of system operations did not cover their operating and capital costs.
An analysis of the short-run marginal cost (SRMC) amounting to about PLN 155–160/MWh
(for 2015) for a typical generation system in Poland, i.e., a 200 MW coal-fired power unit,
and the average level of wholesale prices on the energy exchange (TGE S.A.) [37], showed
that these values were at similar levels. This resulted in the inability to cover the fixed
operating costs of the generating unit and a lack of investment impulses for modernization
of the existing energy sources and construction of new ones. In 2015, the average operating
time of a 200 MW coal-fired power unit was only 3817 h/year (43%).

The phenomena of the low wholesale price and lower volume of energy sold resulted
from the conditions of the energy-only market. This model means that the operators of
generating units are remunerated based on the production of electricity, which is evaluated
on the wholesale market. The valuation of energy is not affected by the type of technology
by which it was produced. Low wholesale prices were a consequence of:
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• Supporting renewable energy sources (RES) outside the wholesale market area;
• RES operating on low variable costs;
• RES performance characteristics not always ensuring energy security.

The above factors caused the displacement of coal-fired units, the limitation of their
operating duration and, consequently, the inability to fully cover the costs of operation and
energy production. The forecast of a long-term money-shortage problem clearly indicated
a lack of investment incentives over the long term, resulting in a shortfall in capacity.

With the introduction of the capacity market, the “capacity obligation” service was
implemented [38]. The generating units covered by this are required to be ready to supply
power and to deliver it to the system during a period of threatened shortage, with adequate
remuneration. The capacity market is closely related to the development of demand-side
response (DSR) services, which consist in the temporary reduction in electricity consump-
tion by consumers or the postponement of its consumption (demand-side management) at
the request of the TSO in exchange for remuneration [39].

The need to generate units to remain on standby and supply power to the system
during an emergency is related to a cost allocated to all electricity consumers. For house-
holds, the cost is of a lump-sum nature and is dependent on the average annual level of
energy demand. The rates for this group of consumers range from PLN 1.87/month for
consumers with a consumption up to 0.5 MWh/year to PLN 10.46/month for consumers
with a consumption above 2.8 MWh/year. Other types of consumers are charged a single
rate of PLN 76.20/MWh, calculated for energy consumed on working days between 7 am.
and 10 pm. It is worth noting that the capacity fee accounts for approximately 10–15% of
the total cost of energy, calculated together with the distribution service [24].

The capacity fee is a component of the distribution fee, and it is therefore related to the
energy consumed directly from the grid. In order to reduce the capacity fee, energy con-
sumption from the grid should therefore be reduced. The answer is to find ways to reduce
energy consumption or to generate, self-consume and store energy from renewable sources.

3. Materials and Methods (Optimization Model)

3.1. Assumptions for the Creation of a Sample of Energy Cooperatives for Simulation Purposes

An assessment of the impact of capacity-market implementation on the level of
consumers’ costs, on consumers’ behavior and on the rationality of building local energy
communities required simulations and hypothesis-testing related to simulation scenarios by
mapping actual energy cooperatives. For this purpose, real data on electricity production
and energy demand in rural areas in Poland was used and five types of energy cooperative
were created for simulation purposes. An additional requirement was to represent the
diversity of: (i) the locational nature, (ii) the level (scale) of electricity demand, (iii) the
nature of economic activity of the cooperative participants, (iv) the electricity consumption
profile of each member of the cooperative, (v) the generation potential among the members
of the cooperative, (vi) the level of voltage supply from the members of the cooperative,
(vii) population size, and (viii) the energy storage capacity.

The selection of members of energy cooperatives took account of locational constraints,
i.e., the allocation of members in up to three neighboring rural or rural–urban municipalities.
The criteria for the selection of the generation structure by the optimizer took account of
at least 70% of the energy demand within the annual billing period, which depended on
different types of generation sources and different storage capacities.

The unfavorable hydrological conditions in Poland significantly affect the possibility
of using hydro-power for electricity production. For the analyses, it was assumed that a
maximum of one hydro-power plant may operate within an energy cooperative, and that
there is at least one watercourse that could be adapted for energy generation purposes in
the areas of the municipalities where the energy cooperatives were simulated. A practical
assumption was adopted, stating that a small hydro-power plant is characterized by low
capacity at the level of between several dozen and several hundred kW. The simulation
therefore took account of the capacity limits of a single source from 0 to 500 kW, with
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increments of 50 kW. Discreet increments make the simulation realistic because a source
with any continuous capacity cannot be installed.

In Poland, the development of prosumer sources based practically 100% on pho-
tovoltaic sources is ongoing and still accelerating. The construction of PV sources is
currently the most popular and fastest growing method to achieve energy self-sufficiency
in Poland [40]. According to the data from the Ministry of Development, Labor and Tech-
nology, at the end of December 2020 [41], there were more than 457,000 micro-systems in
Poland (an increase of 28.1% compared to the end of Q3 2020, and as much as 196% more
compared to the end of 2019) [42] with a total capacity of about 3006 MW [43]. The dy-
namics and trends of micro-system growth are influenced by numerous aid programs [44].
In view of the above, for the simulations, it was assumed that at least 25% of energy
production of the members of the cooperatives is from solar energy. In addition, capacity
limits for an individual PVPP farm from 0 to 1000 kW with increments of 50 kW were
adopted, which has a practical justification, since the capacity limit for a micro-system
according to the Polish law is 50 kW.

Energy cooperatives can be established in rural and rural–urban areas, i.e., in sparsely
urbanized areas [45]. These factors support the construction of low-mast wind sources
with low and medium capacity. The efficiency of wind generation is about twice as high for
Polish wind conditions as for photovoltaic sources, which makes this type of generation
attractive in terms of efficiency and cost [46]. For the analysis and simulation, the ability
of cooperative participants to establish sources with a capacity from 0 to 1000 kW with
increments of 250 kW was assumed.

Taking account of the location criterion when establishing the cooperative was also
intended to take advantage of the agricultural character and potential of the regions,
particularly in the context of the stability of the generation profile based on biomass and
biogas sources. For the simulation, the capacity limitations of these sources were assumed
to be from 0 to 600 kW, with increments of 200 kW. The presence of generation sources of
both stochastic (PVPP, wind) and stable (biomass, biogas) generation in energy cooperatives
will result in a flattening of the profile and a reduction in generation differences between
seasons of the year or times of day.

Additionally, an assumption was adopted indicating that, in the selection of generation
sources for the optimal balance of demand in the cooperative, one member has at most two
energy generation sources, which does not exclude a situation where not all members have
them and are thus energy producers.

The discount nature of the operation of the energy cooperative and its members
means that the loss of some energy on its introduction into the distributor’s network
and its subsequent consumption should be balanced by a slight increase in the installed
capacity of the source. For the simulation, it was assumed that the total annual energy
production of each member of the cooperative could not exceed 120% of the annual energy
demand. This assumption ensures that each member of the cooperative is fully balanced
at an individual level and the surplus that occurs further allows the development of
self-sufficiency at an aggregated cooperative level. As energy prosumers, cooperatives
benefit from a discount model that allows them to manage temporary energy surpluses and
shortages. Improving cooperation with the DSO [30] and the efficiency of this mechanism,
as well as and increasing real-time energy self-consumption, are further enabled by real
energy storage. The addition of real energy storage (batteries) to the model is one of the
key elements of the study described in this paper.

3.2. Characteristics of Energy Cooperatives and Energy Storage Used in the Study

The sample of energy cooperatives used in the study was constructed using actual
measurement data and customer and generation profiles for each type of renewable energy
source. The purpose of selecting the participants of the cooperative was to reflect:

• The location character—the simulation was made for participants in two southern
voivodeships (administrative divisions) of Poland, Małopolskie and Śląskie, and the
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selection took account of different locations of municipalities within the voivodeships.
The selection of two different voivodeships was also intended to reflect potentially
different insulation levels and thus the efficiency of generation.

• A different level (scale) of electricity demand—this resulted in cooperatives with a
demand ranging from 762 MWh/year to 9759 MWh/year. Within this criterion, par-
ticipants were also selected taking account of the diversity of their individual energy
demands. The cooperative consisted of participants with negligible consumption,
oscillating around one MWh/year, up to 3.5 GWh.

• The nature of participants’ business activities—the selection of participants reflected
the division in Polish law according to PKD codes (Polish Classification of Activities)
relevant to typical agricultural activities, i.e., crop, vegetable, cereal production, raising
of poultry, pigs and cattle, as well as services for the agricultural sector. The complete
classification is shown in Table 1.

• The electricity consumption profile of each member of the cooperative—the full range
and variety of possible tariffs applicable in Poland for the members of energy coopera-
tives was taken into account. All analytical scenarios included entities belonging to
one-, two- or three-zone tariffs, thus mapping the diverse nature of energy consump-
tion. The affiliation of differently profiled members to specific cooperatives is shown
in Table 1.

• Moreover, for the simulations and research, and in order to generalize the results
and reflect the energy effects seen from the perspective of minimizing the sum of
energy taken from the network and unused energy within the network storage (virtual
network deposit), reference models of one hundred energy cooperatives were con-
structed, each with a variable population size from 10 to 50 members with increments
of 10.

Table 1. Characteristics of each analytical scenario.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Voivodship Śląskie Małopolskie Małopolskie Śląskie Śląskie

Number of members of
the cooperative 11 15 11 15 16

Profile of agricultural
activity 1 and number of

members (pcs)

01.46.Z; (3)
01.13.Z; (3) 01.11.Z; (4) 01.11.Z; (2) 01.13.Z; (4)

01.19.Z; (1) 01.11.Z; (2)

01.47.Z; (5) 01.13.Z; (1) 01.13.Z; (2) 01.43.Z; (1) 01.13.Z; (2)
01.19.Z; (4)
01.47.Z; (3)

01.19.Z; (1)
01.47.Z; (1) 01.47.Z; (3) 01.19.Z; (3)

01.50.Z; (3) 01.50.Z; (5) 01.49.Z; (1) 01.47.Z; (6)
01.50.Z; (5) 01.50.Z; (2)

01.62.Z; (1)

Voltage (LV/MV) and
number of members (pcs)

LV (4) LV (10) LV (10) LV (8) LV (9)
MV (7) MV (5) MV (1) MV (7) MV (7)

Tariff group 2 and
number of members

(pcs)

C11 (2) C11 (4) C11 (4) C11 (6) C11 (6)
C12 a (1) C12 b (1) C12 a (1) C21 (2) C21 (2)
C22 b (1) C21 (3) C12 b (2) B21 (3) C22 a (1)
B21 (1) C22 a (2) C22 a (2) B23 (4) B21 (1)
B23 (6) B21 (3) C22 b (1) B22 (2)

B23 (2) B11 (1) B23 (4)

Consumption
[MWh/year]: 9757 3559 762 3383 5922

Total 52 0 3 6 1
min 887 237 69 214 328

average 3574 1045 312 1258 1542
max
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Table 1. Cont.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Capacity 3 [kW]: 3810 1815 550 1635 2605
PVPP: 200 200 200 200 200
SWPP 3750 500 0 1000 1250
WPP 400 800 0 400 1600

BMPP 600 200 0 400 600
BGPP

Energy storage 4 [MWh]
min_s 250 50 50 250 250

expert level 4660 1824 608 1216 2432
optimal level 6000 900 300 6000 6500

max_s 25,000 25,000 3500 15,500 15,000
Production [MWh/year] 8760 3515 750 3635 6255

1 Agricultural activity profile: 01.11.Z—growing of cereals, leguminous crops and oil plants for seeds, except rice; 01.13.Z—growing of
vegetables and melons, roots and tubers; 01.19.Z—growing of other non-perennial crops; 01.43.Z—raising of horses and other equines;
01.46.Z—raising of pigs; 01.47.Z—raising of poultry; 01.50.Z—mixed farming; 01.62.Z—support activities for farm-animal production.
2 Tariff group: The first character (C, B) refers to the tariff type, C—low voltage, B—medium voltage; the second character (1 or 2) refers
to the installed capacity level, 1—up to 40 kW, 2—above 40 kW; the third character (1, 2 or 3) indicates the number of time zones;
the fourth character, if any, indicates how to account for the time zones, a—division into peak and off-peak, b—division into day and
night. 3 PVPP—photovoltaic power plant; SHPP—small hydro power plant; WPP—wind power plant; BMPP—biomass power plant;
BGPP—biogas power plant. 4 min_s—minimum energy storage capacity; expert level—energy storage capacity —expert recommendation;
optimal level—energy storage capacity — optimal value; max_s—maximum energy storage capacity.

For the simulation and research, sample energy storage facilities (batteries) [47] with
real parameters and operation profiles were mapped in the structures of cooperatives. The
parameters of a minimum and maximum battery capacity and computational step were
selected for each cooperative. For modeling, it was assumed that the change in the nature of
the storage operation (charging/discharging) could occur at hourly intervals. Furthermore,
it was assumed that unlimited charging and discharging is possible throughout the 24 h
period. Recommendations from an energy storage expert were also used in the analyses.
The expert selected capacity parameters and charging and discharging powers based on
the demand-supply profile of each of the five simulated cooperatives and at the request of
the research team. A summary of the parameters is shown in Table 2. This data served as
a comparative element for the energy storage (battery) capacities determined during the
optimization process, used further in the analysis, and presented in Table 1.

Table 2. Energy storage parameters.

Designation of
the Cooperative

Storage
Type

Capacity
[kWh]

Charging Power
[kW]

Discharging Power
[kW]

CP1 TPS-E 4660 540 675
CP2 TS HV 70 1824 360 450
CP3 TS HV 70 608 120 150
CP4 TS HV 70 1216 240 300
CP5 TS HV 70 2432 480 600

3.3. The Optimization Model

The results presented in this paper were obtained on the basis of data from a simulation
of a dedicated mathematical model. The mixed-integer programming technique [48] was
used for modeling [49]. GLPK software was used for modeling, particularly the shared
high-level GMPL language (this is an open-source software) [50]. COIN-OR/CBC software
(also an open-source software) was used to solve the individual optimization tasks [51].
The basic assumptions of the model are discussed below, and parts of the model in the
GMPL language are illustrated.

The input data for the model comprised a two-year horizon data in an hourly granula-
tion. The calculation sessions used real data from several dozen consumers from different

163



Energies 2021, 14, 3226

billing tariffs. The real two-year generation profiles of the following electricity sources
were used: a small hydro-power plant, a wind-power plant, a photovoltaic power plant,
wastewater- and biomass-based biogas plants.

As the research progressed, the model described in the authors’ earlier joint paper
was developed [17] by adding an actual electricity store (battery) to it which, through
appropriate parameterization, offered the possibility of being used in two scenarios. The
first scenario assumed that the cooperative had no electricity storage (i.e., it had a storage
with a maximum capacity of 0 kWh). The task was to select the optimum production
mix for the pre-set demand, minimizing the energy not taken from the virtual network
deposit and purchased from the network. The energy demand, depending on the calcu-
lation scenario, was created by individual consumers or aggregated consumers within
predefined cooperatives. The energy mix is to be understood as the vector of discrete
factors scaling the generation profiles of the energy producers considered. The coordinates
of this vector are fixed during the optimization period. The business process modeled
connected the consumers with the sources on a proprietary basis (the consumer was the
source owner/prosumer). The first scenario is consistent with that already analyzed in the
research team’s previous article [17]. After solving the task without the real storage (with
0 kWh capacity storage), tasks were solved where the use of batteries was possible for the
generation structure obtained in the first scenario. Properly produced energy could be a
discrete multiple of the profile adopted.

The energy balance equation in the GMPL modeling language is presented
in Algorithm 1.

Algorithm 1.

subject to def_EnergyBalance{h in Hours}:
EnergyDemand[h]
=
BuyFromNetwork[h]
+
sum{e in EnergySources} Production[e,h]
+
PickUpFromNetwork[h] - SendToNetwork[h]
+
PickUpFromBattery[h] - SendToBattery[h]
;

EnergyDemand[h] is the energy demand at hour h; BuyFromNetwork[h] is the energy
purchase at hour h; Production[h] is the energy production at hour h; SendToNetwork[h] is
the energy sending at hour h and PickUpFromNetwork[h] is the energy collected at hour h;
SendToBattery[h] is the energy sending at hour h to the real battery; and PickUpFromBattery[h]
is the energy collected from the real battery at hour h.

The model assumes that it is not possible to simultaneously send energy to the real
battery and collect energy from it in the same hour h. The relevant model equations are
in Algorithm 2:

Algorithm 2.

subject to constr_SingleComponentBatteryFlow{h in Hours}:
SendToBatteryIndicator[h] + PickUpFromBatterylndicator[h] < = 1;

The SendToBatteryIndicator[h] and PickUpFromBatterylndicator[h] variables are binary
variables indexed by the hours of the optimization horizon, which takes the value 1 for
non-zero values of the corresponding real variables and the value 0 for zero flows.

The algorithms modeling the operation of a real storage of energy produced by
prosumers are in Algorithm 3:
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Algorithm 3.

subject to def_EnergyBattery{h in Hours}:
Battery[h] =
if(h=1) then
0
else
(
Battery[h-1]
-
PickUpFromBattery[h]
+
SendToBattery[h]
);

In the analyses, it was assumed that, for h = 1, i.e., at the beginning of the optimization,
the battery was not charged, i.e., Battery[0] = 0.

The optimization objective function was the sum of two components—energy taken
from the network and energy produced but not consumed. In Algorithm 4, the optimization
was to minimize the following objective function.

Algorithm 4.

minimize objective:
sum{h in EndsOfBillingPeriods}
Storage[h]
+
sum{h in Hours}
BuyFromNetwork[h]
;

The EndsOfBillingPeriods set covered the last hours of billing periods.
The optimization covered a two-year horizon and the results presented refer to the

first year of optimization.

4. Results and Discussion

The effect of energy storage can be considered on multiple levels. Given the availability
of the actual metering data, the authors simulated the effect of energy storage separately
for the specific five energy cooperatives and five energy cooperatives of different sizes,
for which a random selection of members was made to obtain reference scenarios and
conclusions. The results of the storage effect were shown in the volumetric dimension. The
omission of financial aspects introduces universality into the approach, as it avoids the lack
of offer transparency and avoids comparisons with electricity market prices specific to a
particular country.

4.1. Simulation Results for Dedicated and Reference Agricultural Energy Cooperatives

A simulation was carried out in which the capacity of the energy storage operating
within the cooperative was increased from 0 kWh to 50 MWh, with increments of 100 kWh
to 1000 kWh, 500 to 10,000 kWh and 1000 kWh to 50,000 kWh. Each time, the charging
power as well as the discharging power was assumed to be equal to 10% of the total
capacity expressed in kW.

As a result of the simulations of the behavior of five agricultural energy cooperatives,
it is possible to evaluate and analyze the results for specific configurations, taking into
account the construction and operation of a real energy storage with the capacity and
making it possible to achieve half of the maximum optimization effect. The rationality
of choosing the storage capacity, obtaining the desired measurability of the storage effect
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and the impact on the Demand Side Management (DSM) is also dictated by the results of
available studies [52,53]. An illustration of the results is shown in Figure 1.

Figure 1. Simulation results of the optimization effect of the sum of energy taken from the network and energy remaining in
the virtual network deposit after the billing period, depending on the battery capacity for individual energy cooperatives.

The results allow the following conclusions to be drawn:

• As energy storage capacity increases, the optimization product, which is the sum of
energy taken from the network and unused energy within the network deposit at the
end of the billing period, decreases nonlinearly.

• The increase in the number of members of the cooperative does not directly relate
to the dynamics and profile of dependency of the optimization effect as a function
of storage (battery) capacity. This is exemplified by the results for CP1 and CP4, for
which the sequence characteristics are very similar, despite differences in cooperative
sizes, energy consumption levels and generation-source capacity levels.

• Noteworthy is the fact of different dynamics of the optimization effect in the context of
different structures of energy generation within cooperatives. The highest dynamics of
the optimization effect is observed for cooperative CP3, where the generation is based
on PV only. As capacity increases in profile-stable generation sources, the dynamics
decrease, e.g., CP2.

• Regardless of the number of cooperative members, it can be observed that, for small
storage capacities, the optimization effect increment is the largest. On this basis, it can
be concluded that there is no justification for increasing the storage capacity beyond a
specified inflection point of the curve, which is particularly evident in the case of CP3
or CP2.
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• The average improvement in the optimization effect relative to the scenario without
the energy storage varies and, depending on the size of the cooperative, ranges from
about 15% for CP2 to about 35% for CP1.

• Half of the average optimization effect can be obtained for the following energy
storage capacities:

� 6000 kWh; CP1; half of the average effect: 16.5%;
� 900 kWh; CP2; half of the average effect: 8.5%;
� 300 kWh; CP3; half of the average effect: 14.9%;
� 6000 kWh; CP4; half of the average effect: 9.3%;
� 6500 kWh; CP5; half of the average effect: 8.9%.

The next stage of the analysis assumed a simulation of the effect of a real energy
store for reference scenarios reproducing a random drawing of cooperative structures
while maintaining the criterion of a specified number of members. For each such reference
cooperative, a simulation was carried out in which the capacity of the energy storage within
the cooperative was increased from 0 kWh to 50 MWh, with increments of 100 kWh to
1000 kWh, 500 to 10,000 kWh and 1000 kWh to 50,000 kWh. Each time, the charging power,
as well as the discharging power, was assumed to be equal to 10% of the total capacity,
expressed in kW. The results are shown in Figure 2.

 
Figure 2. Simulation results of a battery addition effect depending on the battery capacity for reference energy cooperatives.
Also seen are measurement points and an average value for cooperatives with a specified number of members.

The simulation results are illustrated in Figure 2, which shows the percentage of the
cooperative objective function depending on battery capacity. Solid lines represent the
average effect of the measurement points obtained. The condition obtained reflects the
effect of providing the cooperative with an energy storage relative to the condition before
its installation (capacity: 0 kWh, objective function 0%). The results for cooperatives with
different numbers of members are marked with points in different colors. The solid line
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corresponds to the average measurement points for cooperatives with a specified number
of members.

The results allow the following conclusions to be drawn:

• As the energy storage capacity increases, the optimization product, which is the sum
of energy taken from the network and unused energy within the network deposit at
the end of the billing period, decreases nonlinearly.

• The increase in the number of members of the cooperative affects the dynamics and
profile of dependency of the optimization effect as a function of the storage capacity.
The higher the number of cooperative members, the milder and shallower is the effect
for small capacities and the deeper it is for large storage capacities. The differences
between the average level of the optimization effect for the maximum storage capacity
analyzed reach 10%.

• Regardless of the number of cooperative members, it can be observed that, for small
storage capacities, the optimization effect increment is the largest. On this basis, it can
be concluded that there is no justification for increasing the storage capacity beyond
the established inflection point of the curve.

• The average improvement in the optimization effect relative to the scenario without
the energy storage varies and, depending on the size of the cooperative, ranges from
about 30% for 50 cooperative members to about 20% for 10 cooperative members.

• The application of a real energy store makes it possible to limit the sum of energy
introduced into the network deposit and the energy lost at the end of the billing
period by a value within the range of 10.93% to 41.83%. However, achieving this
effect would require the use of storage systems with large power and capacity, which
is currently not economically justified. It was therefore assumed that the optimum
storage capacity would reflect the achievable half of the maximum optimization effect,
and the average benefit values for this scenario are shown in Figure 3.

• The analyses and simulation results show that the real energy store should only
have an on-demand role. The operation of an energy cooperative based on the
discount model and the temporary deposition of energy in the operator’s network
enables effective volumetric balancing in the long term. Both storage environments,
i.e., the real one (energy storage) and the virtual one (virtual deposit) within the
operator’s network, are complementary, which makes it possible to significantly
improve the volumetric balance that simultaneously burdens the distribution network
and maximizes self-consumption. The proposed approach is one of the possible
ways to benefit from the storage system. The results of alternative studies show the
importance of the predictions made and the optimized target function [54].

In addition, a detailed analysis of the cooperative size scenarios presented in Table 1
and Figure 2 allows the following conclusions:

• Half of the average optimization effect can be obtained for the following energy
storage capacities and set size scenarios:

� 2000 kWh; size: 10 members; half of the average effect: 10.6%;
� 5000 kWh; size: 20 members; half of the average effect: 11.0%;
� 6500 kWh; size: 30 members; half of the average effect: 11.4%;
� 8000 kWh; size: 40 members; half of the average effect: 13.8%;
� 8500 kWh; size: 50 members; half of the average effect: 15.8%.

• In the context of the potential benefits of energy storage, the use of high-capacity
storage systems is not justified. Half of the optimization effect is obtained for storage
capacities between 4% (for cooperatives with 10 members) and 17% (for cooperatives
with 50 members) of the maximum capacity analyzed.

• As the number of members of energy cooperatives increases, the average value of the
benefit identical to minimizing the sum of the purchase of energy from the network, as
well as the condition of the network deposit at the end of the billing period, approaches
the maximum possible effects of optimization.
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• The increase in size also results in a smoothing of the dependence profile of the opti-
mization effect as a function of storage capacity. For a cooperative with 50 members,
the dynamics of changes in characteristics in a range between 0 and 8500 kWh are
significantly lower than for a cooperative with 10 members and a range between 0
and 2000 kWh.

• The benefit of applying real storage systems is greater in the case of the dominance of
wind and PV sources; this conclusion will be justified using data-mining techniques
in Section 3 of this article.

 

Figure 3. Simulation results of the optimization effect of the sum of energy taken from the network and energy remaining
in the network deposit after the billing period, depending on the battery capacity and the number of cooperative members.
Also seen is the average effect and battery capacity per average effect.

4.2. Results and Evaluation of the Volumetric Effect of Energy Storage

The simulation of the energy storage process was carried out according to two sce-
narios. Respectively, they assumed the evaluation of the impact of real energy storage in
CP1 – CP5 agricultural energy cooperatives and reference models of one hundred energy
cooperatives with population sizes from 10 to 50 members. Due to the dynamic develop-
ment of the storage sector and the potential difficulty in rationally estimating the current
and appropriate level of capital outlays on storage construction, the analyses focused
exclusively on the volumetric effect of storage. The results for both scenarios are presented
in Tables 3 and 4.
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Table 3. Volumetric effects of real energy storage in cooperatives (CP).

CP1 CP2 CP3 CP4 CP5

Consumption [MWh/year]: 9757 3559 762 3383 5922
Capacity [kW]: 3810 1815 550 1635 2605
Production [MWh/year]: 8760 3515 750 3635 6255
Energy storage—optimal level of capacity [kWh] 6000 900 300 6000 6500
Volumetric storage effect [MWh/year]
Reduction in energy consumption from the network 348.7 41.3 23.3 31 38.6
Reduction in energy consumption subject to the
capacity fee 151.1 23.7 13.8 20.6 19.7

Increase in self-consumption 522.4 61.6 35 46.1 57
in relation to consumption [%]
Reduction in energy consumption from the network 3.6 1.2 3.1 0.9 0.7
Reduction in energy consumption subject to the
capacity fee 1.5 0.7 1.8 0.6 0.3

Increase in self-consumption 5.4 1.7 4.6 1.4 1

Table 4. Volumetric effects of real energy storage in reference cooperatives with varying numbers of members (Mxx).

CP_M10 CP_M20 CP_M30 CP_M40 CP_M50

Consumption [MWh/year]:
Min 512 2567 4561 8440 11,810
Average 2792 6248 9743 13,440 16,569
Max 6217 11,224 16,920 18,920 20,122
Reduction in energy consumption from the network
[MWh/year]: 23.9 24 52.6 65.7 61.7

Min 36.3 122 188.7 314.8 411.5
Average 114.2 301.3 425.1 519.4 556.8
Max
In relation to consumption [%]: 4.7 0.9 1.2 0.8 0.5
Min 1.3 2 1.9 2.3 2.5
Average 1.8 2.7 2.5 2.7 2.8
Max
Reduction in energy consumption subject to the
capacity fee [MWh/year]: 12.5 13.9 22.9 43.9 35

Min 16.7 45.7 70.4 123.7 172.1
Average 30.2 128 147.2 176.5 277.3
Max
In relation to consumption [%]: 2.4 0.5 0.5 0.5 0.3
Min 0.6 0.7 0.7 0.9 1
Average 0.5 1.1 0.9 0.9 1.4
Max
Increase in self-consumption [MWh/year]: 38.9 112.2 444.5 545.8 694.9
Min 54.4 182.4 282.4 470.3 615.2
Average 85.6 260.9 288.6 250.3 337.6
Max
In relation to consumption [%]: 7.6 4.4 9.7 6.5 5.9
Min 1.9 2.9 2.9 3.5 3.7
Average 1.4 2.3 1.7 1.3 1.7
Max

The analysis of the results allows the following conclusions to be drawn:

• The reduction in the average percentage level of energy consumption subject to
the capacity fee increases with the size of the reference cooperative from 0.6% for
10 members to 1.0% for 50 members.

• The increment in the average level of self-consumption increases with the size of the
reference cooperative from 1.9% for 10 members to 3.7% for 50 members.
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• The average level of reduction in energy consumption from the network increases
with the size of the reference cooperative by 1.3% for 10 members and by 2.5% for
50 members.

• The maximum difference in reduction levels of energy consumption from the network
in relation to demand ranges from 0.5% to 4.7%.

• The analysis of the results for cooperatives CP1-CP5 does not provide unambiguous
conclusions and regularities because it refers to specific, individual cases characterized
by a different production and consumption structure and the level of the storage
capacities analyzed.

4.3. Application of Decisions Trees to Assess the Effect of Energy Storage

Based on the analysis of the profitability of specific cooperatives CP1-CP5, it was
not possible to draw conclusions on regularity. For this reason, the focus was on serial
randomized experiments. The results of serial experiments, in which the composition of
cooperatives was randomized, were analyzed using decision trees [55] available in the
R-Project software [56]. The relevant information was obtained in two modeling scenarios.

The first scenario assumed that the variable modeled was the average effect of the
savings achieved after using a battery with a capacity equivalent to the half of the effect,
discretized to three values: WeakImpact, MediumImpact and StrongImpact. In the experi-
ment, random cooperatives with varying numbers of members achieved different types
of percentage savings. In terms of savings achieved, cooperatives were flagged with the
WeakImpact flag if the benefit of the battery use ranked in the lower 1/3 of all possible
percentage savings achieved during the series of calculations. The StrongImpact flag was
used to designate cooperatives for which 1/3 of the highest savings were achieved, and all
others were marked with MediumImpact.

The following variables were used as explanatory variables: the number of members
of the cooperative (NumberOfMembers, which could assume one of the following values
10, 20, 30, 40, 50), the percentage total share of wind and photovoltaic sources (marked as
WindAndPV) and other sources (marked as OtherEnergySourceThanWindAndPV).

Figure 4 shows a decision tree describing the class of savings size depending on the
type of sources used and the number of cooperative members. The set of observations
was divided into eight segments by the decision-tree algorithm. The leftmost branch
of the tree was considered to explain the reading method. It ends with a green leaf
marked MediumImpact. In the classification process, observations for which the number of
cooperative members was less than 35 and, at the same time, fewer than 25 were included in
this segment. In addition, the share of wind and photovoltaic sources in the production was
at least 70%. This leaf accounted for 22% of all observations. In all, 75% of the population
of this leaf constitute MediumImpact class elements, and 7% and 17% are StrongImpact
and WeakImpact class elements, respectively.

The rightmost leaf was marked WeakImpact. In the classification process, observations
for which the number of cooperative members was greater than or equal to 35 and in which
the share of sources other than wind and photovoltaic in the production was at least
28% were included in this segment. This leaf accounted for 13% of all observations. The
elements of the MediumImpact class constitute 6% of the population of this leaf, and the
elements of the StrongImpact and WeakImpact classes constitute 38% and 56%, respectively.
The set of decision rules of the tree visualized in Figure 4 is recorded in Table 5.
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Figure 4. Decision tree quantifying the magnitude of potential benefits after the implementation
of a battery corresponding to the “half effect” relative to the distribution of sources and number
of members.

Table 5. Decision-tree rules quantifying the magnitude of potential benefits after the implementation
of a battery corresponding to the “half effect” relative to the distribution of sources and number of
members. The color scheme used in column two corresponds to that of the leaves in Figure 4.

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV ≥ 25.5 Weak Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV < 69.5 and NumOfMembers ≥15 Weak Impact

NumOfMembers ≥ 35 and OtherEnergySourceThanWindAndPV > = 27.5 Weak Impact

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV < 25.5 and WindAndPV ≥ 78.5 Medium Impact

NumOfMembers ≥35 and OtherEnergySourceThanWindAndPV < 27.5 Medium Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV < 69.5 and NumOfMembers < 15 Strong Impact

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV < 25.5 and WindAndPV < 78.5 Strong Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV ≥ 69.5 Strong Impact

The second modeling scenario did not include the size of cooperatives in the explana-
tory variables. Relevant rules are more aggregated than those shown in Figure 4 but are
more easily interpretable in business terms. They show that the greatest effect from using a
real battery can be obtained if the percentage production from wind and PV sources is in
the 72% to 83% range (StrongImpact). This is illustrated in Figure 5. The MediumImpact
level is reached when the percentage of production share from wind and PV sources is
greater than 83% (other sources generate no more than 17%), and the effect is the lowest
when the share of production from wind and PV sources is less than 72% (other sources
generate at least 28%).
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Figure 5. Simulation results in the regression-tree modeling without a variable specifying the number
of cooperative members.

It seems that a good approximation of the dependencies obtained is the statement
that the maximization of the effect from the application of batteries takes place when the
production mix is 75% for wind and PV sources and 25% for other sources. This conclusion
seems reasonable, given that sources considered other than PV and wind have a more
stable generation profile. Thus, the sources with unstable profiles interact more effectively
with real energy storage systems.

5. Conclusions

1. Both the analyses of five specific energy cooperatives and the simulations designed
to represent the reference nature of cooperatives confirm that, in each case, the
installation of real energy storage systems allows only for a partial minimization of
the volume of energy taken from the network during the hours and days when the
capacity charges are in force. Depending on the scenario analyzed, an improvement
in the average level of volume reduction from 0.6% to 1.0% was achieved, and the
maximum value was 2.4%.

2. The results confirm that oversizing the storage capacity has no or a negligible effect.
Obtaining half of the effect as the aim of optimization was already possible at the
capacity of a few or several percentage points of the maximum capacity analyzed.

3. The use of real energy storage systems makes it possible to reduce the level of en-
ergy taken from the network and not from one’s own production. The maximum
differences of reduction levels of energy consumption from the network in relation to
demand range from 0.5% to 4.7%. In addition, the regularity indicating that the in-
crease in this effect corresponds to the increase in the size of the reference cooperative
seems to be important.

4. The ability to change the nature of the use of the storage operation in the hourly inter-
val (charging/discharging) further makes it possible to improve the self-consumption
rate, which varied between 1.9% and 3.7% for 10 and 50 cooperative
members, respectively.

5. Based on the volumetric results, it can be concluded that the construction of a real
energy store cannot be treated as a “universal” and appropriate tool for improving
the efficiency of cooperatives.

6. The study also makes it possible to evaluate the optimization effect, taking into
account both the real energy storage and the nature of generation. The storage effect is
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maximized when up to 75% of the generation is from wind and photovoltaic sources,
and only 25% from hydro, biogas and biomass sources.

7. The real storage of energy within energy cooperatives, integrating the already op-
timally selected participants, does not result in a significant improvement in the
objective function. The reduction in energy intake from the network and the increase
in self-consumption always occur but, in the authors’ opinion, the scale of the phe-
nomenon is not satisfactory. The storage analysis should be carried out individually
for each configuration of the cooperative. This conclusion indicates that the main
purpose of the article, which was to present the results of the assessment of the actual
impact of energy storage on operational efficiency, was fairly presented. Energy stor-
age is therefore an interesting area for further in-depth exploration and research, and
sensitivity analyses should take into account (i) different charging and discharging
time regimes; (ii) mapping investment outlays and operating costs as a function of
time; (iii) leveled cost of electricity (LCOE); (iv) predicted improvement in storage
efficiency due to advancing technology, quantum batteries [57,58] and propensity to
change social behavior [59]; and (v) the fact that effect and prices in the dual market
for energy and capacity seem to be particularly valuable. These topics will be the
subject of further research by the authors.
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Abstract: The negative impact of agricultural production on the environment is manifested, above
all, in the emission of greenhouse gases (GHG). The goals of this study were to estimate methane
and nitrous oxide emissions at the level of individual farms and indicate differences in emissions
depending on the type of production, and to investigate dependencies between greenhouse gas
emissions and economic indicators. Methane and nitrous oxide emissions were estimated at three
types of farms in Poland, based on FADN data: field crops, milk, and mixed. Data were from
2004–2018. Statistical analysis confirmed the relationship between greenhouse gas emissions and
economic performance. On milk farms, the value of methane and nitrous oxide emissions increased
with increased net value added and farm income. Milk farms reached the highest land productivity
and the highest level of income per 1 ha of farmland. On field crops farms, the relationship between
net value added and farm income and methane and nitrous oxide emissions was negative. Animals
remain a strong determinant of methane and nitrous oxide emissions, and the emissions at milk farms
were the highest. On mixed farms, emissions result from intensive livestock and crop production. In
farms of the field crops type, emissions were the lowest and mainly concerned crops.

Keywords: agricultural production; emission; methane; nitrous oxide; dairy cows; field crops;
agricultural production; family farm income; land productivity

1. Introduction

The 2030 Agenda for Sustainable Development, adopted in 2015, is a comprehensive
plan of development for the world established by the United Nations (UN). All UN member
states committed to taking action toward creating adequate living conditions and conditions
for economic progress while simultaneously protecting the environment and counteracting
climate change. Climate change is progressing due to increased greenhouse gas (GHG)
emissions, including carbon dioxide (CO2). In 2020, annual CO2 emissions increased by
20% globally compared to 2005 [1]. East Asian and Pacific countries emitted more CO2 than
in 2005 (by 50%), whereas emissions decreased in North America (by 13%) and in European
and Central Asian countries (by 9%) [1]. The amount of greenhouse gases emitted annually
by the EU decreased by 12% compared to 2010, while Poland emits over 400 million tons of
greenhouse gases annually, which makes up 9.8% of the EU’s emissions [1]. It is necessary
to take action over the next several years to reduce the risk of irreversible effects of climate
change, particularly since the Earth will continue to react to increases in greenhouse gas
emissions for a long time after they are reduced [2]. Increasing the use of renewable energy
sources is one measure that can contribute to the reduction of greenhouse gas emissions.
Poland is involved in actions aimed at limiting climate change that are being undertaken by
the international community. It is one of the signatories of the UN Framework Convention
on Climate Change (UNFCCC) since 1992 and the Kyoto Protocol since 2002 [3].
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Agriculture is one of the sectors of the economy that has a strong relationship with
the natural environment. The technological, biological, and organizational progress that is
being made affords access to increasingly modern production technologies. This leads to
improvements in the technical and economic efficiency of agricultural production. How-
ever, these changes are generating a series of threats to the natural environment. In relation
to the growth of the global population and a growing demand for food, there is pressure to
increase the magnitude of agricultural production. Today, technical capabilities with regard
to increasing the scale of production are not a limitation, as this process is accompanied
by economic benefits; however, an environmental barrier does arise. The negative impact
of agricultural production on the environment is manifested, above all, in the emission of
greenhouse gases (GHGs), mainly nitrous oxide (N2O) and methane (CH4) [4–6].

The Kyoto Protocol lists CO2 as one of the gases that has an influence on the greenhouse
effect. This is the most important factor in climate change, and is covered in most studies.
However, some researchers are voicing the opinion that basing estimates solely on CO2
emissions and omitting other gases in the balance associated with agriculture, particularly
in rural and urban–rural municipalities, leads to underestimation of GHG emissions from
Polish agriculture [7–9]. Research by Wiśniewski [7] shows that over half of the total
emissions from agriculture in Poland is associated with animal raising and breeding. This is
confirmed by the results of many studies. GHG emissions from agriculture in Africa are
showing some of the highest rates of growth in the world, the greatest source of which
is animal production on farms [6]. The case is similar in EU member states, where the
largest amount of emissions also comes from animal production. During 2004–2017, GHG
emissions were highly concentrated in several EU member states; these were the countries
with the most developed agriculture: France, Germany, Spain, and the United Kingdom [10].

There is a strong emphasis on the need to reduce greenhouse gas emissions in agricul-
ture and to incorporate agriculture in actions against unfavorable climate change [2,11].
According to the Ministry of Climate, in Poland in 2018, agriculture was responsible for
8% of greenhouse gas emissions (in CO2 equivalent) with respect to the base in 1988 [12].
Although it is necessary, reducing GHG emissions in this sector remains an enormous
challenge. This is because there is a specific conflict of interest in this area. Agricultural
holdings are subject to competition in the food market, and reconciling economic and
environmental interests is a problem. Unfortunately, the magnitude of GHG emissions
from agriculture is disturbing. In Poland in 2018, a 7.2% increase in GHG emissions from
agriculture was recorded with respect to 2015 [13]. The search for effective tools for pro-
duction technology management in order to consume fewer resources and reduce the
environmental impact is ongoing [14]. It seems that only deep changes in the structure
of the entire agri-food system can reduce greenhouse gas emissions in the agricultural
sector [15]. This is not only about the practices employed in agricultural production, but
also changes in consumers’ nutritional habits; for example, research conducted in Mediter-
ranean regions indicates that reducing meat and dairy consumption by 40% could reduce
GHG emissions by 20–30% [16].

Transforming the economy into a low-emissions economy is currently one of the
most important challenges facing the modern world. A circular, low-emissions economy
plays a critical role in the development of agriculture, as it is an opportunity to improve
both the quality of the environment and economic well-being. The social aspect of the
low-emissions economy is highlighted. Limiting greenhouse gas emissions brings about
benefits in terms of human health regardless of the level of prosperity, as the benefits
apply to both rich societies and less affluent ones [17]. The economic dimension of the
relationship between agriculture and climate change is also important. A slight reduction
in GHG emissions resulting from the growth of value added in agriculture and renewable
energy was observed in studies conducted in Pakistan [18]. The authors of that research
suggest that increasing the value added of agriculture and consumption of renewable
energy could counterbalance the increased GHG emissions resulting from the consumption
of coal-generated electricity. Zafeiriou et al. [19] obtained divergent results in their research
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on the relationship between greenhouse gas emissions from agriculture and per capita
income in the agricultural sectors of different EU countries. The results indicated that if
CO2 emissions rise, so would income from agriculture, which was confirmed in the case of
Spain. However, the authors expressed a reservation regarding the nonlinear relationship
between agricultural income and CO2 emissions. Other studies indicate a positive influence
of direct foreign investment in agriculture on the CO2 emission equivalent in developing
countries [20]. The economic aspects of greenhouse gas reduction are rarely raised in
studies. A report by the Centre for Climate and Energy Analyses unequivocally shows that
reducing methane and nitrous oxide emissions from agriculture in Poland causes changes
in farmers’ level of production and income, and should be considered through the lens of
economic effects [21]. At the same time, the report’s authors are aware of how difficult it is
to reach a compromise between these two objectives.

The assessment of agriculture’s environmental impact is part of the concept of sus-
tainable development. Studies concerning the impact of farms with different production
profiles on the environment are an important part of this. It seems that such assessment
is important because the impact of an agricultural holding on the environment depends
on its specialization. Specialized farms are the ones that determine the basic trend of
transformation in Polish agriculture. Specialization is a factor that fosters improvement of
farming efficiency; however, there are environmental limitations linked to the growth of
such farms. In such cases, activity is associated with the concentration of resources and
intensity of production, so the environmental impact assessment is multi-dimensional.
Various environmental and economic sustainability indicators are taken into account in
such assessments [22–27]. The choice of indicator generally depends on the availability
of data. In most assessments, greenhouse gas emissions are either omitted or treated as a
side note. The relationships between environmental practices and economic results have
also been insufficiently investigated. The present paper broadens the knowledge in this
scope. Farmers, even those with the highest environmental awareness, will always be
motivated by an economic objective in their activity. Thus, it is necessary to account for
economic aspects in analyses of greenhouse gas emissions. Doing so can provide a broader
picture of the dependencies existing between the farmer’s choice of agricultural practices
and the realization of the environmental objective, i.e., reducing methane and nitrous oxide
emissions from agriculture.

The goals of the study were to estimate methane and nitrous oxide emissions at the
level of an individual farm and indicate differences in emissions depending on the type
of production, and to investigate dependencies between greenhouse gas emissions and
economic indicators. The authors’ intent is to present estimates of CH4 and N2O for three
types of specialized agricultural holdings and to indicate the relationships between the
economic objectives that motivate farms and the environmental objectives that arise from
concern for the natural environment.

2. Methodology

Data concerning farms were obtained from the Farm Accountancy Data Network
(FADN), published by the Institute of Agricultural and Food Economics, Polish Research
Institute [28]. The data used in this research are not available in other databases. They
concern agricultural accountancy, and hence are focused mainly on economic categories and
the financial situation of individual farms; however, they can also be used for environmental
analyses [29–31]. For the purposes of this study, we adopted the methodology described by
Wiśniewski [7], who proposed assessing the magnitude of greenhouse gas emissions based
on data from public statistics. The proposed solution complies with the methodology and
standard indicators of the Intergovernmental Panel on Climate Change [32] and accounts
for emission indicators developed by the National Centre for Emissions Management [33].
Other authors have also used data from public statistics to estimate emissions, including
methane and nitrous oxide emissions [34–36].
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Although the applied methodology is a simplified solution, it makes it possible to
utilize generally available data on agricultural holdings and assess the impact of farming
on the environment. Such a solution makes it possible to assess the variability of emissions
and compare farms with respect to criteria such as farm size, production system, and type
of production. Dick et al. [37] point to the advantages of such a solution, mainly from a
practical perspective. Above all, it enables farmers to apply the best practices, select a
method of production, and choose the means of its implementation.

