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Preface 

This book presents an exploration of the development of renewable energy sources 
as a circular resource in setting priorities for sustainable development, which is based 
on the environmental efficiency and energy balance of the circular economy model. 
Emphasis is placed on the importance of renewable energy by reducing consumers’ 
costs, producing clean energy, and integrating it into the national power grid without 
compromising reliability or increasing energy security. After studying the circular 
economy model, readers are introduced to the problems of switching to alternative 
energy in the area of energy systems that cannot fully circulate all resources. The 
research results may allow stakeholders to adapt the sustainable renewable energy 
supply chain within the circular economy for the production of renewable energy 
equipment, which will have a synergistic effect on reducing carbon emissions. 

The book serves as an interdisciplinary study linking the circular economy and 
renewable energy, satisfying the public interest in sustainable energy solutions from a 
social, political, economic, and technological perspective. All areas are considered to 
solve the problems of creating a sustainable energy system through the production of 
clean energy with integration into the national energy system without compromising 
reliability and improving energy security. This book also discusses a method for 
ensuring operational safety for renewable energy equipment, as well as models of 
renewable energy sources such as solar PV systems, battery energy storage systems, 
hydroelectric energy, bioenergy, and electric vehicles. 

Editors want to express gratitude to all the contributors and reviewers who have 
aided in the publication of this book. Editors would also like to express our gratitude 
to Springer for their full support during the publishing process. 

Izmail, Ukraine 
Kraków, Poland 

Viktor Koval 
Piotr Olczak
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An Approach to Ensure Operational 
Safety for Renewable Energy Equipment 

Hanna Hrinchenko , Oleksandr Kupriyanov , Viktor Khomenko , 
Svitlana Khomenko , and Viktoriia Kniazieva 

Abstract The task of nuclear energy at the present stage is to assess the technical 
condition and extend the service life of operating nuclear power units in order to 
ensure a smooth transition from a linear (traditional) economic model to a circular 
one. Nuclear energy is one of the cleanest and most powerful sources of renewable 
energy, but at the same time, there are questions about ensuring the safety of its 
use. To ensure the safety of the operation of energy complexes, the article proposes 
a method of technical diagnostics for pipeline systems based on the calculation 
of vibration resistance. Vibration oscillations occurring in the pipeline system of 
nuclear power plants during the movement of the coolant are a threat to violations of 
normal operating conditions, the occurrence of emergency shutdowns, and damage 
to the pipeline. The article proposes a vibration diagnostic method using the pipeline 
system for heating steam condensate from the high-pressure heater to the unit’s 
deaerator as an example. When calculating the vibration load, the geometry of the 
pipeline system, pressure, velocity and thermophysical properties of the coolant that 
affect the amplitude of oscillations were taken into account. Based on the results 
of the calculation, recommendations were given to reduce the vibration load on the 
pipeline system, which makes it possible to extend the effective life of the power 
equipment in accordance with the approaches of the circular economy. 

Keywords Renewable energy · Nuclear energy · Technical diagnostics · Safety ·
Pipeline systems · Vibrations
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1 Introduction 

The depletion of non-renewable resources, which has become a global problem for 
mankind, is accompanied by serious environmental and social consequences, and 
the irrational use of resources and manufactured products leads to economic losses. 
In order to move to a more sustainable economic system, an approach to overcome 
the current linearity of the product life cycle through the alternative concept of a 
“circular economy” is increasingly discussed. The main idea behind this approach is 
to continue using materials and products instead of disposing of them as waste, thus 
ending their life cycle [1]. Economic growth in a circular economy can be achieved 
not by producing more resources (e.g., energy), but by extending the lives of existing 
capacities, namely energy equipment. An important task in forecasting and extending 
the service life is to ensure the safety of power equipment operation. 

In Ukraine, the demand for renewable electricity is increasing every day, due to 
economic and social changes in the country [2]. Increasing needs and the impos-
sibility of increasing energy capacity force to increase the efficiency of existing 
energy facilities. Ensuring the efficient use of renewable energy resources should 
be provided by reliable safety mechanisms. This is possible under the condition of 
constant technical diagnostics of the equipment of energy complexes. 

The main technical parameters that influence the safe operation of a nuclear power 
plant (NPP) are vibration and erosion-corrosion wear of their pipeline systems as 
a result of transporting coolant (water, steam, and water), which leads to the accu-
mulation of fatigue stresses. The accumulation of fatigue stresses, in turn, leads to 
the degradation of pipeline metal, reduces their vibration resistance, and, as a conse-
quence, leads to the formation of fissures and breakage of fastenings, which leads 
to unscheduled repairs, downtime of the whole power unit, considerable material 
losses, and the emergence of the threat of accidents. As the reliability and oper-
ational safety of pipelines are connected with vibration, this characteristic can be 
used for the evaluation of the technical condition of pipeline systems as a whole and 
their elements. 

Impact of significant vibrations on pipelines in conditions of stressed and 
deformed state of pipeline systems can lead to destruction of thermal insulation 
and hanger-support system, damage or jamming of valves, formation of fistulas and 
cracks on the pipes themselves, which leads to creation of emergency situations and 
unscheduled equipment shutdowns. Sometimes the fluctuations in pipelines are so 
significant that they prevent bringing the power unit to nominal capacity because of 
the threat of destruction or rupture of pipelines. To assess the loading of pipeline 
systems and structural elements due to vibration influences, it is necessary to deter-
mine the source of vibrations in order to reduce them and provide effective operation. 
The main causes of vibrations: the work of circulation pumps, transported coolant, the 
peculiarities of the design of pipeline systems. Determination of the cause of vibra-
tion and development of effective reduction mechanisms on the basis of technical 
diagnostics will ensure safe operation within the design timeframe and will contribute 
to a smooth transition to the over-design service life of all power equipment.
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2 Literature Review 

One of the priorities of economic development in the world is to ensure the efficient 
use of resources with minimal impact on the environment. The main impact on the 
environment when obtaining energy resources is due to carbon dioxide emissions. 

The issues of analysis and scientific substantiation of nuclear energy as a renew-
able or “green” energy, taking into account the limitations of fossil resources, are 
becoming increasingly relevant. In 2022, the European Commission added nuclear 
energy to the taxonomy of “green” technologies as a type of economic activity consid-
ered sustainable in terms of environmental impact. However, many scientists still 
separate these concepts, although they agree that sustainable development is impos-
sible without nuclear energy. For example, the paper [3] shows that the decrease in 
the share of nuclear energy in the global energy balance cannot be compensated by 
renewable energy sources and leads to an increase in the use of fossil fuels. To achieve 
sustainable non-carbon energy development, renewable and nuclear energy must be 
developed, where the risks of environmental consequences of energy production are 
minimal [3–5]. It was discovered that nuclear power plants (NPPs) play a significant 
role in the development of a non-carbon energy system, and that NPPs combine high 
environmental and economic efficiency with minimal risks and reliable operation 
safety. 

The task of nuclear energy at the present stage is to assess the technical condition 
and extend the service life of operating nuclear power units to move away from the 
linear model and ensure a circular economy. Effective approaches are needed for 
the smooth transition of power supply operation to extending the service life while 
ensuring maximum safety of operation. Currently, much scientific and technical work 
is devoted to solving this problem. 

For example, the authors of the studies [6, 7] propose to consider an approach to 
the formation of safety requirements on the basis of NPP design safety indicators. 
The design safety indicators of NPPs are those that can be determined during the 
design and controlled during NPP operation without requiring initial statistical data 
on the accident. The design features: power and fuel amount, determine the issues of 
quantitative determination of reactor plant safety indicators. The outlined approach 
to virtual accident assessment can be the basis for the development of appropriate 
normative documentation for constructive safety management of NPPs, excluding 
the statistical regularity of the accident, which indicates the need for technical diag-
nostics of power equipment and the development of quantitative safety indicators for 
individual elements and parameters. 

In [8], it is proposed to improve the safety and efficiency of power plants by 
improving the regulatory support for cable products. Due to the need to modernize 
equipment at Ukrainian nuclear power plants, the replacement of cables, as an integral 
part of any system, significantly affects the safety of the entire energy complex. The 
paper systematizes the technical requirements of national regulatory documents on 
nuclear and radiation safety for cable products and defines the requirements for 
the selection of cables: fire safety, resistance to high temperatures, humidity, and
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pressure, resistance to ionizing radiation, seismic resistance, and electromagnetic 
compatibility. The proposed approach is important for the comprehensive safety 
assessment of nuclear power plants and the determination of the further effective 
service life of power equipment. 

The issues of vibration load on pipeline systems from the point of view of deter-
mination and excavation are revealed in the work of the authors [9]. According to the 
relevant pipeline vibration measurement standards for nuclear power plant (NPP), 
a prototype pipeline vibration measurement system is designed and developed. The 
software based on signal processing technology and dynamic signal processing solu-
tion analysis is proposed. The collection of various vibration data from pipeline 
measurement points can provide effective data support for the subsequent construc-
tion of database, vibration evaluation, expert system and vibration reliability eval-
uation, which is very important to ensure the safety and reliability of the pipeline 
system. However, this study only proposes data collection without considering the 
causes of vibration loading. The issue of vibration and methods of its reduction are 
considered in the studies [10, 11]. The authors consider only the vibration caused 
by pumps as one of the most important factors affecting the safety and stability of 
nuclear power plant (NPP) operation, and it is also the most prominent vibration and 
noise transmission channel in the plant area [10]. During the study, it was determined 
that various support structures such as clamps, hangers, and pipe brackets are the 
primary means of transmitting pipeline vibration, and a method and scheme were 
proposed to effectively contain the low-frequency vibration of nuclear power plant 
pipeline systems. In this research, an electromagnetic semi-active vibration absorber 
is proposed that allows the electromagnetic stiffness to be adjusted by changing 
the excitation current, allowing the natural frequency to be changed online and the 
vibration damping effect to be improved. Assessment of the technical condition 
of power unit equipment requires a comprehensive approach. Such a comprehen-
sive assessment is proposed by the authors to determine the quality of operation 
of pipeline systems, taking into account the peculiarities of their stress–strain state 
and seismic stability [12, 13]. Research methods: calculations using a mathemat-
ical model; comparison of calculation results, forecasting of limiting parameters of 
technical condition and monitoring of mechanical properties of material of the main 
pipeline; inspection, qualification, determination of the residual resource of build-
ings, structures, foundations and metal structures taking into account geotechnical 
and seismotectonic conditions. This research algorithm can be used as a basis for 
assessing the technical condition, namely its general model. 

To ensure safety beyond the design term and the quality of operation of the power 
unit, it is necessary to create an effective mechanism for examining the technical 
condition, which would optimize its operation as much as possible, based on the 
favorable ratio of economic indicators and safety. In particular, such a mechanism 
will allow for a smooth transition to the operation of the power unit, without stopping 
it for a long time and the associated economic losses, in over-design periods [14, 15].
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3 Research Methodology 

The problem of increasing safe operation of NPP power units beyond the design basis 
is one of the most important and acute problems of nuclear power engineering. One 
of the most important elements of NPPs are pipelines carrying coolant, subjected to 
thermal, weight and vibration loads. Operational experience of NPP in Ukraine and 
abroad shows that pipeline vibrations reach considerable values and cause serious 
disturbances and directly influence NPP operation. One of the reasons of fatigue 
failure of pipelines is high vibration load of pipeline. The criterion of estimation 
of technical condition of pipelines is their calculation on vibration resistance which 
requires the data of vibration inspections. 

Pipeline vibration inspections are followed by vibration strength calculations, 
and repair work is completed as planned or as problems arise. However, the planned 
replacement of equipment, including fittings, with more perfect and safe types may 
result in changes to the dynamic characteristics of the pipeline systems on which this 
work is carried out. The development of a method to assess the vibration resistance 
and vibration load of problematic pipeline sections and systems is topical. In this 
regard, a trim method for calculating the characteristic stresses of a rod system is 
considered, which makes it possible to assess the effect of vibrations on the system. If 
the amplitudes of alternating stresses are high enough, the elements of mechanical 
systems undergo fatigue damage accumulation, formation, and development, which 
leads to failure. Vibrations of pipelines at nuclear power plants during coolant trans-
portation (water, steam, or water+ steam) cause cracks and fissures in the metal of the 
pipelines, which can cause emergency situations, equipment failure, and significant 
material losses. In order to improve the safety of pipeline operation, it is proposed to 
calculate the vibration state of pipelines and, on its basis, develop recommendations 
for reducing vibrations to a safe level. The object of the inspection is a pipeline 
system for heating steam condensate from high-pressure heater PVD-6 to the deaer-
ator of the unit after its reconstruction at the level rise in the section (level + 30.00; 
+ 44.60; connection D-7) where vibrations with an amplitude of 5000 μm occurred. 
An axonometric diagram of the site is shown in Fig. 1.

Operating parameters of fluid in PVD-6: pressure P = 15.5 kgf/cm2, temperature 
t = 188.1 °C; in deaerator D-7: pressure P = 6, kgf/cm2, temperature t = 164 °C. 

The pipeline material is steel 20. The mechanical and physical properties of the 
steel are given in Table 1.

Nominal mass flow rate G = 520 t/h. Prior to carrying out theoretical calculations, 
experimental measurements of vibration levels and frequency characteristics were 
carried out [13–18]. The measured data at minimum coolant level are presented in 
Table 2.