The data come from 2004 to 2018. Three types of agricultural holdings were considered
in the analyses: those that specialize in field crops, specialize in milk production (dairy
cattle), or have a mixed production profile. These are the main types of farms in Poland.
Data on the number and basic characteristics of farms are presented in Tables A1 and A2
(Appendix A) It should be noted that the number of farms changes every year, which is
due to the selection of the sample included in the FADN system. Every year, some farms
remain outside of FADN’s area of observation, and other farms enter the sample.

Research was focused on the three main sources of greenhouse gas emissions, emitted
directly over the course of agricultural production: gastrointestinal fermentation in farm
animals (main source of methane emissions), animal feces (source of methane and nitrous
oxide emissions), and nitrous oxide emissions from the use of mineral fertilizers.

Estimates of the magnitude of methane and nitrous oxide emissions from animal
production were made based on the number of livestock and emission coefficients. In the
case of cattle, available national gut fermentation CH4 emission coefficients applied by
KOBiZE are used to prepare annual inventory reports. They are prepared based on daily
energy demand for selected categories of cattle and coefficients of conversion to methane
(share of energy in fodder converted to methane). Methane emission indicators from the
livestock’s gut fermentation is estimated based on the more general, default indicators
recommended by the IPCC [32]. The level of nitrous oxide is estimated based on default
indices of nitrogen content in animal feces and default N2O-N emission coefficients for
different methods of animal feces management [32]. The following emissions coefficients
were applied (kg per animal per year): CH4 from gastrointestinal fermentation: dairy cows,
122.0; other cattle, 49.65; swine, 1.5; CH4 from feces: dairy cows, 11.87; other cattle, 2.15;
swine, 3.07; nitrogen excreted in feces: dairy cows, 70.26; other cattle, 49.95; swine, 30.22 [7].
In FADN data, animals are counted as livestock units, which was why there was a need to
convert these units into physical headcounts. This was done according to coefficients for
conversion of cattle and swine, with the following coefficients adopted: dairy cows, 1.0;
swine, 0.25; other cattle, 0.40 (mean value determined for heifers and calves) [38]. Poultry
was omitted in the calculations due to the lack of IPCC guidelines.

The amounts of methane and nitrogen emissions were then calculated per 1 ha of
farmland. The reference to farmland area was made for two reasons. First, when conducting
a comparative analysis of three types of specialized farms, one needs to accept a single
point of reference, and that is farmland area. Second, this made it possible to investigate
dependencies between methane and nitrous oxide emissions and economic results, which
was the intended goal of this work.

The average consumption of fertilizers per ha of farmland was adopted as the basis
for estimating nitrous oxide emissions from mineral fertilizers. There is no information
in the generally available FADN data about the consumption of mineral fertilizers, which
is why this quantity was estimated indirectly based on average NPK consumption at
individual farms in the country according to the Central Statistical Office [39]. The quantity
of NPK consumption in the studied agricultural holdings was corrected by the indicator
representing the general production and economic advantage of the studied farms over
individual farms in Poland, collectively, as applied by the Institute of Agricultural and
Food Economics [40]. This indicator was determined for every year based on a comparison
of the production value per 1 ha of farmland of the most important products (basic cereals,
potatoes, milk, and pig livestock) of the studied farms, with the production value of these
products for the collective of farms, according to the Central Statistical Office, accepted as 1.
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It is accepted that farms that conduct agricultural accountancy achieve higher production
and economic results than average farms in the region and in the country.

When estimating amounts of emissions from the use of mineral fertilizers, the default
nitrous oxide emission coefficient of 0.01 kg N2O-N per 1 kg N was accepted. The mass
of nitrogen originating from the application of mineral fertilizers was corrected by the
amounts of ammonia and nitrous oxides emitted [7].

The following indicators were also applied to evaluate the economic situation of
agricultural holdings: net value added (PLN ·AWU−1), family farm income (PLN), family
farm income per 1 ha of farmland (PLN), and land productivity per 1 ha of farmland (PLN).

The arithmetic mean, minimum, maximum, and standard deviation were used to present
results from 15 years of observation. Based on economic indicators originating from the
described farms and emission values calculated for the selected greenhouse gases, an attempt
was made to present the variation of these indicators over the course of those 15 years.
Thirteen features describing the economic and agrarian characteristics of farms, along with
the number of farms with a given agricultural production profile taking part in FADN studies,
were taken as variables and subjected to reduction during analysis. The number of farms
is not a feature associated with emissions, and in normal studies with repetitions, it should
not be taken for analysis. Here, however, FADN studies were based on a variable number of
farms, therefore, this feature could justify variation within the very short time period of one
year. Ten indicators of GHG emissions were also taken as variables for analysis. The set of
input data consisted of 23 features, representing the dimensions of the three described types
of farms over 15 years, which were treated as objects in the analysis (Table 1).

Table 1. Values of variables used in the analysis (for three types of farms).

A–Field Crops B–Milk C–Mixed

Specification Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

Economic Indicators

X1—Number of farms 3058.20 680.01 1881.67 870.35 4011.20 500.67
X2—Utilized agricultural area (ha) 30.51 10.38 19.13 2.96 16.83 1.32

X3—Total livestock unit (LU) 2.42 1.22 20.17 4.50 12.47 1.09
X4—Total output (PLN) 128,122.07 54,478.53 115,330.67 38,910.40 82,903.47 17,700.99
X5—Total inputs (PLN) 110,920.67 43,201.69 88,252.33 30,940.41 77,282.40 20,966.41
X6—Fertilizers (PLN) 21,068.53 10,469.06 7914.53 3043.14 7583.80 2310.94

X7—Energy (PLN) 13,366.07 6218.51 9342.87 3264.85 7747.00 2085.39
X8—Total intermediate consumption (PLN) 76,011.67 30,406.09 65,534.33 22,908.43 57,296.93 14,988.95

X9—Total inputs (PLN ha−1) 3593.80 503.97 4468.67 1006.58 4598.40 944.21
X10—Land productivity (PLN ha−1) 4117.87 514.65 5873.73 1236.60 4890.93 734.48

X11—Farm net value added (PLN AWU−1) 34,984.33 17,023.93 29,603.73 11,186.76 17,554.33 4079.47
X12—Family farm income (PLN) 46,797.33 28,032.23 48,952.87 19,791.13 22,283.53 5290.34

X13—Family farm income (PLN·ha−1) 1442.53 372.45 2480.40 714.25 1325.73 313.05

Indicators of GHG sources

Z1—Dairy cattle CH4 (kg y−1) 55.16 42.16 1825.33 287.15 337.35 65.07
Z2—Dairy cattle N2O (kg y−1) 28.95 22.13 958.11 150.87 177.05 34.15
Z3—Other cattle CH4 (kg·y−1) 86.67 28.41 797.43 326.89 446.06 133.44
Z4—Other cattle N2O (kg y−1) 83.58 27.39 769.60 315.28 430.13 128.67

Z5—Pigs CH4 (kg y−1) 19.49 12.33 - - 107.41 10.86
Z6—Pigs N2O (kg y−1) 123.37 76.15 - - 709.30 71.78

Z7—Total emissions CH4(kg y−1) 154.07 86.20 2622.75 611.07 890.82 102.46
Z8—emissions CH4 (kg ha−1) 5.96 4.07 135.94 14.25 76.37 6.80

Z9—total emissions N2O (kg y−1) 239.89 116.65 1727.71 464.10 1317.15 122.23
Z10—emissions N2O (kg ha−1) 9.27 5.65 89.04 12.15 78.30 4.26

Source: Own calculation based on FADN data [28].
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Three independent analyses were carried out for each type of farm. Factor analysis was
conducted using principal component analysis (PCA) [41,42]. To facilitate the interpretation
of results, varimax rotation was applied. This involves rotation of the X- and Y-axes (linear
combination) so as to maximize the variance of loadings between factors and minimize
their variance within the new factor called a component here.

3. Results

The level of greenhouse gas emissions was dependent on the production profile
and was characterized by high variation during the studied period (Figure 1). Farms
specializing in milk production emitted the most CH4 and N2O. This is the result of
high livestock density and intensive production technology. Farms specializing in milk
production surpassed other types of farms in terms of the amount of income from the farm
and land productivity (Table A2, Appendix A). At field crop farms, the levels of methane
and nitrous oxide emissions were the lowest among the studied farms. This is due to the
specialization adopted and consistent reduction of animals on the farm. During the period
of study, changes in the levels of CH4 and N2O occurred at all farms and were associated
with organizational changes at the farms. There is a positive correlation between methane
and nitrous oxide emissions and economic results measured at the level of family farm
income. Milk farms reached the highest land productivity and the highest income level per
1 ha of farmland.

On farms that specialize in field crops, the average methane emissions amounted
to 5.96 kg·ha−1, varying within a range of 0.25 to 11.3. Within the studied time interval,
several periods of lesser and greater CH4 emissions can be distinguished (Figure 1A). After
a period of slight decrease in the level of emissions during 2005–2006, there was an increase
during the next two years (2008–2009) to a level of 11.31 kg·ha−1. In the following years,
a declining tendency can be seen, and in 2018, total CH4 emissions per 1 ha of farmland
was more than three times lower than in 2004. During the studied time interval, the period
of 2010–2012 is noteworthy as greenhouse gas emissions were very low during that time.
The factor responsible for this was the selection of farms that were within FADN’s area of
observation during those years. These were much larger farms and the average area of
farmland was twice as large as in other years.

The level of emissions should also be considered against the backdrop of organizational
changes in agricultural holdings, particularly with regard to animal production. In 2004, the
average number of animals on a farm in livestock units amounted to 3.51 LU (1.6 of cattle
and 1.91 of swine). This number decreased every year after that (R2 = 0.7706). In 2018, the
number of animals was reduced to 0.09 LU of dairy cattle (which can be considered as total
elimination), 0.55 LU of other cattle and 0.43 LU of swine. Organizational changes in the
studied group of farms indicate progressing specialization. These farms specialize in field
crops. The first few years were a period of adaptation to the selected production profile
and many holdings continued to raise animals. In every year that followed, farms reduced
animal production in favor of field crops according to the specialization they adopted.

In the case of dairy cattle farms, CH4 emissions were substantially higher ranging from
119.90 to 157.73 kg·ha−1 depending on the year. Throughout the entire period of study, the
level of emissions stayed at a relatively constant level and systematically increased starting
from 2013 (Figure 1B). The causes of this situation are understandable. These holdings
specialize in milk production, and over the course of successive years, farmers increased
their herds of dairy cows (R2 = 0.9663). The average number of cows on a farm in 2004
amounted to 10.69 LU, and in 2018, the number was 17.12 LU. This is the basic production
herd, and in the case of farms specializing in milk production, the scale of production is
fundamentally important in terms of farming economics. Besides cattle in the basic herd,
other functional groups of cattle were also present, most likely constituting a replacement
herd. This population of cattle also increased from year to year. In the case of this group of
holdings, the total magnitude of emissions originated from cattle raising (there were no
other animal species).
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Figure 1. Emission levels of CH4 (kg·ha−1) at three types of farms: (A) Field crops; (B) Milk; (C) Mixed.
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For holdings with a mixed profile, CH4 emissions were at a moderate level. If we
accept the level of CH4 emissions at dairy cow holdings to be 1, then farms specializing
in field crops were at a level of 0.045 on average during the studied period and mixed
holdings were at a level of 0.57. During the studied period, the amount of CH4 emissions
changed from 56.09 to 85.67 kg ha−1. The level of this gas exceeded 80 kg·ha−1 in only four
years (Figure 1C).

The amount and changes of CH4 emissions should be considered against the backdrop
of the way animal production was organized. During 2004–2005, over half of CH4 emissions
originated from dairy cattle, and the number of cattle was the greatest during those years.
However, starting from 2006, the number of cows was successively reduced and herds of
beef cattle were enlarged. These changes are reflected in the structure of CH4 emission
sources. In 2018, over 65% of emissions originated from the raising of beef cattle. In total,
cattle were responsible for 85–90% of CH4 emissions depending on the year. In terms
of swine herds, changes in herd populations were small, and they were responsible for
approximately 12% of methane emissions on average during the studied period; this level
declined in the years that followed.

The analysis performed indicates that holdings with a mixed profile raised both cattle
and swine, however, in recent years, they became more oriented toward raising beef cattle.
These changes were reflected in greenhouse gas emissions. Regardless of the production
profile, gastrointestinal fermentation in cattle is mainly responsible for methane emissions.
Cattle were responsible for 82.5% of methane emissions on mixed farms and up to 92%
on dairy farms. Accordingly, 8–17.5% of methane emissions originated from animal feces.
Animal production is also a source of nitrous oxide emissions via feces. N2O emissions
were higher for farms with larger animal herds (Figure 2).

Farms that specialize in milk production produce the most nitrous oxide emissions,
taking into account nitrous oxide from animal feces and mineral fertilization at a level of
90.06 kg N2O ha−1 (Figure 2B). Meanwhile, on mixed farms, the value of nitrous oxide
emissions was 78.96 kg N2O·ha−1, and on farms specializing in field crops it was 9.65 kg
N2O ha−1. These data indicate that cattle are the main emitters of not only methane but also
nitrous oxide. On dairy farms, 93–95% of N2O emissions originated from animal feces. On
field crop farms, N2O emissions mainly originated from mineral fertilization. Animals were
kept solely for the family’s own needs (0.09 LU dairy cattle and 0.55 LU other cattle in 2018).

Data on nitrous oxide emissions from the application of mineral fertilizers indicate
that the greatest emissions came from farms that specialize in milk production. This is the
result of intensive fertilization of cultivated plants. Corn, which constitutes the main feed
base for cattle, is dominant in the crop structure. During the studied period, the area of
corn cultivation increased from 0.3 ha in 2004 to 14.24 ha in 2018, while the area of cereals
changed from 5.39 ha to 7.49 ha. During this period, consumption of mineral fertilizers
increased from 163 to 271 kg NPK·ha−1.

The amount of nitrous oxide emissions from mineral fertilizers on mixed farms was
65% of the amount on dairy cattle farms. During the studied period, the level of N2O
emissions was variable, and it is difficult to unequivocally identify a trend (Figure 2C). The
highest level of emissions was recorded in 2006 at 86.31 kg N2O ha−1 and the lowest in
2012 at 72.64 kg N2O ha−1 per farm. Consumption of mineral fertilizers increased during
the studied period from 132 to 152 kg NPK·ha−1 per farm.

The lowest level of N2O emissions from mineral fertilizers was noted on farms that
specialize in field crops (Figure 2A). Emissions from field crop farms amounted to 35%
of dairy farm emissions and 55% of mixed farm emissions. Field crop farms applied less
mineral fertilization than the other studied groups. Fertilizer consumption ranged from
76 to 98 kg NPK ha−1 depending on the year.
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Figure 2. Emission levels of N2O (kg·ha−1) at different types of farms: (A) Field crops; (B) Milk; (C) Mixed.
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Reducing the 23 dimensions representing the primary features introduced for analysis
in the case of dairy cattle farms, 21 dimensions (absence of swine herd) distinguished just
one principal component responsible for 91.35% of total variation. This demonstrates that
these farms are highly specialized in this production. All undertakings associated with
activities described by the studied features had an equally strong impact on emissions of
selected greenhouse gases over the course of the 15-year period. After applying varimax
rotation, two principal components were distinguished: PC1 (57.39%) and PC2 (38.26%)
(Figure 3, Table A3, Appendix A). After varimax rotation, the assignment of the majority
of features to PC1 remained unchanged with the exception of CH4 and N2O emissions
per 1 ha.

Figure 3. Relationships of locations of studied sources of GHG emissions (Z1 .... Z4 Z7 .... Z10) and
economic indicators (X1 .... X13) for farms with milk production in the studied years (Y2004 .... Y2018)
in the space of the first two components, PC1 and PC2.

Similar to farms with a mixed production profile, field crop farms are characterized
by diverse factors that influence total GHG emissions. Principal component analysis
clearly differentiated the studied features into three principal components describing total
variation. The first component was responsible for 41.19% of total variation and the features
most strongly correlated with it included CH4 and N2O emissions from each group of
animals, total CH4 and N2O emissions, and number of animals.

The second component explained 39.64% of total variation (Figure 4, Table A4,
Appendix A) and was most strongly correlated with the following economic indicators:
total family farm income (PLN) and income per 1 ha of farmland, as well as net value
added (PLN·AWU−1), total output (PLN), farmland area (ha), energy (PLN), intermediate
consumption (PLN), total inputs (PLN), and mineral fertilizers (PLN). The third component
explained 15.64% of total variation and was most strongly correlated with land productivity
(PLN ha−1) and total inputs (PLN ha−1).
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Figure 4. Relationships of locations of examined indices (Z1 .... Z10) of GHG emissions and economic
indices (X1 .... X13) for field crop farms in the studied years (Y2004 .... Y2018) in the space of the first
two components, PC1 and PC2.

Mixed production farms are characterized by diverse factors influencing total CH4
and N2O emissions. Principal component analysis clearly differentiated the studied fea-
tures into four principal components describing total variation. The first component
explained 48.83% of total variation and was most strongly correlated with variables includ-
ing farmland area (ha), livestock units (LU), total production (PLN), total inputs (PLN),
mineral fertilizers (PLN), energy (PLN), intermediate consumption (PLN) and total inputs
(PLN·ha−1) as well as land productivity (PLN·ha−1), net value added (PLN·AWU−1), CH4
and N2O emissions originating from cattle groups other than dairy cows, and total CH4
and N2O emissions. The second component explained 22.55% of total variation and was
most strongly correlated with variables including livestock units (LU) and CH4 and N2O
emissions from dairy cattle and swine (Figure 5, Table A5, Appendix A). The variation
explained by the first two components amounts to 71.38% of the total variation. The
next components distinguished in the analysis were PC3, explaining 14.95%. and PC4,
explaining 8.33% of the total variation.

Statistical analysis confirmed the dependency between CH4 (Z8) and N2O (Z10) emis-
sions and economic results: net value added (X11) and family farm income per 1 ha (X13).
On dairy cattle farms, the value of CH4 and N2O emissions grew as the values of economic
indicators increased. Net value added and family farm income (PLN·ha−1) were positively
correlated with CH4 (r = 0.700 and 0.700) and N2O (r = 0.802 and 0.774) emissions (Table A7,
Appendix A). On field crop farms, the dependency between net value added and CH4
and N2O emissions was negatively correlated (r = −0.814 and −0.785). Similarly, there
was a negative dependency between family farm income (PLN·ha−1) and emissions of
the studied greenhouse gases (r = −0.695 and −0.676) (Table A6, Appendix A). On mixed
farms, the dependency between economic indicators and CH4 and N2O emissions was
negative, except the dependency between net value added and CH4 emissions (r = 0.272)
(Table A8, Appendix A).
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Figure 5. Relationships of locations of studied GHG emission sources (Z1 .... Z10) and economic
indicators (X1. .... X13) for mixed production farms in the studied years (Y2004 .... Y2018) in the space
of the first two components, PC1 and PC2.

4. Discussion and Conclusions

The growing demand for food requires intensification of agricultural production,
which has a negative impact on the environment. This impact contributes to depletion of
energy carriers, global warming, and reduction of air quality [43,44]. In order to ensure
sustainable development, we need to search for solutions that can conserve environmental
values while enabling the achievement of economic goals. The agricultural ecosystem
both emits and absorbs greenhouse gases, and because of this, we use the concept of net
greenhouse gases [45].

The analysis results indicate that animals remain a strong determinant of GHG emis-
sions. A particularly high level of emissions is associated with cattle raising, which was
the case for dairy cattle holdings. The level of nitrous oxide emissions was also high,
as a result of the application of intensive feed production technologies. This was also
confirmed by principal component analysis (PCA). This indicates that on dairy cattle farms,
the organization of both animal and plant production is completely subordinated to milk
production. Emissions on mixed farms are the result of intensive animal and plant produc-
tion. Meanwhile, on field crop farms, where animal production was successively reduced,
emissions were the lowest and mainly pertained to crops. This was also confirmed by
analyses conducted at the regional level [46]. In Poland, regions with a larger share of large
agricultural holdings and animal production (the northeastern part of the country and the
Wielkopolska region) are characterized by higher emissions levels [7,36].

The values obtained in this research are higher than those obtained by other authors.
According to Wiśniewski [7], 42% of emissions originate from gastrointestinal fermentation
in rural and urban–rural municipalities. In their investigations of emissions from agri-
culture in Africa, Tongwane et al. [6] determined that gastrointestinal fermentation was
responsible for over half of all emissions originating from agriculture. Studies conducted
in Ireland showed that 49% of emissions originated from gastrointestinal fermentation [47].
However, it should be noted that, in general, greenhouse gas emissions are estimated based
on data for an average agricultural holding in the region or country and include all green-
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house gases. Meanwhile, our studies examined commodity farms that apply intensive
technologies linked to specialization of production. In this case, we are dealing with con-
centrated means of production and high livestock density. These farms are distinguished
against a background of so-called average farms by significantly higher production and
economic results, but at the same time, they exert greater pressure on the environment. This
hypothesis was confirmed by the research of Wysocka-Czubaszek et al. [36] concerning
CH4 and N2O emissions in Poland. According to those authors, 51% of CH4 and 37% of
N2O is emitted by three voivodeships where there is intensive agriculture: the Masovian
and Podlaskie voivodeships, leading producers of milk and beef, and another voivodeship
characterized by intensive production of animals and plants. The release of large amounts
of methane and nitrous oxide is therefore the result of specialization which is associated
with the concentration of agricultural holdings’ resources.

The economic results obtained for field crop farms are concurrent with the results
obtained by Khan et al. [18]. Growth of net value added and farm income per 1 ha of
farmland caused a reduction of CH4 and N2O emissions. Meanwhile, on dairy cow farms,
dependencies between economic results and gas emissions are different, confirming the
results of Zafeirou et al. [19]. In this case, as value added and farm income increase, so do
CH4 and N2O emissions. Syp and Osuch [31] obtained similar results in their investigations
of organic and conventional farms. In their research, higher productivity was found on
milk farms and was associated with higher GHG emissions. The view that farms which
have more animals (conventional farms had more animals than organic farms) emphasize
economic objectives, and that productivity is prioritized over environmental objectives,
was also confirmed.

The results obtained indicate that the direction of dependencies between greenhouse
gas emissions and economic results is determined by the presence of animal production.
particularly cattle. Cattle are responsible for the highest emissions of CH4 [48].

The example of the three types of agricultural holdings described in this study con-
firms the hypothesis of the relationship between specialization of agricultural production
and CH4 and N2O emissions. Dairy farms are the most harmful to the environment.
Compared to farms of other types (field crop and mixed), they emit the highest amounts
of CH4 and N2O. This is the result of a high concentration of animals on the farm and
intensive plant production for use as fodder. Farms of this type successfully implement
their economic goals, with the highest net value added and farm income per area unit.
Field crop farms are less harmful to the environment. Farms of this type have successively
reduced their livestock production, resulting in lower CH4 and N2O emissions. In this case,
the quality of the soil may deteriorate due to the lack of organic fertilization.

Intensive agriculture does not have to be a threat to the environment. Countries
that have achieved sustainable agriculture have done so by developing large farms and
a high level of mechanization [49]. It is expected that agriculture will satisfy the needs
of the growing global population while contributing to the reduction of GHG emissions.
Achieving this goal will require intensification of production with higher emissions per
unit of land area but lower emissions per unit of agricultural production [50,51].

Reducing greenhouse gas emissions from agriculture requires the introduction of
innovative technologies and tools to increase the efficiency of agricultural production.
One effective method of limiting methane emissions is to use a cattle nutrition strategy.
Studies confirm that methane emissions have been reduced as a result of the application of
high-starch diets or exogenic enzymes. Supplementation with fats also yields good results.
This indicates that appropriate diets can be implemented for dairy and beef cattle in order
to reduce methane emissions without reducing productivity [52].

According to Hoglund-Isaksson et al. [53], the possibilities of reducing methane
and nitrous oxide emissions from agriculture are limited and technological solutions are
insufficient. Hence, they propose the introduction, by 2050, of institutional reforms and
changes to human nutritional habits on a broad scale, in addition to the implementation
of technological solutions. Meanwhile, Ockoet al. [54] believe that achieving a reduction
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of methane and nitrous oxide emissions by changing the human diet is less realistic than
implementing technological strategies.

Specialization fosters the development of farms and builds competitive advantage. As
research indicates, specialization is deepening, and economic goals are the decisive factor in
the adoption of areas of specialization by agricultural holdings [55]. Farms with intensive
animal production have the strongest impact with respect to the environment. Solutions
that make it possible to reduce the pressure of agriculture on the environment while main-
taining food security are already known. These are, above all, good agricultural practices,
including no-till farming, breeding progress, and effective fertilizer management. Good
management practices may reduce the burden on the environment and the costs of agricul-
tural production. Economic instruments are also indicated for strategies to limit emissions,
e.g., in the form of compensation for income lost due to reduced production intensity [56].

Wąs et al. [21] presented several scenarios of reduced methane and nitrous oxide
emissions based on data describing the Polish agricultural sector in the base year 2015.
Changes in income levels are an important indicator from the perspective of analyzing
the potential economic consequences of various scenarios of reduced greenhouse gases
from agriculture. The process of reducing emissions in agriculture using currently known
and available technologies is highly complex and inevitably leads to drops in production
and income. According to these scenarios, the greatest drops in production and income
are observed in the case of beef and dairy cattle. Plant production is the least sensitive to
restrictions with respect to emissions.

The present research contributes to agricultural science and environmental economics
by broadening the knowledge on the subject of relationships between intensive agricul-
tural production and the environment, including the economic aspect, a subject raised
infrequently in the literature. The present paper broadens the knowledge concerning the
relationships between methane and nitrous oxide emissions and the economic results of
agricultural holdings with different specializations. This research can serve as a basis for
creating models for the development of agriculture. Research conducted until now has
been on a regional scale [7,36]. Based on previous research, we can only make approximate
inferences about the applied technologies in terms of their relationship with methane
and nitrous oxide emissions. The advantages of the research in this paper, at the level of
individual farms, are that it increases the accuracy of estimating greenhouse gas emissions
and makes it possible to determine dependencies between emissions and economic results.
Few analyses have raised these issues. Methods of reducing GHG emissions by changing
production technology are necessary. These methods should contribute to improving
environmental protection and reducing production costs. Specialized farms are and will
continue to be the foundation of the country’s food economy. The economic objective is
the motivating factor for adopting a specialization. Therefore, a deeper understanding of
environmental and economic relationships in agricultural production will make it possible
to promote technological innovations leading to low emissions. Consequently, integrating
all aspects of the low-emissions economy will contribute to raising the competitiveness of
agricultural holdings.

This research also has practical value. It makes it possible to evaluate greenhouse gas
emissions from agricultural production in a relatively simple way and to verify practices
applied at the level of individual agricultural holdings and environmental protection.

5. Limitations

The authors are aware of the limitations of this analysis. One limitation is due to the
choice of research subjects. The research subjects are commodity farms that are achieving
higher results than average farms in Poland, which hinders the ability to generalize and
make inferences. Another limitation is that the estimation of greenhouse gas emissions
was done indirectly due to the lack of detailed data. There is a clear need to supplement
databases with data allowing for environmental assessment of agricultural holdings. This
has also been noted by other authors [29,30].
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Yet another limitation is the limited number of production profiles. Further research
should account for all production profiles adopted by farms and for their economic results.
This is important with regard to the efficacy of methods of reducing methane and nitrous
oxide emissions in agriculture.
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Appendix A

Table A1. Number of farms in 2004–2018.

Specification
Year

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Field crops 2573 2650 2622 2800 3241 3287 2047 2177 2303 3215 3342 3411 3893 4049 4263
Milk 785 895 877 817 891 952 2319 2271 2302 2652 2735 2782 2749 2659 2539

Mixed 4937 4614 4430 4470 4288 3967 3862 3785 3517 4282 4083 3942 3446 3352 3193

Source: FADN data [28].

Table A2. Descriptive statistics of farms.

Specification Average Min. Max. SD

Field Crops

Utilized agricultural area (ha) 30.51 22.90 40.70 10.38

Total livestock unit (LU) 2.42 1.20 4.00 1.22

Total output (PLN) 128,122.07 77,603.00 261,535.00 54,478.53

Total inputs (PLN) 110,920.67 64,499.00 204,878.00 43,201.69

Fertilizers (PLN) 21,068.53 10.157.00 43.319.00 10,469.06

Energy (PLN) 13,366.07 7222.00 27,537.00 6218.51

Total intermediate consumption (PLN) 76,011.67 44,856.00 143,873.00 30,406.09

Total inputs (PLN ha−1) 3593.80 2647.00 4092.00 514.65

Land productivity (PLN ha−1) 4117.87 3117.00 5158.00 514.65

Farm net value added (PLN AWU−1) 34,984.33 15,352.00 73,098.00 17,023.93

Family farm income (PLN) 46,797.33 21,135.00 113,721.00 28,032.23

Family farm income (PLN ha−1) 1442.53 849.00 2243.00 372.45

Milk

Utilized agricultural area (ha) 19.13 12.90 22.50 2.96

Total livestock unit (LU) 20.17 14.10 27.00, 4.50

Total output (PLN) 115,330.67 60,928.00 175,076.00 30,940.41

Total inputs (PLN) 88,252.33 42,916.00 129,854.00 30,940.41
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Table A2. Cont.

Specification Average Min. Max. SD

Fertilizers (PLN) 7914.53 3748.00 11,778.00 3043.14

Energy (PLN) 9342.87 4315.00 13,013.00 3264.85

Total intermediate consumption (PLN) 65,534.33 31,653.00 97,070.00 22,908.43

Total inputs (PLN ha−1) 4468.67 2869.00 5771.00 1006.58

Land productivity (PLN ha−1) 5873.73 4185.00 7832.00 1236.60

Farm net value added (PLN·AWU−1) 29,603.73 12,874.00 49,893.00 11,186.76

Family farm income (PLN) 48,952.87 20,069.00 85,401.00 19,971.13

Family farm income (PLN ha−1) 2480.40 1342.00 3917.00 714.25

Mixed

Utilized agricultural area (ha) 16.83 14.80 19.90 1.32

Total livestock unit (LU) 12.47 10.90 14.30 1.09

Total output (PLN) 82,903.47 63,110.00 117,397.00 17,700.99

Total inputs (PLN) 77,282.40 50,150.00 114,631.00 20,966.41

Fertilizers (PLN) 7583.80 4612.00 11,363.00 2310.94

Energy (PLN) 7747.00 4724.00 12,142.00 2085.39

Total intermediate consumption (PLN) 57,296.93 37,961.00 85,167.00 14,988.95

Total inputs (PLN ha−1) 4598.40 3254.00 6163.00 944.21

Land productivity (PLN ha−1) 4890.93 3802.00 6312.00 734.48

Farm net value added (PLN·AWU−1) 17,554.33 10,344.00 22,836.00 4079.47

Family farm income (PLN) 22,283.53 14,696.00 31,387.00 5290.34

Family farm income (PLN ha−1) 1325.73 969.00 1949.00 313.05

Source: Own calculation based on FADN data [28].

Table A3. Eigenvalues and proportions of total variance in 15 years as explained by the first two principal components for
original traits and correlation coefficients between these traits and the first three PCs on milk production farms.

Rotated Component Matrix.

Indicators
Component

1 2

X1—Number of farms 0.845 0.450

X2—Utilized agricultural area (ha) 0.912 0.360

X3—Total livestock (LU) 0.717 0.688

X4—Total output (PLN) 0.837 0.531

X5—Total inputs (PLN) 0.864 0.493

X6—Fertilizers (PLN) 0.828 0.538

X7—Energy (PLN) 0.944 0.299

X8—Total intermediate consumption (PLN) 0.866 0.491

X9—Total inputs (PLN ha−1) 0.824 0.530

X10—Land productivity (PLN ha−1) 0.764 0.574
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Table A3. Cont.

Rotated Component Matrix.

Indicators
Component

1 2

X11—Farm net value added (PLN AWU−1) 0.774 0.537

X12—Family farm income (PLN) 0.759 0.566

X13—Family farm income (PLN ha−1) 0.669 0.570

Z1—Dairy cattle CH4 0.656 0.742

Z2—Dairy cattle N2O 0.656 0.742

Z3—Other cattle CH4 0.756 0.642

Z4—Other cattle N2O 0.759 0.639

Z7—Total emissions CH4 (kg y−1) 0.713 0.692

Z8—Emissions CH4 (kg ha−1) 0.268 0.954

Z9—Total emissions N2O (kg y−1) 0.729 0.676

Z10—Emissions N2O (kg ha−1) 0.461 0.880

Total variance explained—rotation sums of squared loadings

Total 12.052 8.035

% of variance 57.388 38.264

Cumulative % 57.388 95.652

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

Source: Own calculation based on FADN data [28].

Table A4. Eigenvalues and proportions of total variance in 15 years as explained by the first three principal components for
original traits and correlation coefficients between these traits and the first three PCs on field crop farms.

Rotated Component Matrix

Indicators
Component

1 2 3

X1—Number of farms −0.281 −0.711 0.625

X2—Utilized agricultural area (ha) −0.346 0.927 −0.066

X3—Total livestock (LU) 0.861 −0.294 −0.412

X4—Total output (PLN) −0.315 0.933 0.155

X5—Total inputs (PLN) −0.405 0.878 0.224

X6—Mineral fertilizers (PLN) −0.447 0.850 0.224

X7—Energy (PLN) −0.329 0.921 0.148

X8—Total intermediate consumption (PLN) −0.372 0.895 0.209

X9—Total inputs (PLN ha−1) −0.409 0.129 0.885

X10—Land productivity (PLN·ha−1) −0.246 0.490 0.766

X11—Farm net value added (PLN AWU−1) −0.427 0.868 0.226

X12—Family farm income (PLN) −0.297 0.939 0.112

X13—Family farm income (PLN·ha−1) −0.297 0.760 0.445
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Table A4. Cont.

Rotated Component Matrix

Indicators
Component

1 2 3

Z1—Dairy cattle CH4 0.849 −0.214 −0.469

Z1—Dairy cattle N2O 0.849 −0.214 −0.469

Z3—Other cattle CH4 0.915 −0.308 0.029

Z4—Other cattle N2O 0.915 −0.308 0.029

Z5—Pigs CH4 0.728 −0.364 −0.518

Z6—Pigs N2O 0.797 −0.327 −0.436

Z7—Total emissions CH4 (kg·y−1) 0.861 −0.395 −0.251

Z8—Emissions CH4 (kg·ha−1) 0.850 −0.472 −0.214

Z9—Total emissions N2O (kg·y−1) 0.864 −0.345 −0.359

Z10—Emissions N2O (kg ha−1) 0.866 −0.408 −0.270

Total variance explained—rotation sums of squared loadings

Total 9.473 9.117 3.597

% of variance 41.188 39.641 15.638

Cumulative % 41.188 80.829 96.466

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

Source: Own calculation based on FADN data [28].

Table A5. Eigenvalues and proportions of total variance in 15 years as explained by the first four principal components for
original traits and correlation coefficients between these traits and the first four PCs on mixed production farms.

Rotated Component Matrix

Indicators
Component

1 2 3 4

X1—Number of farms −0.566 0.626 −0.235 −0.385

X2—Utilized agricultural area (ha) 0.887 −0.007 −0.031 0.367

X3—Total livestock (LU) 0.554 0.573 −0.403 0.413

X4—Total output (PLN) 0.959 −0.048 0.265 0.047

X5—Total inputs (PLN) 0.976 −0.123 0.102 0.108

X6—Fertilizers (PLN) 0.962 −0.197 0.078 0.076

X7—Energy (PLN) 0.906 −0.047 0.348 0.000

X8—Total intermediate consumption (PLN) 0.975 −0.103 0.130 0.089

X9—Total inputs (PLN ha−1) 0.895 −0.227 0.290 −0.024

X10—Land productivity (PLN·ha−1) 0.876 −0.095 0.408 −0.117

X11—Farm net value added (PLN AWU−1) 0.648 −0.268 0.662 0.212

X12—Family farm income (PLN) 0.270 −0.246 0.908 0.081

X13—Family farm income (PLN·ha−1) −0.011 −0.265 0.946 −0.018
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Table A5. Cont.

Rotated Component Matrix

Indicators
Component

1 2 3 4

Z1—Dairy cattle CH4 −0.481 0.778 −0.293 −0.133

Z2—Dairy cattle N2O −0.481 0.778 −0.293 −0.133

Z3—Other cattle CH4 0.859 −0.328 −0.130 0.347

Z4—Other cattle N2O 0.859 −0.328 −0.130 0.347

Z5—Pigs CH4 −0.025 0.969 −0.049 0.141

Z6—Pigs N2O −0.021 0.963 −0.053 0.142

Z7—Total emissions CH4 (kg y−1) 0.810 0.169 −0.360 0.382

Z8—Emissions CH4 (kg ha−1) 0.174 0.178 0.121 0.845

Z9—Total emissions N2O (kg·y−1) 0.750 0.436 −0.249 0.412

Z10—Emissions N2O (kg·ha−1) −0.014 0.769 −0.413 0.153

Total variance explained—rotation sums of squared loadings

Total 11.231 5.187 3.439 1.917

% of variance 48.831 22.551 14.954 8.333

Cumulative % 48.831 71.382 86.336 94.669

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

Source: Own calculation based on FADN data [28].
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Kioto Dnia 11 Grudnia 1997 r. (Dz. U. 2005, nr 203, poz. 1683). Available online: http://isap.sejm.gov.pl/isap.nsf/DocDetails.
xsp?id=wdu20052031684 (accessed on 15 January 2021).

4. Emmerling, C.; Krein, A.; Junk, J. Meta-Analysis of Strategies to Reduce NH3 Emissions from Slurries in European Agriculture
and Consequences from Greenhouse Gas Emissions. Agronomy 2020, 10, 1633. [CrossRef]
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Abstract: Climate change and negative environmental effects are results of a simplified understanding
of management processes, i.e., assuming economic effects as the basis for development, without
taking into account external costs. Economically efficient facilities are not always environmentally
efficient. Due to the existing conflict of economic and environmental goals, it seems necessary to look
for measures that would include both economic and environmental elements in their structure. The
above doubts were the main reasons for undertaking this research. One of the important sectors of
the economy accepted for research, where energy is an essential factor of production, is agriculture.
Agricultural production is very diversified both in terms of inputs and final products. Depending on
the production direction, the processes of conversion of energy accumulated in inputs into energy
accumulated in commodity products have different natures and relationships. Taking into account
the importance of agriculture in the national economy and the current environmental needs of the
world, the types of farms generating energy surplus and those in which the surplus is the least
cost-consuming were indicated. The research used the economic and energy efficiency index, which
makes it possible to jointly assess technical and economic efficiency. Assuming the need to produce
food with low energy consumption and a positive energy balance, it is reasonable to develop a
support system for those farms showing the highest economic and energy efficiency indicators.

Keywords: agriculture; energy consumption; efficiency; farms; FADN

1. Introduction

The current standard of living of mankind is possible thanks to the exploitation of
natural capital on an unprecedented scale, which causes increasing interference in the state
of the planet and uncertainty about its future [1]. Natural resource mismanagement leads
to climate change and limitations in the biological productivity of the land [2–5]. In the
history of mankind, there have been many cases of degradation of regional ecosystems
as a result of human activity. One of them was “ecological suicide”, the so-called Fertile
Crescent that 12,000 years ago was the cradle of cities, empires, and great civilizations in
the Middle East. The Fertile Crescent is a belt of more fertile lands, shaped like a great
crescent, stretching from Egypt, through Palestine and Syria, to Mesopotamia. It extended
from Memphis in the Nile Valley to Ur in southern Mesopotamia, including Syria and
Canaan, the steppe between the mountain range of Asia Minor and the Syrian Desert. It is
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the geographic cradle of the great civilizations of the ancient Near East. Thanks to favorable
conditions, the first agricultural areas were created here (around 10,000 BC). During the
Neolithic revolution, wheat, millet, and barley were grown here. As man domesticated new
species of plants and animals, legumes, figs, and grapevines began to be cultivated. Later,
the civilizations of Mesopotamia and Ancient Egypt developed [6]. As a result of human
activity, this area has become a dry, desert terrain, economically and socially backward. In
the 21st century, humans are causing ecosystem destruction on a global scale, i.e., they will
not be able to move to areas with favorable living conditions, as did the ancestors from
the Fertile Crescent. According to Diamond [7], the societies that committed inadvertent
“ecological suicide” were among the most developed and complex of their time. Currently,
the most developed economies are experiencing trends based on the economic cult of
economic growth and the consumption of goods and services, which are produced based
on resources obtained from the environment. The appropriate counterbalance may be
sustainable development [8–12], the condition of which is shaping the relations between the
economy, society, and the environment in such a way that will not affect the ability of the
environment to provide its services in the future. It is also important to treat environmental
issues from a supranational and global perspective, treating the earth’s ecosystem as a
common good [13,14]. A contradiction of such an idea is, for example, the transfer of
energy-intensive and “environmentally dirty” production by rich (pseudo-sustainable)
countries to other parts of the globe. A significant problem is also the uneven distribution
of natural resources, especially minerals, which are the main sources of energy. It is very
dangerous to be in a situation where several countries have a good whose consumption can
no longer be excluded. International raw material and energy dependencies are becoming
an element of pressure and may be the cause of socio-economic crises.

The technological nature of human existence is dependent on external energy sources,
which has become the condition of every civilization and the driving force behind every
action. According to the Goban-Class [15], “without matter, there is nothing, without
energy everything is stationary”. This confirms the contemporary dependence of mankind
on energy, which determines economic growth, living standards, and can also be a source
of international conflicts [16,17]. One of the main problems is the limited energy sources,
especially non-renewable ones. Therefore, there is a need for proper management, taking
into account the needs of the present and future generations of the Earth’s inhabitants [18]
(Figure 1).

 
Figure 1. Energy management as an economic problem. Source: own study.

Another problem is the negative impact on the environment of the processes of obtain-
ing energy from non-renewable sources. The main disadvantage is the high greenhouse gas
emissions and interference with the ecosystem of conventional energy [19]. Climate change
and any negative environmental effects are the results of a simplified understanding of

204



Energies 2021, 14, 5586

management processes, i.e., assuming economic effects as the basis for development, with-
out taking into account external costs. Performing an assessment solely using the classical
measurement of economic efficiency turned out to be the wrong approach, providing
inadequate information from the point of view of sustainable development. Economically
efficient facilities are not always environmentally efficient. Due to the existing conflict of
economic and environmental goals, it seems necessary to search for measures that would
include both economic and environmental elements in their structure. The above doubts
were one of the main reasons for researching the presented study. Another premise is
the dependence of the world economy and its growth on limited natural resources and
the growing energy demand. Moreover, there is a need to improve energy efficiency and
reduce greenhouse gas emissions on a micro- and macro-scale [20]. Thus, the improvement
of energy efficiency becomes the goal to which all activities aimed at reducing the energy
consumption needed by the economy to produce products and services are subordinated.

A significant consumer of energy is modern agriculture, which, especially in devel-
oped countries, is fully dependent on external non-renewable energy sources. In the
20th century, when the world population increased 3.7 times and the inhabited area in-
creased by about 40%, the energy input increased from 0.1 to almost 13 EJ. As a result, in
2000, on average, about 90 times more energy was used per hectare of arable land than
in 1900. In 1900, gross global plant production (before losses in storage and distribution)
was little more than the average human food demand, meaning that a large proportion
of humanity had little or no nutrition, and the share of the harvest that could be used for
feeding the animals was minimal. Increased energy inputs allowed the basic varieties to
reach their full potential, which increased yields [21].

The use of means of production of industrial origin meant the introduction of a
new source to agriculture—fossil raw materials, which was initiated by the use of solid
fuels. Increasing energy resources increased production effects, in particular in plant
production. Today, agriculture draws energy from two sources: biospheric resources and
fossil resources, which correspond to two types of power—natural and industrial.

Agriculture using only natural sources of energy was a system with relatively high
input processing efficiency. The production effects were not high, but the energy expendi-
ture was also small. As the use of fossil fuel energy increases, the unit of energy expended
yields less and less product revenue, which is a direct result of the law of diminishing
returns. In addition, the increasing consumption of fossil fuels means an increase in
greenhouse gas emissions from agriculture and an increasingly negative impact on the
natural environment.

In agricultural activity, energy as a production input may determine the profitability
of agricultural production, which in turn may affect the level of investments in farms
aimed at improving production systems. It can be assumed that measures leading to the
improvement of energy efficiency in agriculture and, consequently, to the reduction of
production costs, are necessary both from an economic and environmental point of view
by reducing GHG (greenhouse gas) emissions [22–24]. The discussion about energy use in
agriculture most often focuses on direct energy consumption [25–29]. It is worth noting,
however, that 50% or more of total energy consumption is due to the production of nitrogen
fertilizers or other activities that indirectly affect the number of energy inputs [30,31].
Different agricultural production systems under different environmental conditions show
different energy consumption and energy-saving potential. Therefore, the energy needs
of agriculture depend on the nature of individual production processes, and agricultural
production is very diverse both in terms of inputs and final products. Depending on
the production direction, the processes of conversion of energy accumulated in inputs
into energy accumulated in commodity products have different natures and relationships,
hence the main objective of this research was to identify economic and energy efficiency in
agriculture depending on the type and scale of production.

The research is an original contribution of the authors in the area of analyses of eco-
nomic and energy efficiency. The proposed index is a measure that combines both economic
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data and technical data on energy consumption. The innovative approach consists in im-
plementing the EROI (energy return on invested) method in agricultural research and
treating the farm as a system that converts energy invested into commodity energy useful
for humans in the form of food products. Recognizing that the most important task of
agriculture is to feed humanity, a methodology was proposed to evaluate farms in terms of
their efficiency and conversion of energy invested into commodity energy. Bearing in mind
the negative impact of agriculture on the environment, inter alia through the consumption
of non-renewable energy sources, the research results provide information on which farms
generate energy surpluses and which of them do it at the lowest cost. The results of the
research fill the gap in this respect because in the area of agriculture, the analyses conducted
concern either only economic efficiency or only energy efficiency.

2. Materials and Methods

The research used the economic and energy efficiency index (EEEI, used for research
on farms). The main theoretical assumption of the indicator is to treat a farm as a system
that uses energy accumulated in inputs necessary for production, and on the other hand, a
system that supplies energy contained in products sold, both of plant and animal origin
(Figure 2). Based on Gołębiewska [32], a systemic approach was applied. The inputs
“reaching” the farm are transformed in the production process into effects that “leave” the
system. What “enters” the system (for example as raw material) is transformed within
the system (farm) and leaves the system at the output (as products). The energy entering
the system is energy that is purposefully invested by humans (the calculation does not
include the energy provided by the sun and used by plants in photosynthesis), while the
energy leaving the system is commodity energy (energy contained in animals and vegetable
products) useful to consumers. This approach allows the assessment of the effectiveness,
including economic, of conversion of invested energy into commodity energy.

 

Figure 2. Generalized model of an agricultural farm as an energy system. Source: own study.

One of the goals of the work was, inter alia, diagnosing in which types of farming
and on what scale of production the ratio of commodity energy to invested energy is
the highest. Farms produce very diverse products that provide human living energy.
While only a few dozen years ago the basis for the evaluation of a given production was
the economic account, nowadays, it is necessary to include the environmental account.
Humanity must very precisely produce food, paying attention to the lowest possible
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consumption of resources, including energy. Man needs a certain amount of protein and
energy to live and work. The challenge is therefore to develop an optimal structure of food
products produced with minimal energy inputs. The conducted research is the first step,
where the purpose is to obtain information on which farms will provide more energy for
the consumer than they use in the production process. The next step was to identify farms
where the energy surplus is the least expensive. For this purpose, the following economic
and energy efficiency index (EEEI) was constructed:

EEEI =
∑

j=n
t=1

(
Gp ∗ Qj

)− ∑i=n
t=1(Gr ∗ Qi)

TPC
=

CE − IE
TPC

=
SE

TPC
(1)

where:

EEEI—economic and energy efficiency index,
Gp—the weight or quantity of the individual products sold,
Qj—the amount of energy contained in individual products sold (Table 1),
Gr—the weight or number of individual inputs,
Qi—the amount of energy contained in individual inputs (Table 2),
TPC—total production costs (EUR).

SE = CE − IE (2)

where:

SE—surplus energy (MJ),
CE—commodity energy (energy included in sold production) (MJ),
IE—invested energy (energy accumulated in direct and indirect inputs used in the produc-
tion process) (MJ).

IE = Eec + Ell + Ea f + Ep f + Epa (3)

where:

Eec—energy from energy carriers (fuels, electricity) (MJ),
Ell—energy equivalent to live labor (MJ),
Eaf—energy contained in artificial fertilizers (MJ),
Epf—energy contained in purchased feed (MJ),
Epa—energy contained in animals from purchase (MJ).

Table 1. Energy value of products used to calculate the commodity energy.

Product Name Energy Content per Unit (MJ) Unit

Cereals for grain 13.70 kg
Peas 14.27 kg
Bean 13.18 kg

Broad bean (fresh matter) 3.18 kg
Lentin 14.69 kg

Soy 17.28 kg
Chickpeas 15.82 kg

Other edible legumes 14.00 kg
Forage peas (field peas) 14.27 kg

Horse bean 13.00 kg
Sweet lupine 15.53 kg

Vetch (fresh matter) 3.18 kg
Seradella (fresh matter) 3.18 kg

Other fodder legumes (fresh matter) 5.00 kg
Legume mixes with other plants 14.00 kg
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Table 1. Cont.

Product Name Energy Content per Unit (MJ) Unit

Rape and turnip rape 27.00 kg
Sunflower 24.44 kg

Linen and linen cloth 10.59 kg
Oily soybeans 17.28 kg

Other oil plants 15.00 kg
Cattle 9.71 kg

Cow milk 2.68 kg
Pigs 6.49 kg
Hens 6.61 kg

Consumption chicken eggs 5.86 pieces
Geese 14.35 kg
Ducks 13.02 kg

Turkeys 5.40 kg
Ostriches 6.07 kg
Apples 2.09 kg
Pears 2.43 kg

Other crumb-pome fruits 2.26 kg
Plums 2.05 kg

Sour cherries 2.05 kg
Sweet cherries 2.64 kg

Peaches 2.09 kg
Apricots 2.09 kg

Other stone fruits 2.18 kg
Gooseberry 1.84 kg

Aronia 1.97 kg
Black currants 2.13 kg
White currants 2.03 kg
Red currants 1.93 kg
Raspberries 1.80 kg
Blackberries 1.84 kg
Blueberries 2.39 kg

Other berries 2.00 kg
Strawberries 1.38 kg

Reproduced from [33].

Table 2. Energy value of inputs adopted to calculate the invested energy.

Description Product Name
Energy Content
per Unit (MJ)

Unit

IE—invested energy
(energy accumulated

in inputs for
production)

Ed—direct energy

Eec—energy from
energy carriers

(fuels, electricity)

Coal, coal dust,
briquettes 30.00 kg

Fuel gas 25.19 l
Heating oil 36.55 l
Petrol fuel 32.25 l
Diesel fuel 45.22 l
Firewood 18.00 kg
Propellant 25.19 l
Electricity 13.60 kWh

Ell—energy
equivalent to

live labor
Total working time 2.00 h
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Table 2. Cont.

Description Product Name
Energy Content
per Unit (MJ)

Unit

Eaf—energy
contained in artificial

fertilizers

Nitrogen fertilizers 48.99 kg
Phosphorus

fertilizers 15.23 kg

Potash fertilizers 9.68 kg
Compound
fertilizers 24.63 kg

Other fertilizers
(magnesium

fertilizers)
6.70 kg

Epf—energy
contained in

purchased feed

Concentrated feed 3.80 kg
Hay 1.90 kg

Silage 0.90 kg

Epa—energy
contained in animals

from purchase

Cattle 9.71 kg
Pigs 6.49 kg
Hens 6.61 kg
Geese 14.35 kg
Ducks 13.02 kg

Turkeys 5.40 kg
Ostriches 6.07 kg

Ei—indirect energy

Eb—energy
contained in

buildings

Buildings and
structures 153.00 m2

Emd—energy
contained in

machines and
devices

Machines and
devices 110.00 kg

Reproduced from [33–35].

For empirical research in the field of economic and energy efficiency of farms, data
from the Polish FADN (Farm Accountancy Data Network) for 2016, from the entire territory
of Poland, were used. The FADN operating in Poland is part of the European system,
operating since 1965, based on the Regulation of the Council of 15 June 1965 setting up
a network for the collection of accountancy data on the incomes and business operation
of agricultural holdings in the European Economic Community [36]. Data in FADN are
collected in the management accounting convention. The FADN database is economic
and organizational. It is now the most complete source of information on the situation of
agricultural holdings. The identical principles of operation of the FADN system throughout
the EU make the results comparable for all EU countries. The obtained data are used both
for decision-making by EU bodies, monitoring the effects of these activities, and scientists
dealing with the economics and organization of agriculture. Participation in the FADN
system is voluntary. Farmers participating in the research write down every economic event
that took place on their farm, in a special book, then agricultural advisors transfer them
to the system [24]. When selecting the research objects, the purposeful selection method
was used—the results were adopted according to the set of classification coefficients “SO
2013”. To eliminate the influence of the production structure and economic power on the
results of the analyses, all calculations were performed using the division of farms into
production types and economic size classes. The production type is defined as the share
of standard outputs (SO) from particular production lines in the total value of standard
production of a given farm. Two threshold values apply to the type of farming formula.
Farms in which the share of one direction of plant or livestock production exceeds 2/3 of
SO are called specialist farms. Farms where the share of any of the directions does not
exceed 1/3 of the SO are defined as “mixed”, i.e., combining animal and plant production
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(multidirectional) [37]. The economic size of farms is determined by the sum of standard
outputs from all agricultural activities occurring on a given farm. Standard output (SO) is
the five-year average value obtained from one hectare of a given type of crop production
or, in the case of livestock production, from one head, in the production conditions average
for a given region [38]. For analytical purposes, farms classified into 5 types of farming
were selected following the FADN methodology:

• Specializing in the cultivation of cereals, oilseeds, and protein crops for seeds,
• Specializing in pig farming,
• Specializing in dairy cattle breeding,
• Specializing in slaughter cattle breeding,
• Specializing in the cultivation of fruit trees and shrubs.

The division of the researched farms into 3 economic size classes in each type was
adopted, considering the economic size of the farm as a criterion for grouping:

• Small (8000 ≤ EUR < 25,000)—marked as economic size class I,
• Average (25,000 ≤ EUR < 50,000)—marked as economic size class II,
• Big (≥50,000 EUR)—marked as economic size class III.

The surveyed population is 6261 farms. The most numerous group were farms
specializing in dairy cattle breeding (2742 farms) and farms specializing in cereal cultivation
(2036 farms). Taking into account the economic size classes, the share of farms in individual
classes was very similar: 2143 in economic size class I, 2077 in economic size class II, and
2041 in economic size class III. Due to the type of farming and the economic size class of
classified farms, the largest group in the study were medium-sized farms specializing in
dairy cattle production (1165 farms).

The paper presents only selected production and economic indicators, which allowed
for the characteristics of the examined objects in terms of assets involved, costs incurred, or
effects of the activity. The selection of the presented data also resulted from their impact on
economic and energy efficiency.

All the researched farms conducted their activities using land resources, which the
greater they were, the higher the economic size (Table 3). The greatest amount of arable
land was found on cereal farms—approximately 62 ha on average. However, the ownership
structure of the land used is interesting, including the ratio of leased land to own use.

Among the analyzed types of farming, the largest amount of land was leased by
farms specializing in cereal crops, which constituted approximately 32% of the total area of
agricultural land in these farms. Farms with this type of production, working out by far
the smallest direct surplus per hectare, are forced to increase their area more intensively to
achieve acceptable income than farms with other types of production. Farms specializing
in the cultivation of fruit trees and shrubs used the lease to the least extent, which is largely
due to the specificity of production based on long-term plantings and significant related
investments. The duration of the lease is usually limited to 5 years, which is a disadvantage
in this case. It was found that with the increase in the scale of production, the share of
leased agricultural land in each type of farm increases. This process was most dynamic in
the pigs’ type.

It was assumed that the number of tractors may also affect the efficiency considered in
the study—fuel consumption is one of the main energy inputs in agriculture. It was found
that farms specializing in the cultivation of fruit trees and shrubs were characterized by
significantly higher than average equipment with tractors—on average almost 15 pieces per
100 ha of UAA (Utilized Agricultural Area). The reasons can be found in the large number
of agrotechnical and agro logistic works carried out at the same time, which determines
the need to have many low-power tractors. The use of large and efficient machines is also
problematic, as in the case of cereal production, where on average 2.4 tractors are used per
100 ha of agricultural land. A negative correlation was observed between the production
scale and the number of tractors per 100 ha of UAA.

210



Energies 2021, 14, 5586

Table 3. Characteristics of the researched farms.

Number of Researched Farms

Type of Farming I II III Total

Cereals 955 568 513 2036
Pigs 74 146 472 692

Dairy cattle 580 1 165 997 2742
Slaughter cattle 245 81 28 354

Fruit trees and shrubs 289 117 31 437

Agricultural Land Area (ha)

Type of Farming I II III Average

Cereals 22.95 56.02 139.81 61.57
Pigs 10.12 17.60 44.27 34.98

Dairy cattle 14.05 24.76 50.06 31.69
Slaughter cattle 19.25 40.17 83.41 29.11

Fruit trees and shrubs 8.61 17.98 37.30 13.16

Share of Leased Space in the Total UAA (%)

Type of Farming I II III Average

Cereals 22.94 32.34 34.81 32.11
Pigs 8.99 18.79 27.10 25.65

Dairy cattle 20.26 25.39 32.29 28.87
Slaughter cattle 17.80 28.52 38.55 25.88

Fruit trees and shrubs 6.47 9.56 15.66 9.45

Number of Tractors (Pieces/100 ha of UAA)

Type of Farming I II III Average

Cereals 8.13 4.76 2.40 4.00
Pigs 17.10 12.41 6.37 7.34

Dairy cattle 13.60 10.34 6.87 8.65
Slaughter cattle 9.73 6.58 3.81 7.39

Fruit trees and shrubs 19.08 13.12 9.34 14.94

Labor Inputs per 100 ha of UAA (AWU/100 ha of UAA)

Type of Farming I II III Average

Cereals 5.46 2.74 1.47 2.49
Pigs 13.85 9.14 4.75 5.50

Dairy cattle 11.96 7.75 4.54 6.30
Slaughter cattle 7.61 4.14 2.47 5.35

Fruit trees and shrubs 24.07 16.85 12.81 19.17

Share of Hired Work Time in Total Work (%)

Type of Farming I II III Average

Cereals 2.02 3.18 18.31 7.98
Pigs 0.93 0.40 11.85 9.01

Dairy cattle 0.56 1.41 8.10 4.04
Slaughter cattle 0.67 1.67 9.98 1.89

Fruit trees and shrubs 30.16 40.16 62.45 37.77

Source: own study.

One component of the invested energy is labor input. In the studied objects, they
were the highest in fruit-growing farms—on average 19.17 AWU (Annual Work Unit) per
100 ha of UAA, and the smallest in farms specializing in the cultivation of cereals, oilseeds,
and protein crops for seeds—on average 2.49 AWU per 100 ha of UAA. The level of labor
inputs decreases with increasing economic size. Clear differences in the labor intensity
of extreme types of farming are a consequence of the specificity of production and the
possibility of using efficient machines and work automation, which should translate into
savings in energy inputs.
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Fixed assets include agricultural land, farm buildings, forest plantings, and machinery
and equipment, as well as livestock animals (Table 4). For the calculation of the invested
energy, energy accumulated in machines and devices as well as in buildings and structures
was taken into account, as an indirect input. Taking these components into account gives
grounds to believe that the conducted analyses have the features of a drawn calculus. There-
fore, it was considered justified to present the significance of selected components of fixed
assets and indicators of technical equipment for land and work in the researched farms.

Table 4. Structure of assets and technical infrastructure of land and work.

Share of Fixed Assets in Total Assets (%)

Type of Farming I II III Average

Cereals 92.11 90.95 90.57 90.97
Pigs 90.67 88.39 84.88 85.47

Dairy cattle 89.95 88.90 88.44 88.72
Slaughter cattle 88.68 86.43 83.05 86.94

Fruit trees and shrubs 91.01 90.30 88.41 90.35

Share of Buildings in Fixed Assets (%)

Type of Farming I II III Average

Cereals 15.31 10.87 7.82 10.11
Pigs 29.85 27.66 27.62 27.71

Dairy cattle 24.21 21.89 21.14 21.65
Slaughter cattle 19.91 15.96 16.47 18.07

Fruit trees and shrubs 24.69 22.35 18.37 22.86

Share of Machines and Devices in Fixed Assets (%)

Type of Farming I II III Average

Cereals 14.55 19.79 20.97 19.38
Pigs 11.54 15.53 20.33 19.46

Dairy cattle 15.75 20.49 23.11 21.63
Slaughter cattle 13.84 17.46 18.07 15.71

Fruit trees and shrubs 15.58 18.70 25.36 18.22

Technical Equipment of the Land (EUR/ha of UAA)

Type of Farming I II III Average

Cereals 2133.49 1917.56 1699.99 1830.94
Pigs 4800.46 4309.84 4495.07 4484.83

Dairy cattle 3420.42 3794.52 4203.87 3994.53
Slaughter cattle 2528.38 2219.60 1777.13 2260.64

Fruit trees and shrubs 6928.13 6863.86 5090.50 6535.08

Technical Equipment for Work (EUR/AWU)

Type of Farming I II III Average

Cereals 39,103.95 70,096.93 115,269.42 73,520.55
Pigs 34,651.65 47,165.84 94,585.81 81,534.02

Dairy cattle 28,609.24 48,956.91 92,691.16 63,420.39
Slaughter cattle 33,232.65 53,650.36 71,922.32 42,270.70

Fruit trees and shrubs 28,777.41 40,729.39 39,734.99 34,095.51

Source: own study.

The share of fixed assets in total assets was at a similar level in all types. The highest
level of the indicator was recorded in small horticultural farms (91.01%), and the lowest in
large farms specializing in slaughter cattle (83.05%).

When analyzing the structure of fixed assets, clear differences in individual types
were observed. In the case of buildings, their share in fixed assets ranged from 7.82% in the
largest cereal farms to almost 30% in farms specialized in rearing pigs from economic size
class I. It should be added that pig farms had the highest index in all economic size classes.
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Therefore, these farms have the greatest negative impact of buildings and structures on the
energy invested. This indicator decreases along with an increase in the economic size of
farms. For buildings, it was assumed that the value of energy, which is the expenditure in a
given year, constitutes 2.5% of the total energy accumulated in this fixed asset—following
the principles of calculating depreciation for buildings and structures.

The researched farms were characterized by a very high share of machines and devices
in the structure of fixed assets (18% on average). The differences between the individual
types of farming were slight. The farms specializing in rearing cattle for slaughter were
characterized by a lower index than the average. It was also found that the share of
machines and devices in fixed assets increases with the increase in the scale of production.
In the case of machines and devices, it was assumed that the value of energy, which is
an input in a given year, constitutes 14% of the total energy accumulated in this fixed
asset—following the principles of calculating depreciation for machines and devices.

A measure closely related to the value of buildings and machinery and equipment
is the technical equipment of the land, which achieved the lowest value in large farms
specializing in cereal cultivation (EUR 1699.99 per ha of UAA), while the highest value
in small horticultural farms (EUR 6928.13 per ha of UAA), which is determined by the
production technology appropriate for horticultural farms, where specialized buildings
and structures (cold stores, etc.), as well as machines and devices, are required.

The study also counted the technical equipment of work, which in the studied group of
farms is very diverse and ranges from EUR 28,609.24 per AWU in the smallest dairy farms,
up to EUR 115,269.42 per AWU on cereal farms from economic size class III. Along with
the increase in the economic size of farms, there is an increase in the technical equipment
of work. The factor strongly affecting the level of this indicator is the number of people
working on the farm, which is several times higher on dairy farms than on cereal farms.

3. Results

During the analyses, attention was also paid to economic effects (Table 5). One of the
measures used for such calculations is economic labor productivity, which increases with
the increase in the economic size of the researched farms, except farms specializing in the
cultivation of fruit trees and shrubs. Average economic labor productivity for fruit farms
is several times lower than in other types of production. The differences deepen with the
increase in the scale of production. In every economy size class, cereal farms are the leader.

Table 5. Economic results of researched farms.

Economic Labor Productivity (EUR/h)

Type of Farming I II III Average

Cereals 2.84 6.17 11.78 6.87
Pigs 1.64 3.70 9.22 7.68

Dairy cattle 2.25 4.33 8.50 5.71
Slaughter cattle 2.49 4.57 8.85 3.67

Fruit trees and shrubs 1.73 2.18 1.94 1.90

Land Profitability Index (EUR/ha of UAA)

Type of Farming I II III Average

Cereals 342.72 384.32 402.03 387.17
Pigs 506.31 771.45 1009.66 968.74

Dairy cattle 610.59 784.48 901.17 835.19
Slaughter cattle 429.27 447.42 495.41 449.99

Fruit trees and shrubs 930.67 834.99 562.20 821.56
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Table 5. Cont.

Charging Income with Energy Inputs (MJ/EUR)

Type of Farming I II III Average

Cereals 82.06 87.55 89.16 87.68
Pigs 66.93 48.44 59.86 58.99

Dairy cattle 38.06 40.16 44.56 42.73
Slaughter cattle 35.05 40.68 31.00 35.80

Fruit trees and shrubs 38.15 46.56 65.31 45.04

Source: own study.

The land profitability index is the ratio of income from an agricultural holding to
the UAA. It allows for the assessment of land use efficiency as one of the production
factors. The highest profitability of land was characterized by large farms specializing in
pig farming (EUR 1009.66 per ha of UAA) and small farms specializing in the cultivation of
fruit trees and shrubs (EUR 930.67 per ha of UAA). The lowest values of this indicator were
recorded for both small, medium-sized, and large farms specializing in the cultivation of
cereals (approximately EUR 387.17 per ha of UAA), which use employees more effectively
than the cultivated land. It is worth adding that cereal farms require relatively the largest
amount of energy to be invested to earn EUR 1.00 of income—on average 87.68, which is a
result 2.5 times worse than in farms of the slaughter cattle type.

The factor having a significant impact on the cost-intensity of the researched farms was
energy costs (engine fuels, electricity, heating fuels). However, their impact on direct costs
was varied (Table 6). By far the highest share of energy costs in direct costs was recorded in
fruit-tree and shrub-type farms, which results from the specificity of production in these
facilities. The dependence of this variable on the economic value was identified—with the
increase in the scale of production, the share of energy costs in direct costs decreases. This
relationship was most clearly visible in pig farms. Fruit farms were also characterized by
the highest energy costs per hectare of UAA—on average EUR 210.89. The results of research
on the structure of energy costs, which depended on the type of agricultural production, are
interesting. For example, the cost of electricity was much more important for fruit and pig
farms (on average over 30% share in energy costs) than for cereals (6.75%). Apart from the
farm types of cereals and slaughter cattle, no clear correlation was found between the share
and the economic size. In the case of the costs of propellants, their highest share in the energy
costs is held by farms in the types of cereals and slaughter cattle—about 90%. The importance
of individual energy sources depends on the needs of individual types of farming, resulting
from the number of works and activities specific to a given production.

Table 6. Characteristics of energy costs in the researched farms.

Share of Energy Costs in Direct Costs (%)

Type of Farming I II III Average

Cereals 27.87 21.71 21.12 22.20
Pigs 11.41 8.65 6.63 6.84

Dairy cattle 23.58 19.21 16.76 17.78
Slaughter cattle 33.64 24.91 24.38 28.25

Fruit trees and shrubs 37.78 38.92 36.03 37.87

Energy Costs per 1 ha of UAA (EUR)

Type of Farming I II III Average

Cereals 79.22 76.37 81.74 79.94
Pigs 122.63 111.04 146.68 142.14

Dairy cattle 97.16 113.46 143.11 128.96
Slaughter cattle 75.53 75.61 64.70 73.10

Fruit trees and shrubs 200.55 227.89 202.21 210.89
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Table 6. Cont.

Share of Electricity Costs in Energy Costs (%)

Type of Farming I II III Average

Cereals 10.17 7.15 5.58 6.75
Pigs 28.23 25.33 31.62 31.01

Dairy cattle 24.16 24.06 21.27 22.29
Slaughter cattle 18.75 13.21 7.70 14.72

Fruit trees and shrubs 33.99 37.40 31.64 34.88

Propulsion Cost Share in Energy Costs (%)

Type of Farming I II III Average

Cereals 87.93 90.06 87.00 87.90
Pigs 69.82 73.95 65.30 66.14

Dairy cattle 74.77 75.57 78.31 77.26
Slaughter cattle 79.69 86.38 92.03 84.35

Fruit trees and shrubs 64.70 61.50 67.85 64.04

Source: own study.

Invested energy is one of the key elements of the proposed economic and energy
efficiency index. Therefore, it is important to recognize the impact of individual energy
inputs on their amount. The structure of the energy invested is shown in Table 7. Mineral
fertilizers, direct energy carriers (engine fuels, electricity, heating fuels), as well as machines
and devices, had the greatest share. The energy inputs accumulated in buildings (this is a
consequence of the adopted methodology of calculation—2.5% of the total expenditure,
which corresponds to the methodology of depreciation) and the energy contained in the
equivalent of live labor had a marginal impact. In the case of fertilizers, their dominant
share was in the energy invested in cereal farms—75% on average. In this area, it is possible
to seek efficiency improvement by reducing the most energy-consuming inputs. Direct
energy carriers had the highest share in fruit farms, which results from the course and
specificity of production in these facilities. Additionally, the share of machines and devices
in shaping the invested energy was the highest in these farms.

Table 7. Invested energy structure.

Share of Direct Energy Carriers in Invested Energy (%)

Type of Farming I II III Average

Cereals 15.55 12.07 11.94 12.49
Pigs 24.48 18.95 16.55 16.86

Dairy cattle 26.44 22.56 21.68 22.23
Slaughter cattle 30.12 23.53 22.16 26.05

Fruit trees and shrubs 38.88 41.29 36.82 39.40

Share of Energy Contained in Fertilizers in the Invested Energy (%)

Type of Farming I II III Average

Cereals 70.98 75.02 76.15 75.12
Pigs 44.43 42.77 33.81 34.63

Dairy cattle 45.32 47.74 46.19 46.59
Slaughter cattle 38.66 47.44 42.64 42.65

Fruit trees and shrubs 32.32 29.58 34.50 31.70
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Table 7. Cont.

Share of Energy Contained in Buildings in the Invested Energy (%)

Type of Farming I II III Average

Cereals 0.06 0.03 0.02 0.03
Pigs 0.17 0.12 0.07 0.08

Dairy cattle 0.15 0.10 0.08 0.09
Slaughter cattle 0.17 0.10 0.09 0.13

Fruit trees and shrubs 0.20 0.16 0.10 0.16

The Share of Energy Contained in Machines and Devices in the Invested Energy (%)

Type of Farming I II III Average

Cereals 12.39 12.36 11.52 11.86
Pigs 13.26 13.92 10.55 10.84

Dairy cattle 19.47 19.55 18.36 18.78
Slaughter cattle 23.13 21.39 20.32 21.90

Fruit trees and shrubs 25.34 26.99 26.99 26.30

Share of Energy Contained in the Equivalent of Live Labor in the Invested Energy (%)

Type of Farming I II III Average

Cereals 0.86 0.37 0.19 0.33
Pigs 1.82 1.12 0.36 0.44

Dairy cattle 2.33 1.15 0.53 0.82
Slaughter cattle 2.29 1.07 0.73 1.52

Fruit trees and shrubs 3.03 1.97 1.58 2.33

Source: own study.

Concerning fertilizers, buildings, and live labor, it can be argued that along with the
increase in the scale of production, the share of energy inputs in the invested energy decreases.

One of the objectives of the work was to calculate the EROI, i.e., the ratio of commodity
energy to invested energy. Invested energy is energy accumulated in inputs used in the
production process, while commodity energy is energy accumulated in sold products. The
index should therefore be above 1, otherwise, it means that more energy has been invested
than obtained in the production process. From an economic and environmental point of
view, any activity should generate energy surpluses. In the researched farms, only the
production of cereals and pigs generated such a surplus, regardless of the production scale
(Table 8). Additionally, the smallest farms specialized in milk production recorded the
indicator above 1. The greatest losses of energy were recorded in farms specialized in
the production of slaughter cattle and fruit from economic size class III. It was found that
with the increase in the production scale, the EROI index decreased. This is the result of a
disproportionate increase in commodity energy in relation to the increasing energy inputs
accumulated, among others in mineral fertilizers and larger, more advanced machines and
devices used in farms with a larger production scale.

When analyzing the economic and energy efficiency separately and comparing their
course, different relations between them depending on the type and scale of production
were observed (Figure 3). It was found that farms with the highest energy efficiency
(cereals) are characterized by the lowest economic efficiency, while the opposite was true
for farms specialized in fruit production. It is worth adding that farms of the slaughter
cattle type achieved the lowest values for both types of efficiency. The reaction of the
examined efficiencies to changes in the production scale was also interesting. There was
no common trend in this respect for the researched types of agricultural production. In
pigs and dairy cattle farms, energy efficiency decreased and economic efficiency increased
as the scale increased. The situation was quite different in fruit farms, where the growing
production volume had negative effects on both economic and energy efficiency. In the case
of cereals and slaughter cattle, the scale of production had a slightly positive impact on the
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economic effects per hectare of UAA, while in the case of energy efficiency, the direction of
the trend cannot be clearly stated.

Table 8. Commodity energy to invested energy relations.

Value of Energy Contained in Production Inputs—Invested Energy (MJ)

Type of Farming I II III Average

Cereals 646,251.09 1,882,479.47 5,039,707.20 2,098,127.66
Pigs 342,896.00 658,014.21 2,678,117.90 2,002,190.79

Dairy cattle 326,553.86 780,199.90 2,009,881.70 1,131,358.93
Slaughter cattle 289,784.55 731,121.38 1,281,315.20 469,194.55

Fruit trees and shrubs 306,019.67 699,495.59 1,369,634.84 486,817.73

Value of Energy Contained in Sold Products—Commodity Energy (MJ)

Type of Farming I II III Average

Cereals 1,129,059.11 2,908,682.19 7,876,106.05 3,325,552.72
Pigs 625,481.55 1,117,827.97 3,133,211.11 2,439,832.60

Dairy cattle 365,025.17 734,011.13 1,689,047.87 1,003,216.01
Slaughter cattle 268,604.91 727,907.51 970,282.38 429,199.49

Fruit trees and shrubs 292,875.09 551,062.36 1,026,543.47 414,045.87

EROI—The Ratio of Commodity Energy to Invested Energy

Type of Farming I II III Average

Cereals 1.75 1.55 1.56 1.59
Pigs 1.82 1.70 1.17 1.22

Dairy cattle 1.12 0.94 0.84 0.89
Slaughter cattle 0.93 1.00 0.76 0.91

Fruit trees and shrubs 0.96 0.79 0.75 0.85

Source: own study.

 

Figure 3. Economic and energy efficiency in the researched farms. Source: own study.

The last stage of the research was to calculate the economic and energy efficiency
according to the proposed methodology (Figure 4). The highest ratio was achieved by
farms specialized in cereal production—on average they generated 26.60 MJ of energy
surplus per EUR 1.00 of costs. The result above zero was also achieved by pig producers
and the smallest dairy farms.
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Figure 4. EEEI-economic and energy efficiency index (MJ/EUR). Source: own study.

In the group of effective farms (index above zero), the most effective farms were
those with the smallest production scale. Therefore, it can be concluded that in the case of
economic and energy efficiency, there are decreasing scale effects.

4. Discussion

Energy analysis, as an independent research approach, was first used in the early
1970s [39]. An impulse for research towards energy analyses was the work of Georgescu-
Roegen “The entropy law and the economic process” [40] from 1971. Such analyses require
combining biological and technical knowledge with economic knowledge [41–43]. It is not
very easy, and therefore, no appropriate, uniform methodological foundations have yet
been developed in energy analyses [44–46]. Previous studies usually focused on economic
or energy efficiency, treating them separately. This approach was also most often used in
agriculture. Energy efficiency indicators are used to evaluate various agricultural systems
as well as production methods (ecological, conventional) [47–51]. According to Risoud [52]
and the methodology developed in her work, the energy efficiency of a farm is defined
as the following ratio: gross energy of useful products/non-renewable energies used to
produce them. Research in the field of energy consumption and efficiency of its use was
conducted in particular concerning selected crops or breeding. The energy and economic
analysis of wheat cultivation in Bangladesh were carried out by Rahman and Hasan [53],
and the rice production on farms in Iran by Pishgar-Komleh et al. [54]. In their opinion,
mainly, large farms (more than 1 ha) had better management and were more successful
in energy use and economic performance. Heidari et al. in their research determined the
efficiency of energy use (EUE) for the production of broilers [55]. Energy consumption
and energy efficiency for a representative crop (Flemish Farm Accountancy Data Net-
work, FADN) of specialized dairy, arable, and pig farms in Flanders were determined by
Meul et al. [56]. The most energy-efficient dairy and pig farms were intensive farms, which
combined a high production with low energy use, and which possessed a gross value
added per production unit comparable to, or even higher than the average.
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Energy efficiency, yield efficiency, and labor requirements in the production of maize,
wheat, potatoes, and apples were determined for organic (without synthetic fertilizers and
pesticides) and conventional agricultural technologies in the studies of Pimentel et al. [57].
For all four crops, the labor input per unit of yield was higher for organic systems compared
to conventional production. Similar studies for the comparison of cultivation systems
(conventional, organic, and integrated) were carried out by the Italian research team of
Falcone et al. [58]. The energy efficiency and economic effects of the main cultivation
methods (conventional, organic, and integrated) of clementine’s crops in Calabria (South
Italy) were assessed by a combined use of the Life Cycle Energy Assessment (LCEA)
approach and economic analysis. The economic efficiency of energy from clementine
production was higher compared to the other two farming systems.

Keummel et al. [59] proposed, for example, a system of agricultural production
combining food and energy production, which could be a step towards the development
of sustainable agriculture. The purpose of introducing such a system would be to reduce
the positive balance of carbon dioxide emissions by agriculture, which contributes to
climate change. This goal would be achieved by replacing the use of energy from fossil
fuels with energy from biofuels produced in mandatory separate areas within farms. In
this way, the emission of carbon dioxide from fossil fuels would be significantly reduced
and, additionally, the absorption of carbon dioxide from the atmosphere by crops could
increase. These studies show that such a system would be economically acceptable both
from the point of view of the farmer and the society. Introducing biofuel production on a
local scale would have benefits not only in terms of energy and climate, but also reducing
carbon dioxide emissions was estimated by the authors at the equivalent of EUR 300/ha of
external benefits.

It is worth paying attention to the research of Alluvione and co-authors [60]. These
researchers analyzed energy consumption and efficiency in three farming systems: low-
cost, integrated, EU-compliant, and traditional-conventional. It was found that in the first
two systems, the efficiency of energy use increases by 32.7% and 31.4% respectively, while
maintaining similar results in terms of net energy. In the area of research on efficiency,
the study by Uzal [61] deserves attention, where the energy efficiency of milk production
was compared on two farms. In the first, dairy cattle were reared in a free-stall housing
system, in the second—in a loose housing system. It was found that in both cases, the
highest percentage of energy inputs came from feed and the electricity consumed. Total
energy consumption per hectare was lower on loose housing system farms. In the research
by Gronroos et al. [24], the energy consumption of traditional and organic milk and rye
bread production in Finland was examined. Basic energy consumption in traditional milk
production was 6.4 GJ per 1000 L of milk and 4.4 GJ in organic production. In the case
of the production of rye bread, it was 15.3 and 13.3 GJ respectively, per 1000 kg of rye
bread. Renewable energy use ranged from 7% to 16%, with a slightly higher percentage for
organic farming.

An interesting approach to energy productivity in agriculture was presented by
Uhlin [62], questioning the statements widely described in the earlier literature that to
reverse the downward trend in energy productivity in Swedish agriculture, energy inputs
from fossil fuels should be reduced. The author claims that the emphasis should be placed
not on the reduction of the use of fossil fuels, but on the development of the use of energy
from renewable sources, e.g., solar energy, as this approach offers many more benefits than
just reducing energy inputs. In research and policymaking, technical development and
modern technologies used in agriculture should not be overlooked

One of the methods of assessing effectiveness is Data Envelopment Analysis (DEA).
Using this method, Ghali et al. [63] assessed the efficiency of the use of energy resources
in French farms. Results show that disentangling energy resources from the rest of inter-
mediate consumption highlights energy use excess, which is masked when considering
intermediate consumption as a whole. Using DEA, Mohammadi et al. [64] assessed the en-
ergy efficiency of farmers, to find efficient and inefficient ones and to identify the wasteful
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uses of energy in kiwifruit production. Chemical fertilizers and chemical energy were the
main inefficient consuming inputs.

An important research problem is also the relation between the energy obtained and
the energy put into the production process. Many scientists in recent years have undertaken
such research, among them Kuesters and Lammel [65], who in 1989–1997 analyzed the
aforementioned relationship for winter wheat and sugar beet. It was found that the ratio
of energy obtained to energy input was highest in the case of low-intensity crops, which
means that extensive cultivation methods are preferred. However, with these production
methods, low yields are obtained, and hence also low energy efficiency, therefore the
authors additionally extended the analysis to include the net energy balance. The results
were similar.

A similar aim of the research was adopted by Moitzi and his team [26], who verified
energy consumption and energy efficiency in selected farms in Slovakia, Romania, Serbia,
and Austria. It was found, inter alia, that the intensity of the use of production factors,
i.e., fuel, seeds, fertilizers, and pesticides, affects the energy efficiency of plant production.
The main analyzed index: energy generated for energy inputs, in the case of winter wheat
cultivation was 5.6, with the range from 4.8 to 7.1.

This article proposed a combination of energy efficiency, economic efficiency, and
EROI index, and the development of the EEEI economic and energy efficiency index
(used for research on farms). The main theoretical assumption for the development of the
indicator is to treat a farm as a system that uses energy accumulated in inputs necessary for
production and as a system supplying energy contained in sold products of both plant and
animal origin. Based on Gołębiewska [32], a systemic approach was applied. The inputs
“reaching” the farm are transformed in the production process into effects that “leave” the
system. What “enters” the system (for example as raw material) is transformed within
the system (farm) and leaves the system at the output (as products). The energy entering
the system is energy that is purposefully invested by humans (the calculation does not
include the energy provided by the sun and used by plants in photosynthesis), while the
energy leaving the system is commodity energy (energy contained in animals and vegetable
products) useful to consumers. This approach allows the assessment of the effectiveness,
including economic, of conversion of invested energy into commodity energy.

Recognizing that it is necessary to introduce a coherent environmental and energy
policy in agriculture, the Common Agricultural Policy should be shaped differently, ex-
tending it with measures promoting the economical use of energy sources. Combining
self-exclusive goals, i.e., economic and energy efficiency, requires regulation and support.
Food production should use energy efficiently and carefully manage natural resources, and
this requires a different policy than the current CAP of the EU. In the context of the current
needs in the field of environmental protection and eco-efficiency, the obtained research
results may be the basis for considering changes in the agricultural policy and its evolution
towards supporting farms with the highest economic and energy efficiency. Using the
proposed measure, it is possible to search for the best farms, and also within individual
types and through the system of payments for these producers, encourage farmers to apply
the most beneficial and energy-saving practices and activities. Farms that will be effective
in terms of energy management will also emit relatively less GHG, which will have an
impact on lower costs related to the planned fees for the GHG emissions.

To further develop research in the field of economic and energy efficiency, using the
developed methodology, comparative analyses should be conducted between individual
EU countries and a recommendation should be developed concerning in which regions
of Europe particular production directions should be developed due to energy efficiency.
Moreover, to deepen the analysis and identify the reasons for the differences in the indicator,
a questionnaire survey among farmers is needed.
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5. Conclusions

1. In the researched farms, mineral fertilizers, direct energy carriers (engine fuels, elec-
tricity, heating fuels), as well as machines and devices, had the largest share in the
invested energy. In this area, it is possible to seek efficiency improvement by reducing
the most energy-consuming inputs. Concerning fertilizers, buildings, and live labor,
it can be argued that with the increase in the scale of production, the share of energy
inputs accumulated in them in the energy invested.

2. Farms specialized in the production of cereals and pigs were characterized by the
highest EROI index. The highest energy losses were found in farms specialized in the
production of slaughter cattle and fruit from the groups with the highest economic
size (class III). It was found that with the increase in the scale of production, the
EROI index decreased. This is the result of the slower growth of commodity energy
in relation to the increasing energy inputs accumulated, among others in mineral
fertilizers and larger, more advanced machines and devices used in farms with a
larger production scale.

3. The relationship between economic and energy efficiency varied depending on the
type and scale of production. For example, in the pigs and dairy cattle farms, energy
efficiency decreased and economic efficiency increased as the scale increased. The
situation was completely different in fruit farms, where the growing production
volume had negative effects on both economic and energy efficiency. It was found
that each type of agricultural production had its specificity in this respect. It is
therefore difficult to make decisions based on these two categories if you want to take
into account both economic and environmental aspects. Therefore, the economic and
energy efficiency index (EEEI) was proposed.

4. The highest economic and energy efficiency was achieved by farms specialized in the
production of cereals. A positive result was also found in the case of pig producers and
the smallest dairy farms. The factor differentiating economic and energy efficiency is
the type of agricultural production. In the group of effective farms, the most favorable
situation was in facilities with the smallest production scale. It can therefore be
concluded that in the case of economic and energy efficiency, there are diminishing
scale effects.
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2011; p. 41.
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Abstract: Access to energy, including electricity, determines countries’ socio-economic development.
The growing demand for electricity translates into environmental problems. Energy is therefore
a crucial element of the European Union’s sustainable development strategy. This article aims to
present the changes taking place in the electricity market in Poland considering the goals of the
energy policy until 2040. This is the basis for the determination of the scale of processes taking place
in the Polish energy sector from two perspectives, i.e., the production of electricity considering its
level and energy carriers used, and the consumption of electricity in households depending on their
location (rural vs. urban areas). The research was conducted at the regional level (NUTS 2 until 2017)
in Poland. Secondary data from the Central Statistical Office (GUS) contained in the Local Data Bank
were used, along with information from the European Commission and Eurostat websites. Results of
the study made it possible to identify areas in which a greater environmental load is observed due to
increasing electricity consumption. The coefficient of localization and concentration (by Florence)
and the rate of change were applied. These results indicate that, in Poland, it is now the rural areas
that have a greater negative environmental impact than urban areas, resulting from differences in
unit energy consumption. Compared to the other provinces, rural areas of Podlaskie province had
the highest rate of growth in energy consumption in the years 2004–2019, with an annual average of
almost 20%.

Keywords: electricity; production; consumption; rural areas; energy carriers; Poland

1. Introduction

Due to development, more and more energy resources are necessary to satisfy social
needs as well as production. There is a growth trend in electricity consumption all over
the world. Abolhosseini et al. [1] indicate that electricity consumption will constitute
an increasing share of global energy demand over the next two decades, contributing
to climate change and environmental pollution, and constituting a serious threat to hu-
man health. Energy is therefore a crucial element of the European Union’s sustainable
development strategy.

Climate problems in EU countries are noticeable as issues that may significantly
affect or limit future socio-economic development. The cause of climate problems is the
increasing emission of greenhouse gases due to anthropogenic activities directly related to
the combustion of fossil fuels for electricity, heat, and transport. However, it is primarily
the combustion of fossil fuels that causes atmospheric pollutants that are harmful to
the environment and human health. Fossil fuels play a dominant role in global energy
systems [2]. They are responsible for more than 70% of world greenhouse gas emissions [3].
In 2019, the largest share of greenhouse gas emissions, 77%, was those related to energy
production [4], while, in 2015, this share was 78% [5].
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Coal is the most damaging fossil fuel for environmental concerns and carbon emis-
sions. In many countries, it is increasingly being replaced by natural gas for electricity
production. However, reserves of coal could last a long time and still play a role in meeting
primary energy demand [6]. Poland is rich in energy resources, with hard coal and lignite,
i.e., energy resources with a potentially high environmental impact, predominating [7].

The electricity market has a dominant position among other energy markets (heat, car
fuel, etc.) in terms of the scale of production.

In the EU, the greatest role is played by the conventional energy sources, while
a decrease in production has recently been observed (e.g., in the years 2017–2019 mean
annual production was approximately 7% lower at 1.166 million GWh). Nuclear energy
(0.729 GWh in 2019) is the second most important energy source in the EU.

Conventional energy production accounted for 42.8% of the total, while nuclear power
rose to 26.7% of the total. In the EU countries, a considerable role is also played by wind
power (13%) and hydro power (12%) (Figure 1).
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Figure 1. Energy production in the EU countries in 2019 (%). Source: Eurostat.

In the EU, a significant problem in energy production is related to limited and rapidly
depleting energy resources, thus resulting in the increasing dependence on imported
energy. Net imports cover over 50% of gross available energy in the EU, with the energy
dependence rate exceeding 50.0% [8].

Electricity consumption in the EU has been characterized by considerable changes. In
the years 2005–2007, it increased rapidly, reaching its highest level of over 76,000 tonnes of
oil equivalent (TOE) in 2007. This led to decisive action aimed at reducing this trend. In the
following years, a decrease was observed, which may be connected with the consequences
of the economic crisis in Europe. Slight increases in the successive years did not cause an in-
crease in energy consumption over the 2007 level, whereas, at present (Table 1), a marked
economic slowdown triggered by the negative effects of the Covid-19 pandemic has led
to a decrease in energy consumption and a general reduction in negative anthropogenic
impacts on the natural environment.

The data in Table 1 indicate that Poland is one of the EU’s highest electricity consumers.
At the same time, it predominantly relies on conventional energy sources (Figure 1).
Solutions and regulations are being sought to minimize electricity consumption, regardless
of the current condition of the economy. However, it is crucial to ensure the country’s
energy security [9].

EU policies set objectives that are important for global priorities for the protection and
conservation of the natural environment. The effects of these policies can be identified,
among others, in Poland, where dynamic changes in the diversification of energy generation
are taking place, which is confirmed by the research. It should also be noted that the energy
market in Poland is undergoing dynamic changes which greatly affect rural areas. At
the same time, the level of regional development determines the development of the
electricity market.
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Table 1. Electricity and heat generation in the EU countries (thousand tonnes of oil equivalent).