The pipeline under consideration, carrying condensate of heating steam, has the 
following properties of two-phase liquid flow. At temperature t = 188.1 °C and 
pressure in PVD-6 P = 15.5 kgf/cm2 the liquid flow is below the saturation line 
which doesn’t lead to intensive steam formation. When the liquid flow rises (as the 
pipeline is thermally insulated the process of liquid flow is adiabatic) at the level of
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Fig. 1 Axonometric diagram of heating steam condensate pipeline from PVD-6 to deaerator of the 
unit at point + 30.00; + 44.60

Table 1 Mechanical and 
physical properties of steel 20 

Parameter Magnitude 

Pipe geometric dimensions Ø420 × 14 
Modulus of elasticity 2.13 MPa 

Density 7859 

Poisson’s ratio 0.28 

Tensile strength 480 MPa 

Yield strength 270 MPa

30 m the pressure will be P30 = 12.5 kgf/cm2 the liquid flow is on the saturation line. 
Further rise of liquid flow level causes decrease of pressure P33 = 12.2 kgf/cm2, P44 
= 11.0 kgf/cm2 and leads to intensive vaporization and growth of liquid flow speed. 
The measured data at vibration level and frequency characteristics at the support 
(point: + 40.00) are presented in Table 3.

Due to transient processes associated with local resistances (pipeline bends, 
welded joints, ovality), internal pressure changes occur in the system, with a pulsation 
frequency of f—0.5–6.4 Hz. 

The velocity of the liquid flow is calculated from the nominal mass flow rate 
(139 kg/s) from the relation
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Table 2 Vibration level and 
frequency characteristics at 
the supports and vertical 
section of the pipeline 

Direction Pipe support 17, (point + 30.00) 
Vsliding, mm/s Apeak, μm f , Hz  

X1 1.1 22 0.63–2.13 

X2 2.7 120 0.63–2.13 

X3 2.4 140 0.63–2.13 

Pipe support 19, (point + 31.00) 
X1 2.1 50 0.63–1.13 

X2 6.2 400 0.63–1.13 

X3 2.5 180 0.63–1.13 

Pipe support 20, (point + 32.80) 
X1 2.0 26 0.63–1.13 

X2 8.5 190 0.63–1.13 

X3 2.1 280 0.63–1.13 

Vertical section, (point + 35.50) 
X1 2.0 25 0.63–1.13 

X2 8.5 1400 0.63–1.13 

X3 6.8 1800 0.63–1.13

Table 3 Vibration level and 
frequency characteristics at 
the support (point: + 40.00) 

Spring support 23, (point + 40.00). Vertical componenta 

No. Vsliding, mm/s Apeak, μm f , Hz  

1 1.0 191 0.63 

2 2.2 215 1.13 

3 3.9 154 1.63 

4 3.7 126 2.13 

5 0.4 68 2.63 

6 0.5 48 3.13 

7 0.6 43 3.63 

8 1.2 155 5.13 

9 1.3 36 10.1 

aThe vibration levels were measured with a vibro-port VP-41

w = Gm/S · ρmi x (1) 

where Gm is the mass flow rate kg/s; S is the cross-sectional area of the pipeline; 
ρmix = ρw(1-ϕ) + ρpϕ is the mixture density; ρw is the water density at operating 
temperature; ϕ is the steam content; ρp is the steam density at operating temperature. 

The densities of water and steam are determined from the tables of thermophysical 
properties of water and water vapour. The calculated data are shown in Table 4.



8 H. Hrinchenko et al.

Table 4 Thermal properties of water and water vapour 

№ w, m/s ρw, kg/m3 ρp, kg/m3 ϕ, % Pmix, kg/m3 

1 1.49 864.9 7.84 0.1 779.2 

2 1.69 877.2 6.36 0.2 703.0 

3 2.60 882.5 5.64 0.5 444.1 

4 6.30 904.7 3.5 0.8 183.74 

When the liquid flow moves (Fig. 2a), dynamic forces act on the pipeline, resulting 
in increased vibration (Fig. 2b). 

In order to reduce the effect, additional stiffeners must be introduced or the piping 
routing must be changed, which is not possible on a working unit.

Fig. 2 Forces acting on the pipeline (Force amplitude: 800 N on turns; external force frequencies: 
0.5 and 1.25 Hz): a) At high-speed movement of the transported liquid in a bend; b) Axonometric 
diagram of the pipeline 
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4 Results and Discussion 

The solution of the set task of calculating the vibration state of pipelines carrying 
heated steam condensate from PVD-6 to the deaerator of unit No. 2 was performed 
by the finite element method (FEM). A rod element with six degrees of freedom in a 
node was used for modeling the pipeline, and a rod element with tensile-compression 
properties with three degrees of freedom in each node was used for modeling the 
intermediate supports (Fig. 3) [19]. 

The eigenfrequencies waveforms obtained from the finite element model of the 
pipeline are shown in Fig. 4. Table 5 shows the eigenfrequencies of the pipeline.

Additional damping supports with rubber elements have been proposed. A 
calculation of the vibration condition before and after the retrofit was carried out. 

The eigenfrequencies of the pipeline before (f1) and after (f2) the installation of 
the additional supports are presented in Table 6.

Figure 5 (points 1–8) show the results of calculation of forced vibrations before 
(figures with the index a) and after (figures with the index b) installation of additional 
supports. Displacements on different axes are highlighted with different colours. The 
vibration amplitudes have decreased by one or two orders of magnitude as a result 
of damping, indicating the need for rubber elements.

As a result of these tests, eigenfrequencies and forced oscillation amplitudes 
were determined, and additional damping supports were installed to reduce vibration 
levels. 

Figure 6 shows the amplitude-frequency characteristics of the system after instal-
lation of the additional support. The data were obtained experimentally by measuring 
the vibro-port VP-41.

The methodology of experimental research included the determination of: 

(1) pressure pulsations in the pipeline in different sections to identify the most 
loaded (in our case, it is a curved fragment of the pipeline); 

(2) amplitude-frequency characteristics of the pipeline for comparison with the 
calculated data; 

(3) amplitude-frequency characteristics of the pipeline after installation of addi-
tional supports.

Fig. 3 Rod finite element 
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Fig. 4 Eigenfrequencies waveforms of the pipeline
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Table 5 Eigenfrequencies of the pipeline 

Frequency No Frequency, Hz Frequency No Frequency, Hz 

1 0.24 11 3.10 

2 0.43 12 3.28 

3 0.71 13 3.85 

4 1.01 14 4.30 

5 1.11 15 4.91 

6 1.29 16 5.14 

7 1.55 17 5.62 

8 1.90 18 6.30 

9 2.29 19 6.61 

10 2.84 20 6.88

Table 6 Pipeline eigenfrequencies before (f1) and after (f2) retrofit 

Frequency No. f 1, Hz f 2, Hz Frequency No f 1, Hz f 2, Hz 

1 0.24 0.68 11 3.04 4.65 

2 0.43 0.85 12 3.55 4.79 

3 0.56 1.09 13 3.86 5.16 

4 0.77 1.32 14 4.30 5.78 

5 1.04 1.61 15 4.82 6.02 

6 1.17 2.31 16 5.04 6.84 

7 1.41 2.47 17 5.25 7.35 

8 1.67 3.07 18 5.69 7.47 

9 2.28 3.48 19 6.45 8.72 

10 2.34 3.86 20 6.84 9.07

Experimental studies confirmed the calculations in that the highest pressure pulsa-
tions occur in the curved section of the pipeline. The size of pressure pulsations in 
this section is 14 kPa, which leads to significant pipeline vibrations. 

At the next stage, the vibration of the investigated pipeline section was controlled 
by determining the amplitude-frequency characteristics. For this purpose, piezoelec-
tric accelerometers were used with a measuring range from 1 Hz to 10,000 Hz and 
a reduced error of 2.2% with an unevenness of the amplitude-frequency response of 
3.8%. 

Comparative results of experimental and calculated studies show a high degree of 
agreement, which amounted to 90%, which confirms the validity of the calculated 
data. The amplitude of vibration after the installation of additional supports decreased 
by an order of magnitude, while the excitation frequencies and natural frequencies 
of the pipeline differed significantly, which indicated the absence of resonance.



12 H. Hrinchenko et al.

5 Conclusions 

The method of emission diagnostics of pipeline systems of nuclear power plants is 
proposed in order to ensure the safety and efficiency the operation of the renewable 
energy facility. The methodology consists of building a finite element model and 
determining the eigenfrequencies and forced oscillations. As a result of the calcula-
tions, increased levels of vibration load during the transportation of heat flow were 
revealed, and it was proposed to install additional rubber supports to reduce them. 
According to the results of the technical diagnostics, after the installation of addi-
tional supports, the level of forced vibrations decreased in some areas by 10 times, 
and there was a general decrease in vibration load in the entire pipeline system. As a 
result of the calculation, the amplitudes of oscillations were obtained, which in some 
areas (point 6) were up to 2.5 m (along the axis OX).
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After the installation of an additional rubber support, the amplitude of oscillations 
(point 6) decreased to a level of 0.5 × 10−2 m (along the axis OX). At the same 
time, there was a restoration of eigenfrequencies; for example, Form 1 changed the 
frequency from 0.24 to 0.68 Hz, which indicates the effectiveness of the use of 
rubber supports to avoid resonance. The proposed approach can be used as part of a 
comprehensive diagnostics of power equipment to ensure the safety of nuclear power 
plant operation both during normal operation and when operating beyond the design 
life.
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The Use of Electricity Storage on the Path 
to Prosumer Energy Self-sufficiency: 
Eastern Europe Case Study 

Piotr Olczak , Viktor Koval , Viktoriia Yanovska , 
and Iryna Lomachynska 

Abstract The increase in photovoltaic (PV) installations sets them apart from other 
sources of electricity in end-use industries due to increased capacity. The market for 
photovoltaic installations in Eastern Europe is rapidly developing due to both private 
investment and government support, as a result of which the share of solar energy has 
increased significantly and can reach the new potential of photovoltaic installations 
can reach 10 GW of average annual power. As part of home PV installations, the 
coefficient of energy self-consumption is about 30%. It can be increased by various 
initiatives, including energy storage. The higher the value of the auto-consumption 
coefficient, the lower the negative impact of the installation on the energy flows in 
the network. The article analyzes the impact of energy storage of different sizes 
on the auto-consumption rate. An algorithm of energy flows in the installation was 
prepared, taking into account energy storage. The analysis carried out showed that 
the use of an energy storage with a usable capacity of 120 kWh only slightly increases 
the possibility of increasing the amount of self-consumed energy (from 64 to 70%) 
compared to a storage with a capacity of 9 kWh. 
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1 Introduction 

1.1 Photovoltaic and Energy Storage 

The Eastern European energy market has a significant option for the development of 
the renewable energy sector, which guarantees the stability of the energy system and 
uninterrupted energy supply to consumers. In Poland, in the years 2019–2022, over a 
million prosumer PV micro-installations with a total capacity of about 9 GWp were 
built (Fig. 1) [1]. Support programs (e.g. «My Electricity» [2], «Auction System» 
[3]) and a decrease in the cost of producing energy from photovoltaics [4] contributed 
to such an increase in the number of installations. In addition, the reason was the 
search by representatives of various economic sectors for the possibility of obtaining 
cheap energy [5], expressed by the LCOE indicator [6, 7]. In Ukraine, the total 
volume of commissioned facilities using renewable energy sources (RES) based on 
photovoltaic installations at the beginning of 2020 amounted to 2640 MW (73%) of 
the total RES installed on the territory of Ukraine [8]. 

In September 2022, the sum of electric power installed in PV exceeded 11 GWp, 
and the amount of energy produced by photovoltaic installations in several months 
of 2022 exceeded 1 TWh (Fig. 2.) [9]. In the coming years, the amount of energy 
supplied by PV should increase, however, one of the barriers to increasing the 
installed capacity is the possibility of transmitting energy during periods of high 
productivity of photovoltaic installations [10]. One of the ways to reduce excessive 
energy flows from prosumer installations is to increase the coefficient of energy 
self-consumption by, for example, using energy storage.

In the field of energy storage and PV micro-installations in Poland, the My 
Electricity 4.0 support program for households was introduced in 2022 [11].
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Fig. 2 Energy delivered from PV in Poland. Period 04/2020–11/2022 [9]

1.2 Literature Review 

The economics of the energy storage process in current conditions was analyzed in 
[12, 13] even with the use of market energy prices, the profitability of energy storage 
is questionable. There are, of course, proposals for other forms of energy storage 
[14], including those within energy communities [15], but these solutions are not 
popularized in 2023. 

The study [16] took into account the instability of a photovoltaic power plant 
depending on weather conditions and the possibility of annual electricity generation 
from photovoltaic power plants in the world and Ukraine. 

In the case of prosumer PV micro-installations in Poland, households settle their 
bills on prosumer terms [17, 18] or net-billing [19–21], therefore the use of an energy 
storage in the current conditions cannot be economically profitable. Nevertheless, it 
positively affects the reduction of excess energy flows to the power grid [22] and helps 
in the pursuit of energy self-sufficiency of buildings [23, 24]. The use of an energy 
storage will also contribute to a greater possible share of Renewable Energy Sources 
in the national grid [25], which in turn may contribute to low-carbon development 
in Poland [4, 26]. 

There are studies on energy storage in mines, for example, inactive mine shafts 
have the potential to be used as energy storage [27]. Energy storage is an opportunity 
for the energy transformation in Poland [28] also as heat storage [29]. The search 
for new solutions in the field of energy saving [30] and the orientation of the energy 
economy towards a greener one is important for Poland [31]. Combustion of fossil 
fuels causes pollution, including contributes to the phenomenon of so-called “low 
emission” [32]. For this reason, in recent years, energy obtained from photovoltaics 
has been showing increasing interest in Eastern European counties [33].
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2 Research Object 

2.1 Photovoltaic Microinstallation in Poland 

The object of the research is a prosumer micro-installation located in south-eastern 
Poland, it has been described in detail in the works on the use of rack for PV panels 
[34] and in the work on the verification of the quantitative production of energy from 
photovoltaics [35]. 

The installation consists of 14 PV panels (Fig. 3) with a total power of 5.04 kWp 
and an inverter with a power of 5 kW. The inverter measures the amount of energy 
supplied to the internal electrical installation. These data are collected in a 5-min 
interval. 

Aggregated data on energy production up to an hourly interval is presented in 
Fig. 4. 

The PV panels are directed towards the south-west, which means that the 
maximum daily values of the energy produced are observed in the afternoon (between 
13 and 16).