Country/Period 2017 2018 2019

EU-27 607,009.750 594,147.245 578,490.641
Belgium 18,552.910 15,172.833 19,293.727
Bulgaria 11,289.852 11,207.263 10,893.471
Czechia 21,816.784 22,035.561 22,233.952

Denmark 6704.290 6648.120 6148.094
Germany 125,613.205 121,608.696 112,069.343
Estonia 3679.360 3558.216 2293.173
Ireland 4801.722 4617.431 4472.922
Greece 10,139.682 9765.473 10,615.034
Spain 50,553.625 48,240.888 46,262.363

Francje 130,171.155 132,728.853 129,450.691
Croatia 1856.582 1930.725 1962.438

Italy 55,904.390 53,919.876 53,787.109
Cyprus 1059.351 1074.845 1062.102
Latvia 1588.248 1589.194 1531.975

Lithuania 1762.408 1654.311 1604.404
Luxsemborg 349.600 354.453 347.244

Hungary 8528.965 8251.994 8393.807
Malta 297.952 314.975 334.322

Holland 21,907.670 20,566.062 21,192.037
Austria 10,549.253 9975.852 10,341.393
Poland 41,250.397 40,852.733 38,536.183

Portugal 9798.661 9323.320 8047.017
Romonia 13,005.711 12,964.004 12,106.492
Slovenia 3192.512 3095.545 3052.134
Slovakia 6924.131 6451.268 6747.014
Finlandia 15,192.384 15,641.939 15,260.934

Switzerland 30,518.950 30,602.815 30,766.528
Descriptive statistic

minimum 297.952 314.975 334.322
mean 22,481.843 22,005.454 21,437.256

median 10,139.682 9765.473 10,341.393
variation efficiency (%) 150.46 152.65 149.40

maximum 130,171.155 132,728.853 129,450.691
Source of data: Eurostat.

This article aims to present:

• Changes in the electricity production market in Poland in the period from Poland’s
accession to the EU (considering its level and energy sources used);

• Electricity consumption in households in Poland in terms of time and region (depend-
ing on the location—rural vs. urban areas).

The research was conducted at the regional level (NUTS 2 until 2017). Secondary data
from the Central Statistical Office (GUS) in the Local Data Bank were used, along with
information from the European Commission and Eurostat websites.

The research problem is important from the point of view of sustainable development
and environmental protection as well as the economic security of electricity consumers.
This paper does not discuss all the aspects of energy economics; however, the analysis
covered two key issues, i.e., the production and consumption of electricity.

2. Background and Literature Review

2.1. EU Energy Policy

Energy policy must be long-term and beneficial to all member states. Accordingly,
the EU is implementing an energy policy covering the full range of sources, from fossil
fuels to nuclear and renewable energy. The goal is to transform economies into low-
energy economies while ensuring greater security, competitiveness and sustainability of
the energy used.
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It may be assumed that the EU project, consisting in the integration of economies
after WWII and peaceful cooperation between countries, was based, among other things,
on energy policy initially related to the coal market and, subsequently, also to nuclear
energy. The foundations for this process were laid by the Treaty of Paris, establishing the
European Coal and Steel Community (ECSC) signed in 1951, which entered into force on
23 July 1952. At that time, coal was the main energy source worldwide, and it accounted
for approximately 70% of the total. The energy balance of the six member states showed
considerable differences between individual countries, since in France it was approximately
60%, whereas in Luxembourg it amounted to 95% [10]. In view of the current actions aiming
at the establishment of a common energy market for the EU member states, cooperation
within ECSC may be considered as the foundation for a common energy policy [11]. In
turn, the Energy Card Treaty signed in 1991 by 46 countries is a document of significant
importance, providing grounds for actions aimed at the improvement of energy efficiency
and thus also the energy economy [11,12]. In their study, Grycan et al. indicated the
following most important regulations in this respect [12]:

• The EU climate and energy package (September 2007), known for its 20-20-20 targets
or the three “20 targets” by 2020, assuming a reduction in greenhouse gas emissions
by 20% in relation to the levels of 1990, reduction in energy consumption by 20%
compared to the EU forecasts for 2020, and an increase in renewable energy to 20% of
the total EU energy consumption;

• The third energy package (September 2007), stipulating ownership unbundling, sep-
arating electricity and gas production from their transmission and a framework for
enhanced mutual cooperation and aid in the case of threatened energy supplies;

• The climate and energy package (January 2008) comprising six proposals of legal
acts concerning the promotion of renewable energy, vehicle CO2 emission standards,
fuel specifications, joint efforts to reduce greenhouse gas emissions and develop-
ment of carbon capture and storage as well as a review of the European system of
emissions trading;

• The Commission Communication “Energy 2020” (November 2010), defining five cur-
rent priorities for the energy sector, i.e., energy saving in the transport and construction
sectors, establishment of an internal energy market along with the respective infras-
tructure, execution of the common European energy policy and European leadership
in energy generation technologies and innovations as well as guaranteeing access to
secure, reliable and competitively priced energy for Europeans;

• The third energy package (March 2011), comprising two market directives, two trans-
mission regulations and a regulation establishing the Agency for the Cooperation of
Energy Regulators;

• The Communication from the European Commission on the plan to ensure energy
efficiency and a roadmap for moving to a competitive low carbon economy in 2050
(March 2011), presenting a proposal to the EU member states for a joint strategy to
convert to low carbon energy economies;

• Directive 2012/27/EU of the European Parliament and Council on energy efficiency,
(10.2012) amending Directives 2009/125/EC and 2010/30/EU and repealing Directives
2004/8/EC and 2006/32/EC.

It seems that a milestone in the EU energy policy was the adoption of a strategy
establishing the energy union, which reflected the new concept of energy security for
the EU countries [13]. Its aim was to establish the energy union, which would provide
secure, sustainable, competitive and reasonably priced energy supplies to EU households
and enterprises.

A natural continuation of actions related to the development of the energy union was
provided by the “clean energy for all Europeans” package [14]. Its objectives included, first
of all, energy efficiency and increased energy production from renewable sources, with
the simultaneous assurance of cheap energy accessible to all consumers. Thanks to the
implementation of measures leading to modernization of the EU economies (Figure 2), it is
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assumed that the intensity of CO2 emissions will be reduced by over 40%, while renewable
sources will account for approximately 50% all electricity [15,16]. A significant component
in this reform package for the energy market is related to the need for a 10-year integrated
national energy and climate plan for the years 2021–2030.

The EU energy policy in the 2030 perspective—setting out national strategies—includes
three primary goals [17]:

• Minimization of energy prices;
• Ensuring an appropriate level of energy security;
• Minimizing the consequences of energy technologies that are harmful to the environment.

Both for the Polish economy and the entire population, an important planning docu-
ment is the Energy Policy of Poland by 2040 (PEP 2040) [18], which has been considerably
modified by arrangements in the climate and energy policy adopted at the EU level. The
essence of Poland’ energy policy by the year 2040 is based on three pillars:

I. Just transformation;
II. A zero-emission power engineering system;
III. Good air quality.

The above-mentioned three pillars of the energy policy comprise eight specific goals,
of which some directly concern the power sector, including green power engineering, which
jointly constitute an energy supply chain, starting from the acquisition of raw materials and
energy generation and supply, as well as energy use and sale, at the same time maintaining
energy security for consumers.

2.2. Economic Transformation for Sustainable Development

The EU energy policy indicates the direction of activities oriented towards sustainable
development, of which energy is an essential factor.

The concept of sustainable development [19–22] in the following decades was ac-
knowledged and incorporated into various forms of socio-economic development.

The concept of sustainable development includes the following aspects: humans as
subjects affecting the environment, our planet as an object of human activity and the mode
of action, i.e., partnership, since only integrated measures will facilitate achieving the goal
of the concept, i.e., sustainable prosperity [23]. Thus, sustainable development promotes
environmental protection and, by preventing the over-exploitation of natural resources, it
protects them for future generations.

Figure 2. Role of the energy union and climate action. Source: [23].

In the EU countries, the concept of sustainable development has been an important
part of economic development strategies for several decades. It is incorporated into the
strategic socio-economic policies in all these countries, while being based on climate
stability. When considering the implementation of sustainable development, we need
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to focus on the Europe 2020 strategy and the European Green Deal. One of the leading
directions for the implementation of sustainable development within the Europe 2020
strategy has been connected with meeting the requirements of the climate and energy policy
in the EU. In terms of the operations, it is intended to achieve goals such as a reduction
in CO2 emissions and reduced consumption of fossil fuels, particularly coal, since this
exhibits the greatest emission loads. Such goals are to promote a low-emission economy,
protecting sustainable resources both for the present and future generations. Figure 3
presents the primary environmental goals of Agenda 2030 and the Europe 2020 strategy as
an intermediate stage in the execution of the ultimate goals. The goals established provide
direction to national changes in the energy policy in the EU countries.

There are paths (“trajectories”) to the RES target, i.e., presentations of the rate of im-
plementation of the contribution in the period 2021–2030. These are agreed on individually
with each country; however, they are not arbitrary. The regulations indicate the minimum
levels of RES share in specific years [24]:

• In 2022—at least 18% of the planned (for 2030) RES growth share in the period
2021–2030;

• In 2025, at least 43%;
• In 2027, at least 65%.

 

Figure 3. Selected Agenda 2030 goals. Source: [25].

Within the next three decades, more ambitious goals have been proposed for sustain-
able development in the EU countries by updating the list of climate and environmental
problems which need to be solved, as specified in the European Green Deal strategy [26–29].

The European Green Deal (Figure 4) is a new strategy for growth, aimed at transform-
ing the EU into a fair and prosperous society with a technologically advanced, resource-
efficient and competitive economy, which will reach zero net greenhouse gas emissions
by 2050 and within which economic growth will not be dependent on the consumption of
natural resources [26].
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Figure 4. The European Green Deal. Source: [26].

Such a goal is a very ambitious developmental challenge both economically and
socially. However, it is advisable to undertake such challenges considering potential
benefits resulting from the reduction or possibly even halting of the progressive increase
in global temperatures and environmental degradation, as well as the resulting climate
change. The European Green Deal 2050 adopted by the EU is in line with the guidelines
for the protection of climate and the natural environment within the UN 2030 sustainable
development agenda, i.e., actions undertaken on the global scale in terms of environmental
protection and responsible environmental management.

The essence of the EU economic transformation aimed at a sustainable future will be
based on the joint funding of green investments and the simultaneous financial involvement
of public and private stakeholders in the transition process. Moreover, it needs to be a just
transformation, concentrating on the regions and sectors that will suffer most from its
consequences due to their dependence on fossil fuels and high-emission processes. Within
the cohesion policy, the Just Transformation Fund (JTF) is a new financial instrument
covering the years 2021–2027, providing financial support to regions suffering serious socio-
economic problems resulting from the transformation aimed at climate neutrality [27–29].
The Fund resources will curb the negative social, economic and environmental impacts of
the energy transformation. Most probably, the funds will provide support to beneficiaries
from the Śląskie, Dolnośląskie and the Wielkopolskie provinces, while the government is
also trying to make the support available also to the Lubelskie, Łódzkie and Małopolskie
provinces. Nevertheless, the national budgets will continue to play a key role in the green
transformation processes, among other things using green budgeting tools, facilitating the
transition of public investment and consumption and tax systems to further environmental
priorities and reduce further degradation of the natural environment.

Realization of the economic transformation towards a sustainable future for the EU
countries will be based on the following strategic tasks:

• Adoption of more ambitious EU climate goals for 2030 and 2050:
• Provision of clean, reasonably priced and secure energy;
• Mobilization of the secondary sector to implement the circular economy model;
• Building and renovating in an energy and resource-efficient manner;
• Zero emissions for a non-toxic environment;
• Conservation and restoration of ecosystems and biodiversity;
• The From Farm to Fork Strategy—a fair, healthy and environmentally friendly food

production system;
• Accelerating the shift to sustainable and smart mobility;
• Supporting research and fostering innovations.
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Gradual and successful implementation of the strategic tasks in the following years
will result in positive changes, while, at the same time, the EU countries may become world
leaders in preventing climate change and environmental degradation.

In view of these expected changes, the Executive Vice-President of the European
Commission Frans Timmermans stated: “We must show solidarity with the most affected
regions in Europe, such as coal mining regions and others, to make sure the Green Deal gets
everyone’s full support and has a chance to become a reality” [30].

As indicated by Jonker and Krukowska [31], the creation of “green economy” in all
industrialized countries will establish a boundary between the two eras. A green economy
is a circular economy. Its essence is manifested in the fact that changes progress from
one phase to the next, followed by the return to the transitional phase, which reverses
the previous linear economic system if changes follow the “make-take-dispose”, step-
by-step direction. The term green economy was first used by David Pearce [32], who
observed that sustainable development is impossible in the current economy dependent
on depleting resources such as oil and coal [33]. The green economy model involves low
carbon dioxide emissions, efficient utilization of natural resources and the inclusion of all
groups and individuals.

A green transformation both of the global and EU economies is becoming an increas-
ingly accepted form of economic development. Such a socio-economic development is
more and more universally accepted thanks to the potential positive effects of the green
economy, with its environmentally friendly development pattern. Another crucial aspect
is connected with the fact that the green transformation is to be a fair one, which means
that inhabitants of the affected regions will not be disadvantaged and left alone but will
be presented with a viable alternative. Such an approach seems to be highly beneficial for
Poland, since our country may be the greatest beneficiary of this fund, with the allocated
financial resources reaching two billion euro, i.e., approximately a quarter of the entire JTF.
However, it needs to be remembered that the real absorption of funds is dependent on the
acceptance of the Paris Agreement goals by the prospective beneficiary. For the time being,
Poland is the only country which has refused to join in the climate neutrality goal, arguing
that this stems from the specific character of its domestic energy sector, which needs much
more time to adapt to changes, while automatic acceleration of energy transformation
would involve huge social costs, greatly exceeding the amount allocated to Poland in the
JTF. As a result, the real funds would be only 50% of those originally allocated.

The success of the green transformation in the EU countries, aimed at achieving climate
neutrality by 2050 through the decarbonization of economies, will depend to a considerable
extent on transformation programs such as the Regional Just Transformation Plans. In the
opinion of officials from the Ministry of Development Funds and Regional Policy “ . . . the
aim is to develop plans, which will ensure sustainable and just solutions for mining regions. The
Regional Just Transformation Plans need to be compatible with the national energy and climate
plans” [34].

2.3. Challenges in the Strategic Goal: Provision of Clean, Reasonably Priced, and Secure Energy

In view of prevention of further climate change and progressive degradation of the
natural environment throughout the EU, the primary issue is to implement the strategic
goal ensuring the “provision of clean, reasonably priced and secure energy.” EU countries’
previous experience indicates that over 75% of greenhouse gas emissions are generated
by the production and use of energy [35]. Such a high share of greenhouse gas emissions
from the energy sector results from the predominant use of carbon energy carriers. To date,
less than 18% of gross final energy consumption in the EU countries in 2017 has come from
renewable energy sources [36]. The forecast objective in this respect in 2020 was 20%. In
view of the current data in some EU countries, there is a risk of failing to reach the expected
objective, with a serious risk of such failure indicated for such countries as Belgium, France
and Poland, while a moderate risk is suggested for Luxembourg and the Netherlands. In
turn, based on estimates for all the EU-28 countries, the probable share of renewable energy
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in 2020 was approximately 23% (For the group of EU-27 countries (excluding Great Britain)
this level will amount to approximately 24%.); thus, it would be higher than expected [37].
This indicates the internal diversification between the EU-28 countries in terms of the
development of renewable energy and achieving the adopted goals. The energy sector
based on renewable energy needs to be further developed. To a considerable degree, this
will facilitate the elimination of coal as the main source of energy, while at the same time
reducing the emission levels in the economy.

The transition to clean energy is a long-term process, consisting of the transformation
of the power engineering system; while ensuring the effectiveness of these changes, it will
be necessary to involve all consumers and gain their acceptance thanks to the economic
benefits offered and the awareness of the need for change. In the transition to clean
energy, a key role will be played by renewable energy sources. The European Commission
Communication [29] expressed an opinion that: “Increasing offshore wind production will
be essential, building on regional cooperation between Member States. The smart integration of
renewables, energy efficiency and other sustainable solutions across sectors will help to achieve
decarbonisation at the lowest possible cost. The rapid decrease in the cost of renewables, combined
with improved design of support policies, has already reduced the impact on households’ energy bills
of renewables deployment”.

Nevertheless, some households still face the problem of energy poverty [38]. In view
of the above, considering the poorest part of the population, special measures need to be in-
troduced to protect financially stressed households when they cannot afford indispensable
energy services to maintain a basic standard of living. The most important role is played
by effective initiatives, e.g., those which may in the future reduce energy bills and which,
through specific solutions, will have a positive and advantageous impact on the condition
of the natural environment.

At present, individual countries are only starting the long process of transition to a low-
emission power generation system and the low-emission economy. Profound changes
related to energy transformation will require considerable public and political support.
It is energy prices and the costs of energy transformation that should stimulate market
transformation to achieve a climate-neutral economy within the next few decades. To
ensure the success of the entire transition process, it is essential for energy consumers,
both households and businesses, to have access to reasonably priced energy. In the last
five years, an upward trend for wholesale electricity prices has been evident in the EU
countries, followed by rising retail prices for end users. A culmination of the wholesale
price increases was recorded in 2018, followed in 2019 by a reduction in prices mainly
thanks to decreasing consumer demand as well as the rapid increase in the supply of
renewable energy. In the EU countries, this phenomenon was far from universal; as a result,
the diversification in price levels between the regional markets grew. In the first half of
2020 compared to the analogous period in 2019, prices dropped by 30% in some regional
markets in southern Europe and up to 70% in certain northern regions [39]. This diversified
reduction is explained by insufficient interconnection capacity, differences in the production
of renewable energy on individual markets and the considerable growth of CO2 prices,
which had a considerable impact particularly in the EU countries with greater shares of
fossil fuel in their energy basket. Thus, it stresses the need for additional investment
in grid flexibility, transboundary transmission capacity and renewable energy sources,
particularly in EU countries that are falling behind in this respect, which should, in the
future, result in greater price integration of electricity between the regional markets and
benefits for consumers. Taking the existing needs into consideration, achieving climate
neutrality requires an intelligent infrastructure. Strengthening transboundary and regional
cooperation between countries will benefit from the transition to affordable clean energy.
Thus, it will be necessary to review the frameworks regulating the energy infrastructure,
including the TEN-E regulation 12, in order to ensure cohesion aimed at climate neutrality.
These frameworks need to promote innovative technologies and infrastructure, such
as intelligent grids, hydrogen networks or the capture, storage and disposal of carbon
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dioxide as well as energy storage, while facilitating sector integration. Nevertheless, the
general public has to realize that certain existing facilities and infrastructure will have to
be modernized to further serve their role and resist climate change.

Energy consumers may be concerned about price levels on the retail electricity markets
since, in the last decade, these have kept rising. In the years 2010–2019, electricity prices
for households were increasing at 2.3% annually, while the general prices of consumer
goods increased by 1.4% [39]. Over the same period, an increase was also recorded for
electricity prices for business consumers; however, in this case, the annual mean growth
rate was 1.1%. In turn, for energy consumers such as large industrial enterprises, energy
prices decreased by 5%, in the 2010–2019 period; thus, they were advantageous for this
group of consumers. Energy prices for the end users are determined by a variety of factors.
These obviously include wholesale prices, but also grid charges as well as taxes and other
fees, such as the current subsidies for renewable energy or the costs of energy-supply
commercialization. At present, it is taxes and charges that are the most important cause of
differences in retail prices at the regional level.

Results of the latest analyses of energy prices in the EU have confirmed considerable
differences in taxation of electricity consumption between individual EU countries and, as
a consequence, the impact of this element on retail energy prices. In 2019, environmental
taxes paid by households ranged from 1 EUR/MWh in Luxembourg to 118 EUR/MWh
in Denmark, while VAT rates ranged from 5% in Malta to 27% in Hungary. Fees charged
on renewable energy range from 3 EUR/MWh in Sweden to 67 EUR/MWh in Germany.
Moreover, in most countries, taxes and fees, as well as grid charges (i.e., the two price
elements defined based on regulatory measures), considerably exceed the element imposed
on energy and determined by market mechanisms.

3. Materials and Methods

This study is based on data from the Local Data Bank of the Central Statistical Office
(Statistics Poland), titled Electricity in households by consumer location [40]. Moreover, both
national and international reports were used along with numerous studies concerning
electricity production and consumption in general, particularly in rural areas. The problems
investigated were analyzed in terms of development conditions resulting from the EU
development strategy by 2050 referred to as the European Green Deal and the Energy
Policy of Poland by 2040.

The primary aim of this study was to identify homogeneous groups of provinces
(województwa) characterized by a comparable rate of change in electricity consumption
considering changes observed in rural areas. Moreover, the level, directions and rate of
changes in electricity generation and consumption were also investigated.

The subject of studies on the energy economy presented in this paper are related
to energy production, taking into consideration energy carriers used in the generation
processes and electricity consumption in households by consumer location. Thus, energy
consumption was analyzed separately for rural areas compared to urban areas or the
overall consumption on the national level.

In the case of electricity production, its generation was analyzed for two periods,
2004 and 2019. In this way, the direction of change, the dynamics and the mean annual
rate of change in electricity production in Poland were compared for these two periods,
considering the environmental impact of energy generation processes, and assuming that
an advantageous situation would be manifested in a situation considered to be desirable,
i.e., the share of energy generated using fossil fuels will decrease in successive years, being
replaced by renewable energy. In the case of electricity consumption in households, the
time frame for the analyses covered the years 2004–2019.

A separate analysis was conducted for energy consumption in households in rural
areas and in urban areas, thus identifying existing trends in this respect. It specified which
of the areas contributes to a greater environmental load in absolute terms, resulting from
higher electricity consumption. The rate of change in electricity consumption was also

234



Energies 2021, 14, 8532

determined on a regional scale divided into rural and urban areas, which made it possi-
ble to identify which of the areas contributed to a greater environmental load related to
growing electricity consumption in the period investigated. With the implementation of
development assumptions stipulated by the EGD 2050 and a reduction in the negative
anthropogenic impact on the environment, particularly by supplying clean and environ-
mentally safe energy, it is crucial to have knowledge on the effect of these phenomena both
in rural and urban areas. Insight into this problem will facilitate appropriate and adequate
preventive or countermeasures addressing the needs identified. The degree of similarity
was determined for the distribution of electricity consumption in the spatial unit system in
rural and urban areas, applying Florence’s coefficient [L1] as presented by [41]:

L1 =
1

200

n

∑
i=1

|uir − uis| (1)

where uir =
yir

∑n
j=1 yjr

·100% and uis =
yis

∑n
j=1 yjs

·100% are percentages of the Yr and Ys features,

respectively, and n denotes the number of objects (i = 1, 2, · · · , n).
The total coefficient of localization L1 assumes values in the range of <0, 1>, with the

closer its value is to one, the greater the degree of discrepancy for the characteristic, while
the closer the value is to zero, the greater the similarity.

Moreover, the degree of concentration of absolute electricity consumption in the
system of spatial units in rural and urban areas made it possible to identify the degree of
discrepancy in electricity consumption by provinces, while Florence’s coefficient [K1] was
applied as proposed by [41]:

K1 =
1

200

n

∑
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∣∣∣∣ui − 100
n

∣∣∣∣ (2)

where ui =
yi

∑n
j=1 yj

·100% is the percentage of the examined feature Y, and n denotes the

number of objects (i = 1, 2, · · · , n).
Values of the coefficient are found within the range of <0, 1>, with the coefficient

value of 0 indicating a uniform distribution, i.e., lack of concentration, while the value of
1 denotes complete non-uniformity, i.e., complete concentration of the trait analyzed.

Analysis of the rate of changes made it possible to identify the existing trends in
energy consumption in urban and rural areas. This was calculated on the basis of values
throughout the entire period analyzed, which covered the years 2004–2019, applying the
formula [41]:

rg =
−3m +

√
9m2 + 24m (n − 1)( 1

y1
∑n

t=1 yt − n)

2m(n − 1)
(3)

where: yt denoted the observation of the feature Y in the period t, m = n(n + 1) and n is
the number of periods (i = 1, 2, · · · , n).

Moreover, using the rate of change, the provinces were divided into homogeneous
classes in terms of the scale of changes observed. This made it possible to distinguish
regions of greater area, in relation to which similar instruments may be applied in the future
to boost environmentally friendly actions. The classification of provinces from the high to
the low rate of change was based, e.g., on an analysis of differences in the values of the
rate of change. After the ordering of provinces according to the non-growing values of the
rate of changes, differences were calculated between its values for neighbouring provinces,
i.e., for the first and second, the second and the third, etc. Analyzing successive differences
starting from the first (the difference between the second and the first province), a markedly
higher value of this difference from the others will make it possible to distinguish classes of
province with the highest rate of change, while the successive differences make it possible
to identify the successive class.

235



Energies 2021, 14, 8532

4. Results

4.1. Electricity Production in Poland

Analysis of the national energy system in 2004 and 2019 indicates advantageous
changes in Polish electric power engineering in view of the goals of the energy policy by
2040. Between 2004 and 2019, a simultaneous increase was recorded in installed capac-
ity and electricity production. The growth dynamics of installed power in that period
amounted to almost 35%, while electricity production increased by 3.5%; thus, it was
ten times lower. In 2004, total installed power was almost 35 GW, while it grew in the
successive years to reach almost 47 GW in 2019. Both in 2004 and 2019, the energy system
was based primarily on carbon-based sources, with their share of the installed power types
in power plants amounting to almost 60% and 50% for coal and 25% and 18% for lignite.
Thus, in the next fifteen years, the share of carbon-based sources decreased by a total of
approximately 17 p.p., including almost 10 p.p. for coal and by approximately 7 p.p. for
lignite. In the analogous period, a gradual increase was observed in installed power based
on gas-fired power plants, from less than 770 MW to almost 2800 MW, while their share in
the structure amounted to 2.2% and 6%, respectively, i.e., it continued to be rather marginal
despite the increase.

The analysis of data also showed that, in the following years, Poland realized that
the process of gradual elimination of lignite as an energy source and a decreasing role of
lignite-fired power plants in the national energy production system is indicated by the
negative growth rate of installed power, the mean annual value of which was −0.33% in
the years 2004–2019.

In view of the challenges resulting from the implementation of the Polish energy
policy by 2040 in the successive decades, in line with the guidelines in the EGD 2050,
particularly provision of clean and secure energy, in the last fifteen years advantageous
changes were introduced in the national electric power engineering system in Poland. First,
in the successive years since Poland’s accession to the EU, interest in renewable energy has
been increasing.

According Arıoğlu et al. [42], renewable energy is becoming the fastest growing energy
source in the world. Gielen et al. [43] also note that renewable energy can meet two-thirds
of the total global energy demand and, to a large extent, contribute to the reduction in
greenhouse gas emissions responsible for climate change.

While, in 2004, wind power plants and renewable energy systems did not exist in
Poland on a broader scale, by 2019 they had become a relatively important source of
power in the national energy system. In 2019, wind power plants and other renewable
energy sources accounted for almost 7500 MW, and their share in the total structure was
16%, i.e., slightly less than the share of lignite-fired power plants (17.9%), at the same
time being over two-and-a-half times greater than gas-fired power plants (6%) (Table 2).
Simultaneously, in 2019, the production of what is defined as clean and secure energy in the
regulations adopted within the EGD 2050 amounted to more than 14,000 GWh in Poland,
at 9% of energy generation. This share exceeded that of energy from gas-fired power plants
by 1.5 p.p. and was as much as six times greater than energy from hydro power (1.5%). The
conclusions provided by the observations of changes to hydro power in Poland between
2004 and 2019 are disturbing. This results from the drop in the energy generated from
more than 3500 GWh in 2004 to less than 2500 GWh in 2019. The negative direction of
change confirms the negative mean annual rate of change, which amounted to almost
(−2.4%) and, at the same time, was the highest of all other energy sources. This is a greater
reduction than in the case of coal-fired power plants (mean annual decrease of less than
minus 0.6%) and lignite-fired power plants (mean annual decrease of approximately minus
1.5%). In view of the energy generation conditions in Poland, the most pressing need to
reduce the energy sources in the national energy production system concerns coal- and
lignite-fired power plants. Experience from the last fifteen years shows that this process
is taking place in Poland; however, at a very slow rate. In view of the implementation of
the objectives of the national energy plan PEP2040 and EGD 2050 in the coming years by
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providing consumers with clean and secure energy, further development of wind power
and the use of other renewable energy sources needs to be promoted, together with the
further development of gas-fired power plants, since this type of energy has a much less
negative environmental impact. Experience in this respect obtained in the last fifteen years
indicates that, in Poland, the use of gas in energy generation was developing dynamically,
as indicated by the dynamics of change, amounting to almost 320%, as well as the high
mean annual rate of change, which was positive and amounted to approximately 8% for
this type of installation.

Table 2. The National Electric Power System in Poland in 2004 and 2019.

Specification

Installed
Power

Production
Installed

Power
Production

Dynamics of Change
2019 [2014 = 100]

Average Annual Rate
of Change [%]

2004 2019

MW % GWh % MW % GWh %
Installed

Power
Production

Installed
Power

Production

Professional power plants 32,162 92.6 144,821 94.4 36,675 78.4 134,245 84.6 114 92.7 0.88 −0.5
Professional hydropower plants 2168 6.7 3525 2.4 2346 6.4 2454 1.8 108.2 69.6 0.53 −2.38
Commercial thermal power plants: 29,994 93.3 141,296 97.6 34,329 93.6 131,791 98.2 114.7 93.3 0.92 −0.46
- hard coal 20,411 68.1 85,370 60.4 23,159 67.5 78,190 59.3 113.8 91.6 0.87 −0.58
- lignite 8856 29.5 52,136 36.9 8382 24.4 41,502 31.5 95.2 79.6 −0.33 −1.51
- gas 727 2.4 3791 2.7 2788 8.1 12,099 9.2 362.5 319.2 8.97 8.04
Wind farms and other renewable energy - - - - 7490 16.0 14,344 9.0 - - - -
Industrial power plants 2553 7.4 8541 5.6 2634 5.6 10,178 6.4 103.2 119.2 0.21 1.18
Total 34,715 100 153,362 100 46,799 100 158,767 100 134.8 103.5 2.01 0.23

Source: [44,45].

4.2. Electricity Consumption in Poland Rural vs. Urban Areas

Since Poland became an EU member, the entire country, including rural areas, has
received new development opportunities. Accession to the EU and the related devel-
opment policies, particularly the cohesion policy and the CAP, as well as the trade and
industrial policies, provided a new economic and social quality. An important impulse
for development has related to the targeted support from the EU funds addressing rural
development in Poland. For example, allocation and utilization of the EU CAP funds
are typically almost twice as high in Poland as the EU mean (the Polish agri-food sector
and rural areas after ten-year EU membership—a review of major changes in 2014). Thus,
the transfer of funds, also including public funds, has contributed to a boost in economic
activity, which has been manifested in increased electricity consumption. Economic activity
in rural areas measured by the number of economic entities in the REGON registry has
improved considerably, as indicated by the almost 25% increase in 2018 compared to 2010
(at that time there were 1.2 million out of the total 4.4 million entities), whereas, in towns
and cities in the same period, the increase was as little as 8% [46].

Electricity consumption in Polish households in the last fifteen years has grown
continuously. In 2004, it was 22.8 TWh, while, in 2019, it was 30.6 TWh, i.e., the absolute
increase amounted to 7.8 TWh, or approximately a third in absolute terms (Figure 5).
A particularly marked increase was recorded for energy consumption in rural areas, in
2004 consumers in those areas used 6.3 TWh electric energy, while in 2019 it was 12.7 TWh,
an increase of 6.4 TWh. Rural areas were thus responsible for an over 80% increase in
electricity consumption in Poland. This phenomenon was becoming even more pronounced
in the successive years, since, while the share of rural areas in electricity consumption
in Poland in 2004 was below 28%, in 2019 it reached over 41%. Rural areas in Poland
are thus characterized by growing needs in terms of electricity supply. This is confirmed
by the dynamics of changes in electricity consumption. While, in the extreme years, this
amounted to slightly over 34%, in urban areas it was less than 10%, then in the same
period in rural areas it was ten times higher, amounting to almost 100%, which shows
a doubling of electricity consumption (Table 3). In the regional system, the dynamics of
change in electricity consumption varied between individual provinces (Table 3). First of
all, it may be observed that, in contrast to rural areas, electricity consumption in urban areas
is generally characterized by minor changes. In provinces such as Pomorskie, Łódzkie
and Warmińsko-mazurskie, a highly stable level of energy consumption was recorded,
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while the dynamics of change in 2019 compared to 2004 did not exceed 2.5%. Rural areas
exhibited a much greater dynamic of electricity consumption in the years 2004–2019. In
certain provinces, energy consumption increased several-fold. In the Podlaskie province,
electricity consumption increased five-fold, while in the Łódzkie and Lubelskie provinces
a minimum three-fold increase was recorded.

Table 3. Dynamics of change in electricity consumption in Poland (GWh).

Consumption Total Urban Areas Rural Areas
Dynamics of Change 2019

[2004=100]

Region 2004 2019 2004 2019 2004 2019 Total
Rural
Areas

Urban
Areas

Poland 22,804.4 30,613.2 6344.1 12,677.1 16,460.3 17,936.0 134.2 199.8 109.0
Dolnośląskie 1633.0 2373.4 403.2 839.7 1229.8 1533.7 145.3 208.2 124.7
Kujawsko-Pomorskie 1151.6 1551.9 377.8 697.4 773.7 854.5 134.8 184.6 110.4
Lubelskie 886.4 1448.9 266.1 803.9 620.3 644.9 163.5 302.1 104.0
Lubuskie 599.3 794.7 170.3 296.0 429.0 498.7 132.6 173.8 116.3
Łódzkie 1468.9 2041.5 276.2 830.5 1192.7 1211.0 139.0 300.7 101.5
Małopolskie 2398.7 2858.0 1006.0 1393.9 1392.6 1464.2 119.2 138.6 105.1
Mazowieckie 3508.4 5046.4 639.4 1820.2 2869.0 3226.2 143.8 284.7 112.5
Opolskie 674.8 823.6 282.4 421.9 392.4 401.7 122.1 149.4 102.4
Podkarpackie 786.9 1262.6 324.9 728.8 462.0 533.8 160.4 224.3 115.5
Podlaskie 503.4 937.7 94.0 476.4 409.4 461.3 186.3 507.0 112.7
Pomorskie 1517.8 1826.6 395.2 701.5 1122.6 1125.1 120.3 177.5 100.2
Śląskie 3322.6 3688.1 698.7 954.9 2623.9 2733.2 111.0 136.7 104.2
Świętokrzyskie 491.6 794.2 172.2 427.5 319.4 366.7 161.6 248.3 114.8
Warmińsko-Mazurskie 788.0 1029.5 258.5 488.5 529.5 541.0 130.7 189.0 102.2
Wielkopolskie 2061.0 2880.0 745.7 1394.3 1315.3 1485.6 139.7 187.0 113.0
Zachodniopomorskie 1012.1 1256.0 233.5 401.7 778.6 854.3 124.1 172.0 109.7

Descriptive statistics
minimum 491.6 794.2 94.0 296.0 319.4 366.7 111.0 136.7 100.2
mean 1425.3 1913.3 396.5 792.3 1028.8 1121.0
median 1081.9 1500.4 303.7 715.2 776.2 854.4 136.9 188.0 110.1
Coefficient of variation (%) 67.0 62.8 62.9 53.5 74.2 74.3
maximum 3508.4 5046.4 1006.0 1820.2 2869.0 3226.2 186.3 507.0 124.7

Source: [44]. https://bdl.stat.gov.pl/BDL/dane/podgrup/temat/11/57/1880, accessed on 12 September 2021.

Mean annual rate of change in electricity consumption in households (Table 3) in
rural areas of Poland on average was almost nine times greater than in urban areas, 6.51%
compared to 0.74%. The greatest growth rate for electricity consumption in rural areas was
found in the Podlaskie and Lubelskie provinces, at almost 20% and 12.5%, respectively
(Table 4).
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Figure 5. Electricity consumption in households in Poland in the years 2004–2019 (TWh). Source: [44].
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Table 4. The rate of change in electricity consumption in households in Poland in the years
2004–2019 (%).

Region Total Urban Areas Rural Areas

Poland 2.61 0.74 6.51
Dolnośląskie 3.04 2.06 5.66
Kujawsko-Pomorskie 2.91 0.95 6.19
Lubelskie 5.26 0.70 12.57
Lubuskie 2.14 0.75 5.09
Łódzkie 3.20 0.38 11.48
Małopolskie 1.20 0.27 2.38
Mazowieckie 3.04 0.65 10.58
Opolskie 2.25 0.53 4.30
Podkarpackie 4.67 1.31 8.42
Podlaskie 6.34 1.22 19.68
Pomorskie 1.77 0.51 4.78
Śląskie 0.87 0.47 2.25
Świętokrzyskie 4.81 1.04 10.01
Warmińsko-Mazurskie 2.57 0.44 6.07
Wielkopolskie 2.67 0.84 5.38
Zachodniopomorskie 1.69 0.62 4.72

Source: authors’ calculations based on Local Data Bank [44], https://bdl.stat.gov.pl/BDL/dane/podgrup/temat/
11/57/1880, accessed on 12 September 2021.

Analyzing unit electricity consumption in Poland in the years 2004–2019 (Figure 6),
i.e., per capita, with the division into rural and urban areas, it may be indicated that
a characteristic event took place in 2014. For the first time in Poland, unit electricity
consumption was higher in rural areas than in urban areas—by 1.4%. In the following
years, this phenomenon grew. As a result, in 2019, unit electricity consumption in rural
areas was already 6.3% higher and amounted to 827 kWh compared to 778 kWh.

A comparison of the degree of concentration of electricity consumption by provinces
between rural and urban areas suggests a low degree of concentration for electricity
consumption by province both in rural and urban areas (Table 5). Analogously, a close
similarity is also observed in electricity consumption between rural and urban areas, as
evidenced by similar values of the coefficient of similarity according to Florence (Table 5).
In Poland, only in the Podlaskie province in the years 2004–2019, was a high growth rate for
electricity consumption observed (Figure 7). In the next five provinces, i.e., Mazowieckie,
Lubelskie. Podkarpackie, Świętokrzyskie and Łódzkie, electricity consumption increased
at a medium rate. In the other provinces, it exhibited a low growth rate.
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Figure 6. Unit electricity consumption in Poland (kWh/per capita). Source: authors’ calculations based on Local Data
Bank [44].
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Figure 7. Regional variation in electricity consumption in rural areas of Poland in the years 2004–2019 according to mean
annual rate of changes. Source: authors’ study based on Table 3.

Table 5. The degree of similarity and concentration of electricity consumption.

Year
Concentration Similarity

Rural Areas Urban Areas Rural Areas Urban Areas

2004 0.24 0.28 0.04 0.04
2005 0.19 0.28 0.05 0.03
2006 0.18 0.27 0.06 0.03
2007 0.19 0.27 0.05 0.03
2008 0.19 0.27 0.05 0.03
2009 0.19 0.27 0.05 0.03
2010 0.19 0.27 0.06 0.03
2011 0.19 0.27 0.05 0.03
2012 0.19 0.28 0.05 0.03
2013 0.19 0.28 0.05 0.03
2014 0.19 0.27 0.05 0.03
2015 0.19 0.27 0.04 0.03
2016 0.19 0.27 0.04 0.03
2017 0.19 0.27 0.04 0.03
2018 0.19 0.27 0.04 0.03
2019 0.20 0.27 0.04 0.03

Source: authors’ calculations based on Local Data Bank [44].

5. Discussion

The energy market in Poland is undergoing dynamic changes that affect rural areas.
Since 2014, unit electricity consumption per capita in rural areas exceeded the level of
consumption in urban areas. This relationship is permanent, since it has been evident in
the following years, while, additionally, differences in the level of consumption also grew
in subsequent years.

Rural areas in Poland are characterized by a growing need for electricity. The scope
of the research made it possible to track the existing trends in electricity consumption.
Moreover, the provinces of Poland were grouped based on the growth rate of their elec-
tricity consumption. Classes characterized by low, medium and high growth rates were
distinguished. The analysis was carried out for rural areas in Poland, which show great
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territorial differences in the level of socioeconomic development. This is understood as
changes taking place in a direction that meets the collective and individual needs and
individual aspirations of residents and local communities to an ever-greater extent [47].
At the same time, the level of regional development determines the development of the
electricity market. The voivodships with a high and medium growth rate of electricity
consumption include rural areas, which are characterized by a very low and low socio-
economic development.

The results indicate that, currently, rural areas contribute to the high adverse impact
on the natural environment in Poland, which is the result of differences in specific energy
consumption. In terms of the spatial arrangement, Podlaskie Voivodeship has a unique
situation. This voivodeship had the highest increase in electricity consumption per capita
in 2004–2019 (on average it was almost 20%).

The changes observed are related to the increase in economic activity in rural areas,
the intensification of agriculture and the increase in the scale of livestock production
on farms. According to Wójcicki [48], animal breeding is more energy-consuming than
arable farming.

In Poland, Podlaskie Voivodeship has the highest cattle population per 100 ha of UAA.
This creates excellent opportunities for biogas production due to the increased availability
of the substrate. There are therefore possibilities to limit the negative impact of Podlaskie
Voivodeship on the environment in the future. This reduces CO2 emissions, particularly
those from rural areas, and reduces the electricity consumption generated from fossil fuels.
In the conditions of the energy transformation consisting of abandoning coal, a good state
energy policy is needed [49]. Also, activities at the regional level support the existing
solutions at the national level, for example, support from EU funds for investments in
agricultural biogas plants.

Experience from the global energy market shows that it is possible to shift from
fossil fuels to clean energy as the world moves towards decarbonizing economies and
reducing greenhouse gas emissions worldwide [50]. As a result, environmental targets are
no longer seen as an obstacle to economic development but as a solution to economic and
social development.

According to Kaygusuz [51], renewable energy sources are a desirable form of prac-
tical solutions in the energy sector to develop clean and sustainable energy to reduce
environmental pollution.

Over ten years ago, Marecki [52] and Jaczewski [53] indicated that, around 2020, the
following may be expected:

• A moderate increase in the consumption of solid fuels, i.e., coal and lignite, in en-
ergy generation;

• A relatively low growth in oil consumption;
• A simultaneous high growth in natural-gas consumption;
• A very high increase in the production of renewable energy, whose share in the global

energy consumption may increase to over 12 percent by 2020.

The results of the study confirm the accuracy of these forecasts; particularly in the
Polish energy economy in the last fifteen years, a considerable increase has been recorded
in natural gas consumption for electricity generation along with a dynamic development
of renewable energy [54]. A gradual reduction in the use of coal for electricity production
has also been observed, although the rate of changes in this respect is not adequate to meet
the existing challenges. These gradual changes in the consumption of energy carriers are
consistent with the strategic EU goals. Thanks to further actions resulting from the Polish
national energy plan PEP 2040, in the coming years, the energy economy in Poland will be
increasingly compatible with that of the EU.

Within approximately the last two decades, Poland has made progress in reducing
the negative environmental impact of electricity production, and the reduction in coal and
lignite consumption on average by 0.6% and 1.5% confirms this.
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In the following years, the development of renewable energy generation may also be
observed. In 2019, the share of electric energy produced by wind power as well as other
renewable energy sources was 9%, while, together with hydro power plants, it amounted
to more than 10%. Poland has reserves in the potential for clean energy generation, as
indicated by the available production capacity which, for the two types together, amounts
to 21% of total installed power in Poland.

Moreover, the realization of renewable energy investments with the support of EU
funds in many local government units [54], also in rural communes, will, in the immediate
future, bring an increase in the share of renewable energy.

Investments in renewable energy sources are desirable in rural areas. Sutherland et al. [55]
highlight the countryside and the potential of agriculture to generate renewable energy.
They indicate that, due to its historic commitment to managing essential resources, espe-
cially land and biomass, the agricultural sector plays, or at least can play, an important role
in the transformation of renewable energy.

However, special care should be taken to ensure that the production of renewable
energy in rural areas does not result in competition for food and energy resources, which
could result in a deterioration of food security [56].

There are possible solutions that minimize the occurrence of such a phenomenon.
According to Jasiulewicz [57], for example, to produce biomass, we should use lower quality
soils that have been set aside, degraded or are at least not suitable for food production. The
production of renewable energy in rural areas can also be based to a greater extent than
before on biogas and the use of agriculture waste, which may be slurry or manure from the
breeding of cattle, pigs or poultry [58–60].

6. Conclusions

Forecasted changes and the transformation of energy systems both in Europe and
worldwide are taking place under the influence of the so-called development mega-
trends [61]. The most important of these in the European power engineering include
decreasing costs of renewable, limitation of the environmental impact of the energy sec-
tor, the decreasing role of coal as an energy source and new business models in power
engineering. On the international and EU scales, in the last five years, we have witnessed
many crucial events and agreements, which, during the coming decades, will influence
changes in the energy sector. These include the Paris Agreement on the global reduction of
climate change, the adoption of the European Green Deal 2050, aimed at a zero-emission
economy, and actions to introduce the Energy Union. National energy policy needs to
adapt to such conditions on the macro scale, as new challenges have also appeared. The
most important of these include the following issues: how to ensure energy security in
a changing energy market? What might the future role of coal be in energy economy?
In what areas should the development of renewable energy sources be promoted? What
should the rate of integration in the national electric energy market with the EU market
be and, as a consequence, what should the European compromise for the energy sector
be? [62].

Over the last five years, the problems of the energy economy have gained importance
for the public. At the same time, they are a constant and essential aspect in the work of
the EU summit meetings. The research problem discussed is important from the point
of view of sustainable development, environmental protection and economic security of
electricity consumers.

Actions aimed at the implementation of sustainable development result from the fact
that, at present, it is universally acknowledged that the previous paths of socio-economic
development and a recreation of previously grounded trends for economic growth disre-
garding broadly understood environmental, social and economic consequences should not
be maintained in the future.

Sustainable development requires the application of prevention and, first of all, fore-
sight, preferably in all areas of socio-economic life [63]. A form of prevention seems to be
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enacting seeing changes in the consumption of electricity and the energy carriers used to
generate it.

Based on experience, it is possible to reduce greenhouse gas emissions in the EU. This
results mainly from reducing the use of hard coal and lignite in electricity production
(in favor of increasing the importance of renewable energy). The effects of the 2005–2015
period showed that greenhouse gas emissions fell below the target set for 2020 [5].
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49. Jedlińska, K.; Olkuski, T. The decision-making process in the EU in the field of energy policy. Energy Policy J. 2019, 22, 5–18.
[CrossRef]

50. Altawell, N.; Milne, J.; Seowou, P.; Sykes, L. Rural Electrification: Optimizing Economics, Planning and Policy in an Era of Climate
Change and Energy Transition; Academic Press: Cambridge, MA, USA, 2021; pp. 201–230.

51. Kaygusuz, K. Sustainable energy, environmental and agricultural policies in Turkey. Energy Convers. Manag. 2010, 51, 1075–1084.
[CrossRef]

52. Marecki, J. Prospects for the development of the power industry in Poland until 2020. Electrotech. Review. 2002, 78, 210–214.
53. Jaczewski, M.; Marecki, J.; Sikora, W. Programme for Coal and Electrictiy Demand by 2020; Ekspertyza KPE PAN: Warszawa,

Poland, 1999.
54. Standar, A.; Kozera, A.; Satoła, L. The Importance of Local Investments Co-Financed by the European Union in the Field of

Renewable Energy Sources in Rural Areas of Poland. Energies 2021, 14, 450. [CrossRef]
55. Sutherlan, L.A.; Pete, S.; Zagata, L. Conceptualising multi-regime interactions: The role of the agriculture sector in renewable

energy transitions. Res. Policy 2015, 44, 1543–1554. [CrossRef]
56. Popp, J.; Lakner, Z.; Harangi-Rákos, M.; Fári, M. The effect of bioenergy expansion: Food, energy, and environment. Renew.

Sustain. Energy Rev. 2014, 32, 559–578.
57. Jasiulewicz, M. Production of energy from agribiomass in Poland in the background of selected countries of the European Union.

Rocz. Naukowe SERiA 2015, 8, 94–99.
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Abstract: Renewable energy generation in Ukraine is developing slower than state strategies and
expectations, with the installations for energy generation based on biogas currently being among the
lowest in terms of installed capacity. Most of those involved in energy generation from agricultural
biogas are large enterprises, while the small and medium-sized farms are far less involved. Thus the
article aims to assess the economic feasibility of biogas production from agricultural waste by specific
farm types and sizes, with a special focus on small and medium-sized farms. The research results
present findings in two dimensions, first defining the economic feasibility of biogas installations in
Ukraine based on investment costs and the rate of return at both the current and potential feed-in
tariff, and second, analyzing the influence of state regulation and support on the economic feasibility
of agricultural biogas production in Ukraine. The results emphasize that the construction of small
generation capacities does not provide sufficient funds under the current feed-in tariff to meet the
simple return period expected by the domestic financing institutions. Except for the general support
programs for agricultural activities, there are no support funds specifically for biogas producers,
while there is tight competition with wind and solar energy due to diversified feed-in tariffs.

Keywords: agricultural biogas; farm; economic feasibility; investment; LCOE; state support; feed-in
tariff; Ukraine

1. Introduction

Global climate change is increasing its tempo and impact [1] on humanity, while
the origin of this change is primarily anthropogenic [2–5] due to the excessive negative
influence of the intense use of fossil fuels and the consequent environmental pollution. A
swift shift to renewable energy is among key solutions to this growing problem and needs
to be implemented by all technically feasible means. These include energy generation from
biogas, which is becoming an increasingly popular and important source of renewable
energy from the standpoint of the circular economy [6–8], yet still falls behind the shares
of solar and wind energy [9,10]. The global direct consumption of biogas in 2018 equaled
ca. 35 Mtoe, including 16.1 Mtoe in Europe, 8.8 Mtoe in China and 4.0 Mtoe in North
America [11].

While biogas can be generated from numerous types of organic waste, they can be
aggregated into either of the two major ones: solid and agricultural. The latter includes the
plant leftovers, weeds, leaf litter, sawdust, as well as the animal-originated solid, slurry
and liquid waste. The utilization of biogas makes it possible to generate electricity and
heat, reduce greenhouse gas emissions (methane and nitrous oxide from livestock waste),
smooth overloads in the energy transfer grids and create new jobs in rural areas.
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Ukraine is often referred to as a country with substantial agricultural development
potential [12–14]. The same applies to bioenergy generation, yet in this case, a distinction
needs to be made between different sources. While the biomass from crop production
is increasingly available due to the subsector’s growth [15,16], the livestock sector has
been declining drastically in the past 30 years [17,18]. Thus the production of biogas from
livestock feedstock could simultaneously be a significant chance to intensify renewable
energy generation [19,20], but a difficult task due to specific conditions of the livestock
subsector’s development.

The integration of livestock production with the agricultural biogas installation could
be especially beneficial for small and medium-sized farms, as it would allow them to use
the livestock waste (utilization of which is currently an additional economic [21,22] and
environmental burden [23]) in order to increase economic viability and achieve their own
energy security, as well as aid the achievement of national goals of energy independence,
regional energy generation diffusion and increasing the number and capacity of renewable
energy sources.

The combined model of biogas production and use, in which biogas can be produced
simultaneously from different types of feedstock, is a common approach in the global
perspective [24]. While the average efficiency of electricity production (excluding heat) is
ca. 34.6%, the simultaneous production of heat and electricity (i.e., co-generation) increases
the efficiency of the production plant to 76.4% (provided there are heat consumers present
on-site). Heat can be used for agricultural premises (e.g., farms, warehouses, greenhouses,
processing), residential premises or the social infrastructure.

Despite the obvious advantages of biogas production for farm income diversification,
the spread of biogas plants is still quite limited in Ukraine [20], especially compared to more
economically developed European countries [25,26]. In particular, as of 1 January 2020,
there were 49 biogas plants in Ukraine [27], of which only 21 were utilizing agricultural
waste products as their feedstock, compared to almost 10,000 similar plants in nearby
Germany [28]. Researchers say the limitations lie in the regulatory field [29–32], the lack
of substantiated and efficient state support for energy generation from biogas [29,33] and
a low level of understanding of the benefits of renewable energy generation by private
entities and individuals [30,34]. In our opinion, there is still a gap within the research
aimed at deepening the technological and economic feasibility of biogas production, taking
into account national, regional and local conditions, and the suitability of installations to
particular types of entities (according to their sizes and economic potential).

Until now, the typical approach in research articles regarding the development of
biogas in Ukraine has been rather general [16,17,25,29,31] or technology-focused [21,35–38],
still lacking a well-substantiated focus on farms, yet even more on their different sizes.
Some research analyzed small energy generation installations that would be most suitable
for small entities [37,39,40], but these focused rather on overview statistical and analytical
data or technological issues, omitting the economic feasibility component. At the same
time, work mentioning economic feasibility issues for various sizes of generation capacity
does not tackle the state support system [34,41–43], or they take into account the feed-in
tariff system for the energy generation from biogas [32,33,44] but do not view them from
the perspective of farm size. This creates a research gap, especially for the small and
medium-sized farms taking account of the economic elements of the support system, which
would help understand the limitations and possibilities of development of small- and
medium-scale bioenergy generation capacity by farming entities and individuals.

The study thus aims to assess the economic feasibility of biogas production from
agricultural waste by farms, with a special focus on small and medium-sized farms involved
in cattle, pig and poultry. The following research objectives were set for this:

- Investigate the state of the art of renewable energy in Ukraine;
- Assess the economic feasibility of biogas installations in Ukraine depending on their

capacity, type and size of farms;
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- Calculate the levelized costs of electricity and heat generation by biogas installations
of various capacities and respective simple payback periods;

- Examine the impact of state regulation and support on the economic feasibility of agri-
cultural biogas production in Ukraine, including the functioning of biogas installations
under the feed-in tariff and the upcoming auction schemes.

The manuscript is divided into six sections. Following the introduction, Section 2
describes the current state, official plans and potential of renewable energy generation
and biogas production in Ukraine. Section 3 presents the materials used and methods
applied within the research. The results in Section 4 present findings of two dimensions:
the assessment of the economic feasibility of biogas installations in Ukraine and the analysis
of the influence of state regulation and support on the economic feasibility of agricultural
biogas production in Ukraine. Section 5 discusses the results obtained and compares the
current state of agricultural biogas development with selected EU experience. Section 6
summarizes the results and defines limitations and possible future directions of research
within the topic.

2. Renewable Energy Generation and Biogas Production in Ukraine: Current State,
Plans and Potential

The development of renewable energy in Ukraine is taking place in accordance with
the National Renewable Energy Action Plan through 2020 (NREAP2020 [45,46]) and the
Energy Strategy of Ukraine until 2035 (ESU2035 [47,48]). According to the strategic goals
set in the NREAP2020, by 2020, it was expected that 11% of the final energy consumption
would come from renewable sources, while the share of electricity from biomass should
have reached 16.2% (of which 2.6% is biogas), and 85.5% in heating and cooling systems (of
which 2.6% is biogas). By 2035, the share of energy from renewable sources is to reach 25%,
in accordance with ESU2035. The total installed domestic capacity of bioenergy (including
not only biogas-based installations but also other biomass plants) reached 0.98 GW in 2020,
1.3 GW in 2025, 1.67 GW in 2030 and 2.13 GW in 2035 [49].

Current achievements in renewable energy in Ukraine indicate it is falling behind the
targets. In particular, in 2019, the share of energy generated by renewable energy sources
in gross final energy consumption reached 8.1%. An increase in energy consumption from
renewable energy sources in 2019 by 9.1% (0.36 Mtoe) compared to the previous year and
the general reduction in energy consumption (by 2.6 Mtoe) made it possible to achieve
some overall progress in the development of renewable energy (Figure 1), yet the rate of
implementation is still not sufficient to meet the goals.

Figure 1. Renewable energy generation shares (actual vs. planned) in final energy consumption in
2014–2020 in Ukraine (in %). Source: own compilation based on [50].

During 2015–2019, the renewable electricity capacity in Ukraine (excluding the tem-
porarily occupied territory of the Autonomous Republic of Crimea by the Russian Federa-
tion) performing under the set feed-in tariff increased by 5965 MW (from 967 MW to 6932
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MW). The overall capacity of renewable energy generation in Ukraine is currently (as of
1 January 2020) dominated by solar installations (71%), while biogas made up only 1.24%
(Figure 2).

Figure 2. Renewable energy facilities functioning within the feed-in tariff as of 1 January 2020, by
sources (in MW). Source: own compilation based on [50].

The development of renewable energy especially intensified in 2019. In that year
alone, renewable energy facilities with a total capacity of 4642 MW were put into operation,
which is five times the capacity installed in 2018. However, this was achieved mainly
by expanding solar power plants: 76% of the total installed generation capacity in that
year was from solar installations, while biomass and biogas grew by only 0.7% and 0.9%,
respectively [50].

During 2019 the renewable energy facilities functioning under the feed-in tariff gen-
erated 5908 million kWh, of which: solar power plants generated 2932 million kWh,
household photovoltaic stations generated 303 million kWh, wind power plants gen-
erated 2022 million kWh, small hydroelectric power plants generated 242 million kWh,
biomass power plants generated 162 million kWh and biogas power plants generated
247 million kWh [50]. Thus the share of energy produced from biogas in 2019 amounted to
4.2% of the total from renewables. Of the total functioning 49 biogas plants, agricultural
biomass is used as feedstock in 21 plants with a total installed capacity of 59 MW (Figure 3).

Figure 3. Characteristics of biogas installations running on agricultural feedstock in Ukraine within
2013–2019. Source: own compilation based on [51].

Energy generation based on agricultural biogas in Ukraine is currently carried out
primarily by large agricultural or processing enterprises. Key factors of their intense
involvement in this activity include large generation capacities, dependence on their own
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feedstock, a relatively high rate of return, state support and a greater ability to overcome
bureaucratic obstacles.

Despite the rather limited overall development of biogas production, Ukraine has sig-
nificant potential due to both the availability of feedstock and a developed gas distribution
system, with ca. 70% of the population having direct access to the natural-gas grid. In
2018, the annual potential of biogas from agricultural waste, food industry and enterprises’
wastewater was estimated at 7.8 billion m3 of methane [52]. According to the Bioenergy
Association of Ukraine, the development of biogas use in Ukraine could potentially replace
2.6–18 billion m3 of natural gas annually [53], thus strengthening national energy security.
The latter is a crucial issue in light of Ukraine’s high energy dependence on imported
resources [54,55].

The use of agricultural biogas for energy generation in Ukraine has numerous advan-
tages compared to other renewable energy sources [56]:

- The production of biogas and thus generation of energy from this source does not
depend on weather conditions;

- The combination of biomass from farms operating in various seasons with the biomass
from processing plants (e.g., sugar producers) allows energy generation throughout
the year;

- The creation of new jobs for workers employed in agricultural processing plants, which
in Ukraine are typically located in small towns and are often core/sole employers in
those areas;

- Organic fertilizers as by-products of biogas production [57,58] can be further used
for organic farming, which is increasingly lacking stable supply (the use of organic
fertilizers in Ukraine decreased from 6.2 t/ha in 1990 to 0.27 t/ha in 2019, while the
area of organic fertilizer application decreased from 5.5 to 0.8 million ha [59]);

- The efficient management of a wide range of agricultural waste [19,42,60], especially
manure, thus helping to reduce odor, restore soil quality and preserve agricultural
land that otherwise would be used for waste storage;

- The possibility to facilitate energy generation closer to agricultural waste production
sites, thus reducing transport costs and emissions, while optimizing the efficiency of
waste use (which loses its energy generation capacity over time [61]);

- The stabilization of the peak loads in the energy transmission grids and covering
the possible failures of power generation created by intermittent renewable energy
sources such as wind and solar [62];

- A gradual transition to a model of decentralized energy supply beneficial both in a
national perspective and in particular for local communities;

- The reduction in methane emissions, which have a higher Global Warming Poten-
tial [63] than CO2, is important from the standpoint of mitigating climate change.

Studies by the Institute for Economics and Forecasting of the National Academy of
Sciences of Ukraine [56] show that with the steady development of biogas production and
use, its economically feasible potential could reach 9.9 Mtoe by 2030. The use of biogas
replacing fossil fuels could result in greenhouse gas emission reduction within the range
of 11.5–19.1 Mt CO2eq. In order to achieve this, the additional consumption of corn silage
could reach 13.9 million tonnes. In order to implement the necessary biogas development
projects, ca. EUR 4 billion is necessary for the heat and electricity generation field. The im-
plementation of such projects in Ukraine could lead to numerous positive macroeconomic
consequences, such as additional GDP growth of 0.3% in 2025–2029, structural changes,
including the increased output of machinery and construction sectors, and a slowdown in
coal mining. Despite the fact that biogas projects have almost no effect on the level of real
household income (from −0.1 to 0.3%), they can potentially aid households by reducing
their expenses, including those for heat and electricity.
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3. Materials and Methods

Livestock manure is the most suitable feedstock for agricultural biogas production,
with more liquified options such as slurry making it possible to increase methane output.
It is being used as feedstock for reactors, where the fermentation process is initiated under
appropriate conditions [64]. Pig manure is also well suited for biogas production but
requires dilution with water. Poultry manure is suitable only in the cage systems, as the
floor system increases the risk of the appearance of solid minerals in the manure, which
adversely affects the reactor. However, poultry manure can be efficiently combined with
livestock manure. By using pure poultry manure as feedstock, there is a danger of high
ammonia concentrations; thus, it is crucial to adhere to the proper composition of the
feedstock in accordance with the technological solution selected [65]. For small feedstock
volumes, it is recommended to use biogas installations with a mesophilic temperature
range and a twentieth of the daily load of the total feedstock volume accompanied by a
slow stirring process (every 4–6 h).

As in agriculture, there are both specialized and mixed farms; the type determines the
availability of feedstock for biogas production in terms of volumes and composition. In
order to estimate the amount of manure available for production within a farm, data were
used to estimate the yield of excrements depending on the animal species and their age [66].
These data were obtained from a specialized statistical survey of agricultural enterprises,
which contains detailed information about 2860 farms in Ukraine keeping specific types of
animals (cattle, pigs and poultry). The age structure of farm livestock was estimated on the
basis of averaged data provided by the State Statistics Service of Ukraine and extrapolated
for the farms analyzed. Coefficients of feedstock conversion into biogas made it possible to
calculate the theoretical yield of biogas for each type of farm.

The study focused on the Ukrainian agricultural sector and took into account the
following farm types: (1) agricultural enterprises and (2) farming households, yet only those
that are either legal entities or private entrepreneurs (referred to in the text as registered
farming households), thus excluding the smallest subsistence farms.

For the purposes of this research, the farm sizes were assumed based on the farm
livestock (cattle, pigs and poultry) population. This assumption is necessary as Ukrainian
legislation does not provide precise definitions of farm sizes, yet these are needed to
understand the energy generation potentials based on their own available feedstock and
typical features in biogas generation by small, medium-sized and large farms. Thus for
cattle farms, the assumed distribution is as follows: small farms with a population up
to 100 head, medium in the range between 100 and 1000 head, and large farms of over
1000 head. Small pig farms are assumed to have up to 200 head, medium farms have
between 200 and 1000 head and large farms have over 1000 head. For poultry farms, the
small ones are assumed to keep under 5000 head, medium farms keep between 5000 and
50,000 head and large farms keep over 50,000 head.

Given the technical limitations of manure use, the study assumes that a biogas installa-
tion uses 20% (in terms of energy content) of corn silage and 80% of manure as its feedstock.
The capacity of a biogas installation that could be theoretically installed is estimated based
on the availability of feedstock (volume of manure + silage). Thus the installation’s capacity
equals the annual volume of biogas multiplied by two and divided by hours in a day
multiplied by days in a year (capacity = annual volume × 2/(24 × 365)).

As emphasized in Section 2, the practical possibilities for the utilization of biogas
potential (as is also the case for other renewable energy sources) are determined by prof-
itability. The approach to its estimation in the research is based on the concept of the
Levelized Cost of Energy (LCOE). In order to obtain the results, the following assumptions
were made:

- A biogas installation’s utilization lifetime is 25 years. Its construction and entry into
service is estimated at 1–2 years (depending on capacity) and is expected to start
generating energy in the second year of operation;
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- Estimates of the necessary investments for different capacity installations were calcu-
lated based on a simple return approach, and detailed results are shown in Table 1;

- Annual operating costs are set at 15% of the investment costs;
- The costs of construction and entry into service of small biogas installations are set at

40% of the total investment costs [67] and at 80% for large installations;
- Annual decommissioning costs are 5% of the installation costs;
- The installed capacity utilization factor (ICUF) is 34.6% for electricity generation

and 41.8% for heat production. The sale of heat produced by small installations is
rather unlikely, but it could be used for farm purposes, such as heating buildings and
greenhouses;

- Generated 1 kW × h = 0.000860 Gcal, 1 Gcal cost equals UAH 1650 or EUR 54, biogas
installation consumes 8% of the generated electricity for its own needs;

- Manure transportation cost is 2 UAH/t (0.065 EUR/t);
- Purchased or produced corn silage costs equal 25 EUR/t;

Wherever applicable, the currency exchange rate from UAH to EUR was conducted
based on the average rate of the National Bank of Ukraine for 2020, [68] at 30.79 UAH/EUR.

In order to calculate the cost of investment capital, it is assumed that the risk-free rate
of return (e.g., on deposits) is set at 9% in Ukrainian currency (UAH), the annual interest
rate on a loan is 19% in UAH, the share of equity capital is 30% (the remaining 70% is the
loan capital) and the income tax rate is set at 18%.

In order to assess the feasibility of biogas installation, the authors used a simple
payback period approach. The latter matters, as biogas technologies have relatively high
investment costs, and the commercial banks in Ukraine tend to provide only medium-
term loans.

The materials used include the openly accessible data provided by the State Statistics
Service of Ukraine [59], as well as an additional purchased database prepared by the State
Statistics Service of Ukraine for 2015, which included solely the farms registered as medium-
and large-scale agricultural enterprises, covering 59% of all cattle in the sector, 86% of pigs
and 100% of poultry.

4. Results

4.1. Assessment of the Economic Feasibility of Biogas Installations in Ukraine

In Ukraine, the group of farms studied holds 33.4% of the total livestock, 59.1% of pigs
and 57.4% of poultry (as of 1 January 2020). However, the availability of feedstock for biogas
production is diverse, as farms differ substantially according to their livestock quantity.
In particular, most farms that keep cattle fall into the categories of either 100–500 head
and up to 50 head. However, farms with the largest number of cattle hold over 1500 head
(Figure 4).

According to estimates, a 1 MW biogas installation requires ca. 6000 head of cattle.
If only cattle manure were used (i.e., without corn silage), then ca. 10,000 head of cattle
may be needed [69]. There are examples of such farms in Ukraine, such as the farm in
Bziv village (Kyivska region), which has a biogas installation with a generation capacity of
330 kW, fed by 950 cows [70]. For 75 kW installations, ca. 500 head of cattle is sufficient [69].
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Figure 4. Cattle farms in Ukraine grouped according to livestock quantity as of 1 January 2020.
Source: own compilation based on data of the State Statistics Service of Ukraine [59].

There is a similar distribution for pig farms. The most numerous are small farms (up
to 100 pigs) and medium farms (ranging between 200 and 499 pigs). However, the largest
pig population is held on large farms with over 10,000 head (Figure 5).

Figure 5. Pig farms in Ukraine grouped according to livestock quantity as of 1 January 2020. Source:
own compilation based on data of the State Statistics Service of Ukraine [59].

Concentration is even more visible on poultry farms. Most small farms have fewer
than 5000 head of poultry. However, the total number of poultry kept is significantly
dominated by large enterprises with over 500,000 head (Figure 6).
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Figure 6. Poultry farms in Ukraine grouped according to livestock quantity as of 1 January 2020.
Source: own compilation based on data of the State Statistics Service of Ukraine [59].

As already mentioned, the design of a biogas installation should take into account not
only the amount of available feedstock (which directly depends on the number of animals
on the farm) but also its composition. Based on the farm data, the share of farms within
each livestock type that would be self-sufficient in terms of provision of feedstock for their
potential biogas installations was estimated. These values are 33% for cattle farms, 30.8%
for pig farms, 6.3% for poultry farms and 29.9% for mixed farms. The required biogas
installation’s capacity is calculated for each farm type based on the amount of its own
available feedstock, maintaining a combination of 80% manure and 20% silage (Figure 7).
The visualization shows the distribution of farms that can meet this constraint and makes
it possible to see the shares of such farms from the smallest possible generation capacity.

Figure 7. Distribution of farms in Ukraine by potential biogas installation’s capacity based on
availability of own feedstock. Source: own calculations based on data of the State Statistics Service of
Ukraine [59].

The theoretical possibility of the construction of a biogas installation should be consis-
tent with its economic feasibility. This assessment was carried out on the basis of LCOE.
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Results of these calculations for different capacities of biogas installations are presented in
Table 1.

Table 1. Levelized costs of electricity and heat generation by biogas installations of various capacities
and corresponding investment return (simple payback) periods.

Parameters
Generation Capacity

25 kW 50 kW 100 kW 150 kW 350 kW 500 kW 1 MW 10 MW 20 MW

Investments, EUR/kW [69] 8400 [20] 8400 6000 [20] 5000 [71] 4500 4500 3500 1800 2000
Levelised generation costs,

EUR/kWh 0.837 0.837 0.603 0.500 0.465 0.465 0.370 0.220 0.145

Simple return period, years 16.5 16.5 11.8 9.8 8.9 8.9 6.9 3.5 2.9
Simple return period (in case
of potential feed-in tariff at

0.3 EUR/kWh), years
8.4 8.4 6.0 5 4.5 4.5 3.5 1.8 1.4

Source: own calculations.

As the results in Table 1 show, with the current renewable energy support system
from biogas installations in Ukraine in the form of feed-in tariff at 0.1239 EUR/kWh, the
construction of small-capacity installations (in our case, all types below 500 kW fall into
this category) is not feasible, because:

- The current feed-in tariff for biogas installations is too low;
- Typical bank lending is provided for a period significantly shorter (usually up to

5 years) than the foreseeable investment’s simple return period;
- Initial investment costs are relatively high.

Thus promoting the development of renewable energy generation from agricultural
biogas by small and medium installations (from 100–500 kW) would require the introduc-
tion of additional stimulating measures for such farms.

Farms whose production of feedstock does not meet the necessary capacity of biogas
installations of 100 kW and below could still be involved in the generation of renewable
energy by cooperation with other farms. However, the economic feasibility of such coop-
eratives is limited by the transport costs; thus, the distance between them would need to
be limited to ca. 20 km for liquid manure and ca. 50 km for dry manure. According to
our estimates, in compliance with the above-mentioned criteria, it is possible to utilize up
to 85.9% of feedstock from farms whose agricultural production volumes do not make it
possible to meet the feasibility criteria for their own biogas installation.

4.2. Impact of State Regulation and Support on the Economic Feasibility of Agricultural Biogas
Production in Ukraine

Currently, the main financial incentive for biogas projects in Ukraine is the feed-in
tariff (called the “green tariff”) introduced by the Law of Ukraine “On electricity” [72] and
substantiated by the Law of Ukraine “On the electricity market” [73]. The feed-in tariff is
set at 0.1239 EUR/kWh, and the state guarantees this until the end of 2029. In 2019, the
opportunity to generate electricity from biogas was introduced for cooperatives with a
capacity of up to 150 kW [74].

The downside is that the set feed-in tariff can be applied only to installations put into
operation by January 2023 [75]. This latest legislation change introduced in July 2020 means
that from 2023, all biogas installations, including small ones, will have to participate in
state auctions to receive state support and qualify for the feed-in tariff. Participation in
such auctions will be accompanied by an additional financial burden for producers, as
each bidder for the right to participate in the auction must pay 5000 EUR/MW and an
additional 15,000 EUR/MW if they win in the auction. This will limit the current financial
benefits from biogas installations and will certainly demotivate potential investors. Thus
possible investment return periods for biogas installations were assessed both according to
the current conditions as well as those set to come into force from January 2023 (Table 2).
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Table 2. Possible return periods of biogas installations according to selected generation capacity.

Parameters
Generation Capacity

25 kW 50 kW 100 kW 150 kW 350 kW 500 kW 1 MW 10 MW 20 MW

Simple return period under the current
state support conditions, years 16.5 16.5 11.8 9.8 8.9 8.9 6.9 3.5 2.9

Simple return period under the state
auction system requirements (planned to

be initiated from 2023), years
16.6 16.6 11.9 9.9 8.9 8.9 6.9 3.6 3.0

Auction costs, thousand EUR 0.5 1 2 3 7 10 20 200 400

Source: own calculations.

Participation in auctions thus extends the simple return period of projects, yet the
effect is not substantial. For large biogas installations, the fact of participation in the auction
increases the cost of the project from EUR 20,000 to 400,000. For small installations, the
increase ranges from EUR 0.5 to 10 thousand. Compared to the cost of biogas installations,
this is not a large additional burden, but the question remains about the participation in
such auctions, their clarity and level of bureaucracy. The key advantage of the auction
system is that it guarantees the provision of state support for the next 20 years, while
currently, the feed-in tariff is set to expire in 2029. However, the disadvantage is that
according to [75], the only feed-in tariff for electricity generated besides wind and solar
installations cannot exceed the above-mentioned 12 eurocents/kWh, which means that
biogas projects are unprofitable for small producers due to the lack of a flexible economic
support mechanism. It was estimated that the feed-in tariff would have to be increased to
at least 0.3 EUR/kW if the state was aiming to support the development of small biogas
projects based on livestock waste.

The legal basis for the introduction of feed-in tariff auctions in Ukraine was enacted
in 2019 [74]. The pilot auction was to be held no later than October 2019, then it was
postponed to April 2020, then to October 2021 [76] yet without success, and the new date is
not yet known. For this purpose, annual quotas of support for particular types of renewable
energy installations were to be determined. Given these implications and the need for
significant investments, these auctions are obviously designed for large-capacity biogas
installations, as the companies constructing them need to have access to large volumes
of capital.

Another stimulating tool is also a premium on installations utilizing equipment pro-
duced domestically (Table 3). This premium is added on top of the feed-in tariff and
depends on the share of domestic equipment used in the biogas project. At the same time,
this premium is limited to 10% after six years of exploitation.

Table 3. Premiums for the use of domestic equipment in renewable energy generation projects.

Benefit Level, %
Shares of Domestic Equipment Utilized within the Energy

Generation Project, %

5 between 30 and 50
10 between 50 and 70
20 over 70

Source: [75].

With the adoption of the Law of Ukraine “On the natural gas market” [77], biogas
producers were granted the right to access gas transmission and distribution systems,
gas storage facilities and LNG installations, as well as to connect to gas transmission and
distribution systems, provided that technical and safety standards are met. The physical
and technical characteristics of biogas should also meet the standards for natural gas.

In terms of electrical energy, according to the Law “On electricity market” [73], the
taker (referred to in the legislation as the Guaranteed Buyer) is obligated to purchase
electricity produced by households with installations of up to 50 kW capacity (the excess
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electricity above their monthly consumption volume), with the price set as the feed-in
tariff. Similarly, the regional service provider is obligated to purchase electricity from
producers (including energy cooperatives with a capacity of up to 150 kW) of all electricity
supplied, reduced by the amount of electricity consumed for their operational needs. It is
estimated that biogas installations typically consume ca. 5–8% of the generated electricity
to ensure their operation. According to the Bioenergy Association of Ukraine [51], if biogas
plants could sell 100% of the generated electricity to the grid, it would slightly increase
the investment attractiveness of biogas production. Estimates were thus made to assess
the simple return period of biogas installations with different capacities depending on the
selected support scenarios and conditions: (1) at current feed-in tariff rate and without
the purchase of electricity for the installation’s operational needs; (2) at the current feed-in
tariff rate and with the purchase of electricity for the installation’s operational needs; (3) at
a potential feed-in tariff rate of 0.3 EUR/kWh and with the purchase of electricity for the
installation’s operational needs (Figure 8).

Figure 8. Simple return period of different-capacity biogas installations depending on the support
scenarios. Source: own calculations.

The assessment (Figure 8) shows that a simultaneous increase in the feed-in tariff
from 0.1239 EUR/kWh to 0.3 EUR/kWh together with permission to buy electricity from
the grid for energy needs of a biogas installation allow an acceptable return period (up
to 5 years [78]) of for installations with a capacity starting at 150 kW. In order to achieve
an adequate return period for smaller biogas installations (below 150 kW), it would be
recommended to additionally compensate their investment (equipment) costs if renewable
energy from this source is to be stimulated.

Despite the adoption of amendments to the Law of Ukraine “On heat supply” [79]
providing a financial mechanism for non-natural-gas boilers (i.e., biogas in co-generation
units), this mechanism has not provided a significant impetus for the development of biogas
projects. It is advisable for agro-industrial enterprises in Ukraine to continue developing
the generation of electricity and heat with the subsequent sale of heat to neighboring
households, as the available feed-in tariff means this option of biogas utilization is most
favorable in Ukraine’s economic conditions. However, farms are usually located at a
distance from heat consumers (other farms and households), so the option of selling heat is
rather an exception. Biogas projects can be located in areas where significant agricultural
waste is produced, so the heat generated can be used in part to heat the farm itself. The key
limitation here is that demand for heat is seasonal (at best half of a year in given climatic
conditions), so it is impractical to focus solely on heat generation.

According to Ukrainian legislation [80], disposal of animal waste must be carried out
exclusively by specialist companies and can not be performed by companies producing
animal products for human consumption. Manure and animal residues belong to the second
class of waste and can either be burned or converted into organic fertilizer after mandatory
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sterilization under pressure or converted into biogas by pressure sterilization. Processing
facilities for animal waste must be separate from companies producing foodstuffs. Class
2 waste can be used to make organic fertilizers and soil improvers that can be put on the
market. Waste disposal companies are market operators. The law does not define the
minimum and maximum size of such enterprises, which means that it also applies to small
enterprises. Market operators are required to report their activities to the central veterinary
authority on a monthly basis. They dispose of animal residues at their own expense or
at the expense of state or local budgets that provide subsidies to businesses to partially
compensate for the costs associated with the disposal and removal of animal by-products.

The procedure for using state funds to finance measures related to the disposal of
animal by-products is approved by the Cabinet of Ministers of Ukraine. The State Budget
of Ukraine for 2021 does not provide for such expenditure. Market operators who dispose
of or remove by-products without pressure sterilization or without processing into biogas
under pressure after sterilization can be fined. For legal entities, the fine is 23–30 minimum
wages (in 2020, the minimum monthly wage in Ukraine equaled EUR 153); for private
entrepreneurs, it is 8–15 minimum wages. For using unsealed containers for the transport
of livestock waste by market operators, legal entities are subject to a fine of 8–12 minimum
wages, and individual entrepreneurs are subject to a fine of 5–8 minimum wages. Some-
times companies prefer to pay a fine without further measures to dispose of livestock
waste. However, large agribusinesses are subject to inspections by the Ministry of Health,
the Prosecutor’s Office, the Sanitary and Epidemiological Service and the Environmental
Inspectorate of the Ministry of Ecology and Natural Resources. In some cases, biogas
installations using Ukrainian equipment are therefore not economically feasible even to
cover the additional costs of waste disposal. For example, for a pig farm with 12,000 head,
which produces 20,000 tonnes of waste, the manure disposal costs reach ca. EUR 10,000
annually [81].

In Ukraine, there are sectoral budget support programs for agricultural producers,
with additional preferences for farms. In particular, the small farms are supported, which
may be a synergy with the feed-in tariff for renewable energy generation utilizing biogas
installations (Table 4).

Table 4. State farm-support programs of additional assistance to potential biogas producers.

Programs Maximum Support Value Specific Features

Programs available to all types of agricultural producer

I. State support for livestock development

Reimbursement of the cost of livestock
holding facilities

(1) For facilities up to UAH 500 million (EUR
16.2 million) excluding VAT—30% of the total costs;

(2) For facilities with a value of over UAH
500 million (EUR 16.2 million) excluding

VAT—30% of UAH 500 million (EUR 16.2 million);
(3) For facilities creating 500 or more workplaces,
regardless of their cost (excluding VAT)—30% of

the total costs.

Costs for livestock farms and complexes keeping
cattle, pigs, poultry; for enterprises processing
agricultural products and/or by-products of

animal origin not intended for human
consumption, belonging to II and III categories.

Reimbursement of the cost of breeding
animals purchased

Up to 50% of the purchase cost (excluding VAT),
but not more than:

- For breeding heifers, heifers, cows—UAH 31,500
(EUR 1000) per head;

- For breeding pigs and boars—UAH 10,000
(EUR 325) per head.

Reimbursement of the value of facilities
financed by bank loans

Reimbursement of 25% of the loan of up to 5 years
for legal entities and private entrepreneurs.

Reimbursed is the share of loan for construction
and/or reconstruction of livestock farms and

complexes for keeping cattle, pigs and poultry;
enterprises for processing agricultural products
and / or by-products of animal origin, belonging

to categories II and III, including
the cost of equipment.
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Table 4. Cont.

Programs Maximum Support Value Specific Features

Programs available to all types of agricultural producer

I. State support for livestock development

Partial reimbursement of costs for the
purchase of agricultural machinery of

domestic origin

Up to 40% of the costs of equipment purchased
from domestic manufacturers, the list of which is

determined by the Ministry of the Economy.

Twenty-five percent for all agricultural
producers + 15% for registered farming

households; the list includes equipment for the
generation of renewable energy.

Loan reimbursements
UAH 15 million (EUR 487,000) for

livestock producers,
UAH 5 million (EUR 487,000) for other entities.

A 1.5 discount rate of the National Bank of
Ukraine, but not higher than defined in the loan

agreements, reduced by 5 percentage points.

Programs dedicated to registered farming households

Budget subsidy to registered farming
households (except newly created) UAH 40,000 (EUR 1300). The head of the farm must be under 35 years old

at the time of application.

Budget subsidy to newly created
registered farming households UAH 60,000 (EUR 1950). Can be applied for in the first three years of the

farm’s existence.

Partial reimbursement of costs
associated with receiving services from

advisory services
90%, but not over UAH 10,000 (EUR 325).

Costs cannot be reimbursed under the “energy”
section but can be reimbursed under “animal

health” section.

Budget subsidy for keeping 5
or more cows Up to UAH 250,000 (EUR 8120). UAH 5000 (EUR 162) per head of cattle.

Reimbursement of Single Social
Payments for registered

farming households
-

Within 10 years in the range of 0.1–0.9 of the
minimum single social payment premium if the

remaining share is paid by the head or by
members of the registered farming household.

State loans under the Ukrainian State
Fund for Support of Farmers [82] UAH 500,000 (EUR 16,240). For acquisition of fixed assets and replenishment

of working capital.

Source: compiled based on [83].

However, most of these programs are aimed at supporting agricultural production
and could be treated as only supplementary support for the development of energy gen-
eration based on biogas. Moreover, the partial reimbursement of costs for the purchase
of agricultural machinery of domestic origin includes a limited list of components for the
generation of renewable energy (e.g., heat generators based on straw feedstock). At the
same time, there should be dedicated state programs that would make it possible to take
out a loan to finance biogas installations directly. It would also be advisable to extend the
list of advisory services and include issues of renewable energy generation, as the lack of
knowledge and advisory support to farms planning to engage and establish renewable
energy installations is one of the key obstacles to their development.

In addition to government support, farmers and processors could benefit from a variety
of sponsorships. In particular, the lending program through the Fund for Development
of Entrepreneurship [84] was established jointly by the German state investment and
development bank (KfW) [85], the Ukrainian government and the National Bank of Ukraine.
Within this support, it is possible to apply for a loan of up to EUR 250,000 for five years to
finance fixed assets of medium-sized enterprises (micro-crediting). Up to EUR 100,000 can
be provided to enterprises, including for energy efficiency and energy saving, as well as
job creation in depressed regions. The loan rate is calculated on the basis of the National
Bank of Ukraine’s discount rate plus 5%; the loan’s timeframe is limited to six years [86].
Under the EU4Business program, it is possible to obtain a loan of up to EUR 5 million for
up to ten years at a rate of 6–10% [87].

5. Discussion

By comparing the dynamics of energy generation based on biogas with the EU’s
experience, it can be stated that in the past three decades, Ukraine has shown relatively
slow progress. In the EU, renewable energy generation based on biogas is developing
at a much higher rate [88]. In 2018, 18,202 existing biogas plants had a total capacity of
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over 11 GW, producing 63,511 GWh of electricity [89]. In European countries, the main
feedstock for biogas installations is crop residues and energy crops (almost half of the total
feedstock) and livestock manure (ca. one-third) [11]. Germany is the European leader in
the development of biogas energy, especially in terms of using the potential of agricultural
feedstock. Thus, from 2014 to 2019, an annual average of 126 biogas installations were
added, while the highest rate was from 2009 to 2011 (Figure 9). In addition, Germany is
the European leader in the number of biomethane installations; as of 2018, the country had
195 units out of the total 540 units in the EU [90]. These installations are aimed at purifying
biomethane and transferring it to the general distribution network.

Figure 9. Biogas installations in Germany within 1992–2019. Source: own compilation based on [28].

The dynamics of average annual biogas installation capacity in Germany show a rising
trend (Figure 10). While by 2005, the average capacity of the new biogas installations was
in the range of 150–200 kW, in 2005–2013, it increased to an average of ca. 0.5 MW, and
after 2014, a tendency of large installations began, stabilizing around 2016.

Figure 10. Average annual new biogas capacity in Germany (in MW). Source: own compilation based
on [28].
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This development of biogas installations in Germany became possible not only due
to the stimulation of renewable energy generation but also through the reduction in the
attractiveness of fossil fuel. Thus, in the early 2000s, a tax on fossil fuels was imposed
at 0.47–0.67 EUR/L of petroleum products and 0.015 EUR/kWh on electricity generated
from other fossil fuels. There was a feed-in tariff of 0.0616–0.27 EUR/kWh, as well as
15–35% of additional subsidies for mini biogas installations [91]. As of 2017, the feed-in
tariff for biogas from biowaste oscillated around 0.134–0.237 EUR/kWh, the feed-in tariff
for biogas from organic fertilizers (manure) was at 0.2314 EUR/kWh for installations with
a capacity of less than 75 kW. Feed-in tariffs are ranked overall depending on the size of
biogas installation and the type of feedstock used; the energy producers are guaranteed the
level of the feed-in tariff for ten years. In order to participate in the auctions, the installation
capacity needs to be over 150 kW. If the auctions are won, state support is provided for
up to 20 years [92]. By comparing Germany and Ukraine in terms of energy generation
from biogas, it can be stated that Ukraine’s biogas market is in a similar condition and
development level to Germany’s in the early 1990s. Maintaining such favorable policies
for renewable energy generation in Germany has ensured the development not only of
large biogas investment projects but also stimulated the appearance of numerous small and
medium-sized installations, which is of considerable interest for Ukraine.

Most studies in Ukraine [34,41–43] stress the importance of biogas production develop-
ment with a later generation of bioenergy, but they fail to take into account the investment
issues depending on the size and availability of feedstock in small and medium-sized farms.
What is more important, studies [32,33,44] that go deeper into the feed-in tariff analysis
do not search for alternatives in order to propose more detailed approaches helping to
create more beneficial conditions for various types of entities that might engage in biogas
production. Thus there is a gap between theory and practice, as many researches do not
differentiate between the above-mentioned dimensions, therefore failing to analyze the
key predisposition—economic feasibility—to the full extent. The assessment presented in
Section 4 makes it possible to understand these issues and shows that economic feasibility is
missing from current state support conditions for all small and most medium-sized farms.

Obtained results go in line with the conclusions from [34] in terms of Ukrainian high
potential for biogas generation, especially by farming households. The constant rise of
natural gas prices emphasized upon in the aforementioned study support the necessity to
tackle the issues hindering economic feasibility of energy generation from biogas by small
and medium farms, as these entities would be the first to lose due to increased energy costs
in case of further exploitation of fossil fuels. Another study [44] states that “a necessity
to implement such projects is the introduction of an economically substantiated feed-in
tariff for generation of energy based on biogas”, as with the current levels of the tariff, such
feasibility is not reachable for most potential producers. These statements were proven
true by the estimations conducted in the current study, as the small and most medium
farms would not be able to return the investments in the expected timeframe based on the
existing feed-in tariff for biogas installations.

The current state program aimed at supporting biogas energy generation does not
differentiate the feed-in tariff, due to which there is a sharp polarization in investment—
only large agricultural enterprises become involved in bioenergy based on biogas, and
only 21 such installations have been established so far. Such a rate is not sufficient to
make biogas energy a relevant renewable source, despite the existing agricultural potential
defined in Sections 2 and 4.

Despite these implications, it is possible to seek solutions outside of solely the feed-in
tariff. Farms whose feedstock production volumes do not allow profitable utilization of
their biogas installations could potentially be merged into energy cooperatives based on the
economic acceptability of feedstock transport costs. It is estimated that the economically
feasible distance for the delivery of feedstock is up to 20 km for liquids and up to 50 km
for solids [33]. Based on the previous administrative-territorial division [93,94], farms with
biogas installations of up to 100 kW located in the same district as other farms could be
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united into cooperatives. While there are possible limitations, in many districts, the 20 km
range criterion would be maintained, although this aspect would need to be studied further.

Additionally, the establishment of energy cooperatives allows the construction of
energy facilities at the expense of local communities. Ukraine established its first municipal
renewable energy cooperative, “Solar City” in Slavutych (Kyivska region), in February 2020,
which is a 200-kWh-capacity solar power installation [95]. In Ukraine, the creation of energy
cooperatives may be particularly appropriate in rural areas, as they are home to over a third
of the population, while the costs and quality of energy services are not always satisfactory.
There are examples of uniting nearby communities according to the principles of an energy
cooperative when the community uses waste from the production/cultivation of basic
agricultural products as energy feedstock (for example, the Yagidnyi Krai cooperative in
the Ternopilska region) [96].

The definition of “energy cooperative” in Ukraine is established by the Law “On
alternative energy sources” [97]. Further, in accordance with the provisions of the Law of
Ukraine “On the electricity market” [73], energy cooperatives can sell their electricity either
to the Guaranteed Buyer or to private households through the regional energy service
provider. The creation of energy cooperatives is in line with a number of global trends,
including distributed energy generation, the use of renewable energy sources and the
concentration of energy production near places of direct consumption. The largest energy
cooperatives are in the United States, Germany, Denmark, Sweden, the Netherlands and
Austria [98–100]. As of 2015, there were 1000 cooperatives in Germany, which owned 47%
of the renewable energy capacity [101].

Wider use of biogas requires changes in infrastructure, such as new roads for the sup-
ply of feedstock. Long-term contracts between suppliers of feedstock and enterprises that
process it are necessary, which is especially relevant for small and medium-sized projects.
Priority grid connection could be introduced for biogas projects, with the small installations
(up to 500 kW) having these permits lifted. The construction of biogas pipelines is required
to supply biomethane to the gas transportation systems. A Ukrainian corporation (“MHP
Agro and Industrial Holding”) has experience in building such biogas pipelines at ca. EUR
1 million per kilometer [102].

In the long run, it is possible to introduce the mandatory use of biogas by farms that
produce the corresponding feedstock. This can be performed by introducing new national
building standards for the construction of new agro-industrial companies whose activities
are related to waste generation (farms, breweries) or the introduction of requirements
for mandatory measures to reduce methane and carbon dioxide emissions. Legislation
defining the need for sterilization of livestock waste under pressure should be repealed
for biogas production, and existing fines for improper management of agricultural waste
should be canceled.

Government loan guarantees would be beneficial. In order to enable the spread of
biogas projects for small and medium-sized enterprises in Ukraine, interest rates on loans
should be reduced through further cooperation of Ukrainian banks with international
financial institutions such as the Global Environment Facility, the European Bank for
Reconstruction and Development and the Clean Technology Fund.