Fig. 3 Photo of PV installation in Leki located in Lesser Poland. Source Piotr Olczak photo, used 
also in [36] 

Fig. 4 Hourly values of energy produced in PV installation (EPV) 
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From the end of May 2020 (several days after the construction of the PV instal-
lation), a two-way energy meter was installed in the home electrical installation. It 
measures: 

(1) Hourly values of energy received from the grid (ER). 
(2) Hourly values of energy sent to the grid (ES). 

Comparing the results presented in Figs. 4 and 5, one can notice the influence 
of the amount of energy produced on the reduction of the amount of energy taken 
from the grid. In addition, there is a noticeable increase in energy consumption in 
the autumn and winter periods. 

Between 10/2020 and 1/2021, increased energy consumption at night was 
associated with the use of additional electric heating (Fig. 6.). 

Fig. 5 Hourly values of energy received from the grid (ER) 

Fig. 6 Hourly values of energy sent to the grid (ES)
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Table 1 Summary of results noticed in PV installation located in Leki (Lesser Poland), capacity 
5.04 kWp 

Parameter 1st year 2nd year Unit 

Start 1/06/2020 1/06/2021 

End 31/05/2021 31/05/2022 

Energy produced in PV installation (EPVy) 4671.8 5188.0 kWh/year 

Specific yield 926.9 1029.4 kWh/kWp/year 

Energy received from the grid (ER) 3398.3 3134.5 kWh/year 

Energy sent to the grid (ES) 3235.8 3780.3 kWh/year 

Energy self-consumed (ESCy) 1453.7 1407.7 kWh/year 

Self-consumption rate 31.1 27.1 % 

Energy consumed (EC) 4852.0 4542.2 kWh/year 

The values shown in Fig. 4 reduced by the value of self-consumed energy (espe-
cially in the autumn and winter months and in the morning and evening) are the 
values of energy sent to the grid. 

Table 1 gives a summary on an annual basis of recorded and calculated values 
(sum of values from Figs. 4, Fig.  5 and Fig. 6). 

The observed year-on-year differences result from different weather conditions 
(mainly insolation [35]) and the variability of household energy use/consumption. 
This in turn is determined as: yearly sum of energy consumed (EC) was calculated 
by the following equation: 

EC(year ) = ESCy(year) + ER(year ) (1) 

where: ESCy—yearly sum of energy self-consumed, kWh/year; ER—yearly sum of 
energy received from the grid, kWh/year. 

2.2 Energy Storage System 

Lithium-ion electricity storage was chosen as the energy storage technology. This 
solution is widely used in the Battery Energy Storage System [22, 36–38] and elec-
tromobility [36, 39]. The calculations take into account the usable capacity of the 
ES0 energy storage, which is approximately 80% of the nominal/total capacity of 
the electricity storage. In the further part of the article, only ES0 values were used.
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3 Methodology 

Calculations of the use of the electric energy storage were carried out—the following 
algorithm (Fig. 7). 

Various usable capacities of the ES0 energy storage from 1 to 120 kWh are taken 
into account. 

Calculated:

• ESS—current amount of energy stored in the energy storage in each hour τ, kWh,
• ESwS—the amount of energy sent to the grid when an energy storage is used, 

kWh,
• ERwS—the amount of energy received from the grid in the case of using an energy 

storage, kWh,
• ESSS—cumulative sum amount of energy stored in the energy storage, kWh.

Fig. 7 Algorithm of calculation Energy sent to the grid with storage (ESwS) and Energy received 
from the grid with storage (ERwS). Based on installation results from 06/2020–05/2022; year 1: 
06/2020–05/2021 and year 2: 06/2021–05/2022 [40] 
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Yearly sum of energy self-consumed was calculated by following equation: 

ESCy(year, ES0) = EPV y(year )−ERwSy(year, ES0) (2) 

where: ESCy—yearly sum of energy self-consumed, kWh/year; EPVy—yearly sum 
of energy produced in PV installation, kWh/year; ERwSy—yearly sum of energy 
received in case of using energy storage, kWh/year; ES0—energy storage capacity, 
kWh. 

Average yearly sum of energy self-consumed was calculated by following 
equation: 

ESC2(ES0) = (ESCy(year = 1, ES0) + ESCy(year = 2, ES0))/2 (3)  

where: ESC2—average of yearly sums of energy self-consumed, kWh/year. 
Yearly sum of energy stored was calculated by following equation: 

E  SSS2(ES0) = (E  SSS(year = 1, ES0) + E  SSS(year = 2, ES0))/2 (4)  

where: ESSS2—mean value of yearly energy stored, kWh/year; ESSS—yearly sum 
of energy stored, kWh/year. 

Hourly value of energy self-consumed was calculated by following equation: 

ESCh(τ, year, ES0) = EPV  (τ, year )−ESwS(τ, year, ES0) (5) 

where: ESCh—energy self-consumed in each hour, kWh; EPV—energy produced in 
PV installation, kWh; ESwS—energy sent to the grid in case of using energy storage, 
kWh. 

4 Results 

Based on method (Chap. 3) energy stored and energy self-consumed values were 
calculated—Fig. 8.

Based on Eq.  5 hourly value of energy self-consumed was calculated (Fig. 9).
The values of self-consumed energy occur only in the periods of energy production 

from photovoltaics (EPV—Fig. 4) in the case without energy storage. However, 
when we use an electricity storage, positive values of self-consumed energy occur 
practically in all hours of the year (except the autumn and winter season) (Fig. 10).

The case of using an energy storage with a capacity of 120 kWh is shown in 
Fig. 11. A slight difference in values can be seen between Fig. 10 and Fig. 11, which 
is also shown in Fig. 9: the difference of self-consumed energy 3157 (for ES0 = 
9 kWh, self-consumed energy rate = 64%) a 3444 kWh/year (for ES0 120 kWh, 
value of energy produced in PV is higher than 4400 kWh/year and value of energy 
consumed is higher than 4500 kWh/year; self-consumed rate = 70%). This results
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Fig. 8 Energy stored (ESS2) and energy self-consumed (ESC2) per year. Based on installation 
results from 06/2020–05/2022

Fig. 9 Hourly values of self-consumed energy, without using energy storage

Fig. 10 Energy self-consumed per year in case of using energy storage capacity 9 kWh (ESCh(ES0 
= 9 kWh))
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Fig. 11 Energy self-consumed per year in case of using energy storage capacity 120 kWh 
(ESCh(ES0 = 120 kWh)) 

in a lower degree of use of the storage infrastructure, expressed, for example, by 
the number of charging/discharging cycles per year, similarly to the work by Lepszy 
[40, 41]. 

In addition, it was hypothetically checked at what size of energy storage for the 
analyzed installation the self-consumption would be close to 100% per year. 1.7 
MWh capacity reached. This means the cost of the energy storage of over EUR 1 
million [12]. 

5 Conclusions 

For a photovoltaic micro-installation located in Eastern Europe, calculations were 
made of the use of an electricity storage for the needs of balancing the energy 
production of a PV installation (household scale). For installations with a capacity 
of 5.04 kWp, the impact of using an energy storage with a capacity ranging 
from 1 to 120 kWh was analyzed based on two-year actual data recorded in the 
installation. 

Energy storage with a capacity of 1–9 kWh can significantly increase the self-
consumed energy from about 30 to 64% per year. Larger-capacity energy storage 
facilities only affect seasonal electricity storage (increasing the self-consumption 
rate by several percentage points). It was found that the use of an energy storage 
with a capacity of only 1.7 MWh can make a home photovoltaic micro-installation 
virtually energy self-sufficient. However, the investment costs of such a solution are 
over EUR 1 million, with annual household electricity costs of less than EUR 2000. 

As part of further research, detailed economic calculations of the use of energy 
storage for prosumer PV micro-installations and the selection of a solution (size of 
electricity storage) are planned.
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energy from renewable sources in the countries of Central and Eastern Europe. Front Energy 
Res 10. https://doi.org/10.3389/fenrg.2022.993547 

11. Skłodowska M, Dopłaty w programie Mój Prąd 4.0 nie pomagają. Polacy nie kupują 
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Management Supply Chains Electric 
Vehicle Battery Recycling 

Viktor Koval , Yevheniia Sribna , Olha Prokopenko , 
Liliya Filipishyna , Viacheslav Ivata , and I Wayan Edi Arsawan 

Abstract The electric vehicle market—with an annual growth rate of more than 
152% and reaching 75% of the market share of energy storage systems—poses qual-
itative and quantitative changes to the development of the market for electric vehicle 
battery recycling, where the recycling rate is only 7%. A related market for the 
production of electric vehicle batteries and the organization of logistics chains for 
the disposal of spent batteries is being formed, which functions with the state support 
of the electric vehicle industry. Recycling batteries takes place on an organizational 
and technological platform using pyrolysis, metallurgical and hydrometallurgical 
processes, and a combined variant of recycling electric vehicle batteries is also being 
developed. Such reorientation from simple processing is a consequence of environ-
mental requirements and the economic need to offset the costs of rare and expensive 
metals partially. This study assesses the development of methods to use and recycle 
electric vehicle batteries under four scenarios, depending on state regulation and 
financing levels and on world exchange prices for non-ferrous and rare earth metals. 
The transition to new technological processing will allow repurposing up to 85% of 
the used metals. The problem of processing lithium batteries will become more acute 
in connection with the growing demand for lithium. Therefore, with a production
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volume of 536.71 trillion electric vehicles, markets will reach equilibrium where 
lithium will be obtained through the complete recycling of batteries. 

Keywords Electric vehicle industry · Supply chain sustainability · Recycling 
market · Energy consumption 

1 Introduction 

The era of automobile electric transport is a generally recognized trend in the greening 
of the transport sector and the development of a new market, and therefore serves as 
an indicator for private investors and provides them with a higher return on invested 
capital [1]. The process of alternative value is manifested when capital is directed to 
new markets [2]. 

As electric vehicles (EVs) grow in popularity, disposal of the vehicles and their 
parts becomes a more significant problem [3]. In developed countries, this problem 
is solved very simply—selling used EVs in developing countries [4]. 

From a global perspective, the need to recycle is an ever-growing problem for 
the EV industry and all industrial production. EV parts are highly specialized prod-
ucts made from rare and expensive materials and produced under strict environ-
mental regulations; their disposal processes are specific. However, the specifics of 
the disposal of EVs have severe features [5]. They are the result of nanotechnological 
developments and include the mandatory use of rare and, accordingly, costly metals, 
such as lithium and cobalt [6]. Accordingly, the growth in demand for EV will likely 
lead to a massive increase in the volume of lithium. It could affect the use of lithium 
as a secondary material. 

The rise of mass production and EVs sales, government stimulation of the industry 
and continuous improvement of the structure and technology of battery creation 
worsen the disposal problem. From a scientific point of view, this requires a deep 
and complete study and justification of such a problem [7, 8]. After all, the global 
scope of the problem requires the study of tools and their application in solving a 
whole set of interrelated disposal problems. 

Accordingly, this study aims to assess the patterns and trends in utilizing the 
essential elements of EV construction following sustainable development and global 
environmental challenges. 

Hypotheses 

1. Environmental challenges force us to pay attention to the increased safety of 
using the latest rare elements in nanotechnology to create electric batteries for 
electric vehicles. 

2. Economic factors (resource prices, profitability) cause the introduction of a full-
fledged business focused on the disposal of elements of individual units and 
assemblies of electric vehicles.
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2 Literature Review 

Issues related to the use of automobiles are well documented [9–12]. Recent research 
has identified myths surrounding the purported environmental safety and efficiency 
of EV production and operation [13–15]. However, a detailed analysis of our research 
indicates that this conclusion is proper if the main component of EVs is not taken 
into account—the battery. Disposing batteries often leads to environmental disasters, 
manifested in self-ignition and problems of the long-term extinguishing of electric 
vehicles [16, 17]. 

Taking into account the dynamics of changing exchange prices of the primary 
metals used in electric vehicle production: cobalt, copper, lithium and nickel [18, 19]. 

The direction of scientific considerations that EVs will dramatically reduce envi-
ronmental pollution and the level of exhaust gas emissions via the reduction in fuel 
and lubricant use [20–22] at first glance is rational and understandable. However, the 
process of disposing of high-tech batteries casts doubt on this proposition. Secondly, 
EV battery disposal uses harmful and dangerous chemical compounds. Thirdly, it 
emits dangerous substances such as salts and liquid compounds. Another aspect of 
this problem is that it is impossible to apply robotics or automation to these processes 
due to the lack of unified requirements for the structure and number of elements used 
to assemble storage batteries. 

Numerous studies of battery recycling technologies describe their problems and 
note the impossibility of complete recycling [23–26]. At the same time, the emphasis 
is on technological solutions Numerous studies of battery recycling technologies 
describe their problems and note the impossibility of complete recycling [23–26]. 
At the same time, the emphasis is on technological solutions [27–29]. However, the 
problem of mass industrial recycling must be addressed as a single organizational 
and technological complex. This aspect will become more difficult with the increase 
in car production and the retirement of batteries. Therefore, the way out of such a 
situation is the formation of full-fledged logistics chains that carry out acceptance, 
temporary storage and accumulation of EV batteries with the application of bar 
marking to allow for automation and robotization of the direct process of material 
processing. This marking and automation technology is significant but has yet to be 
fully developed, and only China currently uses this approach [30]. 

Existing research forecasts the environmental friendliness and impact of EVs but 
does not consider recycling or the technologies used in recycling [31]. However, 
considering the state administration’s priority for the complete electrification of 
modern transport, forecasting the future of EV battery disposal and recycling should 
be prioritized. Such processes are quite complex, considering the factors and the 
need for complete information on replacing used batteries and battery accumula-
tion. Therefore, it is necessary to use the scenario method of forecasting, which 
helps determine the main directions of conceptual recycling and processing electric 
vehicle batteries.