There is poor dissemination of information and a lack of nationwide information
campaigns on the use and construction of renewable energy sources in the agro-industrial
complex. In our opinion, this barrier is no less important than financial barriers. Large
agricultural corporations (referred to in Ukraine as agriholdings) already understand the
benefits of using biogas and are launching large biogas projects. However, potential small
and medium-sized producers need detailed information that not only provides information
about the types of equipment but also about institutions providing financial support (state
and private), as well as what would be the practical steps to construct a renewable energy
installation and connect it to the energy grid or how to obtain the feed-in tariff for the
energy. Changes should be made to requirements for obtaining state support, cutting
bureaucracy and shortening the time lag between investments and actual support.
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An important difference between small and large biogas projects (not to mention wind
and solar energy) is access to development companies, which could be hired to prepare
an investment feasibility study, change the land documentation to allow the placing of
energy generation installations, obtain permits implementing the project, connect to the
grid and start construction work [103]. Such functions are not widely available or affordable
for small and medium-sized biogas projects, thus excluding them from investments in
renewable energy generation. Detailed step-by-step information is needed to enable and
speed up this process.

6. Conclusions

The study identified the economic feasibility of the development of renewable energy
based on biogas projects in Ukraine, its key obstacles and legislation implications. Medium-
sized and small farm capacities were focused upon as these types of farms in Ukraine are
less economically viable. State support measures were analyzed to understand possible
synergies between potential agricultural biogas projects and programs aimed at general or
specific agricultural activities.

The analysis has shown there are relatively high initial investment costs, especially
for small biogas installations. The smaller the installation, the higher the investment cost
per unit of capacity. Loans and a special program for the implementation of small projects
(up to 0.5 MW) are needed to aid small farms. This can be achieved in part through
international financial institutions with energy efficiency and renewable energy generation
programs, for example, by the International Finance Corporation or by the European
Bank for Reconstruction and Development. The latter launched the EU4Business program
in 2016 in cooperation with the European Commission, aimed at small- and medium-
sized enterprises. It is also necessary to expand the Ukrainian state program to support
farmers, including in terms of stimulating the purchase of certain types of machinery and
equipment [104].

The feed-in tariff or the upper limit of the auction purchase price (currently the same as
the feed-in tariff) is too low for biogas installations, which typically require high investment
costs. The low feed-in tariff does not allow payback periods of biogas investment projects
of less than seven years while, due to national currency volatility, inflation and the unstable
political situation, bank institutions in Ukraine typically consider financing projects with a
payback period of four to five years. In addition, it is advisable to differentiate feed-in tariff
coefficients for biomass and biogas depending on the feedstock used so that the feed-in
tariff coefficient or the upper limit of the auction price should be higher for biogas from
agricultural waste than for biogas from by-products from alcoholic beverage production.
In addition, the feed-in tariff or auction price should be differentiated depending on the
installed capacity—the lower the capacity, the higher the tariff.

Currently, electricity from wind and solar energy installations is cheaper than that
from biogas, while the feed-in tariffs in Ukraine for these sources of energy are higher. This
is caused by significant differences in the costs of equipment, especially in the field of solar
energy. It is likely that, with the introduction of liability for supply shortages, electricity
from biogas would no longer be significantly more expensive, as upgrading meteorological
stations to improve the quality of the forecast requires investment, and the question of who
should invest in upgrading meteorological equipment in Ukraine has not been sufficiently
considered. Moreover, wind and solar energy generation are dependent on seasonal and
weather conditions, as well as daytime slots. At the same time, energy from agricultural
biogas could be carried out either on a permanent basis or on-demand to cover gaps in the
energy supply from more intermittent sources. Thus the lower feed-in tariffs for biogas are
not well-grounded and do not take into account the importance and role of this source, yet
this is a point for future research.

In conclusion, the state policy on biogas production and energy generation from
agricultural sources is still fragmented and does not take into account the diversity of
farms and their peculiarities, including the small and medium-sized ones. Within the
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existing legal framework, even after the launch of auctions, small farms have no real
financial incentives to launch biogas projects. The current feed-in tariff is too low to provide
reasonable payback periods. The marginal auction price is also too low. Small and medium-
sized farms also need to prepare the investment projects on their own, as well as have
limited access to financing. In order to overcome these problems, a specialist state biogas
development program with government loan guarantees is needed, as well as advisory
support and services to enable small and medium-sized farms to overcome the barriers of
a lack of information. Such a complex approach could improve the conditions and make
investments in bioenergy generation based on biogas more feasible, at least for a larger
group of farms of various sizes.

Conclusions based on the studied Ukrainian experience could also serve as recommen-
dations for other countries aiming to develop renewable energy generation. Financial (state
or otherwise) support for diffusion of such innovations plays a crucial role, as its intensifi-
cation is not possible if economic feasibility is not achieved and transfer to more “green”
energy generation technologies are not incentivized, either in financial or organizational
dimension. As for the latter, the experience of renewable energy development in Ukraine
highlights the importance of institutional aspects, proving that transparency, consistency,
stability and long-term predictability of state support and regulations are as crucial for the
appropriate investment climate and transition to more environmentally-friendly energy
generation solutions.
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Abstract: Willows are one of the plants which can be used to produce biomass for energy purposes.
Biomass production is classified as a renewable energy source. Increasing the share of renewable
sources is one of the priority actions for European Union countries due to the need to reduce
greenhouse gas emissions. To achieve the best possible growth of the willow and increase its biomass
for fuel, it is crucial to provide optimal water conditions for its growth. The aim of the study was
to determine the water requirements of willows under the conditions of the western Polish climate
and to verify whether this area is potentially favourable for willow cultivation. The novelty of this
paper lies in its multi-year climatic analysis in the context of willow water needs for the area of
three voivodships: Lubusz, Lower Silesian, and West Pomeranian. This is one of the few willow
water-needs analyses for this region which considers the potential for widespread willow cultivation
and biomass production in western Poland. Reference evapotranspiration (ETo) was determined
by the Blaney-Criddle equation and then, using plant coefficients, water needs for willow were
determined. Calculations were carried out for the growing season lasting from 21 May to 31 October.
The estimated water needs during the vegetation season amounted on average to 408 mm for the
West Pomeranian Voivodeship, 405 mm for the Lubusz Voivodeship, and 402 mm for the Lower
Silesian Voivodeship. The conducted analysis of variance (ANOVA) showed that these needs do
not differ significantly between the voivodeships. Therefore, it can be concluded that the water
requirements of willows in western Poland do not differ significantly, and the whole region shows
similar water conditions for willow cultivation. Furthermore, it was found that water needs are
increasing from decade to decade, making rational water management necessary. This is particularly
important in countries with limited water resources, such as Poland. Correctly determining the water
requirements of willow and applying them to the cultivation of this plant should increase the biomass
obtained. With appropriate management, willow cultivation in Poland can provide an alternative
energy source to coal.
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1. Introduction

One of the priority strategies of the European Union is “Climate Neutral by 2050”.
This document assumes reducing greenhouse gas emissions by the Member States and
striving for climate neutrality (i.e., zero emissions). The implementation of this task focuses,
among other things, on the use of alternative sources of energy to eliminate conventional
fuels. This is particularly important in Poland, where most energy comes from burning
fossil fuels. In 2019, the share of renewable energy in gross final energy consumption in this
country was only 12.2% [1]. This is one of the lower results concerning the European Union
countries. One of the ways to improve the current situation is to replace classical energy
sources with biofuels created from biomass. Biomass can be obtained from energy crops.
The energy plants cultivated in the conditions of Polish climate include poplar (Populus L.),
Robinia acacia (Robinia pseudoacacia L.), Virginia fanpetals (Sida hermaphrodita), Jerusalem
artichoke (Helianthus tuberosus), Giant miscanthus (Miscanthus × giganteus), and willows
(Salix L.).

The willow is a plant that is easy to reproduce and overgrows. The willow com-
prises more than 300 species that occur as trees, shrubs, or dwarf shrubs. It has low soil
requirements but broadly responds to habitat conditions, especially water conditions and
organic and mineral fertilization [2]. Salix tolerates moist habitats, and its cultivation is not
complicated. It usually occupies clay soils with poor permeability and difficult ground-
water recharge [3]. Researchers highlight that the willow is a cleaner energy source than
fossil fuels and one of the most promising biomass fuels [4]. According to Heinsoo [5],
under moderate climate conditions, annual woody biomass production of Salix species
can approach 20 Mg of woody dry matter per hectare. Once planted, it provides yields
for about 25–30 years. Furthermore, it was estimated that the mean yield of dry willow
biomass achieved in Poland is approx. 8.5 Mg ha−1 y−1 d.m. [6]. It was also found that
0.5 ha of willow (Salix viminalis) cultivation can supply any farm with fuel throughout
the year [2]. In biomass production from willow for energy purposes, an important role
is played by the density of plants per area unit. Research results conducted by different
authors [7,8] indicate that the optimum plant density should be from 15,000 to 25,000 stem
cuttings per ha and depend on habitat conditions and the willow variety. Based on the
review of previous research, it was concluded that in Poland, the cultivation of new willow
clones in the SRC system (short rotation coppice) on former agricultural land should be at
a density of about 20,000 cuttings ha−1 and harvested in three-year cycles [6]. Moreover,
the willow has higher calorific values (19 MJ·kg−1) than other energy crops under the
conditions of the Polish climate (Table 1). Although this value does not match the value of
hard coal, which is 21 MJ·kg−1, the willow is nevertheless a viable alternative energy source
for heating purposes [9]. Furthermore, when assessing the calorific value, the percentage of
ash after biomass combustion is an important aspect. It has been estimated that this should
not exceed 1.5 percent. This value for the willow is around 1.10 percent and thus meets the
requirements. It should be noted that for other energy crops such as giant miscanthus or
Jerusalem artichoke, this value is exceeded up to four times (Table 1).

Table 1. Energy crop parameters [9].

Energy Crop Calorific Value [MJ·kg−1] Ash Content [%]

Energy willow 19.23 1.1
Tuberous sunflower 15.31 5.36

Miscanthus giganteus 16.28 6.89
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Willows have a high demand for nutrients, and adequate soil moisture promotes the
tree’s movement and uptake of these nutrients. One way of meeting willow requirements
is to provide nutrients by fertilising with municipal sewage after pre-treatment. This is
particularly applicable on land that does not directly include food or fodder crops [10]. It
should be mentioned that willow stands significantly reduce nitrogen and phosphorus
concentrations in wastewater. According to Börjesson [11], this value is even 75–90%.
Using wastewater to irrigate willow crops can significantly increase yield and biomass.
Furthermore, it also reduces the risk of groundwater pollution and eutrophication of surface
waters through the trees’ partial uptake of nitrogen and phosphorus. The use of willow
as a natural filter for wastewater treatment is an excellent way to clean the environment
while increasing biomass production without using additional costs associated with (e.g.,
fertilization). Another factor in preferring this type of management is the reduction of
natural water resources under climate change conditions in favour of using water from
municipal [12] or agricultural wastewater [13].

The main factor limiting the growth of energy crops, including the willow, is water
availability. This is especially true in regions with temperate climatic conditions, where
insufficient rainfall limits biomass growth even with high nitrogen fertilization [14]. In
the period of the maximum increase of plant mass (from June to August), the willow
reacts particularly to the course of weather conditions. Precipitation and moderately high
temperature in this time have a positive effect on biomass yields, while drought may cause
a decrease in yields even by 50% [15]. Plant water consumption depends mainly on the
species, the yield obtained and the meteorological conditions, and the length of the growing
season [16]. To quantify trees water use (including willow), methods such as Bowen ratio
energy balance system, Eddy covariance, and plant water flow (SF) evaluation techniques
are used. SF of willow shows diurnal and seasonal variability. Air temperature is the main
factor controlling the seasonal variation of SF. The highest water use by willow occurs in
May, June, July, August, and September [17]. The willow’s groundwater use also depends
on the soil’s depth, the plant’s root system structure, and the soil type. The willow has
a deep and well-developed root system, allowing it to use shallow groundwater, unlike
field crops usually supplied with water stored in the aeration zone [18]. The range of
optimum groundwater table under different soil conditions for willow cultivation is wide
and between 1 and 3 m. The increase in willow yields is mainly related to the enhancement
of transpiration and the correct ratio between water and air in the soil [19]. The measured
transpiration rates for willow are among the higher values compared to other cultivated
trees. This is partly due to the fact that the willow is a highly hydrophilic plant that requires
high transpiration for biomass production [20]. Despite willow’s high water use efficiency
(6.3 g dry biomass per kg transpired water), researchers note that water availability is a
critical factor shaping willow short-rotation forestry [21]. Therefore, it is crucial to carry
out research on willow water management and the possibilities of meeting its water needs.

This study aims to determine the water requirements of willow in western Poland. To
check whether the water needs of willow are fulfilled in this region, an analysis of the course
of climatic conditions and precipitation deficit values was carried out. The hypothesis that
the water needs of willow differ between the three analyzed voivodships (Lubusz, Lower
Silesian, and West Pomeranian) was considered in this study. Also, trends in changes in
water needs were determined. Estimating water needs based on current climatic conditions
is essential in appropriate crop management of this plant in this part of the country. This
is one of the few studies on the water needs of willow cultivation in western Poland. The
conducted research will be a valuable practical guideline for cultivating this plant for
farmers and growers.

2. Materials and Methods

The assessment of water needs of willow (Salix L.) was carried out for three voivod-
ships located in western Poland, namely the Lower Silesian, Lubusz, and West Pomeranian
voivodships. Calculations were based on data obtained from meteorological stations located
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in the largest cities of each province (i.e., for the Lower Silesian voivodship from Wrocław,
for the Lubusz voivodship from Zielona Góra, and the West Pomeranian voivodship from
Szczecin (Figure 1)).

Figure 1. The location of the analyzed voivodships and meteorological stations.

The analysis was carried out for the years from 1981 to 2010. The calculations were
made for the growing season lasting in the studied area from the third decade of May
(21 May) to the end of October. Based on meteorological data, the reference evapotran-
spiration (ETo) was determined. ETo is an agrometeorological parameter essential in
irrigation planning and management [22]. ETo was calculated using the Blaney-Criddle
(B-C) Formula (1) modified by Żakowicz [23] for the conditions of Poland. In this study,
equation B-C was chosen to estimate ETo due to the limited availability of meteorological
data (only monthly temperature values for the period from 1981 to 2010 are accessible).
FAO Irrigation and Drainage Paper No. 24 ‘Crop water requirements’ [24] suggests using
the Blaney-Ciddle formula when only air temperature data are available [25]. The B-C
formula is commonly used to estimate evapotranspiration with a limited number of avail-
able meteorological parameters. This is confirmed by several studies in various world
areas [26–28].

ETo = n × [p × (0.437 × t + 7.6)− 1.5] (1)

where:

ETo = reference evapotranspiration (mm);
n = number of days in the month;
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p = evaporation coefficients according to Doorenbos and Pruitt [24] for months and
latitude determined from the tables;

t = monthly mean air temperature (◦C).

Crop (potential) evapotranspiration was then estimated with equation (2). This method
is widely used in scientific research [29–32]. Moreover, this equation is also used to calculate
crop transpiration in the AquaCrop model developed by the Land and Water Division of
FAO [33].

ETp = ETo × kc (2)

where:

ETp = crop (potential) evapotranspiration (mm);
ETo = reference evapotranspiration (mm);
kc = crop coefficient defined as the quotient of evapotranspiration measured in conditions

of sufficient soil moisture and reference evapotranspiration (Figure 2) [34].

Figure 2. Crop coefficient for the Blaney-Criddle equation for willow depending on the month [34].

The final calculation stage determined the precipitation deficit using Ostromecki’s
formula (3) [35,36]. The rainfall deficit determines the difference between the sum of
evapotranspiration of plants and the sum of precipitation. Therefore, by estimating the
precipitation deficit, it is possible to determine to what extent plants’ water needs are met
by precipitation, how much water is lacking, and what amount should be supplied to crops
for adequate growth. Rainfall deficit assessments were made for the occurrence probability
of the normal years (N50%), medium dry years (N25%), and very dry years (N10%).

Np% = Ap% × ETp − Bp% × P (3)

where:

Np%= precipitation deficit at the probability occurrence p% (mm period−1);
ETp = average multi-year amount of evapotranspiration in the analyzed period (mm

period−1);
P = multi-year average amount of precipitation in the analyzed period (mm period−1);
Ap% and Bp% = numerical factors characterizing the variability of evapotranspiration and

precipitation for a given meteorological station.

The obtained results were statistically analyzed in R and Microsoft Excel environments.
They aimed to determine the tendency of changes in the water needs of willow and signifi-
cant differences in the results for individual voivodeships. ANOVA analysis of variance
was used to find significant differences in water needs between the three voivodeships,
preceded by Shapiro-Wilk tests and Bartlett’s test for equality of variance. The analysis
considered the following hypothesis:

Hypothesis 1 (H1): the water needs of willow do not differ between voivodships.

The linear correlation coefficient (r) method, widely used and proven in many studies,
was used to determine the trend of changes in water needs.

3. Results

The results of willow ETp for individual growing seasons (third decade of May to the
end of October) in the years from 1981 to 2010 were analyzed. The calculated values for
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each of the three provinces were compared to precipitation in the growing season. The
analysis for the West Pomeranian voivodship showed that only in two years, 1996 and
2007, precipitation values (P) were higher than water needs (ETp). Therefore, it can be
concluded that for this region, the course of climatic conditions in the studied period is
unfavorable concerning the water needs of willow (Figure 3). The highest ETp values
were estimated for 2006 and amounted to 442 mm. At the same time, the precipitation
reached 253 mm. The lowest rainfall values were recorded in 1982–1983 and were about
162–174 mm. However, it should be noted that this was at the same time also in the period
when the greatest differences between ETp and P occurred, amounting to 262 and 247 mm,
respectively. Large differences were observed in 1992 (221 mm) and 1994 (209 mm). The
standard deviation (SD) value for precipitation in the West Pomeranian province in 1981–
2010 was 75.1. For the same period, the SD of water needs reached 13.6. Other statistical
characteristics are presented in Table 2.

 
Figure 3. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981–2010 in the West Pomeranian voivodeship (SD of P = 75.1, SD of ETp = 13.6).

Table 2. Statistical characteristics of willow water needs (ETp) and precipitation during 1981–2010
for each province.

Specification
West Pomeranian Lubusz Lower Silesian

P ETP P ETP P ETP

Maximum [mm] 538 442 544 444 522 429
Minimum [mm] 207 385 189 377 251 378

Mean [mm] 365 408 381 405 384 402
Standard Deviation SD 75.1 13.6 93.0 17.4 85.7 12.6

The situation was slightly better in Lubusz voivodship, where precipitation was
greater than water needs in the growing seasons in the analyzed 5 out of 30 years (Figure 4).
This group includes 1981, 1985, 1993, 1996, and 1998. The highest precipitation values
occurred during the growing season in 1981 and amounted to 463 mm, while the lowest
of 150 mm was recorded a year later (1982). The standard deviation of precipitation for
the years analyzed reached 93. The difference in the driest year between P and ETp was
249 mm. However, it should be noted that this was not the highest value for the analyzed
multi-year period. The greatest difference between precipitation and water needs in the
West Pomeranian Voivodship was recorded in 1992, and it amounted to 278 mm. The
maximum value of water needs was in 2006 and amounted to 444 mm. The standard
deviation of the ETp in the analyzed years was 17.4 (Table 2).
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Figure 4. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981–2010 in the Lubusz voivodeship (SD of P = 93, SD of ETp = 17.4).

Among the analyzed regions, Lower Silesian voivodship had the highest number of
vegetation seasons in which precipitation exceeded water needs. In this case, positive
values were recorded in 6 out of 30 years, more precisely in 1981, 1986, 1995, 1997, 2001,
and 2009 (Figure 5). The year 1981 was also in this region characterized by the lowest
precipitation in the vegetation season, amounting to 179 mm. It was also the year when
the difference between precipitation and ETp was the greatest and amounted to 233 mm.
A relatively large difference (220 mm) was re-recorded in 1994. The highest precipitation
values were reached in 1997 with 522 mm. For the 30 years analyzed, the SD of precipitation
was 85.7, while for water needs, the SD was 12.6 (Table 2).

Figure 5. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981–2010 in the Lower Silesian voivodeship (SD of P = 85.7, SD of ETp = 12.6).

Analyzing the climatic conditions during 30 years (1981–2010) in the growing seasons
for the three provinces, it can be seen that in most years in all voivodships the ETp values
were higher than P. Only in a few years the situation was reversed, and interestingly for
each province, there were different years in most cases. Looking at the graphs (Figures 3–5),
one can conclude that conditions were unfavorable for willow cultivation in most years. A
potential solution to the problem of large differences between precipitation and ETp values
for Salix cultivation could be the application of an adequate irrigation rate with treated
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wastewater. Many scientific studies underline that willow is a plant for which this type
of irrigation can benefit and contribute to plant development [10]. Wastewater irrigation
could also be a favourable solution in the case of Poland due to the country’s limited water
resources.

As part of the analyses, mean values of monthly water needs were determined for
each of the studied voivodships (Lower Silesian, Lubusz, and West Pomeranian) for the
measurement periods in 1981–2010 (Figure 6). It was observed that the beginning of the
growing season (3rd decade of May) is characterized by relatively low water needs resulting
from lower temperature and limited evaporation. These values are 18 to 25 mm for the
Lower Silesian and the West Pomeranian voivodships. In the case of Lubusz Voivodeship,
the maximum value of water requirements in the third decade of May is 47 mm. Low
values of water needs are also noted at the end of the growing season (October). Moreover,
the highest water needs are observed in June, July, and August. They resulted from plant
growth enhancement and increased evaporation.

Figure 6. Water requirements (ETp) in the growing season calculated for individual voivodeships in
1981–2010.

The highest values of standard deviation (SD) characterizing the variability of water
demand also occurred in the summer months (i.e., June, July, August, and September
(Table 3)). Even though the value of the average potential evapotranspiration of willow
ETp for the three voivodeships was similar in the whole growing season and amounted
to 402–408 mm, there were differences in the value of the SD index. Among the studied
voivodeships, Lubusz had the highest monthly SD index values ranging from 3.0 to 9.3. In
the two other voivodeships, the values were similar. The highest SD value was reached in
July for Lubusz, and it was 9.3.
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Table 3. Statistical characteristics of willow water needs in the period 1981–2010 determined as
ETp [mm].

Specification
Period

3rd Dec.V VI VII VIII IX X 3rd Dec.V-X

Mean
WP 22 98 114 96 57 21 408
L 23 97 111 97 57 22 405

LS 22 97 111 94 56 22 402

Standard Deviation (SD)
WP 1.5 4.8 7.4 4.3 3.9 2.7 13.6
L 4.8 5.8 9.3 5.3 5.2 3.0 17.4

LS 1.4 5.1 6.7 4.4 4.3 2.8 12.6

Coefficient of Variation (VC [%])
WP 6.8 4.9 6.5 4.5 7.0 13.1 3.3
L 21.0 6.0 8.4 5.5 9.2 14.1 4.3

LS 6.2 5.3 6.1 4.6 7.6 12.9 3.1
Voivodeship: WP, West Pomeranian; L, Lubusz; LS, Lower Silesian.

Based on meteorological data from 1981–2010 for each analyzed voivodship, the
average water needs in the growing season (from the 3rd decade of May to the end of
October) were calculated (Figure 7). For the Lubusz Voivodship, average water needs
from 30 years were 405 mm, while the median was 407 mm. The maximum value was
444 mm, and the minimum was 377 mm. For the Lower Silesian province, the mean value
for the growing season was 3 mm lower than for the Lubusz vhoivodship and amounted to
402 mm. The minimum value of water needs of this voivodship in the growing season was
378 mm and a maximum 429 mm. In West Pomeranian voivodship, the average value of
water needs was the highest of all three studied voivodships and amounted to 408 mm.
The range of values, in this case, was from 385 mm to 442 mm.

 
Figure 7. Average water requirements of willow for the analyzed voivodeships during the growing
season (3rd decade of May to the end of October) calculated based on data from 1981 to 2010. (SD
equaled 12.7, 17.4 and 13.6 for Lower Silesian, Lubusz and West Pomeranian, respectively).

The calculated Etp values for the growing season for each year in the years 1981–2010
in the studied three voivodeships were also subjected to statistical analyses in R to check
whether there were significant differences between the provinces. First, for a data sequence
for each voivodship, the hypothesis of normality of distribution was verified using the
Shapiro-Wilk test. A significance level of α = 0.05 was assumed. The obtained results
for the probability level (p-value) were greater than 0.05. Based on this (p-value > α), it
was concluded that the assumption of normality of distribution is fulfilled (Table 4). Next,
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Bartlett’s test for equality of variance was performed. Also, a significance level was taken
as α = 0.05. A p-value of 0.1811 was obtained, greater than 0.05 (p-value > α). Therefore,
it was concluded that at a significance level of α = 0.05, there are no grounds to reject the
hypothesis stating the equality of variance of water needs in the growing season for the
three provinces. Therefore, further analyses can be carried out.

Table 4. P-value obtained after Shapiro-Wilk test.

Voivodeship p-Value

West Pomeranian (WP) 0.5853
Lubusz (L) 0.4485

Lower Silesian (LS) 0.8892

Another analysis performed in the R environment to determine whether there were
significant differences between water needs in the individual voivodships was an ANOVA
analysis of variance. It included hypothesis H0: the water needs of willow in the analysed
provinces do not differ. The significance level was taken as α = 0.05. The ANOVA analysis
resulted in a p-value of 0.33 (i.e., greater than 0.05 (p-value > α)). Therefore, it was concluded
that at a significance level of α = 0.05, there were no grounds to reject the H0 hypothesis.
Thus, the values of water requirements in 1981–2010 calculated for the growing season
for the three voivodships do not differ statistically significantly. As there was no basis for
rejecting the H0 hypothesis, no further multiple tests were conducted to test the significance
of the differences. Post-hoc tests were not performed since, based on ANOVA analysis, they
would not show differences between water needs in the analyzed provinces. Therefore, it
can be concluded that the whole area of western Poland is characterized by similar water
needs in the case of willow.

Analyzing the obtained values of water needs in the studied period compared to
precipitation for Lubusz, West Pomeranian, and Lower Silesian voivodships, it can be
noticed that water requirements in western Poland are not fulfilled. The precipitation
values were lower than the needs in all three voivodships (Figure 8). The most remarkable
difference is visible in West Pomeranian voivodship, where the average amount of rainfall
in the growing season is 365 mm, and the calculated water needs are 408 mm. In Lubusz
and Lower Silesian voivodeships, this difference was lower and ranged from 18–24 mm,
almost half as much as in West Pomeranian voivodeships. The standard deviation values
for the data are shown in Table 2.

Figure 8. Water needs of willow and average precipitation during the growing season for individual
provinces in 1981–2010.
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The estimated water requirements of willow in individual decades (1981–1990, 1991–2000,
and 2001–2010) of the 1981–2010 period showed an increasing trend (Figure 9). In Lubusz
province in 1981–1990, the water needs were 394 mm and in 2001–2010 as much as 416 mm.
Thus, the needs in this province increased by 22 mm. It was the highest increase in
comparison to all three analyzed voivodeships. In Lower Silesian, this increase was 16 mm,
and in West Pomeranian 14 mm. In the first analyzed decade of 1981–1990, the highest
water requirements for willow were in the West Pomeranian voivodship. They amounted
to 403 mm, while the lowest (394 mm) were in the Lubusz voivodship. On the other hand,
the Lower Silesian province’s lowest value in 2001–2010 of 411 mm. Analysing standard
deviation (SD), the highest values in all three regions were recorded for data from the
decade 1991–2000. The greatest SD was for Lubusz province and reached 20.53. The lowest
SD was estimated for data from 2001 to 2010 in Lower Silesian and earned 8.51 (Table 5).

Figure 9. Average water needs of willow in each decade (10-year periods) from 1981 to 2010 for the
analyzed voivodeships.

Table 5. Values of standard deviation (SD) for decadal data for each voivodship.

Voivodeship
Decade

1981–1990 1991–2000 2001–2010

West Pomeranian 11.96 14.93 11.26
Lubusz 12.87 20.53 11.95

Lower Silesian 11.29 13.30 8.51

4. Discussion

The impact of water resources on crops is particularly important in Poland, as Polish
water resources are relatively small compared to other European countries. The average to-
tal precipitation is about 630 mm (i.e., 196 km3 per year) [37]. Additionally, water resources
in Poland are characterized by high spatial and temporal variability. The recommended
way of rational management of limited water resources is retention. It consists in storing
water when there is an excess and giving it back to users and the environment in times
of shortage. Climate change scenarios indicate that we will increasingly be dealing with
extreme weather events that will cause droughts or floods, and therefore appropriate water
management is extremely important.

The assessment of climatic water balance for western Poland in the six-month growing
season (April-September) indicates the occurrence of large negative differences between
precipitation and evapotranspiration values. The increasing likelihood of heatwaves in
summer may result in short- or long-lasting droughts that significantly impact crops [38].
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Also, in this study on willow, large differences between precipitation values and potential
evapotranspiration are noticeable (Figures 3–5). It is predicted that the values of the P-E
index will change unfavorably in the future, leading to more frequent and more severe
summer water stress. Therefore, western and central Poland areas require the necessary
protection of agriculture against the negative effects of water shortage during the growing
season [39]. Moreover, studies conducted in this paper indicate that plants’ water needs
will also increase. The determined time trend of the variability of water needs and the linear
correlation coefficient (r) showed that in all of the three studied voivodeships, there was a
significant tendency for the water needs of willow to increase during the growing season
(Table 6). Significant differences were also observed in the summer months (June, July)
for Lubusz province. In the Lower Silesian voivodeship, significant differences were also
observed in August besides these two months. However, at the same time, no differences
were noticed in West Pomeranian.

Table 6. Water needs (mm) of willow in the years between 1981 and 2010 in the provinces of
western Poland.

Periods
Provinces

West Pomeranian Lubusz Lower Silesian

Linear correlation coefficient (r)
3rd Decade of May 0.01 ns 0.020 ns 0.118 ns

June 0.255 ns 0.460 ** 0.450 **
July 0.282 ns 0.425 ** 0.382 **

August 0.176 ns 0.240 ns 0.334 *
September 0.153 ns 0.104 ns 0.099 ns

October 0.128 ns 0.123 ns 0.089 ns
May 21–October 31 0.316 * 0.469 *** 0.461 **

The tendency of water needs [mm·decade−1]

May 21–October 31 5.0 9.4 6.7
***—significant at p = 0.01; **—significant at p = 0.05; *— significant at p = 0.1; n.s.—not significant (r = 0.46398,
r = 0.362 and r = 0.30692 for p = 0.01, p = 0.05, and p = 0.1, respectively (i.e., for probability 99%, 95%, and 90%
accordingly)).

Analyzing the trend of changes in water needs in the thirty years 1981–2010, it can
be observed that for the whole growing season in Lubusz, West Pomeranian, and Lower
Silesian voivodeships, the trend is positive (Table 4). The highest is in Lubusz, and it
is 9.4 mm-decade−1. The values are similar in the following two provinces, and they
are 6.7 mm·decade−1 for Lower Silesian and 5.0 mm·decade−1 for West Pomeranian.
Analyzing monthly data, the highest increasing tendency of water needs of willow was
4.6 mm·decade−1 in July. On the other hand, slight negative tendencies for all voivodeships
were observed in October (Figure 10).

Poland’s western and central areas require necessary protection of agriculture against
the adverse effects of water shortage during the growing season. The water deficit is
evident on light soils with low water retention capacity. Security of crop production against
drought is ensured by irrigation. Therefore, irrigation becomes an indispensable element
of cultivation in large parts of the country, especially where the climatic water balance
is negative (e.g., Wielkopolska, Kujawy), and the soils are characterized by low water
retention [39]. The problem of water scarcity is also analyzed in this publication in the
context of willow plantations. The precipitation deficits for three voivodeships in the
growing season determined by Ostromęcki’s method [35] are presented in Figure 11. The
results of the calculations were shown for three categories of years: very dry years (once
per ten years, N10%), medium dry (once per four years, N25%), and normal years (once per
two years, N50%). The highest rainfall deficits occurred in the West Pomeranian Province
in the very dry year and amounted to 286 mm. Among the three analyzed voivodships,
in West Pomeranian voivodship, the deficits were also the highest in average dry years
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(222 mm) and normal years (132 mm). Moreover, the lowest precipitation deficits in the
studied period were recorded in Lower Silesian Province. They amounted to 263 mm for
very dry years, 193 mm for medium dry years, and 99 mm for normal years.

Figure 10. The trend of water needs of willow in each month for the analyzed voivodships.

Figure 11. Rainfall deficit for willow cultivation in the analyzed provinces in 1981–2010.

The results confirm a problem of precipitation shortage in western Poland. In com-
bination with its low water resources, it creates a particular threat to agriculture and the
production of productive crops. Researchers emphasize that the decision on the location of
energy crops with a high share in the catchment should take into account the water needs
of energy crops, as their cultivation can significantly affect water balance parameters [40].
The analyses carried out on water need help to determine the potential of a region for
willow cultivation. Published scientific articles note the potential of relatively large areas of
marginal land and fallow grounds in Poland as suitable sites for willow growth. It should
be noted that fallow grounds constitute as much as 10% of shares of arable lands [41].
Research carried out by scientists shows that in the management of fallow and uncultivated
land in Poland for willow weed cultivation, the amount of energy obtained would be
3083 TJ. Moreover, it was shown that one of the voivodeships with the largest potential
energy resource is the Lower Silesian voivodeship analyzed in this paper (with a volume
of 386 TJ) [42]. Subsequent estimations carried out assuming willow cultivation on the
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total fallow area in Poland in 2014 showed that the energy value of willow wood dry
mass would be 138,285,528 GJ·yr−1. Moreover, the dry wood mass for the whole country
would be 7,128,120 t·yr−1. The ecological effects of obtaining energy willow biomass for
heating purposes were also estimated in these analyses. It was found that as a result of
this practice, nitrogen oxide emissions could potentially be reduced in Poland by 26,274
tons per year, carbon dioxide emissions by 13,828,553 tons and sulphur dioxide emissions
by about 103,714 tons per year [43]. Therefore, it can be concluded that growing willow
on fallow land and harvesting it for use would be a potentially positive measure in the
face of climate change and the need to reduce greenhouse gases. Moreover, it would allow
meeting the objectives of the European Union policy on greenhouse gas reduction.

Moreover, studies conducted in Poland on willow cultivation in a short rotation woody
crops (SRWC) system (of three- to four-year rotation) and Eko-Salix systems (five-year
rotation) have shown that the energy gain obtained is even 20 times higher than the inputs
needed to run the plantation and harvest the willow biomass [44]. Therefore, this shows that
willow cultivation benefits the climate, environment, and economic context. All of these
studies support Poland’s high potential for this type of cultivation. As Jadczyszyn et al. [45]
estimated, the potential area of willow cultivation for energy purposes in Poland amounts
to 9541 km2 or 4.6% of agricultural land. However, this analysis did not cover soils with
the highest production potential belonging to the wheat and very good rye complexes and
the weakest, too dry soils of the very weak rye complex. It also excluded mountain areas,
protected areas and areas with annual precipitation <550 mm. For the West Pomeranian
voivodship, the estimated potential area for willow cultivation amounted to 1094 km2 (6.5%
of agricultural land), for the Lubusz voivodship 534 km2 (6.5% of agricultural land) and
the Lower Silesian voivodship 883 km2 (6.8% of agricultural land) [45]. Thus, it can be
concluded that these provinces not only do not differ concerning the water needs of willow
(as shown in this paper) but also the potential area under willow cultivation is similar for
the percentage of agricultural land in the given voivodship (it is about 6.5–6.8% of the
agricultural land of the voivodship). The research carried out in this study has shown that
in the area of the three voivodships of western Poland, there are no significant differences
in the water needs of willow estimated for the growing season between 1981 and 2010. Lack
of significant differences in the obtained ETp values results most probably from the course
of air temperatures in the analyzed period in the voivodships. The used Blaney-Criddle
formula is based on air temperature, and hence the data strongly affect the obtained results.
However, it should be noted that the use of the B-C formula in this study captured an
extremely important trend, namely the increase of water needs of willow. This is due to the
fact that the predicted climatic changes under Polish conditions include an increase in air
temperature, which affects the growth of plants’ water needs.

The water requirements of willow estimated in the paper showed the current unfa-
vorable state of conditions for the cultivation of this plant in western Poland. To obtain
the largest possible biomass for energy purposes, providing the willow plant with optimal
water conditions is crucial. World research papers have increasingly focused on water
management in crops and estimated the necessary amount of water required for adequate
irrigation. It is also essential to carry out studies considering the impact of climate change
on plants’ water needs [46]. Increasingly, research work is being conducted to model crop
water requirements and the necessary amount of irrigation water under different climate
change scenarios [30,47]. Previous analyses show that climate change has an impact on
irrigation water requirements. Furthermore, irrigation demand will increase for many
crops due to climate change [48].

Worldwide research indicates the need for precise estimation of plant water require-
ments. When making such calculations, it is crucial to use appropriate kc coefficients.
Measurements conducted for Peach-leaf willow (Salix amygdaloides) in the Platte River
basin in central Nebraska, USA, contributed to the development of crop evapotranspiration
coefficient (KcET) curves for this cultivar [49]. However, it should be remembered that
the water needs of willow depend on climatic conditions. In a study conducted on Salix
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gooddingii grown in restoration plots in three irrigation districts on the Lower Colorado
River, reference crop evapotranspiration (ETo) values ranged from 1890 to 1969 mm·yr−1.
For the same sites, irrigation requirement was estimated from 1817 to 1962 mm·yr−1 [50].
Evapotranspiration (ET) values were also evaluated for wetlands and the willow variety
Salix miyabeana. From May to October, the average evapotranspiration rate in eastern
Canada was 22.7 mm·day−1 [51]. Therefore, it can be concluded that the estimation of ETp
for willow in this study is fundamental in the context of its proper cultivation, and these
analyses fit into the trend of global research. Moreover, this study fills a gap in science
concerning the determination of the water needs of this plant for the conditions of western
Poland. This is one of the few studies on this subject for this region.

Scientists emphasize that the willow is not a demanding plant in cultivation conditions.
Furthermore, it has been noted that willow also shows salt tolerance, which has been
defined as sensitive to moderately tolerant [52]. Moreover, it has been demonstrated that
irrigation of willow with stormwater up to 1625 mg Cl had no short-term effect on biomass
accumulation and evapotranspiration [53]. All of these measurements indicate that willow
has a high tolerance to different growing conditions. However, it should be remembered
that it is a plant that needs an adequate amount of water for optimal growth. Soil water
availability is one of the determinants of willow growth in montane riparian communities
in the USA [54]. High available water content (AWC) values were also the most critical
determinant of willow yield in the Danish area. AWC had a much greater effect on yield
than precipitation, radiation sum, and region [55]. The Swedish researchers found that
water is critical for the excellent profitability of willow short-rotation forestry [56]. In
addition, studies have shown that the Carolina Willow (Salix caroliniana) seeds in saturated
soils kept moist by capillarity had the highest germination capacity [57]. The research also
included estimating factors affecting aboveground biomass allocation and water storage
ratio in alpine willow shrubs. It was observed that relative water storage allocation was
significantly affected by species types [58].

The analyses carried out in this paper have shown that water needs of willow in
Poland have an increasing tendency year by year. Due to the ongoing climatic changes,
the occurrence of drought periods, and thus precipitation deficits, it will be more and
more challenging to fulfill them. It may not be possible to supply the appropriate amount
of rainwater necessary for irrigation during drought periods. However, it should be
remembered that willow is a plant that can also be successfully irrigated with wastewater.
Worldwide research shows that using willow for energy production is an opportunity to
reduce greenhouse gas emissions. It has been found that the biomass of this plant can be a
carbon negative or low-carbon energy source with high emissions and energy return on
investment. This applies to regions with similar conditions for the plant’s growth, transport
distances, and infrastructure [59]. Therefore, it is crucial to continue research into willow
cultivation to optimize its cultivation and widespread use. Research should include field
experiments on different willow cultivation practices and varying water availability. In view
of climate change and the need for crop adaptation, all kinds of experiments simulating
stress conditions such as drought are desirable. Increasing research and knowledge is
extremely important, especially in countries such as Poland, which soon must change their
energy policy and drastically reduce coal burning in favour of other alternative energy
sources, including biomass.

5. Conclusions

The calculations and analyses carried out in this paper determined the water needs
of willow and evaluated the current conditions of its cultivation in three voivodships of
western Poland: West Pomeranian, Lubusz, and Lower Silesian. The main conclusions of
the study are as follows:

1. Estimated water needs for the years between 1981 and 2010 in the growing season
(from 3rd decade of May to the end of October) amount on average to 408 mm for West
Pomeranian Voivodeship, 405 mm for Lubusz Voivodeship, and 402 mm for Lower
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Silesian Voivodeship. The highest values of water needs can be found in June, July,
and August, while the lowest can be found in the third decade of May and October.

2. The analysis of variance (ANOVA) of the willow water needs values for the growing
season from 1981 to 2010 did not show significant differences between the voivode-
ships (p-value = 0.33 > 0.05). The hypothesis H0 stating that the water needs of willow
in the analyzed provinces do not differ was not rejected. Therefore, it can be concluded
that the whole region shows similar conditions for willow cultivation.

3. Precipitation in the studied area of all three voivodeships was lower than the calcu-
lated ETp values in most years. However, in only a few years, precipitation fulfilled
the water requirements of willow. Concerning this aspect, the best conditions pre-
vailed in the Lower Silesian voivodship, where rainfall was higher than ETp in 6 years
out of the analyzed 30 years.

4. Water needs of willows in the analyzed thirty-year period from 1981 to 2010 generally
show an increasing trend. This trend forces growers to manage water appropriately,
particularly important given Poland’s limited water resources.

5. The highest rainfall deficits are found in the West Pomeranian voivodship and range
from 132 to 288 mm, depending on the year, while the lowest values are found in the
Lower Silesian. The problem of precipitation shortage is currently one of the major
challenges for agriculture in Poland.

The analyses carried out show that similar conditions for willow cultivation character-
ize West Poland, and its water needs mainly were not fulfilled by precipitation in the period
from 1981 to 2010. Based on previous worldwide studies, one should consider trying to
apply adequate irrigation with water or irrigation with treated wastewater, which would
provide an appropriate amount of water to this plant. At the same time, this measure
could contribute to obtaining an adequate or even higher yield. The use of wastewater
in Poland for this purpose would also be potentially beneficial due to the relatively small
water resources. However, more research should be conducted in Poland to verify this
hypothesis. Nevertheless, without estimating the water requirements, it is not possible to
use adequate irrigation and carry out further experiments correctly. Therefore, this study
provides guidance and encouragement for further research and valuable practical advice
for farmers and growers.

Currently, scientists emphasize that due to Poland’s limited water resources, the
selection of a suitable energy crops should be based on the water needs of the plants [40],
which were estimated in this paper for the willow. This research project is one of the few
attempts to estimate willow ETp for the climate of western Poland. With the accurate
estimation of the water needs of the willow, it will be possible to optimize the cultivation of
this plant and thus increase the biomass obtained. With increased biomass, this plant could
potentially be a source of renewable energy for Poland, thus speeding up the country’s
transition away from coal mining. Such an action fits into the climate neutrality policy
of the European Union, which is currently one of the priorities to be implemented by
member states.
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18. Kanecka-Geszke, E. Zużycie wody i plonowanie wierzby wiciowej (Salix viminalis L.) na glebach mineralnych o gospodarce
opadowo-retencyjnej. Maszynopis. Praca doktorska 2015, 162.

19. Rydłowski, M. Wpływ poziomu wody gruntowej oraz warunków roku badań nawielkość ewapotransoiracji wierzby wiciowej
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40. Pierzgalski, E.; Mańk, K. Energy crops in aspect of water resources in Poland. In Agro-Energy for Sustainable Agriculture and Rural
Development: Good Practices from Slovakia-Serbia Bilateral Cooperation; Singidunum University, Faculty of Applied Ecology Futura:
Belgrade, Serbia, 2016.

41. Jasiulewicz, M. Biomass from willow plantation as a source of renewable energy and reduction of smog emissions. Studia Obsz.
Wiej. 2020, 57, 145–153. [CrossRef]
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Dumitru Peni 1,*, Marcin Dębowski 2 and Mariusz Jerzy Stolarski 1

1 Department of Genetics, Plant Breeding and Bioresource Engineering, Faculty of Agriculture and Forestry,
University of Warmia and Mazury in Olsztyn, Plac Łódzki 3, 10-724 Olsztyn, Poland; mariusz.stolarski@uwm.edu.pl

2 Department of Environmental Engineering, Faculty of Geoengineering, University of Warmia and Mazury in
Olsztyn, Warszawska 117, 10-719 Olsztyn, Poland; marcin.debowski@uwm.edu.pl

* Correspondence: dumitru.peni@uwm.edu.pl

Abstract: Biogas production is one of the solutions for replacing fossil fuels, which promotes
the widespread use of green energy. The aim of this study was to determine the potential of
Silphium perfoliatum as an energy crop for biogas production, as well as the effect of different
fertilization doses (0, 85 and 170 kg N ha−1) on the production potential (NL CH4 kg−1 VS) of
Silphium perfoliatum. The study investigated the use of different feedstocks, such as raw and ensiled
Silphium perfoliatum biomass. The methane production ranged between 193.59 and 243.61 NL CH4 kg−1 VS.
The highest biogas production potential was achieved with the biomasses which were cultivated with
the highest fertilization dose (170 kg N ha−1), both for raw and ensiled crop biomasses, although
the difference from the other fertilization doses was not significant. The feedstock (biomass and
silage) and digestate parameters were investigated as well. The use of Silphium perfoliatum for biogas
production seems very promising since its methane production potential was found to be similar to
that of the most common energy crop, such as maize, indicating that Silphium perfoliatum can compete
in the future with maize.