36 V. Koval et al.

3 Research Methodology 

The evaluation and development of the EV market were carried out using dynamic 
indicators that characterized the change and dynamics of market development levels 
between 2016 and 2021. This period was selected because in 2017, the total number 
of EVs in operation, including hybrid electric vehicles, exceeded 3 million. 

Economic analysis of changes in EV sales volume was carried out using the 
following indicators: absolute growth, coefficient (rate) of growth, and growth rate. 
These methods allowed the assessment of changes in the levels of indicators in 
relative terms, using both the chain method and the base method. 

Plan-fact analysis was used to compare the actual global EVs sales volume to the 
forecasted volume. It made it possible to determine consumers’ real interest in EVs 
and assess the scale of production and the dynamics of the business development. 

In addition, in assessing environmental problems associated with the production, 
operation and disposal of electric vehicles, the following methods were applied: 

1. Systematization, generalization of scientific publications on the assessment of 
the use and reuse of car batteries, as well as existing and developing methods of 
their processing; 

2. Systematic and logical analysis, a method of information synthesis, which made 
it possible to carry out analytical comparisons and reconciliation of various trends 
and to present logical structures in the course of solving problems of disposal of 
used EVs and their units; 

3. A logical analysis of the development of entrepreneurship in the field of recycling 
EV batteries made it possible to form a system of factors that determine the 
efficiency and economic feasibility of the secondary use of materials from EVs. 

Studies of internal cause-and-effect, structural–functional direct and reverse rela-
tionships were conducted to produce logistics chains for the entire recycling cycle 
of EV batteries. In addition, it was used to highlight the main trends in scientific 
developments in the formation of the replacement of lithium and cobalt with other, 
more resistant elements to ignition and the temperature regime of battery opera-
tion. Due to the applied induction, generalizations and theoretical conclusions were 
formed. Regarding the applied dialectical method, the disposal of electric vehicle 
batteries was considered simple to modern technological processes. That is, there 
has been a change from simply throwing used EV batteries in the trash to forming an 
entrepreneurial case and business around their disposal. These processes are continu-
ally being improved and expanded. The study focuses on the qualitative parameters of 
the studied categories “cathode”, “anode”, and “lithium-ion batteries.” The applied 
comparison method made it possible to evaluate the processes of disposal of EV 
batteries by world region. 

Applied differential and difference equations to study the disposal process of 
electric vehicle batteries. I define the following mathematical model:
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⎧ 
⎨ 

⎩ 

Eecon0 = Eeconi(t); 
Eecol0 = Eecoli(t); 
Etech0 = Etechi(t); 

(1) 

The solution of the system of equations gives the following phase state: 

kn = k(tn) = ((Eecon0)n, (  Eecol0)n,(Etech0)n ) (2) 

The limit solution of the system of equations is reduced to the system: 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

lim 
t→∞ 

Eecon0(t, (Eecon0)0) = Eecon∗ 
0(t) 

lim 
t→∞ 

Eecol0(t, ( Eecol0)0) = Eecol∗ 
0(t) 

lim 
t→∞ 

Etech0(t, (Etech0)0) = Etech∗ 
0(t) 

(3) 

where Eecon∗ 
0(t), Eecol

∗ 
0(t), Etech

∗ 
0(t)-limit value functions. 

The simulations indicate that the disposal process can reach an ideal state over a 
period of time. However, in practical application, such an achievement is conditional. 
After all, numerous factors must be considered, especially those under commercial 
secrecy regarding the quantitative structure of the rare earth metals used in the cathode 
and electrolyte. 

The study uses a predictive method called the scenario-building method to assess 
future trends in processing used EV batteries due to the determined sequence of 
changes and expansion of technologies for EV battery disposal and changes in 
global trends with increasing ecological dominance. The methodological basis of 
the research is the information and analytical materials of the relevant research and 
laboratory institutions, which are focused on the development and implementation in 
the production of charging devices, not only for EV production but also for devices for 
other modern electronics. All available methods used in business and state regulation 
research were used. 

4 Results 

The EV market is dynamically developing, which is confirmed by yearly sales 
volumes exceeding their forecasted values by 3.4% on average between 2016 and 
2021. The exception is in 2021 when sales volumes 1.35% lower than forecast due 
to the change in production conditions brought on by the Covid-19 pandemic. At the 
same time, the worst situation occurred in 2021, when actual sales were 4207.65% 
below projected sales (Table 1).

In the battery EVs segment, the projected sales volumes have become underes-
timated. It suggests that consumers prefer pure EVs to hybrid EVs. The following 
factors contribute to the development of EVs at the global level:
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Table 1 Assessment of actual and forecast changes in the volume of sales of electric vehicles, 
2016–2022 

Indicators 2016 2017 2018 2019 2020 2021 

Total forecast 761.6 1206.9 1992.5 2186.1 3134.2 6507.9 

Volumes of sales of 
electric vehicles, 
thousands of vehicles 

792 1263 2062 2264 3240 6421 

Difference 30.4 56.1 69.5 77.9 105.8 − 86.9 
Deviation, % 3.84 4.44 3.37 3.44 3.27 − 1.35 
Battery Electric Vehicles 

Volumes of sales of 
electric vehicles, 
thousands of vehicles 

741.312 1178.379 1919.722 2096.464 3013.2 5977.951 

Forecast 477.7 801.6 1367.8 1624.6 2165.4 4599.4 

Difference 263.612 376.779 551.922 471.864 847.8 1378.551 

Deviation, % 35.56 31.97 28.75 22.51 28.14 23.06 

Plug-in Hybrid Electric Vehicles 

Volumes of sales of 
electric vehicles, 
thousands of vehicles 

50.688 84.621 142.278 167.536 226.8 443.049 

Forecast 283.8 405.3 624.7 561.5 968.8 19,085 

Difference − 233.112 − 320.679 − 482.422 − 393.964 − 742 − 18,642 
Deviation, % − 459.90 − 378.96 − 339.07 − 235.15 − 327.16 − 4207.65 

Source Calculation based on [32–35]

1. Environmental factors: 

• fight against carbonization, i.e., pollution by emissions of harmful substances, 
exhaust gases from cars and heavy elements after combustion; 

• the growing popularity of sustainable development, which drives the intro-
duction of environmentally friendly products. 

2. Economic factors: 

• a growing market, therefore attractive to investors, as the profits from 
investments, will be due to increased sales volumes; 

• the constant reduction in the cost of EVs, which expands the pool of potential 
consumers. 

3. Infrastructure factors: 

• implementation of relevant developments regarding fast and reliable EV 
charging through appropriate charging stations; 

• setting up the service and maintenance of EVs through appropriate service 
stations.
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4. Technological factors: 

• constant improvement of structures and units of cars, which ensure an increase 
in mileage on one car charger; 

• technological implementations to increase the capacity of storage batteries. 

5. State regulation: 

• replacement of 50% of motor vehicles with electric vehicles by 2030 in the 
world; 

• state subsidies for the purchase of EVs from developed countries. 

From 2016 to 2021, global sales volumes grew dramatically. The growth rate 
reached more than 100% by 2018. Since 2019, the growth rate has approximately 
doubled yearly. For battery EVs, the growth rate using 2016 as the base year closely 
corresponds to the general growth of all-electric vehicles, but with a slight lag. Hybrid 
electric vehicles have a high growth rate close to battery EVs. Again using 2016 as 
the base year, the sales growth rate was higher for hybrid EVs than battery EVs. 
Their low absolute sales volume explains this in 2016 (about 50,000 vehicles) (Table 
2).

In general, the lowest growth rate occurred in 2019. However, the average annual 
growth rate for each segment and the total reached 1.05, and the growth rate exceeded 
152.0%. The ecological approach in estimating the emissions of electric vehicles is 
equated to that of conventional cars. Therefore, a paradoxical system emerges: during 
the operation of an EV, carbon dioxide emissions amount to 27.1 tons, as opposed 
to 22.8 tons for ordinary cars. The harmful effects of the batteries themselves are 
not taken into account, but it is the batteries that carry the leading environmental 
threat. After all, they are produced based on nanotechnology, and the corresponding 
processing system has yet to be formed. Technologically, only the usual processing 
of lead-acid batteries has been developed (Table 3).

Significant growth in demand for EVs requires a corresponding increase in the 
use of various metals. Modern EVs mainly use copper, nickel, graphite, metals of the 
platinum group, lithium, and cobalt, as well as rare earth elements: lithium, cobalt and 
graphite are critical components of modern batteries. So, depending on the model, 
producing one modern EV requires 12 to 50 kgs of lithium, 5 to 8 kgs of nickel, and 
about 54 kgs of graphite. 

Nickel is used in the production of batteries and makes up 80% of them [36]. It 
causes an increase in demand for the metals mentioned above. Thus, lithium, cobalt, 
nickel, and copper prices increased by 60%, 250%, 26%, and 49%, respectively, 
between 2016 and 2022 [37]. A helpful comparison is that during the same period, 
the value of gold on the stock exchange increased by 16% and silver by 17% [37]. 
Lithium is a critically important element in the production of electric storage batteries. 
Experts forecast that a 1% increase in EVs production increases the annual demand 
for lithium by 70,000 tons. According to forecasts, the number of cars will reach 2 
billion by 2050. Half of them will be electric cars, which use 9 million tons of lithium 
and 13 million tons of cobalt [33]. We can evaluate the use of lithium in the production 
of electric batteries. We do this by determining the mathematical dependence of the
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Table 2 Statistical calculation of the dynamics of sales of electric vehicles by segments, 2016–2021 

Indicators 2016 2017 2018 2019 2020 2021 

Total 

Volumes of sales of electric vehicles, 
thousands of vehicles 

792 1263 2062 2264 3240 6421 

Annual absolute growth – 471 799 202 976 3181 

Growth factor compared to the 
previous year 

– 1.59 1.63 1.10 1.43 1.98 

Growth rate – 159.47 163.26 109.80 143.11 198.18 

Growth rate (chain) – 59.47 63.26 9.80 43.11 98.18 

Growth rate (baseline) 159.47 260.35 285.86 409.09 810.73 

Battery electric vehicles 

Volumes of sales of electric vehicles, 
thousands of vehicles 

741.31 1178.38 1919.7 2096.46 3013 5977.95 

Annual absolute growth – 437.067 741.34 176.742 916.7 2964.75 

Growth factor compared to the 
previous year 

– 1.59 1.63 1.09 1.44 1.98 

Growth rate – 158.96 162.91 109.21 143.73 198.39 

Growth rate (chain) – 58.96 62.91 9.21 43.73 98.39 

Growth rate (baseline) 158.96 258.96 282.80 406.47 806.40 

Plug-in hybrid electric vehicles 

Volumes of sales of electric vehicles, 
thousands of vehicles 

50.688 84.621 142.28 167.536 226.8 443.049 

Annual absolute growth – 50.688 84.621 142.278 167.5 226.8 

Growth factor compared to the 
previous year 

– 1.67 1.68 1.18 1.35 1.95 

Growth rate – 166.94 168.14 117.75 135.37 195.35 

Growth rate (chain) – 66.94 68.14 17.75 35.37 95.35 

Growth rate (baseline) 166.94 280.69 330.52 447.44 874.07 

Source Calculation based on [32–35]

production and sale of electric cars with the mathematical dependence of lithium 
costs in monetary form for producing electric batteries (Table 4).

The mathematical dependence of these quantities will be determined through the 
trend line (Fig. 1).

Mathematically, we equate the trends and find out the volume of sales of cars 
in which lithium will be used from the processing of electric batteries. Solving the 
quadratic equations for the supply of electric cars: 

y = −17.645x2 − 1124x + 41686; y = 882.59x2 − 4188.6x + 4966.9 

And lithium supply:
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Table 3 Characteristics of the most common industrial electric batteries 

Type of batteries Producer Composition of 
metals 

The 
composition of 
the electrolyte 

Lithium-nickel-manganese-cobalt-oxide 
battery 

Gigafactory-1 Lithium, iron, 
manganese, 
cobalt and their 
compounds with 
phosphorus, 
oxygen 

Ethylene 
carbonate, 
propylene 
carbonate, 
dimethyl 
carbonate 

Lithium-nickel–cobalt-aluminum-oxide 
battery 

Gigafactory-1 Lithium, iron, 
aluminum, 
cobalt and their 
compounds with 
phosphorus, 
oxygen 

Ethylene 
carbonate, 
propylene 
carbonate, 
dimethyl 
carbonate, 
fluoroethylene 
carbonate

Table 4 General characteristics of lithium expenditures concerning sales of electric vehicles, 2016– 
2021 

Years Number of sold 
electric 
vehicles, 
million units 

Lithium, USD 
per kg 

The average 
price of an 
electric vehicle, 
USD 

Use of the 
amount of 
lithium per sold 
electric vehicle, 
kg 

Expenditures on 
lithium for the 
production of 
electric 
batteries, USD 

2016 0.792 26.17 41,000 22.18 580.35 

2017 1.263 27.39 39,000 35.36 968.62 

2018 2.062 41.13 38,330 57.74 2374.68 

2019 2.264 30.89 37,667 63.39 1958.18 

2020 3.24 30.41 35,500 90.72 2758.80 

2021 6.421 75.18 34,500 179.79 13,516.46 

Source Compiled by the authors on [35, 38]

y = 88259 x2 + 41886.6x + 49, 66.9 = −17.643x2 − 1124x + 41868 

Setting these equations equal gives a production volume of 536.71 trillion electric 
cars. This volume will become a condition when lithium is used to process electric 
batteries. As of 2021, there is a trend toward increased demand for cobalt for the 
production of EVs, which has exceeded the demand for metal for the production of 
smartphones and computers. At the same time, the total demand for cobalt was 175 
thousand tons, and its extraction reached 160 thousand tons. Therefore, according 
to these forecasts, by 2026, half of the global demand for cobalt will be from EVs 
manufacturers [39].
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Fig. 1 Average expenditures on used lithium in the production of electric vehicles, USD

Cobalt is the most problematic material used in batteries. In operation, there are 
frequent cases when both mobile phones and electric vehicles catch fire. 

It is not related to operating conditions but to technical deficiencies in producing 
this metal. In addition, lithium and cobalt enter the groundwater, posing a danger to 
the environment. 

Lithium-ion batteries’ efficacy depends on their external environment; namely, at 
sub-zero temperatures, they lose their effectiveness. A dangerous problem with Tesla 
cars is the rapid ignition of batteries, which occurs both when parked and in motion. 
There were fixed fatalities when a car caught fire after hitting a tree. It was possible 
to extinguish the fire only after four hours. Thus, another problem is the safety of 
firefighters, who must work in chemically aggressive environments when extracting 
the results of burning lithium and cobalt. In the summer, the risk of catching fire 
increases tenfold [40]. 

By 2010, most used batteries were sent to the Congo and Nigeria [41], which 
were mass incinerated in landfills. Currently, there is a phenomenon where landfill 
sites are filled with relatively new electric vehicles, for example, the EV-1 landfill 
in America [42]. In China, such areas are used for car-sharing vehicles, such as the 
Lifan 330 eV [43]. Such disposal is a consequence of the bankruptcy of the respective 
manufacturers and lessees of electric vehicles.
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So, the main environmental problem of electric vehicles is the recycling of 
batteries. For lead-acid batteries, technology has been developed to isolate the compo-
nents of lead, sulphuric acid, and lead oxide, producing so-called lead paste and lead 
acid. They are easily neutralized, and the materials are involved in re-production. For 
lithium-cobalt batteries, such technologies are relatively primitive and do not ensure 
the complete recycling of all elements. 

According to this study’s calculations, with the production of 536.71 trillion EVs, 
there will be a need for the complete disposal of electric batteries. However, for the 
current period, the main problem in recycling is the proportional composition of these 
elements, which takes more work to take into account in the recycling process. In 
addition, the labeling of lithium batteries itself needs to indicate complete information 
about the possibility of their disposal (the specifics of the disposal of the cathode, 
anode and electrolyte are not indicated). It is why the widespread current technology 
for the disposal of such batteries is grinding and pyrometallurgy due to its economic 
feasibility. 

The development of chemical production and, accordingly, the automobile 
industry, which directly depends on the volumes of the chemical industry for the 
supply of plastics, rubber and others, have seriously damaged the planet. Various 
artificial polymers decompose over centuries, slowly poisoning the biosphere, accu-
mulate in urban landfills, or are buried, leading to soil and groundwater pollution. 
In the modern era, all of the past solid household and industrial waste processing 
methods fail to guarantee their safe processing. Numerous harmful gases, particu-
larly carbon dioxide and nitrogen, are released, increasing ecological danger [44]. 
However, an innovative approach to recycling is being implemented, focusing on 
using the pyrolysis method in waste processing. In other words, all waste except 
bricks, stones, and metal is processed at high temperatures of 1600–1800 °C (273 K) 
and high pressure. This type of processing produces slag or neutral residues. The 
obtained synthetic gas is a raw material that can produce methanol, higher alcohols, 
nitrogen fertilizers, ammonia, synthetic motor oil, and fuel. 

Another approach involves high-temperature processing, resulting in syngas 
containing 90% hydrogen and carbon and 10% solid slag. Slag is created in the 
form of sand, silica, alumina and quicklime. A pyrometallurgical process has been 
formed, the concept of which assumes that after crushing the batteries, they are 
subjected to high temperatures. Then a carbon mass of metal, plastic and various 
viscous substances forms, which later, due to chemical and physical processes, allow 
their oxides and salts. In general, the pyrometallurgical process is an ore-processing 
concept. This approach counts batteries as received ore without incorporating extrac-
tion costs. This process allows processing any battery without considering related 
production technologies and the specifics of the structural composition, but it has 
high energy consumption. 

A hydrometallurgical process has also been worked out. Its essence boils down 
to the fact that various acids act on the battery, forming a so-called liquid substance 
saturated with soluble metal salts that are part of the battery structure. This process 
is more energy efficient but dangerous. Its advantage is that it can obtain graphite
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and lithium, which are lost during pyrolysis. Using chemical compounds and acids 
causes is dangerous for workers and production. 

These two approaches are somewhat independent. The practice of applica-
tion combines both approaches while prioritizing one. Experimental developments 
regarding introducing new concepts are based on the formation of a direct recycling 
process initiated by the US National Renewable Energy Laboratory. The technolog-
ical process’s essence lies in removing electrolytes from batteries using a vacuum. 
The bound components are then extracted through crushing and heating and the 
action of solvents. A flotation technique is then used to separate the anode and 
cathode materials. At the output of processing, a powder-like material is obtained. 
This technology has been developed in laboratory conditions, but in practice, some 
difficulties arise: 

1. The lack of uniform standard markings that would indicate the composition of 
the battery based on the chemical and quantitative characteristics of the metals 
used; 

2. The lack of a standard method of disassembling the battery (current methods of 
battery disassembly require at least two hours); 

3. The lack of unification of batteries prevents the use of robots to speed up 
disassembly costs; 

4. The use of chemical solvents, which are prohibited for use in many countries, 
primarily European countries and the U.S.; 

5. Powerful manufacturers of electric vehicles invest the most funds in the develop-
ment of batteries, and they want to keep their knowledge private. If they transfer 
licenses, it means that the technologies are already outdated. 

Therefore, the solution to this problem is carried out in three stages: 

1. Replacement light metals (lithium, cobalt and others) with other materials. That 
is, new lithium-silicon and solid-state battery technology are being developed. 
Silicon is added to the battery composition (less than 10%), increasing service 
life and fire resistance while ensuring satisfactory charging speed. It reduces 
the number of cells in the battery, reducing the risk of failure. In addition, such 
batteries retain 90% of their charge capacity after 5000 cycles and charge up to 
80% of battery capacity in 15 min. 

2. The formation of technologies based on lithium-iron-phosphate batteries. By the 
end of 2021, there was a working prototype of such batteries. The peculiarity 
of this battery is that it can withstand 60-degree heat and cools down quickly. 
However, such batteries are still focused on sports EVs in mass application. 

3. The development of sodium-ion battery technologies shows resistance to self-
ignition and has a longer service life compared to lithium-ion ones. Their 
disadvantages are low charging speed and low charge density. 

Currently, intensive laboratory studies are being conducted by EV manufacturers 
to change the structure of metals in electric batteries to increase their efficiency in 
use and reduce energy consumption during production and disposal. The main areas 
of development to increase the efficiency of batteries are presented in Table 5.



Management Supply Chains Electric Vehicle Battery Recycling 45

Table 5 Prospects for the development of electric batteries 

Company Battery characteristics Mileage of an electric 
vehicle per charge, km 

Production 

SVOLT Without cobalt content Up to 600 Mass production has not 
started 

Tsinghua Solid state batteries 500, battery life cycle 10 
million km 50 years of 
operation 

Toyota and Nissan released 
an electric vehicle with such 
a battery 

Samsung Graphene batteries 5 Patent application 

Source Compiled by the authors [45, 46] 

Currently, a full-fledged battery recycling business is being formed. It has the 
national character of the producing country. The primary producers are diversifying 
rare earth metals. Therefore, battery recycling processes are oriented within the 
boundaries of a particular country. At the same time, such a diversification system 
allows manufacturers to attract state funding. It is explained by the possibility of 
attracting state support in the context of sustainable development, particularly the 
strengthening of greening (Table 6).

American companies such as Ionic Materials, QuantumScape, Sila Nanotechnolo-
gies, Sion Power, and Sionic Energy are already developing next-generation battery 
technologies [52]. 

The widespread introduction of factory battery recycling indicates that car manu-
facturers want to keep EV sales revenue within the company. Thus, they plan to 
avoid paying environmental taxes in the future. In a macroeconomic approach, the 
battery recycling business can only work if the value of lithium is exceptionally high. 
According to the London Metal Exchange [53] (LME) and Fastmarkets [54], in 2021, 
the price of lithium fell to 80.25 USD per kilogram (80,250 USD per ton). According 
to Morgan Stanley forecasts, lithium prices will fall by 30% by 2025 [55]. 

However, China is targeting mass recycling of car batteries by 2030 (recycling 
120 tons will ensure the assembly of 200,000 new cars). Therefore, future battery 
recycling will be financed with indirect environmental fees. However, with state 
support, such an endeavor by the private sector is much better. 

The modern direction of electric battery recycling is demonstrated by Chinese 
companies, in which a closed cycle of the recycling process is followed, from the 
collection, sorting, and storage to complete recycling with the reuse of the received 
battery elements. Thus, the construction of a full-fledged logistics chain of a closed 
cycle of complete processing of electric vehicle batteries, oriented from the consumer 
to the manufacturer of electric vehicles, is being formed. In addition, CATL operates 
in Southeast Asia, which provides 32.5% of the global output of batteries for electric 
vehicles, and two more manufacturers (LG Energy Solution and Panasonic), which 
together produce 70% of the battery market for electric vehicles (21, 5% and 14.7%, 
respectively) [52]. 

The logistics chain of a closed cycle of complete recycling of mobile electric 
batteries is the most advanced organizational complex for the disposal of used
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Table 6 The modern process of processing mobile electric batteries 

Company Region The essence of  
battery recycling 

The reality of the 
project 

Potential for 
recycling batteries 

Volkswagen Germany Entire processing 
with the possibility 
of obtaining metals 

Effective from 
2020 

The capacity of 
3000 batteries or 
1500 tons per year 

Veolia England Complete rework Implemented in 
2021 

By 2023, the 
amount of 
recycling of 20% 
of used batteries in 
the entire English 
market 

By 2024, another 
plant in Manward 

Half of the market 
for used batteries 

Renault France Reusing 90% of 
battery content 
methods 

Research line in 
2025 

Will reduce 
greenhouse gas 
emissions during 
battery production 
by 50% 

Duesenfeld Germany Metal salts (cobalt 
sulfate, lithium 
carbonate, nickel 
sulfate, manganese 
sulfate) 

Valid since 2019 70% recycling of 
all used batteries in 
Germany 

ReCell China Extraction of 
ready-made 
cathode crystals 

Methodology 
development 

Transition to the 
new principle of 
battery recycling 
by 2027 

Umicore EU, South, North 
America, Asia, 
Africa 

70% recovery of 
cobalt, copper and 
nickel (loss of 
lithium) 

Valid since 2020 The world leader in 
the processing of 
secondary precious 
and industrial 
metals 
It owns 46 
processing 
enterprises around 
the world 

Source Compiled by the authors [47–51]

batteries. The complex consists of two processing enterprises created depending 
on regional needs and located in administrative areas where EVs are sold. The first 
type is small recycling centers of the receiving type, where batteries are accumu-
lated and stored with capacities of up to several tons of batteries. The second type 
is concentrated storage enterprises, where batteries are stored for a long time. They 
are located in centers where more than 8000 electric vehicles are concentrated and 
serviced. It is how the processing logistics chain is formed when the batteries go
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directly to the processing enterprises of large companies producing EVs from the 
receiving and storage points. 

Another approach in forming the logistics of the battery plug is a narrowly special-
ized logistics chain. It involves unidirectional specialization of companies sorting 
used electric batteries according to the level of wear and tear. Such a business is 
established by the 4R Energy enterprise and the companies Nissan and Sumitomo. 
These links of the logistics chain work for narrow segments of the respective parent 
companies of EV manufacturers. 

The main environmental problem caused by EVs is the recycling of electric 
batteries. According to forecasts of the National Renewable Energy Laboratory 
[54], the number of batteries produced will increase dynamically as a result of the 
expansion of the production of EVs. Therefore, the challenge of recycling them 
will grow over time. There are two types of solutions. One solution is private and 
public funding of research into the possibilities of recycling batteries based on inno-
vative approaches. It is typical for large companies producing EVs, which evaluate 
capabilities based on their research laboratories. The second solution is forming a 
full-fledged battery recycling market as a derivative of the EV market. 

All the analyzed problems indicate that the economic feasibility of switching to 
electric transport, which the governments of leading countries support, needs to be 
measured more. It can be achieved only through administrative coercion. Since such 
a mechanism is not used in market conditions, a tax on the disposal of EVs will 
be introduced sooner or later. However, even with additional funding, it will not 
be possible to achieve effective processing due to restrictions on labor protection. 
Therefore, there will be a trend toward accumulating battery landfills in developing 
countries. At the same time, given the constantly growing demand for rare earth 
metals, EVs manufacturers will try to cover them at the expense of their processing. 

Factors influencing the industrial disposal of EVs batteries noted in the study can 
be grouped to estimate a mathematical dependence on these processes. 

1. The dependence determines the economic factor: the increase in prices for rare 
earth metals, the greater the economic expediency of using materials reuse. For 
the current period, the economic factor makes up 45% of the metal used (including 
chemical salts and solutions). 

Economic factor : Eecon0 = Eeconi(t) (4) 
2. The environmental factor is defined as universal and responsible. All developed 

countries have taken a course to switch transport to an electric type of engine. 

Environmental factor : Eecol0 = Eecoli(t) (5) 

3. The technological factor is the fundamental physical, chemical and nano-
developments used in the modern recycling electric vehicle batteries. 

Technological factor : Etech0 = Etechi(t) (6)
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In the mathematical dimension, this is the solution of a system of equations, which 
the corresponding indicators give at each moment of time t. At a certain moment in 
time, this system will be determined by the vector of phase coordinates (Formulas 
4–6). 

Then the trends in the change of the recycling process are differential equations 
that reflect the change in the rate of change of a separate phase (namely, the phase of 
the development of recycling processes) through the function of the phase coordinate 
and time for each of the three equations (Formulas 1–3). 