Keywords: anaerobic digestion; fertilization; Silphium perfoliatum; biogas; biomass characteristics; digestate

1. Introduction

In the last few decades of the 20th century, fossil fuels were the most important source
of energy used worldwide, having a huge impact on the technological and economic de-
velopment of many countries [1]. However, their widespread use has had detrimental
consequences for the environment by increasing the level of CO2 released into the atmo-
sphere, which highly contributes to global warming and climate change [2,3]. Now, fossil
fuels are continuing to be used widely in energy production. But facing the depletion of fos-
sil fuels and their constantly rising prices, new and considerably less polluting renewable
energy sources are needed [4]. Although European countries have set out to reach a certain
percentage/target of renewable energy share to reach by 2020 [5], some of them, including
Poland, have not been able to achieve the proposed target. Therefore, it is very important
to investigate and implement the use of renewable energy sources on a large scale.

Anaerobic digestion is a biological process that converts biomass into energy/methane [6].
Digestate is the main anaerobic digestion byproduct from which methane has been obtained
that can be used as a substitute for mineral fertilizers [7,8]. Nowadays, this process is used to
convert biomass to obtain methane as a source of green renewable energy. The production
and use of biogas contribute in many aspects to economic, environmental, and social
factors [9–11]. Biogas can be obtained from a manifold of substrates. All that is needed is a
biomass that contains carbon, carbohydrates, proteins, fats, cellulose and hemicellulose.
Currently, biogas is produced from various types of biomass, such as residues from fruits
and vegetables, slurry, maize, silage, manure, agricultural and industrial wastes, municipal
organic wastes, sewages and sludges [12]. Poland is one of the most important biomass
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exporters in Europe [13,14] and at the national level, the biomass represents the highest
raw material (79%) to obtain energy from renewable energy sources (RES) [15] and could
influence the EU market towards bio-based economy [16]. At the end of 2019, there were
103 biogas agricultural plants in Poland [17], while for example, Germany has more than
9000 [6]. The most popular agricultural feedstocks for biogas production in Poland in the
last year were distillery stillage (20.6%), residues from fruits and vegetables (19.4%), slurry
(18.5%). Maize silage (10.6%) is widely used as well [17]. Mono–digestion of, for example,
manure releases low methane yields, and hence co-digestion with energy crops is more
preferable [18], and mixing substrates can also have positive effects [19].

Some recent studies [20,21] describe a possible and promising use of Silphium perfoliatum
for biogas production after an anaerobic digestion process [22]. In this context, it is highly
possible that the use of Silphium perfoliatum for co-digestion could improve and contribute to
the higher yield of methane. Silphium perfoliatum belongs to the sunflower family Asteraceae.
It is used and investigated for its properties as feed [23–27], as well as for its content
of active compounds which are used for pharmaceutical and cosmetic purposes [28–30].
Silphium perfoliatum is a species that in the future may provide a source of renewable en-
ergy [10,20]. Silphium perfoliatum plantations can be exploited for a period of over 20 years
with one or two harvests during the growing/vegetation season. It contributes to the
improvement of the soil quality due to the reduced agricultural operations, as well as
being beneficial to biodiversity [31–33]. It is less competitive with food and feed, compared
with the most common agricultural crop used for biogas production, i.e., maize [33,34].
Its productivity of biogas is currently investigated [31–33] as the plant is considered a
promising energy crop that could replace maize [35] in regions where lands are highly
affected by intensive agriculture, as well as on marginal soils that are not suitable for the
cultivation of other agricultural crops [36]. Another product following the production of
biogas is digestate, which—depending on its characteristics and origin—can be used as a
bio-fertilizer or for the production of solid biofuel [37,38].

Therefore, the novel perennial energy crop Silphium perfoliatum, which is more often
proposed as an alternative crop for biogas production, has been investigated in the present
study to gain new knowledge regarding its suitability as a biogas substrate in order to
expand its use to a much wider scale. Particular attention was paid to its use as raw material
or as silage, as well as the influence of fertilization on biogas and methane production.
Withal, the digestate after the end of biogas fermentation was investigated to allow for a
more comprehensive evaluation of its properties. The aim of this research was to investigate
the potential of biogas production from Silphium perfoliatum as raw biomass, and silage as a
feedstock for agricultural biogas plants depending on the form (organic and mineral) and
doses of fertilization applied, as well as the characteristics of the digestate.

2. Materials and Methods

2.1. Organization of Experimental Works

The research was composed of two different experimental stages focused on the type
of feedstock: raw biomass Silphium perfoliatum (stage 1) and silage of Silphium perfoliatum
(stage 2), and three experimental series, analyzing the form of fertilization (organic, mineral
and control without fertilizer). In each series, there were three variants, i.e., doses of
fertilization (0, 85 and 170 kg ha−1 N) used every year after the onset of vegetative growth.
The research design is presented in Table 1.

2.2. Feedstock Origin

The substrate used in the present study was raw and ensiled Silphium perfoliatum. The
biomass collected was green forage from whole plants. The field experiment was conducted
on land owned by the Research Station of the University of Warmia and Mazury in Olsztyn
(UWM) in the village of Łężany (Poland). Plants of Silphium perfoliatum were harvested at
the maturity stage in the third and fourth years of growth. They were cut with a rotary
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mower in the first ten days of September 2019 and 2020. Chopping was performed with a
device for cutting and grinding (Viking Ge220).

Table 1. The research design.

Stage 1

Raw biomass Silphium perfoliatum Control

Series

Organic fertilizer Mineral fertilizer Without fertilization

Variant Variant Variant

85 170 85 170 0

Symbol

RO85(A) RO170(B) RM85(C) RM170(D) RC0(E)

Stage 2

Silage Silphium perfoliatum Control

Series

Organic fertilizer Mineral fertilizer Without fertilization

Variant Variant Variant

85 170 85 170 0

Symbol

SO85(A) SO170(B) SM85(C) SM170(D) SC0(E)

(A) RO85—raw biomass with organic fertilizer 85 kg ha−1 N; (B) RO170—raw biomass with organic fertilizer
170 kg ha−1 N; (C) RM85—raw biomass with mineral fertilizer 85 kg ha−1 N; (D) RM170—raw biomass with min-
eral fertilizer 170 kg ha−1 N; (E) RC0—raw biomass without fertilization; (A) SO85—silage with organic fertilizer
85 kg ha−1 N; (B) SO170—silage with organic fertilizer 170 kg ha−1 N; (C) SM85—silage with mineral fertilizer
85 kg ha−1 N; (D) SM170—silage with mineral fertilizer 170 kg ha−1 N; (E) SC0—silage without fertilization.

Anaerobic sludge, which served as the inoculum for the fermentation process in
bioreactors, came from a closed bioreactor with a capacity of 7300 m3 operated at 36 ◦C.
The characteristics of anaerobic sludge are provided in Table 2.

Table 2. Characteristics of anaerobic sludge used as the inoculum for the fermentation process
in bioreactors.

Item Inoculum

DM 7.1 ± 0.3
ODM 70.6 ± 2.9
Ash 29.4 ± 2.9

Carbon 40.4 ± 1.3
Nitrogen 3.9 ± 0.1
C/N ratio 10.2 ± 0.1

DM—dry mass (% d.m.); ODM—organic dry mass (% d.m.); Ash (% d.m.); Carbon (% d.m.); Nitrogen (% d.m.);
C/N—carbon to nitrogen ratio.

2.3. Silage Preparation

Silage investigated in the present study was preserved by ensiling Silphium perfoliatum
in 1000 mL plastic silos on the day of harvesting, immediately after chopping. Ensiling
began by filling in every silo manually by compaction. All silos were filled completely and
subsequently sealed, obtaining an average density of 867 kg m−3. The silos were stored
at a temperature of 10–15 ◦C, for a period of 7 months before starting the measurements.
Moreover, fresh silage samples were dried at 105 ◦C for 24 h and then crushed in a fiber
mill (Retsch SM 200, Retsch GmbH, Haan, Germany) to a particle size of 1 mm for chemical
analyzes. Silage was prepared in triplicate, without silage additives or preservatives.
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2.4. Anaerobic Digestion Test

The biogas generation from raw material and silage was carried out for 25 days under
mesophilic conditions (37 ◦C) in Automatic Methane Potential Test System II (AMPTS II)
reactors coupled with a system recording changes in partial pressure. The amount of
methane produced in AMPTS II was measured every three hours throughout the process.
Tests were performed on a laboratory scale in 500 cm3 reactors (glass vessels) filled with
approximately 190 g of the inoculum and then assumed amounts of substrate were added
(depending on the content of organic matter). Moreover, 200 g of inoculum substrate-free
was used as a negative control sample. In the technological repetitions, the initial load
varied between 4.5 and 5.5 g VS/L, respectively. Was recalculated amounts of substrate.
Anaerobic conditions were achieved by removing oxygen from the reactors (the feedstock
and gas phase of the reactors), which was purged with compressed nitrogen. Reactors were
equipped with automated stirrers (mixing the content at 100 rpm for 30 s every 10 min), a
stabilizing system, and temperature control. The pressure (biomethane production) report
was automatically recorded daily, in already normalized data (1.0 standard atmospheric
pressure, 0 ◦C and zero moisture content), using the bioprocess control software. The
composition of biogas was measured at the end of the process using a 10 mL injection
volume syringe probing into the gas chromatograph connected to a thermal conductivity
detector (TCD) (GC Agilent 7890 A–Agilent Technologies, Santa Clara, CA, USA). Helium
(He) and argon (Ar) were used as the carrier gases at a flow of 15 mL/min. The temper-
atures of the injection and detector ports were 150 ◦C and 250 ◦C, respectively. Methane
yields were calculated as the methane volume produced over a period of 25 days. The
perfect gas equation was the basis for computing the volume of produced methane. The
endogenous production of the anaerobic sludge was excluded from the calculations of
methane production of the tests.

2.5. Analytical Methods

At the beginning of the trials, substrates (raw and silage), inoculum and digestate were
analyzed for dry matter content, organic dry matter content, ash content, carbon content
and total nitrogen. For the substrates, inoculum and digestate samples, moisture, dry matter
content and organic dry matter were determined with the gravimetric method by drying in
an oven at 105 ◦C for 24 h (EN ISO 18134–1:2015 using the FD series laboratory dryer (FD
BINDER series, Tuttlingen, Germany)). Ash content was determined using an automatic
ELTRA TGA–THERMOSTEP analyzer (ELTRA GmbH, Neuss, Germany) according to the
PN–EN ISO 18122:2016–01. The carbon content was determined using an automatic ELTRA
CHS–500 analyzer (ELTRA GmbH, Neuss, Germany) PN–EN ISO 16948:2015–07. The total
nitrogen was determined by the Kjeldahl method with the use of a K–435 mineralizer and
B–324 BUCHI distiller (Büchi Labortechnik AG, Flawil, Switzerland).

2.6. Statistical Analysis

All experimental variants were conducted in triplicate. Statistical analysis of the
results was supported by a Statistical 13.3 PL package. Thus, the reaction rate constants (k)
based on experimental data were determined by non-linear regression. The rate of biogas
production (r) could be determined for each experimental variant. The iterative method
was applied, in which the function is replaced in each iterative step with a linear differential
in relation to the determined parameters. The coefficient of convergence ϕ2 was adopted
as the measure of the curve’s fit (with determined parameters) to experimental data. This
coefficient is the ratio of the sum square of deviations of experimental values to the sum
square of deviations of experimental values from the mean value. A three-way analysis of
variance (ANOVA) was carried out to determine the significance of differences between
the variables. To determine the significance of differences between the analyzed variables,
Tukey’s HSD test was used. In all tests, differences were considered significant at p < 0.05.
The Pearson correlation coefficient between the analyzed trials was also determined.
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3. Results and Discussion

3.1. Biomass Characteristics

The characteristics of the Silphium perfoliatum (raw biomass and silage) used in the
study are presented in Table 3. The DM had values between 22.5–25.3% for raw material
and 20.6–21.8% for silage. In the studied biomass, the ODM had values between 90.3–92.0%
for raw material and 89.5–91.9% for silage. The analysis showed that the substrate type
(raw biomass and silage) influenced the ODM, ash content, C, N content and the C/N
ratio (Table 4). In turn, the fertilization type significantly influenced ODM, ash content,
dry matter content, N content and C/N ratio. On the other hand, the fertilization dose
had a significant effect only on the N content and C/N ratio. By analyzing the influence of
the interaction of the main factors, it was found that only the fertilization type × N dose
had an effect on DM content. A positive correlation between DM and methane and biogas
production was also observed (Table 5). Previous studies on other perennial crops as well
show that the N fertilization dose influences the N content and C/N ratio and improved
the biomass quality [39,40].

Table 3. Characteristics of raw material and silage of Silphium perfoliatum used for the preparation of feed-
stock. (O85—organic fertilization 85 kg ha−1 N; O170—organic fertilization 170 kg ha−1 N; M85—mineral
fertilization 85 kg ha−1 N; M170—mineral fertilization 170 kg ha−1 N; C—without fertilization).

O85 O170 M85 M170 C0

DM
Raw material 22.9 ± 0.8 23.1 ± 0.7 25.3 ± 0.8 22.5 ± 0.6 22.9 ± 0.1

Silage 21.4 ± 0.0 21.8 ± 1.1 21.1 ± 2.6 20.6 ± 1.9 20.6 ± 1.5

ODM
Raw material 90.7 ± 0.2 90.3 ± 0.8 91.0 ± 1.5 92.0 ± 0.1 91.4 ± 0.8

Silage 89.5 ± 0.1 89.7 ± 0.6 90.5 ± 1.1 91.9 ± 0.4 89.7 ± 0.1

Ash
Raw material 9.3 ± 0.2 9.7 ± 0.8 9.0 ± 1.5 7.9 ± 0.1 8.6 ± 0.8

Silage 10.5 ± 0.1 10.3 ± 0.6 9.5 ± 1.1 8.1 ± 0.4 10.3 ± 0.1

Carbon
Raw material 43.7 ± 0.5 44.4 ± 1.1 43.6 ± 1.1 44.8 ± 1.0 43.7 ± 0.7

Silage 45.1 ± 0.9 45.5 ± 0.0 44.9 ± 2.5 46.8 ± 1.1 45.4 ± 1.0

Nitrogen Raw material 0.8 ± 0.0 0.8 ± 0.0 0.9 ± 0.0 1.1 ± 0.3 0.7 ± 0.0
Silage 0.9 ± 0.0 0.9 ± 0.0 1.0 ± 0.0 1.1 ± 0.1 0.8 ± 0.1

C/N ratio
Raw material 62.3 ± 4.4 53.0 ± 1.2 47.6 ± 1.1 41.7 ± 10.6 61.4 ± 3.1

Silage 53.3 ± 1.4 49.4 ± 0.4 46.4 ± 1.4 43.8 ± 3.9 54.5 ± 4.5
DM—dry mass (% d.m.); ODM—organic dry mass (% d.m.); Ash (% d.m.); Carbon (% d.m.); Nitrogen (% d.m.);
C/N—carbon to nitrogen ratio.

Table 4. Analysis of variance (p values) for the analyzed features.

Source of Variation
Organic Dry

Matter
Ash

Content
Dry Matter C Content N Content

C/N
Ratio

CO2% CH4%
Methane

Production
Biogas

Production

Substrate type 0.005 * 0.005 * 0.115 0.000 * 0.027 * 0.005 * 0.164 0.164 0.021 * 0.006 *
Fertilization type 0.002 * 0.002 * 0.019 * 0.560 0.000 * 0.000 * 0.603 0.603 0.801 0.659
Nitrogen (N) dose 0.208 0.208 0.232 0.068 0.021 * 0.017 * 0.704 0.704 0.584 0.645

Substrate type × Fertilization type 0.058 0.058 0.719 0.879 0.205 0.078 0.936 0.936 0.894 0.830
Substrate type × N dose 0.692 0.692 0.381 0.877 0.455 0.307 0.984 0.984 0.715 0.736

Fertilization type × N dose 0.067 0.067 0.031 * 0.238 0.089 0.175 0.949 0.949 0.763 0.767
Substrate type × Fertilization type × N dose 0.956 0.956 0.801 0.829 0.719 0.732 0.965 0.965 0.466 0.368

* Significant values (p < 0.05).

Table 5. The Pearson correlation coefficients for the analyzed trials.

Item
Organic

Dry Matter
Ash

Content
Dry

Matter
C

Content
N

Content
C/N

Ratio
Methane

Production
Biogas

Production
CO2

%
CH4

%

Organic dry matter 1.00
Ash content −1.00 * 1.00
Dry matter 0.03 −0.03 1.00
C content 0.08 −0.08 −0.58 * 1.00
N content 0.27 −0.27 −0.02 0.33 * 1.00
C/N ratio −0.20 0.20 −0.20 −0.23 −0.93 * 1.00

Methane production −0.03 0.03 0.40 * −0.48 * 0.20 −0.16 1.00
Biogas production 0.11 −0.11 0.41 * −0.54 * 0.26 −0.22 0.96 * 1.00

CO2% 0.49 * −0.49 * 0.08 −0.27 0.15 −0.18 −0.08 0.20 1.00
CH4% −0.49 * 0.49 * −0.08 0.27 −0.15 0.18 0.08 −0.20 −1.00 * 1.00

* Significant values (p < 0.05).
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The results of our experiments showed that the highest C/N ratio was found in
Silphium perfoliatum raw biomass with the organic fertilization dose of 85 kg ha−1 N (62.3);
meanwhile, the lowest C/N ratio was found in Silphium perfoliatum raw biomass with the
mineral fertilization dose of 170 kg ha−1 N (41.7) (Table 3). However, the fertilization type
and N dose had a significant impact on the C/N ratio in the biomass (Table 4), but the
values of this parameter were not correlated with the production of biogas (Figure 1). The
results of our investigation showed the opposite of the observation regarding other energy
crops which show that there was a correlation between the C/N ratio and biogas yield; this
is not the rule, but the inappropriate C/N ratio is unfavorable for AD [40].

Figure 1. Correlation of biogas yields of substrates with a C/N ratio of raw (a) and silage (b) from
Silphium perfoliatum.

The characteristics of the mixture of anaerobic sludge and substrate are provided in
Table 6. The carbon and nitrogen (C/N) ratio in the substrate is one of the most important
factors that influence biogas production [41]. In the present study, it was found that the
use of Silphium perfoliatum biomass as a feedstock for anaerobic digestion significantly
improved the value of the C/N ratio. However, the literature review provides the optimal
ranges of the C/N ratio for an undisturbed course of anaerobic digestion in the range of
10 to 30 [42] or even in a narrower range from 20 to 30 [43].

Table 6. Characteristics of the mixture of anaerobic sludge and substrate raw material/silage of
Silphium perfoliatum used for the anaerobic digestion test.

Item Substrate Type O85 O170 M85 M170 C0

DM
(%)

Raw material 8.1 ± 0.7 8.2 ± 0.7 8.2 ± 0.7 8.1 ± 0.6 8.1 ± 0.6
Silage 7.5 ± 0.0 7.6 ± 0.0 7.6 ± 0.1 7.6 ± 0.1 7.6 ± 0.1

ODM
(% d.m.)

Raw material 68.9 ± 0.0 68.9 ± 0.0 68.8 ± 0.1 68.9 ± 0.0 68.9 ± 0.0
Silage 74.3 ± 2.0 74.3 ± 2.0 74.2 ± 2.1 74.4 ± 2.0 74.3 ± 2.0

Ash
(% d.m.)

Raw material 31.1 ± 0.0 31.1 ± 0.0 31.2 ± 0.1 31.1 ± 0.0 31.1 ± 0.0
Silage 25.7 ± 2.0 25.7 ± 2.0 25.8 ± 2.1 25.6 ± 2.0 25.7 ± 2.0

Carbon
(%d.m.)

Raw material 39.3 ± 1.1 39.3 ± 1.1 39.2 ± 1.1 39.2 ± 1.1 39.3 ± 0.1
Silage 41.8 ± 2.0 41.9 ± 1.9 41.8 ± 2.1 41.9 ± 2.0 41.9 ± 2.0

Nitrogen
(% d.m.)

Raw material 3.7 ± 0.2 3.7 ± 0.2 3.7 ± 0.2 3.7 ± 0.2 3.7 ± 0.2
Silage 3.9 ± 0.0 3.9 ± 0.0 3.9 ± 0.0 3.9 ± 0.0 3.9 ± 0.0

C/N ratio
Raw material 12.8 ± 0.5 12.3 ± 0.3 11.9 ± 0.3 11.7 ± 0.8 12.7 ± 0.4

Silage 12.5 ± 0.4 12.3 ± 0.4 11.9 ± 0.4 12.0 ± 0.6 12.5 ± 0.6
DM—dry mass (% d.m.); ODM—organic dry mass (% d.m.); Ash (% d.m.); Carbon (% d.m.); Nitrogen (% d.m.);
C/N—carbon to nitrogen ratio.
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3.2. Methane and Biogas Production

Daily biogas and methane production from the raw substrates and silages of Silphium
perfoliatum is presented in Figure 2. The methane and biogas yields of Silphium perfoliatum
averaged between 222.82 and 361.18 NL kg−1 VS, respectively, for raw biomass, and
200.09 and 317.59 NL kg−1 VS for silage. Methane yields are evaluated on a DM–basis, but
the results are presented and discussed on a VS–basis. Higher methane yields were obtained
in Germany, 232–321 NL kg−1 VS [32,44–47], the Republic of Moldova, 275 NL kg−1 VS [48]
and the Czech Republic, 276 NL kg−1 VS [33]. In the present study, methane and biogas
production showed differences between substrate type—raw material and silage. The
methane production differed significantly in the case of substrate type, ranging from
193.59 to 243.61 NL kg−1 VS (Figure 2). The highest methane and biogas yield: 243.61 and
395.15 NL kg−1 VS, respectively, was achieved from raw material with the mineral fer-
tilization dose of 170 kg ha−1 N (Figure 2a), as well as 204.26 and 327.45 NL kg−1 VS,
respectively from silage with the mineral fertilization dose 170 kg ha−1 N (Figure 2b). The
highest effectiveness was achieved with the mineral fertilization dose of 170 kg ha−1 N
and silage (Figure 2b) at the production rate of r = 90.0 cm3 d−1 and methane content
of 63.2 ± 0.8% (Table 7) and with the mineral fertilization dose of 170 kg ha−1 N and raw
biomass (Figure 2a), at the production rate of r = 75.1 cm3 d−1 and methane content
of 62.2 ± 3.2% (Table 7). Nonetheless, there were not any significant statistical differences
regarding biogas and methane production between fertilization type, and the N dose and
between all interactions (Table 4). In a similar study where different energy crops were
investigated, it was found that the N dose significantly influenced the methane and bio-
gas production (maize and sunflower) but was not a rule for all energy crops (sorghum
and triticale) [40].

Table 7. Biogas production rate (r), the reaction rate constant (k) and methane (CH4), carbon dioxide
(CO2) content in biogas of the analyzed raw material, and silage of Silphium perfoliatum.

Substrate Type O85 O170 M85 M170 C0

Raw material
r [cm3 d–1] 66.6 70.4 72.2 75.1 65.5

k [l d–1] 0.18 0.20 0.21 0.19 0.19

Silage r [cm3 d–1] 89.1 80.8 81.7 90.0 88.2
k [l d–1] 0.29 0.25 0.25 0.29 0.28

Raw material
CH4 [%] 60.9 ± 2.5 61.5 ± 3.5 61.8 ± 4.1 62.2 ± 3.2 62.4.6 ± 2.9
CO2 [%] 39.1 ± 2.5 38.5 ± 3.5 38.2 ± 4.1 37.8 ± 3.2 37.6 ± 2.9

Silage CH4 [%] 62.7 ± 2.3 62.7 ± 0.2 62.4± 1.0 63.2 ± 0.8 63.6 ± 1.0
CO2 [%] 37.3 ± 2.3 37.3 ± 0.2 37.6 ± 1.0 36.8 ± 0.8 36.4 ± 1.0

3.3. Methane Content

The biogas production rate, reaction rate constant, methane and carbon dioxide content
in biogas from raw material and silage is presented in Table 7. It was found that the
Silphium perfoliatum silage was easier and faster biodegradable in anaerobic conditions. In
the case of silage, r values ranged from 80.8 to 90.0 cm3 d–1. In the case of raw biomass,
they ranged from 65.5 to 75.1 cm3 d–1. The highest content of methane was achieved in
silage and raw biomass substrates without fertilization, 63.6% and 62.4%, respectively. But,
there were no significant statistical differences regarding the content of methane and carbon
dioxide between analyzed features (substrate type, fertilization type and N dose) and
between their interaction (Table 4). In a study conducted in Poland, the methane content of
maize straws was found between 48.97 and 50.26% CH4 [49]. Of course, this value (of corn
straw) is much lower compared to the maize silage, which has a value corresponding to
56–59% CH4 [40], or even up to 65% CH4 at the beginning of the process [50].
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Figure 2. Cont.
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Figure 2. Cumulative methane and biogas yield (NL kg−1 VS) of Silphium perfoliatum as raw biomass
(a) and as silage (b) in the 25-day test, depending on the type of fertilization (kg ha−1 N): (A) mineral
fertilization 85, (B) mineral fertilization 170, (C) organic fertilization 85, (D) organic fertilization 170,
(E) without fertilization.
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3.4. Digestate Characteristic

Digestate is the substance that remains after the end of the biogas generation process.
It is rich in various active substances that can be extracted or reused as fertilizer, depending
on the content of micro and macronutrients [38].

Its composition and the amounts of certain elements largely depend on the raw ma-
terial used to produce biogas. The content of the DM, ODM, ash content, C/N ratio, and
nitrogen (N) of the digestate and inoculum after anaerobic digestion (I.A.A.D) is presented
in Table 8. The measurements were carried out in three replication and the results were
averaged. The studied digestate DM had values between 6.7 and 6.9% depending on the
fertilization dose supplied to Silphium perfoliatum, and was slightly lower for the digestate
obtained after AD (anaerobic digestion). The carbon and nitrogen content of digestate is
very important for the C/N ratio. To be used safely as fertilizer in agriculture, it is recom-
mended the C/N ratio be between 15 and 20 without some pretreatment operations [51].
This ratio was much lower in the present study (between 11.5–12.3 from silage and 12.1–12.8
from raw material).

Table 8. Characteristic of digestate from raw material and ensiled Silphium perfoliatum.

Item Substrate Type O85 O170 M85 M170 C0 I.A.A.D.

DM
Raw material 6.8 ± 0.6 6.7 ± 0.4 6.9 ± 0.5 6.8 ± 0.5 6.8 ± 0.4 6.7 ± 0.6

Silage 6.3 ± 0.3 6.2 ± 0.3 6.4 ± 0.4 6.2 ± 0.2 6.3 ± 0.2 5.7 ± 0.0

ODM
Raw material 71.2 ± 1.0 69.8 ± 1.8 72.1 ± 0.7 71.5 ± 0.8 71.7 ± 0.8 70.4 ± 1.4

Silage 69.7 ± 2.3 69.9 ± 2.5 71.1 ± 1.5 70.8 ± 2.4 70.5 ± 1.9 70.0 ± 2.1

Ash
Raw material 28.8 ± 1.0 30.2 ± 1.8 27.9 ± 0.7 28.6 ± 0.8 28.4 ± 0.8 29.6 ± 1.4

Silage 30.3 ± 2.3 30.1 ± 2.5 28.9 ± 1.5 29.2 ± 2.4 29.5 ± 1.9 30.0 ±2.1

Carbon
Raw material 39.9 ± 0.6 38.9 ± 1.3 40.2 ± 0.9 39.7 ± 0.9 39.5 ± 1.0 39.4 ± 1.4

Silage 40.8 ± 1.6 41.1 ± 2.1 40.6 ± 0.7 41.2 ± 1.4 41.5 ± 1.9 40.1 ± 2.0

Nitrogen Raw material 3.2 ± 0.2 3.1 ± 0.3 3.3 ± 0.1 3.2 ± 0.2 3.1 ± 0.3 3.5 ± 0.2
Silage 3.1 ± 0.2 3.2 ± 0.1 3.2 ± 0.3 3.3 ± 0.1 3.1 ± 0.1 3.4 ± 0.0

C/N ratio
Raw material 12.7 ± 0.7 12.1 ± 0.7 12.4 ± 0.1 12.6 ± 0.6 12.8 ± 0.9 11.3 ± 0.1

Silage 11.9 ± 1.1 11.7 ± 1.0 11.5 ± 1.1 11.6 ± 0.8 12.3 ± 1.2 11.1 ± 0.4

DM—dry mass (% d.m.); ODM—organic dry mass (% d.m.); Ash (% d.m.); Carbon (% d.m.); Nitrogen (% d.m.);
C/N—carbon to nitrogen ratio; I.A.A.D—inoculum after anaerobic digestion.

4. Conclusions

In the present study, the influence of different fertilization types, nitrogen dose and
substrate types (row biomass and silage) of the Silphium perfoliatum for biogas production
was investigated. It was found that the substrate type has a significant influence on most of
the analyzed features. This study indicates that Silphium perfoliatum can be used to produce
biogas. However, the yield of biogas and methane may differ under the effect of different
types and doses of fertilizers, although the differences were small. On the other hand,
the yield of methane and biogas significantly depends only on the substrate type. It is
noteworthy that the C/N ratio is an important factor that influences biogas production
but, in our study, there was no correlation between these two parameters. Future studies
will require an investigation of the amount of biomass per hectare, to determine what
amount/yield of biogas and methane can be obtained from a given area depending on the
amount of fertilizer used per hectare.
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Abstract: The paper investigates the optimization of ecosystem services of podzolized heavy loamy cher-
nozem (black soil) as a result of the cultivation of the perennial energy culture of Miscanthus x giganteus.
The research was conducted on an experimental land plot during 2016–2021. No fertilization was
applied to the soil during the experiments, and over the years of research, the growing seasons were
accompanied by abnormal droughts, but even under such conditions, the plants of Miscanthus x
giganteus gradually increased their yield. At the initial stage of research, in the third year of cultiva-
tion, dry biomass of Miscanthus x giganteus was obtained at 14.3 t/ha, in the fourth year–18.6 t/ha,
and already in the fifth and sixth years, 21.7 and 24.5 t/ha, respectively. That is, energy-wise, the
harvest for the last year was equivalent to 15.9 tons of coal or 12,618 m3 of natural gas. Cultivation of
Miscanthus x giganteus on black soil for six years has improved the provision of its ecosystem services,
regulation, and ecosystem maintenance services. The possibility of growing perennial energy crops
on agricultural soils has been proven by obtaining a significant amount of biomass and a positive
phytoremediation effect on the soil by reducing erosion, preserving biodiversity, sequestering carbon,
and sustainably improving the ecological situation.

Keywords: Miscanthus x giganteus; biomass; energy crops; soil; ecosystem services; carbon sequestration;
podzolized chernozem; black soil

1. Introduction

The importance of a stable energy supply is increasing in the global perspective, as
the energy demand is expected to grow at a fast pace in the next decades [1–3] along with
population and economic growth [4,5]. Recent geopolitical events associated with the
Russian aggression against Ukraine [6] revealed the vulnerability of the current energy
supply structure [7], where dependency not only on fossil fuels but also on its particular un-
stable suppliers, has the potential to distort the global energy security in case of unforeseen
political shocks, thus undermining the feasibility of substantiated and set development
paths [8] worldwide.

In the past years, key factors influencing the energy policies of the developed countries
have been arising mainly from the climate change agenda [9,10], thus targeting to increase
the share of renewable energy generation [11,12] and search for ways to limit the greenhouse
gas emissions [13,14] from the economic sectors. In current conditions, the role of renewable
energy generation representing decentralized and local sources [15,16] of sustainable energy
is gaining additional importance and puts the energy transformation agenda on top of
development priorities.
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Energy based on the use of biomass is among the key sustainable approaches [17] to
its generation, allowing us to obtain clean energy in terms of associated greenhouse gas
emissions. Additionally, the cultivation of energy crops has numerous economic, environ-
mental, and even social effects, which combined show the importance of substantiated
development of this approach in theory and its implementation in practice.

These effects can also be assessed within the concept of ecosystem services, the benefits
of which are within reach due to their integrative and interdisciplinary nature as they
include economic, environmental, and social dimensions [18]. The services provided by
such ecosystems could have a positive effect on climate regulation (through the level of
carbon sequestration), structure and quality of soils, as well as water availability and
cycling [19,20].

Applying and valuing ecosystem services is seen as an innovative step toward sus-
tainable land use. Assessing these services can reveal the impact of energy crops and add
objectivity to the renewable energy debate. The concept of sustainable land management
should take into account the current and possible future impacts of energy crop production
as well as people’s preferences for achieving long-term sustainable solutions [18]. Increased
demands on renewable energy are likely to result in the allocation of more land for the
production of bioenergy plants. Therefore, land-use change is being increasingly verified
through environmental impact assessments, which [21] propose to include a more complete
study of ecosystem services.

For a comprehensive assessment of the sustainability of energy production from
biomass, it is necessary to take into account the entire life cycle of production and com-
bustion of crops for a wide range of indicators of ecosystem services. Therefore, Lovett
et al. [22] in their article present the basis for such an assessment based on the synthesis of a
large amount of data on the impact on ecosystem services of bioenergy crops (for example,
low vegetation and Miscanthus x giganteus), which makes it possible to compare the impact
on ecosystems between energy systems.

Ecosystem services are the bridge that exists between nature and people [23], as they
can be defined as the direct or indirect contribution of ecosystems to human well-being [24].
Soils provide and regulate a large number of ecosystem services, yet imbalanced or non-
sustainable practices can as well produce disservices and lead to soil degradation [25].
Thus, it is important to utilize experimental approaches to verify agricultural practices in
set conditions, which allow for substantiated results and grounded policy and practical
recommendations.

The Ukrainian background is especially important in this research, as for this country,
the latest geopolitical developments further limit the availability of traditional energy
sources based primarily on fossil fuels. While the renewable energy generation in Ukraine
took place in past decades in a rather slow manner [26], current conditions further amplify
the need to diversify the energy sources, yet also continue transformation towards more
sustainable energy generation. Thus, the current deficit of fossil fuels in Ukraine contributes
to the even more urgent necessity for the development of “green energy”, among others,
through the cultivation of energy crops with a low-carbon footprint, which opens up
opportunities for sustainable biofuel production and, together with the development
of wind and solar energy production, steadily reduces the release of greenhouse gases
into the atmosphere. Increasing the supply volume of such fuels is extremely important
and relatively easily achievable due to the assimilation of large areas not only of sown
plantations but also of low-productive “problem” lands, as alternatives to traditional ones,
for growing energy crops. In addition, the cultivation of energy crops and biofuels serves
as a very important compromise between the development of the energy sector and the
“environmental friendliness” of industrial production.

It is this strategy for the development of “green energy” that allows solving the
problem of balance between meeting the social, economic, and environmental issues arising
in the bioenergy generation industry, which are considered by the concept of ecosystem
services. The main advantages of energy crops from the point of view of soil science
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and the provision of ecosystem services are the suitability for growing on low-productive
lands, the possibility of minimal application of fertilizers (or even abandonment of them),
no need for weed control (except for one-time treatment in the first year of planting),
and phytoremediation ability. This is especially noticeable when compared to permanent
fertilization and pest control when growing traditional food and forage crops, which
have significantly higher costs than those that cannot function normally and grow on
non-agricultural land. Thus, the cultivation of energy crops invariably meets the social
and economic needs of society, increasing the profits of entrepreneurs or farmers, meeting
energy needs, and, in the long term, increasing the value of ecosystem services through
effective management and potential restoration of soil quality. In this work, we draw
attention to the fact that in the realities of Ukraine, the cultivation of energy crops with
rational use is quite possible on agricultural land [27,28].

Therefore, the purpose of this publication is to detect and reveal the possibilities
for optimization of ecosystem services of podzolized heavy loamy chernozem due to the
cultivation of Miscanthus x giganteus.

2. Materials and Methods

The research was carried out during 2016–2021 aimed to optimize the ecosystem
services of podzolized heavy loamy chernozem while growing the “Zvezdotsvetosenniy”
Miscanthus x giganteus (referred to later on as Mischanthus) variety in the stationary field
experiment of the National Scientific Center “Institute for Soil Science and Agrochemistry
Research named after O.N. Sokolovsky”, enterprise “DG “Grakivske”, the village of Novyi
Korotychin the Kharkiv region of Ukraine (Figure 1).

Figure 1. Experimental research area in Ukraine in Kharkiv region. Source: own elaboration.

The relief of the experimental field is leveled, has a gentle 2–3◦ slope of northern
exposure. The field is bounded on all four sides by protective strips. Podzolized heavy
loamy chernozem in the experimental area is characterized by the following parameters
of the arable layer: pH aq. 5.9–6.0; the carbon content of organic matter is 1.89%; physical
clay content is 43%. A one-factor experiment, which did not provide for the application of
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fertilizers and the use of plant protection products to assess the direct impact of growing
Mischanthus on the studied soil, it was planted twice: in 2016 (Mischanthus x giganteus I)
and 2019 (Mischanthus x giganteus II). Soil sampling was carried out from layers 0–20, 20–40,
and 40–60 cm directly under the plants in triplicate according to Ukrainian state standards
DSTU 4287: 2004 and DSTU ISO 11464: 2007. The number of ground invertebrates-
microarthropods (the method of eclectation according to Berlese in Tullgren’s modification).
Counting the yield of Miscanthus was carried out by the method of test plots (sheaves) in
triplicate followed by weighing. The carbon content in organic matter was determined by
the oxidometric method–DSTU 4289:2004.

The number of microarthropods was determined by the selective Tullgren method,
which is based on the use of a trait common to all soil inhabitants-the desire to penetrate
deep into the soil when the upper layers of the soil dry out. Brief description of the
measurement method: soil samples (from a layer of 0–20 cm) of a fixed volume (150 cm3)
were placed in a sieve inserted into a funnel of a slightly larger diameter, under which a
vessel with a fixing solution (70% alcohol) was placed. Natural light was used to dry the
surface of the soil sample. The number of microartopods that moved down and, sliding
along the walls of the funnel, moved into the fixative liquid was counted after distillation
using a magnifying glass, previously filtered on filter paper. The results were statistically
processed using Microsoft Excel.

3. Results

The idea of the study is based on obtaining new scientific knowledge about the
influence of constant (for five years) cultivation of a perennial energy crop of Miscanthus
on the optimization of ecosystem services in podzolized heavy loamy chernozem. It is
especially important to receive up-to-date scientific information on improving the provision
of ecosystem services by soil, which contributes to the solution of the tasks under the UN
Sustainable Development Goals (UN SDGs) related to food security, water scarcity, climate
change, loss of biodiversity, and threats to public health [29].

The spread of degradation processes due to irrational use of land—excessive plowing,
short crop rotations, and rapid climatic changes—forces the scientific community and
specialists to intensively search for fundamentally new ways to restore soil fertility, which
are used in agricultural production. In this context, it is important to understand that
the guarantee of agroecological stability of soils, the promotion of the development of
self-reproduction of their fertility, and buffering capacity is the preservation of biological
diversity [30,31].

Based on the positive phytoremediation experience of growing energy crops [32,33],
we have established a positive effect of growing Miscanthus on podzolized heavy loamy
chernozem in relation to the optimization of ecosystem services.

3.1. Weather Conditions at the Research Site

The climatic changes observed in recent years [34] are confirmed by the fact that on
the experimental site during the research period from 2016 to 2021, there was an increase in
average monthly temperatures (Figure 2) as well as a noticeable decrease in the amount of
precipitation (Figure 3).

Assessing the weather data, we note that in the Kharkiv region, even before the
beginning of the second decade of the 21st century, the average monthly rainfall was at the
level of 43 mm, which means, about 520 mm came to the earth’s surface annually, and about
260 mm per year during the growing season. Since 2011, almost every year the amount of
precipitation has dropped significantly, and the average value of the air temperature has
increased.

Aridization, or signs of desertification, is especially noticeable in September, which is
the very month in Ukraine when agricultural enterprises plant winter crops. However, now
the realities of the weather conditions in September are as follows: The air temperatures
are quite high, and there is practically no natural moisture in the soil (see Figure 2), which
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means the problems of agricultural production caused by climatic changes are clearly
observed.
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Figure 2. Average monthly temperature within the periods April–September in 2016–2021. Source:
own elaboration.
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Figure 3. The amount of precipitation within the periods of April–September in 2016–2021. Source:
own research results.

However, growing Miscanthus on black soil, even in such challenging weather condi-
tions, has not prevented the soil from improving ecosystem services, as evidenced by the
gradual increase in yields of this energy crop.

3.2. Harvest of Miscanthus x giganteus

The world practice of growing Miscanthus involves accounting for the harvest in the
third year after planting, so we have provided data on the harvest since 2018 (Table 1).
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Table 1. Yield of Miscanthus x giganteus on black soil in 2018–2021, dry weight t/ha.

Energy Culture 2018 2019 2020 2021

Miscanthus x giganteus 14.3 18.6 21.7 24.5
Source: own research results.

The peculiarities of Miscanthus cultivation are that the harvest is usually not taken
into account for the first two years, and the harvest is recorded from the third year. It
was found that even in relatively dry conditions, Miscanthus plants produce significant
volumes of biomass without reducing soil productivity, even without fertilization. So, in
the third year of cultivation in 2018, the yield of dry biomass of Miscanthus was 14.3 t/ha,
in 2019–18.6 t/ha, in 2020–21.7 t/ha, and already in September 2021, it was 24.5 t/ha. The
harvest for the last year is equivalent to 15.9 tons of coal, 9.8 tons of crude oil, 41.7 tons of
timber, or 12,618 m3 of natural gas [35].

Due to the fact that in our studies, podzolized chernozem during the cultivation of
Miscanthus was not subjected to agrotechnological processing, starting from the second year
of cultivation, and the complete rejection of any fertilizers and plant protection products, we
received a significant amount of biomass of Miscanthus, which indicates a high ecological
value and the profitability of growing it. According to scientists [36], starting from the third
year, the profitability of Miscanthus cultivation is 726% and can remain almost at this level
for many years until its complete elimination.

Energy raw materials are referred to as an ecosystem supply service that is the easiest
to understand and quantify. At the same time, the resulting harvest is a material benefit that
has a specific price in monetary terms and a guaranteed energy supply. On the Ukrainian
market, the cost of 1 ton of Miscanthus pellets is about UAH 4500, and the cost of 1 ton of
straw briquettes is only UAH 2700.

3.3. Carbon Content in Soil Organic Matter

Studies have shown that under the influence of growing Miscanthus on podzolized
heavy loamy chernozem, the amount of organic matter carbon in the arable and subsoil
layers increases (Figure 4).

  
(a) (b) 

Figure 4. Carbon content in organic matter of chernozem, May (a)–September (b) 2018–2020, in %.
Source: own research results.

It was found that over three years in the 0–20 cm layer in May, the organic carbon
content increased from 1.91% in 2018 to 2.06% in 2020, while in September this indicator
changed over the same years, respectively, from 1.92% to 2.11%.
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In the subsurface layer (20–40 cm) of the studied chernozem, a similar tendency is
observed with respect to a gradual increase in the carbon content of organic matter. The
established pattern is extremely important for the development of measures to reduce
greenhouse gas emissions into the atmosphere, which is a powerful argument for fulfilling
Ukraine’s obligations, which are reflected in a number of state documents, in particular:
“Concept for the implementation of state policy in the field of climate change for the
period up to 2030” (Order of the Cabinet of Ministers of Ukraine dated 6 December 2016
No. 932-r); “National Action Plan to Combat Land Degradation and Desertification” (Order
of the Cabinet of Ministers of Ukraine dated 30 March 30 2016 No. 271-r). A gradual
increase in the organic carbon content in the studied chernozem under the Miscanthus
indicates an improvement in the supporting ecosystem service, which, together with a
regulatory service (habitat formation, soil formation), provides a significant improvement
in the ecological state of this chernozem. The ability of energy crops to store carbon in soil
can be attributed to several ecosystem services. Firstly, this is a regulation service—that
is, improving soil quality by increasing carbon as the main humus-forming element and
improving air quality due to a decrease in carbon dioxide near plantations with energy
crops; secondly, the service of maintaining ecosystems, because the content of this element
in the soil is part of the process of the biogeochemical carbon cycle, and, consequently, a
decrease in the release into the atmosphere, and therefore, counteraction to global warming.

3.4. The Number of Microarthropods in the Experiment

The biodiversity of soil microfauna, numerous representatives of which are
microarthropods–invertebrate oribatids (Oribatida, Acarina carapace mites) and colembola
(Springtail Collembola), plays an important role in the destruction and transformation
of organic matter. It should also be noted that these soil microorganisms are extremely
sensitive and are often used as bioindicators of environmental changes. Since their number
clearly reacts to air temperature, moisture, and soil chemical composition, our results vary
somewhat depending on the month and year of the study. The number of oribatids on the
studied soil under the Miscanthus is shown in Figure 5.

Figure 5. The number of oribatids on the studied soil under the Miscanthus: May 2019–НIР05 = 225;
September 2019–НIР05 = 146; May 2020–НIР05 = 130; September 2020–НIР05 = 192; May 2021–
НIР05 = 354; September 2021–НIР05 = 142. Source: own research results.

The figure clearly shows that in 2020 the number of oribatids in May and September
was 1086 and 908 specimens/m2, respectively, and 1260 and 1264 specimens/m2 under
Miscanthus. However, in 2021, the number of oribatids almost tripled compared to previous
years because May 2021 was characterized by moderate temperatures and relatively high
rainfall of 84 mm.
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Our studies, carried out on podzolized heavy loamy chernozem in 2020, found that
in the control, the number of colemboles (Figure 6) in May was 1622, and in September,
1986 ind./m2, and under Miscanthus plants, respectively, 1628 and 3240 ind./m2.