As a result, the following differential equations are obtained: 

⎧ 
⎨ 

⎩ 

d(Eecon0) 
dt = Eecon0 = f (Eeconi(t), Eecoli(t), Etechi(t), t) 

d( Eecol0) 
dt = Eecon0 = f (Eeconi(t), Eecoli(t), Etechi(t), t) 

d(Etech0) 
dt = Etech0 = f (Eeconi(t), Eecoli(t), Etechi(t) 

(7) 

For this model, the initial state k0 at (t = 0, the start of the time count) is determined 
by the values of the phase coordinates at time t0. Therefore, the state of the system 
at this initial time will be the equation: 

k0 = k(t0) = ((Eecon0)t0 ,( Eecol0)t0 ,(Etech0)t0 ) = ((Eecon0)0,(Eecol0)0,(Etech0)0) 
(8) 

and the final state will be determined by the reference values of these system 
components. 

Thus, the proposed model of EV battery disposal is a system of differential equa-
tions where the three essential components of the concept, which are also factors in 
the disposal process, are unknown. However, over time, this system will be trans-
formed into a system that a limiting value can describe (at t → ∞, and initial values 
((Eecon0)0, (  Eecol0)0, (Etech0)0. 

Therefore, the system we built has an attractor in the form of a limit cycle. In 
summary, there will always be such a value t < ∞ at which the limit value functions 
Eecon∗ 

0(t), Eecol
∗ 
0(t), Etech

∗ 
0(t) will reach the indicators of the given ideal value 

of the components of electric vehicle battery disposal determined by us. Therefore, 
the disposal process is implemented in a particular finite time. The time will be 
achieved under centralized control over the maximization of the levels of obtaining 
the used metals. In other words, the calculation notes that processing is possible in 
the minimum time, but this time is determined by the given level of obtaining the 
used metal. That is, the maximum permissible level of possible acquisition is 100% 
in theoretical justification. In practice, it is impossible to achieve such a level, but it is 
an ideal condition. Therefore, many research laboratories are working on alternative 
options for creating batteries without the involvement of rare earth metals. 

The analyzed trends in the development of electric vehicles and the current tech-
nologies in the processing of rechargeable batteries, as well as the mathematical justi-
fication of recycling with an orientation towards an ideal model, allow us to predict 
further trends in the development of the processes of recycling EV batteries. However,
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we note that future scenarios are entirely conditional and depend on numerous factors 
that cannot be considered (new fundamental discoveries in nanotechnology and the 
creation of new electromagnetic and plasma technologies). 

Given that the leading developed countries have decided on a complete transition 
from cars with internal combustion engines to electric vehicles, we highlight the 
following possible scenarios: 

1. Full-fledged development of the recycling industry as a sphere of individual 
entrepreneurship, when leading specialists of well-known companies will start 
their own small and medium-sized battery recycling companies. 

2. Further development of battery recycling based on a closed cycle logistics chain 
of complete recycling mobile electric batteries will work in the European and 
American markets. 

3. Formation of innovative and breakthrough technologies based on research 
and experimental chemical laboratories to simplify battery recycling. Accord-
ingly, the formation of a subsidiary in the organizational structure of a large 
manufacturer of electric vehicles. 

4. The creation of a fundamentally new battery that will work on other fundamental 
physicochemical and electromagnetic principles is an evolutionary course of 
development that will lead to a complete transformation not only of storage 
batteries but also of the production of electric vehicles. 

5 Discussion 

Currently, battery production is constrained by the needs of EV manufacturers (Tesla, 
Nissan, Renault and Lifan). The manufacturers determine the principal and struc-
tural composition of these batteries. The problems with labeling complex, scien-
tifically intensive, and chemically and physically dangerous batteries still need to 
be addressed by the attention of manufacturers and ecologists. Attention is paid to 
these problems in the context of environmental safety as a necessity and condition 
of general production without considering the specifics of using rare earth elements. 
It is necessary to work out the technology of marking and hatching batteries for 
complete unification and disposal needs from the point of view of environmental 
safety and sustainability. 

Regarding the forecast of battery disposal, we predict that it will surely increase 
in volume, a prediction at odds with the forecasts of Alexis Gerossier, who noted that 
compared to 2017, there will be an increase in the use of EVs until 2023. However, 
by the end of 2030, their use will decline significantly. 

According to the mathematical model, the disposal process can be ideal only when 
all components are recycled and reused in the production of batteries. However, the 
reality is far from ideal models due to the many complicated factors to consider. One 
of them was considered in this study—the marking system. Therefore, the processing 
technology must be adjusted for a specific manufacturer. From an economic point 
of view, it is energy-consuming. Therefore, the statement about using spent batteries



50 V. Koval et al.

in other industries is quite understandable, considering the life cycle of the first 
and second levels of application of EV batteries [56]. An analysis of the EV battery 
recycling and recycling market showed [57] that China is oriented towards secondary 
use. 

The authors find that supplies of rare-earth metals to the EU are at risk and are 
economically important for the industry, which indicates the need to implement 
full-fledged recycling of batteries with the recovery of extracted metals. The global 
trend is to focus on secondary processing to extract 90% of metals from batteries. In 
contrast, the EU and the U.S. are oriented towards recycling, and Canada has focused 
on developing technologies for completely recycling lithium-ion batteries [58]. 

Therefore, the disposal problem is only being postponed for the time being, 
but its solution will be implemented soon. At the same time, the solution will be 
implemented depending on state policy, which depends on global environmental 
challenges. The EU and Canada pay the most attention to complete recycling. 

6 Conclusions 

Although the increase in environmental protection of the transport sector from the 
development of EVs, the disposal of EV batteries remains a significant problem, 
primarily due to the use of liquid-earth elements, which determine the pace of devel-
opment of electric vehicle construction, current disposal processes primarily rely on 
existing technologies, which have organizational influence in the formation of the 
accompanying industry. According to theoretical rationale, the problem of processing 
lithium batteries will become more acute in connection with the growing demand for 
lithium. Therefore, with a production volume of 536.71 trillion EVs, markets will 
reach an equilibrium where lithium will be obtained through the complete recycling 
of batteries. Until then, recycling of lithium batteries will be partial and limited. EV 
production is realized as forming a full-fledged market with appropriate segments and 
is in the phase of saturation and segmentation. Factors that contribute to the develop-
ment and formation of the derivative market for the disposal of car batteries: increase 
in the costs of valuable non-ferrous metals for the production of batteries (nickel, 
zinc, magnesium), as well as rare earth elements (cobalt, lithium); the system of state 
regulation, which prescriptively determined the nearest perspective regarding the 
transition of all transportation from internal combustion engines to electric motors; 
orientation of EV manufacturers to increase profitability by controlling the process 
of disposal of cars and their components to re-engage certain elements, costly ones 
(lithium, cobalt, copper) in repeated production. 

The formation of an effective recycling market marks the establishment of appro-
priate chains focused on collecting, storing, sorting and recycling electric batteries. 
At the same time, these processes are actively manifested in East Asia since most 
battery production (70%) is concentrated within three companies: CATL, LG Energy 
Solution and Panasonic. In Europe, a characteristic feature of the EV battery recy-
cling process is the formation of joint and subsidiary enterprises—from research
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chemical laboratories and local car manufacturers (Volkswagen, Volvo). Regarding 
the technological possibilities of disposal, the following trends were noted: there is an 
ongoing improvement to existing technologies based on pyrometallurgical processes 
and hydrometallurgical processes; there are attempts to move away from dangerous 
lithium technologies for the formation of cathodes and electrolytes. Possibilities for 
the development of innovative private businesses, as well as the formation of large 
regional full-cycle logistics chains for the reuse of expensive and rare earth elements, 
were explored. 
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Abstract The article is dedicated to developing analytical tools for sustainable 
electric energy management in the energy savings system based on the consumer-
regulator model and analytical and logistic approach principles. It has been estab-
lished that one of the tools for sustainable electric energy management is energy 
efficiency and energy savings to increase efficiency in using the energy resources 
available to ensure the full functioning of the domestic energy system. Involving 
a household consumer in sustainable electric energy management processes as a 
business partner will allow one to balance all market participants’ interests in self-
regulating the electricity consumption amount to meet their own needs. The features 
of new groups of household consumers of energy have been clarified and identi-
fied based on their readiness for technical participation in the electricity distribution 
system and load regulation, as well as their potential to attract funds to the develop-
ment of the energy system. A complex model of a consumer involved in regulating 
electricity consumption has been proposed using an analytical and logistic approach. 
That proved it possible to reduce the power system load during the peak hours at 
10:00 p.m. by 8.18 kWh, particularly for the «C-3» household type during the winter 
period, and to balance the nighttime declines in electricity consumption at the level 
of about 6 kW during the 11:00 p.m. to 7:00 a.m. period. It has been substanti-
ated that consumers’ transition to nighttime consumption should be accompanied by 
improved tariff schemes to balance the interests of both household consumers and 
energy suppliers based on sustainable management principles.
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1 Introduction 

Existing systematic problems in the Ukrainian energy sector make it necessary to take 
some actions to ensure that the energy system operates sustainably. Resolving such 
tasks will contribute to creating and implementing the energy sector management 
strategy based on sustainable energy market functioning principles, compliance with 
energy security, and eliminating potential threats and risks that can negatively affect 
the energy sector’s condition. 

The reasons determining the need for sustainable management of the energy 
market in general and eclectic energy, in particular, are the unstable situation in 
the energy sector, the strengthening of crisis phenomena due to global instability, 
and the threat of complete controllability loss in the energy system. To date, about 
40% of Ukrainian energy infrastructure has been damaged, translating into a $3.6 
billion loss for the energy industry [1]. 

A significant reduction in energy capacities limits the access to electricity for 
household and industrial consumers, deepens the asymmetry between the volumes 
of production and using electric energy, exacerbates the problems of particular 
regions’ unbalanced development, and disrupts the existing mechanisms of the elec-
tric energy market operation. Such a situation requires creating certain energy-saving 
mechanisms, eliminating prerequisites for a power outage, and disrupting the power 
system’s operation. The need for sustainable electric energy management in the 
energy-saving system stems from the importance of creating certain management 
mechanisms for resolving the issues of strengthening the security of all energy 
system elements, including generating facilities and distribution networks that deliver 
electricity to end users. 

2 Literature Review 

The main goal of the Energy Strategy until 2050, developed with the support of 
the International Energy Agency (IEA), the technical assistance of the Great Britain 
government, and the advisory support of KPMG, is to restore the Ukrainian energy 
system, which has suffered significantly due to damage to critical infrastructure. 
The program of IEA cooperation envisages solving problems in the key areas of 
domestic energy industry development: security, energy conservation, transition to 
clean energy, and energy sector restoration. 

The long-term strategy for Ukrainian energy sector formation and further develop-
ment takes into account modern challenges and is aimed at ensuring the conditions for
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sustainable domestic economic development based on reliable, sustainable, and envi-
ronmentally friendly energy sources in the context of climate neutrality. Increasing 
the efficiency of using limited energy resources based on energy conservation prin-
ciples will determine the energy market’s sustainable development in the upcoming 
decades. The main patterns of energy efficiency and rational electricity usage have 
been studied in the works of foreign and national researchers. 

Prokopenko et al. [2] outlined ways to improve Ukraine’s energy system based on 
European norms and standards and taking into account the specifics of the country. 
The principles of improving state support for the energy sector described in their study 
are based on balancing the interests of the state, energy consumers and investors. The 
issues of developing an effective energy-saving mechanism and ensuring the effec-
tiveness of energy market functioning are the subject of research by Malinauskaite 
et al. [3] and Kovalko [4]. The research methodology of energy market functioning 
systems in structuring the relations between consumers included in the electricity 
consumption regulation system and electricity suppliers, as well as taking manage-
ment decisions regarding their interaction, has been substantiated in a paper [5]. The 
issues of increasing the efficiency of solving energy problems with investments and 
R&D Costs in energy technologies are considered in the study [6]. 

The issue of ensuring free access to energy resources for household and indus-
trial consumers and reducing their costs based on creating an integrated management 
system in the national energy sphere has been disclosed in a paper [7]. Such a system, 
in addition to developing and ensuring competitive relations between producers and 
suppliers of electric energy, includes approaches to solving the problems of regu-
lating the activity of natural monopolies by creating a consumer market for energy 
products and actively involving private consumers in energy savings and efficient 
consumption. The multi-vector nature of resolving the energy efficiency and energy 
saving is-sues, which are the priority energy policy directions for the European Union 
countries, is outlined in studies [8, 9]. Taking energy efficiency measures is aimed 
at reducing household and industrial consumers’ energy resources consumption 
volume. It creates prerequisites for preventing the decline in production and further 
recovery of the domestic economy, increasing its competitiveness level, and meeting 
the population’s social needs. Developments allow one to choose how to implement 
state programs and regional projects in electric energy generation, distribution, and 
supply. 

The features of the logistic approach to justifying the choice of energy-efficient 
measures have been studied in papers [10, 11]. In current conditions, a global energy 
and information complex is being formed, which creates integral mechanisms for 
managing energy flows that ensure supplying the maximum possible volume of 
energy resources to end users, provided that the cost of their consumption is mini-
mized [10]. Kurbatova et al. [12] explored the balancing challenges of Ukraine’s 
energy system caused by the high penetration of renewable energy and the impact 
of the COVID-19 pandemic on the energy sector. In modern conditions, it is still 
possible to implement researchers’ proposals to reduce threats to the stable operation 
of Ukraine’s energy system by installing energy storage capacities and stimulating 
the development of flexible renewable energy capacities.
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The issues of ensuring the ecological safety of the region’s population are actu-
alized in the context of the growth increase in the natural resources, accompanied 
by the increase in anthropogenic pressures on the environment and humans [13]. 
The results of the research found in the scientific literature allow us to move on to a 
systematic study of the development and implementation of sustainable approaches 
to managing the energy-saving system in the context of global instability and the 
national economic crisis, as well as solving the social and economic problems of the 
country. 

The urgency of resolving the outlined issues necessitated a detailed analysis 
of energy efficiency and energy-saving mechanisms in sustainable energy sector 
management based on an analytical and logistical approach. Such an approach should 
ensure energy security and achieve energy policy goals in the long term. 

The study aims to develop analytical instruments for sustainable electrical energy 
management in the energy-saving system based on developing the consumer-
regulator model to strengthen energy security in conditions of global instability and 
the threat of losing the controllability of the energy system, following analytic and 
logistic principles. 

3 Research Methodology 

Both general and special scientific research methods have been used to achieve the 
goal. Methods of generalization, comparison and deductive and inductive analysis 
have been used to specify the features and identify new groups of energy consumers. 
The idealization method allowed us to build a model of a consumer involved in an 
electricity consumption regulation system. Statistical analysis and graphics methods 
have been used to create a model of electricity consumption during one day by 
consumers of different types by seasons when applying basic and differential three-
zone tariff, which depends on the time period of the day. Here is the mathematical 
representation of the complex model of a consumer involved in regulating electricity 
consumption: 

P(t) = 
n∑

i=1 

Pi(t), (1) 

where Pi is the energy receiver capacity; n is the number of displacement steps; i is 
the energy receiver number. 

Pj(t) → Pj(t + Δtn), (2) 

where Pj (t) is the energy receiver; j is the number of energy receiver that is transferred;
Δt is the calculated time period duration.
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Wd  = 
23∑

k=0 

P(t)1h, (3) 

where Wd is daily consumption; h is daily consumption per hour. 
While improving the model by considering the amount of electricity consump-

tion during different seasons of the year, it is proposed to additionally form seasonal 
patterns of electricity usage by household consumers and define separate subtypes. 
On such conditions, the extended model will allow one to study the consumption 
dynamics depending on the year period (season), each of the following duration: 
Summer—92 days; Autumn-Spring—91 days; Winter—182 days. The extended 
model built according to seasonal load for consumers of all subtypes also considers 
using a multi-zone electricity metering device. 

4 Results 

Experts of the International Energy Agency (IEA) claim that energy efficiency will 
play the most important role (40%), along with renewable energy sources (30%), in 
reducing carbon dioxide emissions and preventing further increase in environmental 
temperature by 2050 [14]. In the Energy Security Strategy of Ukraine [15], the task 
of implementing measures and programs to increase energy efficiency in various 
spheres of the national economy, particularly in the housing and communal sphere, 
was set as a priority direction to achieve energy efficiency in using energy resources. 
That is why, in order to deepen the essential understanding and carry out a more 
detailed analysis of the interaction between electric energy market subjects within 
the analytical and logistic approach, the task was set to substantiate the model of 
interaction between consumers involved in electricity consumption regulation and 
energy suppliers in the framework of Ukrainian energy market formation and market 
entity role, aimed at obtaining practical results to confirm the formulated hypotheses. 
The economic effect of involving household consumers in electricity consumption 
regulation systems manifests in using their financial resources. Transforming house-
hold consumers into energy system partners results in their interest in managing 
energy usage effectively to meet their needs [16, 17]. For this purpose, we con-sider 
it expedient to introduce an additional system of classification features (Table 1), 
which more fully reflect the changes that have taken place in consumer psychology 
over the last decade. It is based on such paired and mutually exclusive concepts as 
«technologically active ↔ technologically inert» and «investment active ↔ invest-
ment inert», which are considered as attributes (characteristics) of separate groups 
of household consumers.

Type «A», the most widespread consumer type, is characterized by minimal efforts 
to improve the existing energy consumption system and, therefore, cannot even poten-
tially participate in regulating the energy system load. Type «B» includes consumers 
who make certain efforts for their microclimatic comfort but do not consider the
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Table 1 New groups of 
household consumers of 
energy 

Attributes (features) Investment inert Investment active 

Technologically inert A B 

Technologically active – C

interests of other energy market participants. Type «C» are consumers with technical 
abilities to control their own energy consumption and are willing to invest their funds 
in developing a sustainable energy consumption management system. The share of 
such consumers is gradually increasing, which characterizes them as potential busi-
ness partners of energy supply companies, able to cooperate to improve the system 
services sector. As an element of sustainable electric energy management in the 
energy saving system in the context of analytical and logistic approach to electricity 
market improvement, approaches to modeling electricity consumption distribution 
by type «C» household consumer and partner during the day with a multi-zone 
electronic metering device are proposed. 

The practical goal of the proposed model is to balance the amount of household 
electricity consumption based on more even load distribution, which will allow one 
to balance the power system’s nighttime decline. On this basis, it is possible to 
involve a consumer as a partner and regulator in the country’s energy system. A 
model of a consumer involved in an electricity consumption regulation system has 
been formed based on identifying the following three types of technologically and 
investment-active households, which differ in the number and capacity of household 
electrical appliances available. The proposed model considers a distinct difference in 
the number and characteristics of electrical appliances a household is equipped with, 
the cost of connecting a household to the distribution grid, and the income level. 

That made it possible to distinguish three consumer subtypes: 

«C-1» are households with a limited number of low-power electrical appliances 
and a low standard of living; 

«C-2» are households with a basic set of electrical appliances of various capacities 
with an average standard of living; 

«C-3» are households that use a large number of powerful electrical appliances and 
a high standard of living. 

In turn, household appliances are divided into two groups: electrical appliances 
that can be used at night without any breakdown risk and electrical appliances with 
this option not provided. Using a well-grounded model, graphical modeling of elec-
tricity consumption by a consumer involved in regulating electricity consumption 
was carried out at a regular tariff depending on monthly consumption volumes and 
at a tariff differentiated by time periods for different seasons of the year. The obtained 
picture showing the dynamics of the basic demand for electricity in the studied house-
holds during different seasons is demonstrated in the example of energy consumption 
by «C-3» subtype household (Fig. 1).

The obtained results regarding the volumes of electricity consumption, during 
the winter season in particular, confirmed the hypothesis as to the need for stricter
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Fig. 1 The model of the basic demand for electricity by «C-3» subtype household consumers by 
seasons

limiting the volumes of household electricity consumption during the evening peak 
(Fig. 2). It made it possible to single out certain variable amount of electricity for each 
household subtype, which is consumed by electrical appliances that are reasonable 
to be connected to the power grid at night for the studied periods of the year: summer, 
autumn-spring, and winter. 

A model for improved distribution of electricity consumption by a household 
consumer at night is proposed, based on the formulation of the following tasks: xij 
are binary variables characterizing the amount of electricity consumption by i device 
during j time at xij = 1, under condition of no consumption xij = 0. 

According to zonal metering, the night tariff is valid from 11:00 p.m. to 7:00 a.m. 
[18]. The hour indicator starts at 10:00 p.m. If necessary, energy consumption may 
be transferred to the time adjacent to the night period, for example, from 10:00 to 
11:00 p.m. Therefore, the period under consideration has 1 to 9 index and is called 
«adjacent nighttime consumption». 

Limitation 1. The total nominal capacity of electrical appliances per hour does 
not exceed the set limit (one): 

n∑

i=1 

Ni xi j  ≤ a j , j = 1. p (4)
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Fig. 2 The model of demand for electricity by «C-3» subtype household consumers by seasons at 
basic tariff 
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where p is the period of «nighttime adjacent consumption» (we will assume that p = 
9); n is the number of electrical appliances reasonable to be connected to the power 
grid at night; a j is the maximum amount of electricity consumption during j hour; 
Ni is the passport capacity of i household electrical appliance. 

Limitation 2. The period of electricity consumption by each electrical appliance 
has certain duration (in hours): 

m∑

j=1 

xi j  = bi , i = 1.n (5) 

where bi is the period of «nighttime adjacent consumption» by i household electrical 
appliance, respectively. 

Building the objective function allows one to minimize the electricity demand. At 
the same time, the full night tariff is valid and transfers the household consumers to 
0.4 tariffs from 11:00 p.m. to 7:00 a.m.: the night tariff effectiveness is confirmed by 
the shift in demand for electric energy to the period of «adjacent nighttime consump-
tion». Analyzing additional «nighttime adjacent consumption» periods, the volume 
of electricity consumption is observed only under the condition of absolute loading 
during the 11:00 p.m. to 7:00 a.m. period, subject to compliance with the previously 
set limitations. 

Z = k2 
n∑

i=1 

Ni xi1 + k3 
n∑

i=1 

9∑

j=2 

Ni xi j  → min, k2 ≫ k3 (6) 

where k2 is the day consumption period coefficient; k3 is the night consumption 
period coefficient. 

In case if technically, a specific i household electrical appliance must work contin-
uously (certain operation modes of electrical appliances provide for their continuous 
operation for two or more hours), then it is necessary to add the following to the 
previously set limitations for the proposed mathematical model: 

10−c j∑

k=1 

k+ci−1π

j=k 

xi j  = 1 (7)  

where ci is the period of continuous operation of i household electrical appliance. 
This limitation has a non-linear nature, which complicates implementing a model 

of improved electricity consumption distribution at night for a household consumer. 
However, solving this problem seems possible due to including auxiliary variables 
in the mathematical model. 

The forecast schedule of electricity consumption by household consumers during 
different seasons of the year when households use a basic tariff (depending on 
monthly consumption volumes) and a tariff differentiated by the time both for the 
summer period (Fig. 3) and for the autumn and spring period (Fig. 4), the following
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Fig. 3 The model of demand for electricity by household consumers in summer period at basic 
and differentiated by time periods tariffs

periods for connecting household electrical appliances are characterized, which are 
associated with variable demand: for household appliances, the best time of use is 
from 12 to 1 a.m.; for electronic gadgets, the best charging time is from 2:00 to 4:00 
at night; and for an electric car, the best charging time is from 22:00 until 7:00 a.m. 

For the winter period (Fig. 5), the following time to connect household electrical 
appliances has been calculated, attributed to variable demand: for a washing ma-
chine, the best usage time is from 1:00 to 2:00 a.m. For a boiler, the best usage time 
is from 2:00 to 5:00 a.m. For a dishwasher, the best usage time is from 12:00 to 1:00
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Fig. 4 The model of demand for electricity by household consumers in autumn-spring period at 
basic and differentiated by time periods tariffs

a.m. For smartphones and other electronic gadgets, the best charging time is from 
2:00 to 4:00 a.m. For an electric car, the best charging time is from 10:00 p.m. to 
7:00 a.m. For additional eclectic heaters, the best usage time is from 11:00 p.m. to 
7:00 a.m. The difference between summer, autumn-spring, and the heating season is 
due to additional load from additional eclectic heaters.

Calculations show that a significant amount of electricity consumed by one 
household consumer (Fig. 5) can be shifted from the evening peak load phase to 
another period, particularly to nighttime during the heating season, in case consumers



Sustainable Electrical Energy Management in the Energy Saving … 65

a) «C–1» 

b) «C–2» 

c) «C–3» 

0 
2 
4 
6 
8 

10 
12 
14 

1 2  3 4 5 6  7 8 9 101112131415161718192021222324  

kW
/h

ou
r 

differential tariff kW/h basic tariff kW/h 

0 
2 
4 
6 
8 

10 
12 
14 

1 2  3  4  5  6  7  8  9  101112131415161718192021222324 

kW
/h

ou
r .

 

differential tariff kW/h basic tariff kW/h

-6 

4 

14 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24kW
/h

ou
r .

 

differential tariff kW/h basic tariff kW/h 

Fig. 5 The model of demand for electricity by household consumers in winter period at basic and 
differentiated by time period’s tariffs

involved in the electricity consumption regulation system see economic interest in 
it. 

The received calculation results showed that building the proposed housekeeping 
model can significantly reduce the volume of electricity consumption during peak 
load hours and balance nighttime declines in electricity consumption. It should be 
noted that the energy system will directly regulate consumption at night, applying 
a comprehensive approach to management system formation and controlling the 
electricity consumption and power system load [19]. The consumer will act as a 
partner and regulator, providing control over the available electrical devices in the 
system. The results of modeling the behavior of a consumer involved in electricity 
consumption regulation showed that households should be interested in switching
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to adjacent nighttime consumption. It is necessary to offer them favorable condi-
tions under which a tariff with a night coefficient will stimulate consumers to night 
consumption without reducing the comfort level, and amount of household electrical 
appliances used. Developing up-to-date electricity tariffs for house-holds according 
to energy efficiency and saving principles will reduce consumers’ financial burden 
when implementing sustainable electric energy management based on analytical and 
logistic principles. 

It has to be stated that in order to resolve the issue of developing and implementing 
the proposed model of consumers involved in the electricity consumption regulation 
system, a three-zone meter is a fundamental point since sustainable eclectic energy 
management can be ensured based on controlling and limiting the peak load on power 
system only [20]. 

The proposed model of consumers involved in the electricity consumption regu-
lation system, using an analytical and logistic approach, first of all, provides for 
dividing the households into three types of household consumers according to «C-
1», «C-2» and «C-3» subcategories. The next step is to distribute these households’ 
demand throughout the day, considering the effect of tariff differentiated by time 
periods, which distinguishes the following periods: peak, half-peak and nighttime. 
Following the goals set in the study to ensure energy efficiency and energy saving, 
additional parameters have been added to the housekeeping model that describes 
the features of electricity demand fluctuations during different periods of the year. 
Thirdly, we pointed out the load (variable demand) which should be transferred to 
the night peri-od of the differential tariff [21]. 

As a result, using the graphical modeling method, we received a picture of the 
daily load of all three «C-1», «C-2» and «C-3» types of households by household 
consumers’ seasonal consumption features. That will, in the future, allow one to 
balance the interests of both consumers involved in the electricity consumption 
regulation system and energy suppliers, based on sustainable electric energy manage-
ment principles, to ensure the energy sector security in terms of adaptation to global 
challenges. 