Figure 6. The number of colemboles on chernozem under Miscanthus: May 2019–НIР05 = 362;
September 2019–НIР05 = 232; May 2020–НIР05 = 284; September 2020–НIР05 = 188; May 2021–
НIР05 = 204; September 2019–НIР05 = 192. Source: own research results.

The number of colembol specimens differs from oribatids in variants and decreases
somewhat over time, although it remains much higher than in the control. This indicator
is due, to a large extent, to the increase in the number of ticks (oribatids) because some of
them are predators that feed on colemboles. Thus, microarthropods sensitively react not
only to weather conditions but also to the species composition of plants in the ecosystem
and to the species composition of soil microorganisms.

In general, the number of microarthropods indicates that under the plants of the
Miscanthus there are more favorable conditions for their habitation and development
and, consequently, for the biodiversity of the ecosystem as a whole, which refers to a
supporting ecosystem service. Under such conditions, the activation of the biological factor
(microarthropods) enhances the course of the soil-forming process towards self-adaptation
and self-reproduction, which will certainly lead to an improvement in soil fertility.

4. Discussion

Based on the achieved results, it is assumed that this research has obtained positive
evidence regarding the impact of the cultivation of Miscanthus on the optimization of
ecosystem services in podzolized loamy chernozem, which is usually used for growing
traditional crops of wheat, corn, sunflower, and beet.

The results are consistent with the findings of other researchers on the cultivation of
individual bioenergy crops on marginal lands [37,38]. The results of the study are of great
practical importance in the context of achieving climate neutrality by 2050, in particular, by
increasing the area of cultivation of bioenergy crops, including those on marginal lands [39].
It should be noted that the use of biomass for energy crops in combination with other
alternative energy sources [40,41] is one of the priority areas for ensuring low-carbon
development of the agricultural sector and the economy as a whole.

Integration of energy crops into agricultural landscapes can foster permanence and
maintain sustainability if they are placed in such a way as to stimulate multiple ecosystem
services and mitigate harmful ecosystem effects from existing crops [42], as well as promote
balanced land use [43].

For example, energy crops in the coastal regions of the midwest United States have a
positive effect on ecosystem services while the benefits-costs ratio has fluctuated signifi-
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cantly. At the same time, the overall monetary value of the improved ecosystem services
associated with the introduction of perennial energy crops was much lower than the
opportunity cost. The mismatch between recoverable costs and social value is a funda-
mental challenge for the expansion of perennial energy crops and sustainable agricultural
landscapes [42] and the potential for biomass supply [44]. Analyzing the dynamics and
uncertainty of land-use transformation for the production of perennial energy crops, [45]
examined the effects of payment for ecosystem services policies. It has been found that
the current expected profit from growing perennial energy crops (including switchgrass)
is insufficient for these crops to be widely adopted by American farmers due to relatively
unstable yields, volatile incomes, and high costs of growing crops. At the same time, switch-
grass has the potential to provide energy while reducing greenhouse gas emissions [46].

In this context, the results of a survey of farmers and non-experts on the perception of
energy crop production in Germany turned out to be interesting. In particular, it was found
that many farmers consider themselves responsible for the provision of many ecosystem
services while they prefer the regional scale of growing energy crops based on conventional
crops. Most of the non-specialists interviewed noted the ambiguity of energy crops as a
source of energy without side effects. In layman’s opinion, the use of biomass for renewable
energy production is not an important ecosystem service. Biomass production should
be limited to fields that do not require food production and the use of crop residues or
materials for landscape management [46].

Global scientists and practitioners are mainly exploring the possibilities and cultivation
of energy crops on marginal lands. For example, [37] notes in the article that: (i) ecosystem
services differ depending on the type of marginal land; (ii) special bioenergy crops can
improve ecosystem services on marginal lands; (iii) there is a need to intensify research
in this direction, as there is currently a lack of field data on the productivity of energy
crops on marginal lands, and ecosystem services are hardly discussed in the literature.
This was among the reasons why the current research was conducted, aiming to fill in the
existing gap in experimental data, which would be beneficial for further substantiation of
strategies to expand the cultivation of Miscanthus in particular soil conditions, as well as to
take these findings into account in the policies being implemented towards the protection
of the environment, achieving climate-neutrality and improving biodiversity, as well as
supplying clean energy from a renewable source.

Another direction to increase the impact of the cultivation of specialized energy crops
is to do this on marginal lands, which can provide, in particular, such ecosystem services
as biomass production, control of water and wind erosion of soil, sequestration of carbon
in the soil, absorption or content of pollutants or metals, stabilization or reclamation of
disturbed soils, and improvement of properties. It is summarized in [37] that growing
energy crops on marginal lands can increase soil carbon sequestration, restore contaminated
or compacted soils, and improve biodiversity. Fertilizing or adding organic improvers
increases biomass yield and carbon sequestration on marginal lands [37].

Growing energy crops on marginal lands is considered a useful opportunity for
farmers against the progressive risk of underutilization or non-use of these lands. Scenario
modeling results indicate the positive impact of energy crops on ecosystem services in
terms of environmental quality and biodiversity value [38]. At the same time, other studies
show that increased production of bioenergy crops leads to increased soil-use and land-use
conflicts and also decreases the supply of several ecosystem services, such as regulation of
soil erosion, carbon sequestration, environmental value, and landscape aesthetic value [38].
Therefore, this indicates the need to continue experimental research to answer the question
of the impact of energy crops on soil ecosystem services. Among the new and promising
areas of research is also the evaluation of the efficiency of growing bioenergy crops using
alternative fertilizer systems, including green manure [47].

A substantiated approach needs to be taken with each agricultural practice, as par-
ticular ones are especially influential on sustainable development and its goals (SDGs).
The authors argue [48], in this context, that such ecosystem service as soil conservation
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service can be among those, as it contributes simultaneously to SDG 15 (Life on land),
SDG 13 (Climate action), and SDG 6 (Clean water and sanitation), as well as several oth-
ers to a lesser extent. In our opinion, the cultivation of Miscanthus on black soils under
the conditions verified within the experimental research proves that such an approach is
highly beneficial for the soil conservation service and thus is of high importance in light of
ensuring sustainable development.

5. Conclusions

Based on experimental studies conducted in 2016–2021 on the optimization of ecosys-
tem services of podzolic heavy loamy chernozem by growing Miscanthus, its positive
impact on the analyzed soil ecosystem services—supply and regulation—was established.
The cultivation of Miscanthus on chernozem even in relatively dry conditions over the years
of research has not prevented the improvement of ecosystem services provided by this soil,
as evidenced by the gradual annual increase in the yield of this energy crop.

It is established that under the influence of the growth of Miscanthus on chernozem,
the amount of carbon organic matter in the soil increases both in the arable and in the
underlying layer. The gradual increase in the organic carbon content of chernozem under
Miscanthus indicates improved support for ecosystem services, which together with regula-
tory services (habitat formation, soil formation), provides a significant improvement in the
agro-ecological condition of the soil and environment. Growing perennial energy crops on
agricultural soils provides a significant amount of biomass and a positive phytoremediation
effect on the soil by reducing erosion, conserving biodiversity, carbon sequestration and
improving the agri-environmental situation.

Further research on the impacts of Miscanthus cultivation on chernozem ecosystem
services should focus on (i) the economic valuation of possible ecosystem services and
an analysis of the cost-benefit ratio of growing energy crops; (ii) strategies for sustainable
management of energy crops in specific areas, climatic and socio-economic criteria; (iii) the
development of innovative bioenergy projects for the cultivation of energy crops and an
assessment of their economic efficiency and investment attractiveness.
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Abstract: Increasing the share of renewable energy in the final energy consumption is a way to ensure
independence from external supplies of fossil fuels, which is a fundamental political and economic
challenge for many countries nowadays. One such country is Ukraine, which depended on Russian
gas supplies and energy (electricity) from nuclear power plants. Russian gas is not delivered anymore
to Ukraine, and Russians have recently taken over some of the nuclear power plants. The changes in
the political situation force Ukraine to search for alternative energy sources. In countries with high
agricultural production potential, one of the basic options seems to be popularization of modern
methods of obtaining energy from biomass (bioenergy), which so far has played a minor role in the
country’s energy mix (less than 2% in the case of Ukraine). The analysis carried out on the case of the
Kyiv Region indicates that the annual economic potential of biomass in the region is equivalent to
1743 thousand toe (tonnes of oil), and its use allows them to save about 43% of fossil fuel annually.

Keywords: biomass; energy potential; alternative energy sources; resources; enterprises; fuel

1. Introduction

Due to globally observed climate challenges, the energy issue has become one of
humanity’s most important problems to solve in the near future [1–3]. Global energy
production is still dominated by fossil fuels, accounting for 80% of the global energy
mix [4]. Simultaneously combustion of fossil fuels (coal, oil, and gas for electricity, heat,
and transformation) is the main contributor to global climate change, accounting for over
75% of global GHG emissions [5] and almost 90% of all carbon dioxide emissions [6].
Climate scientists’ position is clear—moving away from fossil fuels is essential to stop
further climate change [7,8].

The current level of renewable energy development differs significantly between
different regions of the world and even neighboring countries [9,10]. On average, less
than 11% of global primary energy consumption came from renewable sources in 2019, of
which 6.4% was traditional biomass combustion [9]. These statistics show that biomass,
particularly modern methods of its use, such as processing into biogas or biomethane,
remains a relatively underused renewable energy source. Nevertheless, the production of
agricultural biogas and other forms of biomass is an advantageous option in countries with

Energies 2022, 15, 6547. https://doi.org/10.3390/en15186547 https://www.mdpi.com/journal/energies
317



Energies 2022, 15, 6547

significant agricultural production potential [11,12]. One of them is Ukraine, one of the
most important agricultural producers in Europe and the world [13].

In the case of Ukraine (and also in many other countries), increasing the degree of
biomass use (including the production of agricultural biogas) is a way to increase energy
independence [14,15]. Awareness of this challenge significantly increased after Russia
invaded Ukraine. Although Ukraine has not imported natural gas directly from Russia
since 2015, it still remains dependent on gas imports from Western countries [16]. However,
the invasion has significant consequences for the global energy sector. In particular, it
relates to natural gas, which can, at least partially, be replaced by gas from biomass.

In the face of the Russian invasion of Ukraine, the challenge of increasing energy
independence has become much more critical than ever before. Searching for the possibili-
ties of using biomass for energy purposes is, therefore, a task justified for environmental
reasons (replacement of fossil fuels and reduction of GHG emissions) and political reasons
(increasing energy independence). There is an urgent need to search for new, alternative
sources of energy, and biomass use for energy production is the most attractive option [17].
In this context, the study’s goal was to assess the potential of using agricultural biomass for
renewable energy production in the Kyiv region.

2. Background Information

2.1. Biomass and Ukrainian Energy Sector—General Information

Biomass is a renewable organic material of plant and animal origin and can be helpful
in substitution fossil fuels. Energy from biomass can be obtained in processes such as
direct combustion, thermochemical conversion, and biological conversion [18]. In practice,
the most frequently applied solutions include co-firing in coal power plants, combustion
of biomass in dedicated power and CHP plants, or biomass conversion into biogas in
anaerobic fermentation or thermo-chemical processes (pyrolysis) [19]. One of the essential
advantages of generating energy from biomass is that it is a carbon-free process because
emitted CO2 was previously assimilated by plants [19]. Moreover, among the benefits of
biomass can be mentioned wide availability, reduced overreliance on fossil fuels, usually
lower prices compared to fossil fuels, and reduced waste in landfills [20]. Besides, biomass
is a local fuel, and its use increases the regional added value by minimizing fossil fuel
imports. Moreover, biomass production and supply contribute to creating new workplaces,
mainly in rural areas, which is vital for the local economy.

Shortcomings of biomass use are reflected in the lower efficiency of some biofuels
compared to fossil fuels. Although burning biomass is carbon neutral, it still generates air
pollution. Overuse of wood can lead to deforestation, and biomass plants usually require
a lot of space [20]. Biomass used for energy production may include wood and wood
processing wastes, agricultural products, and food wastes as well as municipal, solid, and
liquid wastes [18]. Particular hopes for the development of biomass are connected to the
production of biogas [12,21].

Ukraine is one of Europe’s largest energy consumers, with a primary energy consump-
tion of 93 Mtoe (million tonnes of oil equivalent) in 2018. Domestic energy production
is insufficient to meet total energy demand; it covers about 65% of energy needs [22]. In
recent years, there has been a significant decrease in domestic energy production compared
to 2007 by over 30% (Figure 1). Energy exports have also dropped significantly, and to
a lesser extent, imports. As a result, Ukraine is most dependent on imported oil (83% of
consumption) and to a lesser extent on coal (50% of consumption) and natural gas (33%),
which meant that in 2018 it was necessary to import 8.5 Mtoe of natural gas, 13.5 Mtoe of
coal, and 10.4 Mtoe of oil products [22].
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Figure 1. Production, export, and import of energy in Ukraine, in thousands toe. Source: The author’s
calculations are based on statistics from the State Statistics Service of Ukraine [23].

The Ukrainian energy sector is mainly based on fossil fuels (natural gas, oil, and coal)
and nuclear energy [22]. In the structure of primary energy consumption dominates coal
(28.3%), followed by natural gas (28.2%), nuclear energy (23.4%), and oil (13.8%) [4]. The
share of other energy sources, including hydropower, wind, solar, and other renewables, is
less than 6% [4] (Figure 2).

Figure 2. Structure of primary energy consumption in Ukraine by source. Source: [24].

The importance of nuclear energy for Ukraine should be emphasized—although
it accounts for less than 25% of the total primary energy, it meets half of the country’s
electricity needs [22]. Nuclear power plants increase the country’s energy independence,
but they also pose a severe threat to the whole world in the face of the Russian invasion of
Ukraine. An example is the Zaporizhzhia Nuclear Power Plant (the largest nuclear plant in
Europe), occupied by the Russians, over which the Ukrainian authorities lost control [25].
This case, as well as other negative experiences with the safety of nuclear power plants,
forces us to ask about the further development of the energy sector in Ukraine. It is also
worth paying attention to the changes in the share of renewable energy. Although it is
still relatively small, in the last few years, it has increased from less than 2% in 2015 to
about 6% in 2021 (excluding traditional biofuel use) [4]. The progress in the development
of RES observed in recent years is connected with increasing awareness that renewable
energy sources have a high potential to reduce natural gas dependency and enhance energy
security. The government’s decision in 2016 to withdraw from subsidizing the production
of heat from natural gas turned out to be particularly important for the development of
RES and made the production of heat from renewables (including biomass) comparatively
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competitive (in comparison to fossil fuels) [22]. The share of renewable energy in the
heating and cooling sector in 2020 was 9.3%; in the electricity sector, it was 13.9%; and
in the transport sector, it was 2.5% [26]. The total installed capacity of active renewable
energy projects (excluding large scale hydro generation >10 MW) was around 7.7 MW,
of which 72% belong to industrial solar, 8% solar in a private household, 15.7% wind,
1.5% small hydro, and 2.3% to biomass and biogas [27]. These data indicate the relatively
low importance of biomass in energy production in Ukraine, although the analyses of
Lakyda et al. [28] show that the technical potential of forest biomass can be estimated at
the level of 2.1 Mtoe and that of agricultural waste at the level of 12 Mtoe. Assuming
the demand for primary energy is at the level of 86.4 Mtoe (in 2020), this would meet
approximately 16.3% of the country’s energy needs.

Many authors underline the need to diversify the Ukrainian energy mix and improve
energy efficiency. For example, Lewicki [29] stressed the need for diversification of supplies,
differentiation of energy balance through increased use of renewable energy sources, and
increasing the energy efficiency in the historical aspect, while Gerasymchuk [30] outlined
the background of using renewable energy sources in order to ensure the energy efficiency
of Ukraine, given the statistic and existing situation in the energy market, and analyzed the
resource base for renewable energy sources and local fuels for the energy efficiency and the
reliability of Ukraine’s energy supply, which became a start for this research.

The use of biomass seems particularly justified in the case of heat production, because
sometimes it seems to be the only feasible option to replace fossil fuels to provide heating
for buildings without easy access to other supply options [31]. Ukraine’s total thermal
energy consumption in 2012 was estimated at 14.03 Mtoe, of which only about 6% was
covered by biomass (solid biomass and biogas) [31]. Currently, the share of biomass in
Ukraine’s total heat production is estimated at 9% [32].

The growth of energy production from renewable sources is an important area for
replacing natural gas, as there is a large reserve for reorientating biomass exports to the
domestic market. Energy security in the face of the Russian military aggression against
Ukraine is another perspective that needs to be assessed and considered in the energy and
bioenergy development plans. Energy generation from biomass in this regard seems to be
not only sustainable, but also highly dependable [33–35]. Local generation of energy based
on locally available sources allows them to sustain the needs of particular farms or even
communities and ensures maintaining of their functions regardless of the exogenous shocks
and national or regional grid malfunctions [36,37]. In this case, a tight connection between
food and energy security strengthens the sustainability and resilience of the local food
systems. It allows them to carry on with the provision of essential system functions [38].

Although the current contribution of biomass to energy generation in Ukraine remains
small, it can be expected that this situation will change in the future. Geletukha et al. [39],
in their complex assessment of the future bioenergy developments in Ukraine, assume the
country would follow the European Green Deal and align its climate neutrality achievement
and environmental development along the current European priorities. Ukraine is also a
member of the European Energy Community, which has declared its conscious participation
in a global policy aimed at sustainable development and reduction of harmful effects on
the environment. As Ukraine is already committed to the Paris Agreement to work on the
reduction of greenhouse gas emissions and the Energy Community Treaty to work towards
transformation to clean energy, the development of the bioenergy sector to fulfil its green
transitions is crucial.

2.2. Ukrainian Agricultural Sector—Supplier of Biomass for Energy Generation

As a country with a large agricultural sector, Ukraine has significant development
potential in bioenergy. The development of the bioenergy sector is eased by vast areas
of fertile croplands and less productive lands suitable for growing undemanding energy
plants, a favorable climate for plant and livestock production, and the availability of the
necessary human and material resources. In addition, high yields of major crops provide a
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sustainable resource base, which has not been exploited so far. In this regard, plant biomass
plays one of the key roles in the development of bioenergy.

In the European Union, biomass for energy generation reached a share of ca. 60%
among renewable energy sources, which directly contributes to the EU’s energy security,
as most of the demand (about 96%) is covered by domestically produced biomass [40].
Already, as of 2020, the volume of biomass consumption for energy production in the
European Union is more than 120 million tonnes of oil equivalent per year [41]. As Ukraine
has been granted EU candidate status, compliance with EU legislation and principles will
be increasingly important. According to the EU Energy Security Strategy [42], members
need to become more energy “independent” by saving energy and producing more local
(RES) energy.

According to Geletukha et al. [43], Ukraine has considerable potential for renewable
energy sources, one of the most extensive being biomass. Despite some fluctuations,
Ukraine’s volume of agricultural biomass increases almost every year due to the general
trend of growth in the production and yield of major crops. Thus, in 2019, the country
harvested a record amount for the last 20 years of sunflower, corn for grain, and some other
cereals. Since 2000, the energy potential of straw of cereal eared crops, byproducts and
waste of grain, corn and sunflower production in Ukraine has tripled, from 2.8 Mtoe in
2000 to 8.5 Mtoe in 2020. As the abovementioned authors state, agro-biomass (agricultural
residues and energy crops) will remain Ukraine’s primary type of bioenergy potential.
Expanding the use of agricultural residues requires working out technologies for baling
corn and sunflower stalks. On the other hand, energy crops for solid biofuels will continue
to grow on unused (low-yield) agricultural lands.

Given that the agro-industrial resource is becoming a leading strategic bioresource,
biomass from products produced in the agricultural sector can give Ukraine new opportuni-
ties for sustainable development through the production of cheap, environmentally friendly
bioenergy products through efficient use of agricultural biomass. However, analysis of the
use of agricultural biomass for energy purposes showed that the current level of use of
energy potential of biomass in the country is very low—from 0 to 2–3% depending on the
specific species, and only sunflower husk shows the level of 73.1% [44]. As the authors
state, biomass’s leading destination is thermal energy production, which is used for heating
and hot water supply. Between 2014 and 2018, biomass’s share of thermal energy was
within 97% of all renewable thermal energy.

Kulyk [45] emphasizes that bioenergy development in Ukraine requires searching for
ways to reduce the cost of various types of bio-raw materials in the economic justification
of their production. Currently, the main components of the bioenergy production potential
in Ukraine are primary agricultural residues (cereal straw, corn, and sunflower residues)
and industrial cultivation of energy crops. However, the biomass production of renewable
plant material from energy crops depends on many factors determining their cultivation’s
feasibility. Environmental influences on energy crop cultivation are mainly reflected in
its effect on seed germination and the initial stages of plant growth. In order to achieve
balanced cultivation and use of energy crops as plant material, ecological aspects must be
taken into account. Reducing the pressure on the environment requires establishing energy
plantations and growing energy crops on marginal lands with low fertility, showing signs
of degradation and requiring reclamation [45,46].

Other studies [47] show that the estimated biological yield of plant biomass in Ukraine
could be 64.3 million tonnes. They have also established that an increase in the use of
straw for energy needs can be ensured only by increasing green manure crops in crop
rotation (in particular, cultivations of cover crops within crop rotation cycles). At the
same time, Hutsol [41] states that at this time, Ukraine has not approved a standardized
system for measuring and accounting for solid biomass resources of forest and agricultural
origin. Lack of such information, especially on energy crops, hinders the development
and implementation of sustainable energy policies and projects in a particular area and the
country as a whole. They also emphasize that it can be argued that there is the active use of
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renewable energy and increased energy efficiency in the regions of Ukraine. However, many
certain regions are cautiously implementing renewable energy production systems. The
authors stress, among others, that the results of their research on solid biomass (mainly from
agricultural residue) in Ukraine have a high potential for fuels that can be quickly applied.

The potential of biogas production from the livestock sector of Ukraine has been
assessed previously [21]. It was found that, in absolute terms, Ukraine has a significant
potential for the production of agricultural biogas from animal manure, reaching nearly
3 billion m3. However, the practical possibilities of using this potential are severely limited
by the dual structure of agriculture. More than half of the available manure is produced on
small livestock farms that are too small scale to consider investing in biogas plants.

It should be kept in mind that the ongoing war is also affecting the agricultural sector.
Reduced production (reduced sown area) of primary agricultural commodities reduces the
potential for food production and limits the amount of biomass used to generate energy
(even if only agri-food waste was included). Therefore, looking for biomass sources other
than agriculture is worthwhile.

3. Material and Methods

3.1. Case Study Area Description

Sustainable development of bioenergy requires, first of all, a careful assessment of
the available biomass potential. Therefore, we assessed, as an example, the potential of
biomass used as an energy source in the Kyiv region.

The Kyiv region is one of the largest regions of Ukraine, with an area of 28.1 thousand
square kilometers (without the city of Kyiv), which is 4.7% of Ukraine’s territory (Figure 3).
By size, the Kyiv region ranks eighth among other regions of Ukraine. Kyiv region is
a metropolitan region, in the center of which is located Kyiv, the capital of Ukraine, a
powerful political, business, industrial, scientific, technical, transport, and cultural center of
the country, connected with the region with close commercial and social ties. The distance
from Kyiv to the region’s northern border is 118 km, to the southern border is 128 km, to the
western border is 76 km, and to the eastern border is 112 km. A feature of the Kyiv region
is the absence of a regional center. Kyiv city, where the central administrative bodies of
the region are located, is the autonomic region and does not count in Kyiv region statistics.
Another feature of the region is the presence of a Slavutych city, which belongs to the
Chernihiv region.

Figure 3. Geographical location and herb of the Kyiv region in Ukraine. Source: Strategy of Kyiv
region for 2021–2027 years [48].
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Kyiv Region has favorable conditions for agriculture, namely the region’s climate, the
structure of agricultural lands, availability of the capital city Kyiv as a sales market, and
a robust scientific base for implementing innovative technologies in the production and
processing of agricultural products. As a result, by volume of gross agricultural production,
the region ranks second among all other regions of Ukraine.

Crop production in the total agricultural production of the region takes a significant
share with 62.4%. The main crops grown are grain crops, potatoes, sugar beets, and
sunflowers, with a large share of perennial gardens. By zone division, the north part of the
Kyiv region is located in the Polissia zone, which is characterized by a larger share of forests
over the fields with the developed forest harvesting, and the south is in the forest-steppe
zone. The Kyiv region is one of the leaders among grain and oil storage market operators in
Ukraine, with 53 elevators operating in the region with a total capacity of 2.6 million tonnes
storage of the specified crops and 45 fruit storage refrigerators. The region ranks fourth in
Ukraine for egg production and takes first place by volume of livestock meat and poultry.

The Kyiv region belongs to the energy-rich regions. Energy enterprises located on its
territory have a total capacity of 3200 MW, namely the Trypilska thermal power station,
Kyiv hydroelectric power station, Kyiv Hydroaccumulating Electric Power Station, Bilot-
serkivska Thermal Power Station, and small hydroelectric power stations, as well as the
Dymerska solar power plant that is among the ten most powerful solar power plants of
Ukraine [48].

The Kyiv region is an agrarian region in which large volumes of byproducts and waste
suitable for energy use are generated. Large areas of agricultural land create significant
potential for growing energy crops. The main source of biomass in the Kyiv region is
primary crop waste.

3.2. General Assumptions—Methods of Calculating

Typically, three main types of biomass potential are considered when energy produc-
tion possibilities are considered, i.e., theoretical, technical, and economic potentials.

The theoretical potential is the maximum amount of terrestrial biomass theoretically
available for energy production. For example, the theoretical potential of waste and residues
of various types is the total volume from which energy can be extracted. The technical
potential limits the theoretical to the amount of biomass that is available for processing,
which is available at a specific moment under certain structural, technical, and technological
conditions. When calculating it, it is essential to consider spatial restrictions caused by
competition between land users and environmental factors [49].

Economic potential is an even narrower concept because it includes only that share of
technical potential that provides the desired level of profitability. Therefore, within this
study’s framework, the cost estimation method was used instead of profitability analysis for
its evaluation based on the resource-consuming concept. This approach better represents
the importance of the amount of available biomass when planning the production of energy
products [50]. Furthermore, the used technique allows, in addition to planning the volume
of energy production, to forecast financial results from the activity.

Wood biomass, which can serve as fuel, is produced due to general and sanitary felling.
Firewood, wood chips, branches, stumps and crowns, and secondary processing products—shavings
and sawdust—are involved in energy production. We used the approach of determining
the energy potential of wood waste Pw according to the formula:

Pw = (Vw ∗ K1 + (Vw − Vcom) ∗ K2) ∗ Qw

where:
Vw—a volume of wood logging, m3;
K1 = 0.1—waste ratio;
Vcom—the volume of round timber, density m3;
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K2 =1 − (0.2 . . . 0.25) = 0.8 . . . 0.75—the total coefficient of waste of wood’s main and
secondary processing. Considering standard losses during wood processing of 5–10%, we
accept K2 = 0.70;

Qw = 0.186 toe/dense m3—calorific value of dense wood during logging [51].
We suggest calculating the energy potential of biogas (toe) from organic waste using

the formula:

ELS =
n

∑
i=1

365 ∗ Ni ∗ qmi ∗ TSi
100 ∗ VSi

100 ∗ qbg
i Qbq

LHV
Qoe

LHV

where:
Ni—the total number of animals of the i species, heads;
qmi—yield of organic waste of the i-th type, kg/(hour-day);
TSi—share of dry substance in organic waste of the i-th type, %;
VSi—the proportion of organic substance in the dry residue, %;
qi

bg—expected yield of biogas from an organic waste of the i-th type, m3/kg DOM
(dry organic matter);

Qbq
LHV—expected lower heat of combustion of biogas (LHV), generation from an

organic waste of the i type, MJ/nm3;
Qoe

LHV = 41.868 MJ/kg—lower heat of combustion of oil equivalent [46].
The formula determines the economic potential of biomass from pruning of fruit trees:

Pe = ∑ Spaci ∗ Pri ∗ Kti ∗ Koei

where:
Spaci—land, the area of which is occupied by fruit trees of the i-th species at the

fruit-bearing age, thousand hectares;
Pri (2.4 for pome fruit, 3.0—for stone fruit trees)—specific productivity of pruning

fruit trees of the II species at the fruit-bearing age for calculating the theoretical potential of
biomass, t/ha;

Kti = (2.4 for seed trees, 3.0—for stone trees)—the criterion of the technical possibility
of pruning for calculating the technical potential of biomass;

Koei (0.406 for pome fruit, 0.400—for stone fruit trees)—the potential biomass coeffi-
cient in oil equivalent: the calorific value of plant waste in oil equivalent [51].

The following formula is used to determine the economic potential of processing waste:

Pe =
n

∑
i=1

Cpri ∗ Kri ∗ Koei

where:
Cpri—the volume of processed raw materials of the i-th type (for example, sunflower seeds);
Kri—the coefficient of waste generated during the processing of raw materials

(Kr = 0.15 for sunflower seeds shows that 1 tonne of processed seeds yields 150 kg of
husk, i.e., 15% of the total volume);

Koei—coefficient of conversion of biomass potential into oil equivalent: (for sunflower
husk, it is 0.358) [51].

4. Results

Based on the results of the analysis of sunflower seed processing by agricultural
enterprises in the Kyiv region, it is clear that from 2014 to 2019, its volume remained
practically unchanged. In the reporting year (i.e., 2019), it amounted to 370,000 tonnes.
Therefore, the economic potential of such energy-oriented production, calculated according
to the above formulas, is 19.9 thousand toe (Figure 4).
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Figure 4. Volumes of processed raw materials, thousand tonnes. Source: author’s calculations are
based on statistics from the State Statistics Service of Ukraine [23].

At the same time, it was observed that timber felling in the region increased signif-
icantly: from 1608.7 thousand m3 of wood in 2015 to 2015.2 thousand m3 of wood in
2019. Thus, the difference between the reporting and base years exceeds 25%. At the same
time, the volume of wood harvesting increased by 2.1 times. This increased the economic
potential of wood by 1.6 times (Table 1).

Table 1. The economic potential of wood waste.

Years
Wood

Logging,
Thous. m3

Round Wood
(Commercial

Wood),
Thous. m3

The Volume of Wood Waste Firewood
Logging,

Thous. m3

The Economic
Potential of
Wood Waste,
Thous. Toe

Logging,
Thous. m3

Processing,
Thous. m3

2015 1608.7 563.5 161 732 518.7 262.5

2016 1785.3 547.1 179 867 551.6 297.0

2016 1912.2 522.7 191 973 1139.0 428.3

2017 1916.0 440.0 192 1033 1219.2 454.6

2018 2077.5 589.2 208 1042 1196.5 455.0

2019 2015.2 559.7 202 1019 1100.8 431.7
Source: author’s calculations based on statistics from Kyiv Oblast Statistical State service [52].

A representative sample is key to objective analysis and reliable results. Based on this
postulate, we took for the study of economic energy potential only agricultural enterprises
of the Kyiv region with a significant number of livestock, namely: cattle—from 2000 heads,
pigs—from 9000 heads, and poultry—from more than 400,000 heads. Small enterprises that
do not have a centralized collection of organic waste in animal husbandry were not taken
into account.

The results of the calculations show significant dynamics in the size of livestock. Thus,
from 2014 to 2019, the poultry number increased by 6%, while the number of cows and pigs
decreased by 15% and 1.3% (Table 2). In animal husbandry, poultry farming is the largest
source of organic waste for obtaining biogas. The bird population in 2019 was the largest
and amounted to about 17 million. From this volume, it is possible to get 40.6 thousand
toe. Therefore, the total livestock that was analyzed to calculate the economic potential of
biogas production can provide a sound output of 62 thousand toe.
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Table 2. The economic potential of biogas from organic waste.

2014 2015 2016 2017 2018 2019

Cattle total, thousand heads 40.0 38.0 37.0 35.0 34.0 34.0
Biogas from organic waste
cattle total a thousand toe 10.2 9.7 9.4.0 8.9 8.6 8.6

Pigs, thousand heads 228.0 226.5 225.0 224.0 226.0 225.0
Biogas from organic waste
pigs, thousand toe 13.0 12.9 12.8 12.8 12.9 12.8

Poultry, thousand heads 15,958.0 16,005.0 16,402.0 16,454.0 16,589.0 16,921.0
Biogas from organic waste
poultry, thousand toe 38.3 38.4 39.3 39.5 39.8 40.6

Source: author’s calculations based on statistics from Kyiv Oblast Statistical State Service [52].

Corn and sunflower stalks, wheat, rye, barley, buckwheat, pea, soybean, rapeseed,
and millet straw can be used in crop production for energy needs. Almost all grain and
oil subsectors have significant potential for biogas production. The byproduct output rate
determines the available amounts of straw in accordance with the agricultural crop yield.
Table 3 presents the results of the analysis of the economic potential of crop production in
the Kyiv region. Enterprises in the region specialize in growing corn, sunflower, soybeans,
rapeseed, barley, and wheat. Byproducts are used as fertilizer, as well as for livestock
maintenance, especially barley straw. This trend confirms the structure of the use of
byproducts adopted in our methodology, namely that 40% of oil crops and 30% of cereals
are free for biogas production.

Table 3. The economic potential of grain and industrial waste, thousand toe.

Crops 2014 2015 2016 2017 2018 2019

Wheat 123.6 143.3 167.1 91.8 125.1 153.8

Rye 3.7 3.4 3.4 3.7 4.0 3.5

Barley 22.9 22.6 27.6 13.3 18.6 27.8

Oat 1.0 0.7 0.6 0.4 0.4 0.4

Millet 0.1 0.1 0.1 0.0 0.1 0.5

Buckwheat 1.0 1.0 1.0 0.9 1.0 0.8

Legumes 2.5 2.4 2.7 2.3 2.2 2.6

Corn stalks 592.0 413.0 525.0 456.0 819.0 795.0

Sunflower stalks 60.0 59.0 91.0 80.0 114.0 100.0

Soybean straw 104.0 87.0 98.0 73.0 86.0 61.0

Rapeseed straw 30.0 26.0 13.0 20.0 34.0 36.0

Total 940.8 758.5 929.5 741.4 1204.4 1181.4

Source: Own calculations based on statistics from the State Service of Statistics [53].

In addition, the methodology uses the coefficient of losses and the volume of slaugh-
tered products for fertilizers and animal husbandry needs (up to 50%).

The distribution of straw in the enterprises of the Kyiv region by areas of use shows
that in 2019 the available amount of straw was 1538.4 thousand tonnes, 769 thousand
tonnes of which are applied as fertilizers, 189 thousand tonnes were used for litter, and
547.8 thousand tonnes can be used for energy production.

The results show that the area under grain fruit plantations for 2014–2019 decreased
by 2.6 times, and fruit trees remained unchanged under the stones. Therefore, according to
our calculations, the economic energy potential of perennial plantations in the Kyiv region
is 0.9 thousand toe (Table 4). However, its potential is somewhat irrelevant due to the
relatively small scale of plantations.
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Table 4. Areas of perennial plantations in fruiting age in agriculture enterprises of Kyiv region,
thous. ha.

Plantations 2014 2015 2016 2017 2018 2019

Thousand ha

Areas of perennial plantations in fruiting age in agriculture enterprises

Pome fruits trees 2.6 1.8 1.5 1.3 1.0 1.0

Stone fruits trees 0.1 0.1 0.1 0.1 0.1 0.1

The economic potential of energy from pruning of fruit trees and vineyards waste wood

Thousand toe

Pome fruits 2.0 1.4 1.2 1.0 0.8 0.8

Stone fruits 0.1 0.1 0.1 0.1 0.1 0.1

Total 2.1 1.5 1.3 1.1 0.9 0.9

Source: Own calculations based on statistics from State Service of Statistics [53,54].

Considering the direct relationship between the yield of crops and the economic
potential of byproducts, the results of the analysis showed that, in 2019, the most significant
potential in oil equivalent was as follows: straw waste in the amount of 1182 thousand
tonnes, wood at 432 thousand tonnes, and manure at 62 thousand tonnes. On the other
hand, the husk has the lowest energy potential at only 19.9 thousand toe (Table 5). Thus,
the total economic energy potential of agricultural enterprises of the Kyiv region in the
amount of 1697 thousand tonnes is distributed by sources in the following ratio: stalks and
straw occupy 70% of the structure, wood accounts for 25%, manure for 4%, and sunflower
husks produce only 1% (Figure 5).

Table 5. The economic energy potential of waste in the Kyiv region, thousand toe.

Source of Energy 2014 2015 2016 2017 2018 2019

Straw and waste 941.0 758.0 929.0 741.0 1205.0 1182.0

Sunflower husk 18.0 18.0 20.0 20.0 21.0 19.9

Pruning trees 2.0 1.0 1.0 1.0 1.0 1.0

Wood 262.0 297.0 428.0 455.0 455.0 432.0

Manure 61.4 61.0 61.6 61.1 61.3 62.0

Total 1284.4 1135.0 1439.6 1278.1 1743.3 1696.9

Source: Own calculations based on statistics from the State Service of Statistics [53].

In 2018, 4019 thousand toe was used in the Kyiv region. At the same time, according to
the results (Table 5), the economic energy potential of crop, livestock, and horticulture waste
amounted to 1743 thousand toe. This amount could provide about 43.3% of the fuel needs at
the expense of alternative types of biofuel. Such optimization will contribute to reducing the
destructive impact of harmful emissions from petroleum fuel on the environment, increase
the self-sufficiency of enterprises and their organizational and financial independence from
external conditions, and reduce the production process cost.

There are no specific data about current renewable energy usage in Kyiv oblast.
However, the share of the total capacity of boiler plants operating on alternative fuel types
to the total number of boiler plants is 16.9% (against 16.594 in 2019), which is 0.4 percentage
points more than in the same period of the 2019 year.
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Figure 5. Structure of energy potential of the agricultural production in the Kyiv region, 2019. Source:
Own calculations based on statistics from the State Service of Statistics [53].

As of January 1, 2021, 378 boiler stations for communal purposes were converted to
alternative fuels, which is 23 units more than in the same period in the previous year. The
number of boiler plants producing energy from installations converted to alternative fuel is
constantly increasing and is 27.3% now against 26.7% for the same period in 2019. There is
a positive trend in implementing measures to replace natural gas consumption [55].

Referring to one of the best practices of usage of renewable energy could be mentioned
company “UMK” in the Zguriv district of the Kyiv region, which implemented the biogas
project of the “Ukrainian Dairy Company” with a capacity of 1 MW, which processes
manure from 4000 cows and corn silage. The energy produced is enough for a dairy farm
and the village of Velikiy Krupil.

Another example of the use of alternative energy sources is a large biogas plant located
in the village of Rokytne, Kyiv region, with a capacity of 2.38 MW. The enterprise’s output to
the design capacity made it possible to provide energy to about 800 individual households.
Furthermore, the project initiator—the group of companies “Silhospproduct”—plans to
use the mentioned technologies to construct similar factories [39].

Research on the economic efficiency of production and implementation of granules
from agricultural raw materials on the domestic market shows that the average payback
period of these projects is 2.8 years for the production of sunflower husk pellets and
four years for the production of pellets from grain straw and corn stalks. In addition,
the population uses straw fuel briquettes to heat their buildings in solid fuel boilers as a
substitute for coal. [56].

5. Discussion and Conclusions

International studies of the energy security of humanity indicate trends in the increase
in the price of energy sources. This issue is particularly tough for Ukraine, as the country
depends on oil supplies from abroad. The civilian population and producers in various
areas of the economy are sensitive to price fluctuations. The fuel shortage endangers the
operation of vehicles, machines, and equipment involved in the production. National
authors Geletukha and Zheliezna [39], in their Roadmap for Bioenergy Development in
Ukraine, until 2050, have forecasted the growth of renewable energy generation and its
implications. While the authors of the current work can highly relate to the trends for
the next two to three decades described in the referenced article, it is doubtful that it
would be possible to achieve the complete transition to renewables in energy generation by
2050. While it is a welcomed scenario, the current situation triggered by the Russian war
against Ukraine will definitely set back the development of Ukraine, either economic or
agricultural development, as well as development in energy transformation. Geletukha
and Zheliezna [39] assumed the consumption of biomass for energy production in 2050 at
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20 Mtoe/year, ehich seems to be quite substantiated and relevant to the expected share of
renewables (63%) in the total primary energy supply in the same year. The achievement
of the targets defined in the abovementioned roadmap requires numerous legislative
improvements in Ukraine and considers the needed investments to neutralize the harmful
effects of the Russian aggression and accompanied damages.

Modelling results based on the TIMES-Ukraine energy system model [57] prove the
need to develop and implement the national strategy to increase energy generation from
biomass. The highly valuable contribution proposed by the referenced authors includes the
analysis of the current policy environment in the context of future biomass development
and concluded with a set of policy recommendations for utilization of the biomass potential
in Ukraine. However, as Kaletnik and Larina [17,58] point out, there are numerous issues
hindering bioenergy development at the level of the legislative framework; methodological
approaches to the economic, environmental, and social efficiency of production; and the
use of biological types of energy. The Kyiv region has all the necessary conditions for
biofuel production regarding available land resources and plant potential. Already today,
the potential in the region of biomass, which is suitable for the cost-effective production of
liquid biofuels (bioethanol and biodiesel), gives grounds to argue about the prospects of
this area. According to our calculations (Figure 6), the energy from biomass produced in
the Kyiv region can annually replace 43.3% of fossil fuels.

Figure 6. The total amount of fuel used in the Kyiv region (thousand toe). Source: own calculations
based on statistics from [52].

It can be assumed that covering more than 40% of energy needs with locally produced
biomass would represent considerable progress in the energy transformation of the region.
However, this requires investments, which must be assessed regarding their profitability,
energy security, and state security.

The findings of the current article support the abovementioned findings and show the
urgency to implement legislative support for renewable energy generation, in particular form-
ing a transparent and understandable regulatory environment for investments in bioenergy
projects. These must be verified against the current conditions due to numerous changes in
the local environment due to Russian atrocities and inflicted material and human damages on
Ukrainian land. Approaches must be taken to intensify the restoration of the local economic
infrastructure and farm property. Transport and energy infrastructure are of the utmost
importance to ensure local development and the possibility of further improvements.

329



Energies 2022, 15, 6547

Author Contributions: Conceptualization, A.W., N.G., L.S., P.S. and Z.T.; methodology, N.G., L.S.,
Z.T. and P.S.; validation, A.W., P.S. and V.K.; formal analysis, N.G., L.S. and Z.T.; investigation,
P.S., N.G., L.S. and Z.T.; resources, N.G., L.S., Z.T. and V.K.; data curation, N.G., L.S., Z.T., P.S. and
V.K.; writing—original draft preparation, A.W., P.S., V.K., N.G., L.S. and Z.T.; writing—review and
editing, A.W., P.S., V.K. and K.P.; visualization, N.G. and K.P.; supervision, A.W. and P.S.; project
administration, A.W.; funding acquisition, A.W. and P.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded in part by National Science Centre, Poland 2021/43/B/HS4/02367.
For the purpose of Open Access, the author has applied a CC-BY public copyright licence to any
Author Accepted Manuscript (AAM) version arising from this submission.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Owusu, P.A.; Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability issues and climate change mitigation.
Cogent Eng. 2016, 3, 1167990. [CrossRef]

2. IPCC. Climate Change 2022: Mitigation of Climate Change; IPCC: Geneva, Switzerland, 2022. Available online: https://www.ipcc.
ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_Full_Report.pdf (accessed on 14 July 2022).

3. Lamb, W.F.; Wiedmann, T.; Pongratz, J.; Andrew, R.; Crippa, M.; Olivier, J.G.J.; Wiedenhofer, D.; Mattioli, G.; Al Khourdajie, A.;
House, J.; et al. A review of trends and drivers of greenhouse gas emissions by sector from 1990 to 2018. Environ. Res. Lett. 2021,
16, 073005. [CrossRef]

4. BP Plc. Statistical Review of World Energy, 70th ed.; BP Plc: London, UK, 2021.
5. Center for Sustainable Systems. Greenhouse Gases Factsheet; Center for Sustainable Systems: Ann Arbor, MI, USA, 2021. Available

online: https://css.umich.edu/publications/factsheets/climate-change/greenhouse-gases-factsheet (accessed on 14 July 2022).
6. Olivier, J.G.J.; Peters, J.A.H.W. Trends in Global CO2 and Total Greenhouse Gas Emissions; PBL Netherlands Environmental Assessment

Agency: The Hague, The Netherlands, 2020.
7. United Nations (UN). Renewable Energy–Powering a Safer Future; United Nations: New York, NY, USA, 2022. Available online:

https://www.un.org/en/climatechange/raising-ambition/renewable-energy (accessed on 14 July 2022).
8. IRENA. World Energy Transitions Outlook 2022; IRENA: Bonn, Germany, 2022. Available online: https://www.irena.org/-/media/

files/irena/agency/publication/2022/mar/irena_weto_summary_2022.pdf?la=en&hash=1da99d3c3334c84668f5caae029bd9a0
76c10079 (accessed on 14 July 2022).

9. BP Plc. Statistical Review of World Energy, 71st ed.; BP Plc: London, UK, 2022.
10. Ember. Global Electricity Review. 2022. Available online: https://ember-climate.org/app/uploads/2022/03/Report-GER22.pdf

(accessed on 20 July 2022).
11. Saleem, M. Possibility of utilizing agriculture biomass as a renewable and sustainable future energy source. Heliyon 2022, 8,

e08905. [CrossRef] [PubMed]
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21. Wąs, A.; Sulewski, P.; Krupin, V.; Popadynets, N.; Malak-Rawlikowska, A.; Szymańska, M.; Skorokhod, I.; Wysokiński, M. The
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