5 Conclusions 

Ensuring energy efficiency and savings is an essential direction of sustainable eclectic 
energy management and strengthening energy security if the energy system loses 
controllability due to a significant reduction in energy capacities. The essence of the 
analytical and logistic approach to modeling the consumer and regulator’s behavior 
has been substantiated, which lies in finding the optimal balance between the inter-
ests of all market participants to supply the maximum volume of energy resources to 
end consumers while minimizing consumption costs. It has been proposed to involve 
household consumers in sustainable energy system management, giving them busi-
ness partner status and allowing them to control energy use to meet their own needs 
independently. The classification of household consumer types has been improved
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according to the criteria that indicate that consumers are ready to cooperate with 
energy companies. That allows one to consider, on the one hand, the technical partic-
ipation of consumers in the electricity distribution system and load regulation and, 
on the other hand, the ways of attracting their funds to develop the energy system. 

There are proposed approaches to modeling the demand for electricity by type C 
household consumers with a three-zone meter and, therefore, the technical ability to 
control their energy consumption and are willing to invest their funds in developing 
sustainable energy consumption management systems. It has been shown that the 
tariff differentiated by time periods applied by a three-zone meter is beneficial for all 
energy system participants, profitable for consumers involved in electricity consump-
tion regulation systems, and stimulates them to participate in sustainable energy effi-
ciency management systems. Optimizing the electricity consumption process based 
on more even load distribution throughout the day will make it possible to balance 
the nighttime decline in the power system and attract this type of consumer to act 
as a partner and regulator in the country’s energy system. The prospects for further 
research are to substantiate the approaches to developing tools for implementing 
energy-efficient and energy-saving ways to use and consume energy resources. 
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Economic and Financial Aspects 
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Abstract The purpose of the study is to substantiate the environmental, economic 
and financial aspects of the management of renewable resources in the energy sector 
with an assessment of the strategic development of renewable energy in case of 
Ukraine. One has assessed the potential of renewable energy sources in Ukraine, 
amounting to about 454.4 kWh, which is 59.2 million tons of reference fuel per year. 
The 2016–2020 analysis revealed that the capacity of the renewable electric power 
industry was increased to 10,900 MW, and the production of green electricity was up 
to 26 billion kW, while the generation of thermal energy from renewable resources 
increased to 5.85 million tons. The development of renewable resources was ensured 
by issuing Green and Sustainability-linked bonds for five years, amounting to 825 
million USD with a yield rate of 6.785%. Directions were identified to increase the 
production of renewable resources in the energy sector and increase their share to 
20% by the Energy Strategy of Ukraine until 2035. Therefore, there will be a demand 
for green and environmental investments and green bonds, indicating the placement 
of funds in energy-efficient and environmental projects. 
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1 Introduction 

Renewable resources are an essential component of the energy sector, the impact 
of which is increasing on a national and global scale. Energy resources that have 
traditionally been used are gradually being exhausted, and renewable ones, such 
as solar energy, are gaining more and more popularity and relevance due to the 
expansion of their availability and state support. 

The economically justified potential of renewable energy sources in Ukraine is 
about 454.4 kWh, which is equal to 59.2 million tons of reference fuel per year 
[1]. Having joined the European Energy Community, Ukraine must produce 25% 
of its electricity from renewable energy sources by 2035. By the Decision of the 
Cabinet of Ministers of Ukraine «On the implementation of Directive 2009/28/EC 
and amendments to Article 20 of the Agreement on the Establishment of Energy 
Cooperation», according to which national goals concerning renewable resources in 
the energy sector are defined in order to provide guarantees to investors and carry 
out incentive measures for the development of the latest and innovative technologies 
[2, 3]. 

According to this document, Ukraine was obliged to reach 11% of total renew-
able energy in final consumption by 2020, which is a powerful lever in producing 
renewable energy resources. The measures specified in this document contribute to 
the implementation of the state policy on taking measures for the management of 
renewable resources in energy, which will allow significantly, reduce the consump-
tion of traditional fuel and energy resources for consumption by economic sectors 
and, therefore, will strengthen the level of energy security of the country. 

Considering the global problems with energy resources and the increasing depen-
dence of the national economy on imported energy sources, the need to find new 
sources of energy increases and private businesses, foreign investors, and the state 
attract new sources of financing. Considering the harmfulness of many sources of 
energy, namely gasoline, diesel and nuclear fuel, on the ecosystem, there is an 
increasing need to find new renewable sources of energy, namely wind and solar 
power, which are the most affordable and safe. Therefore, studying renewable energy 
sources’ environmental, economic and financial components is relevant and requires 
detailed research. 

2 Literature Review 

The growing importance of renewable resources in energy determines the devel-
opment of these studies. Herneho and Liakhova [2] paid attention to financing the 
development potential of alternative energy in Ukraine. Shulha and Ivashchenko 
[4] actively investigated the foreign experience of implementing, developing and 
expanding renewable energy areas. Skorokhod and Horbach [5] studied problems of 
the green economy in the European Union countries.
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The research by Lishchuk et al. [6] is dedicated to the study of strategic priorities 
and ways of developing renewable resources in energy. Economic mechanisms of 
the development of renewable resources in the energy industry are revealed in the 
scientific research of Riazanova [7], focused on scientific principles of the organi-
zational and economic mechanism of the development of renewable resources in 
energy. Prokopenko et al. [8] thoroughly analyzed the state of renewable energy in 
Ukraine and its legislative support. Based on the analysis, the researchers formulated 
recommendations for improving state support schemes for the country’s sustainable 
development of renewable energy. 

Twidell [9] examines renewable energy sources from the perspective of basic 
scientific theory and then the application of environmental impact and socio-
economic aspects. Kurbatova et al. [10] analyzed the trends in the development 
of renewable energy, the dynamics and structure of consumption and export of 
electricity in the pre-epidemic and epidemic periods, and also identified the main 
challenges to the operational security of the Unified Energy System of Ukraine. 

Prospects for the use of renewable energy sources (wind, solar, waves and biomass) 
in the development of sustainable development strategies are explored by Lund [11]. 
Such strategies usually involve three main technological changes: energy conserva-
tion on the demand side, more efficient energy production and replacing fossil fuels 
with various renewable energy sources. Researchers [12–14] also pay attention to 
the development of startups and enterprises in the energy industry, including their 
social responsibility. 

Sotnyk et al. [15] substantiate the role of electric transport in strengthening energy 
security by switching to renewable energy technologies and reducing the use of fossil 
fuels. 

The global association of scientists of the Green Economics Institute (UK) 
also developed the modern interpretation of the theoretical foundations of the 
green economy. Kennet [16], the Director of this Institute, believes that the green 
economy returns science from exclusively quantitative dimensions of economic and 
human beings and expands the boundaries of the mainstream using complex and 
interdisciplinary methods and tools. 

The UN and the OECD consider the green economy as the further transformation 
and clarification of the concept of sustainable development based on the principles of 
interaction between society and nature and involves harmonizing economic, social 
development and environmental protection [17]. 

Based on the example of Denmark, this paper discusses the challenges and 
prospects of converting existing energy systems to 100% renewable energy systems. 
Conclusion: such a scenario is possible. The necessary renewable energy sources 
are available, and further technological advancement in the energy system can help 
create a renewable energy system. Transport sector transformation technologies and 
the introduction of flexible energy system technologies are significant. Therefore, 
large-scale renewable energy implementation plans should include strategies for 
integrating renewable sources into coherent energy systems influenced by energy 
conservation and efficiency measures.
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In Ukraine, areas of the strategic development of renewable energy resources, 
advantages and threats of the national energy sector, and promotion of the increased 
energy efficiency of society are considered in the Energy Strategy of Ukraine until 
2035 [18]. Considering numerous theoretical studies of leading Ukrainian scien-
tists and the legislative basis, the problem of managing renewable resources in the 
energy industry, especially its ecological, economic and financial aspects, remains 
unresolved. 

The purpose of the study is to evaluate theoretical and practical aspects of renew-
able resource management in energy, to identify problematic aspects of the ecolog-
ical, technological, production and financial state, as well as to consider the strategic 
development of renewable solar energy under the standards of sustainable project 
management. 

3 Methodology 

At the current stage, the assessment of ecological, economic and financial efficiency 
of resource conservation at the level of business entities is carried out using the 
following approaches: 

• Determination of ecological, economic and financial efficiency of resource-saving 
measures is carried out based on changes in total resource capacity. 

• Calculation of ecological, economic and financial efficiency of resource conser-
vation based on indicators of economic efficiency of investment projects and 
resource intensity. 

Resource-saving projects are evaluated using indicators of net present value, 
internal rate of return and payback period. The net cash flow is calculated by 
comparing the total energy intensity of a production unit by types of energy resources 
before and after the implementation of energy saving, taking into account the volume 
of the saved energy resource and its unit prices according to formula 1 [19]: 

Ro = 
m∑

i=1 

(eoi − eli  )OlPi (1) 

where 

Ro is the main result from the implementation of green investments, USD; 
m is the number of types of energy resources, the consumption of which changes 

depending on the implementation of the measure; 
eoi, eli are energy intensity of 1 dollar of manufactured products by the i type of 

resource before and after the implementation of the measure, respectively, 
unit/dollars; 

Ol is the volume of production after the implementation of the measure, USD; 
Pi is a unit price of the i type of energy resource, USD.
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• calculation of the ecological, economic and financial effect of resource conser-
vation. A standard indicator of the assessment of resource-saving measures is 
the economic effect obtained as the difference between economic results and 
costs from implementing projects related to implementing measures to restore 
resources in the energy sector. At the same time, when calculating the economic 
effect, ecological and social components of resource conservation are almost not 
considered in national practice. 

However, there is a technique for evaluating the social and ecological components 
of the economic effect of resource conservation on business entities [20]. The annual 
ecological, economic and financial effect of business entities (Ee.e.) obtained from 
the implementation of a set of resource-saving measures is determined by the formula 
2: 

Ee.e. = Er + Eep + Ecc. − ΔA
∑

+El + Elr, (2) 

where 

Er is the annual saving of resources, USD; 
Eep is the decrease in the amount of environmental payments of business entities 

as a result of the implementation of resource-saving measures, USD; 
Ecc is the saving of other current costs (purchase of auxiliary materials, energy, 

reduction of salary costs, as labor productivity increases), USD;
ΔA

∑
is the total increase in the amount of amortization deductions for resource-
saving measures, USD; 

El is a part of the averted economic loss as a result of the implementation 
of resource-saving measures by business entities, but not included in its 
environmental payments, USD; 

Elr is the reduction of annual ecological, economic and financial losses of 
economic entities as a result of man-made emergencies in production related 
to the use of resources, USD. 

The maximum value of the annual ecological, economic and financial effect is 
a criterion for making a management decision on implementing a resource-saving 
project. 

A comprehensive approach to resource conservation at business entities includes 
several measures to increase the resource efficiency of production depending on 
periods. It requires considering the time factor when calculating ecological, economic 
and financial efficiency. The maximum value of the complex ecological, economic 
and financial effect (Eee 

k ) is a criterion for choosing the best possible resource-saving 
measures implemented at business entities for a long time and is determined by 
formula 3 [21]: 

Ee.e. 
k = 

T∑

i=1 

Ee.e. 
i 

(1 + r )i 
→ max (3)
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where 

i is the year of obtaining the ecological, economic and financial effect from the 
implementation of the set of resource-saving measures; 

T is the period of obtaining ecological and economic effects of resource 
conservation, years; 

Ei 
e.e is the ecological, economic and financial effect of the implementation of the 

set of resource-saving measures, which is received by economic entities in the 
i year; 

r is the standard of bringing different time costs. 

Taking into account formulas (2) and (3), the complex ecological, economic and 
financial effect can be determined by the formula: 

Ee.e. 
k = 

Er + Ecc + Eepi + El + ΔLi − Kdi 
(1 + r )i

→ max (4) 

where

ΔLi is the increase in the liquidation value of the equipment in the i year, USD 
Kdi is additional capital investments in resource-saving measures in that year, USD. 

When the business entity chooses the best possible resource-saving measures, it 
faces a situation where the holding of complex ecological, economic and financial 
effects comparable in size is achieved with different amounts of invested funds. 
The best possible choice criterion is the coefficient of ecological, economic and 
financial efficiency of the resource-saving measure (ke.e.), which shows the amount 
of additional income per unit of capital investment during the implementation of the 
resource-saving measure (ke.e.). It is determined by formula 5 [22]: 

ke.e. = Ee.e. 
k∑T 

i=1(Kd.i /(1 + r)i 
→ max (5) 

Resource-saving measures that have the most significant value (ke.e.) provide 
business entities with the most significant increase in income. They are considered 
the most efficient. 

4 Results 

The basis of renewable resources in energy is the production of an energy product, 
which should be interpreted as the expenditure of various types of energy used for a 
tangible or intangible product. Depending on the sources of origin and the degree of 
processing of energy products, one distinguishes primary energy (a natural resource 
obtained by the extraction of solar energy, coal, oil and uranium) that has not yet 
undergone processing and transformation and secondary energy resources that have
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undergone processing and formation through technological aggregates, as well as 
renewable energy sources, namely solar energy, water energy, geothermal energy. 

The National Action Plan on the management of renewable energy resources 
allowed solving the following vital tasks [23]: 

• the stipulated renewable electricity capacity was increased to 10,900 MW, and 
the production of green electricity was increased to 26 billion kW; 

• thermal energy produced from renewable resources was increased to 5.85 million 
tons; 

• the amount of energy sources from renewable resources used in the transport 
sector was increased to 505 thousand tons. 

The results of the promotion and use of energy produced from renewable resources 
are shown in Table 1. 

Studies show that in 2021, the specific weight of electricity obtained from renew-
able resources was 8.1% or 12.8 TWh; 56% of this volume is solar energy, 33% 
is wind energy, 8% is biomass and biogas burning, and 3% is small hydropower. 
In 2021, 12,804 million kWh of clean electricity were obtained from all types of 
renewable energy resources, which is 1941.9 million kWh, or 17.8%, more than 
2020. Solar power plants produced 7670 million kWh, which is 4.8% of the total 
amount of electricity and 1065.4 million kWh more than in 2020 [24]. 

2021 was a decisive year in the development of renewable resources in the energy 
sector of Ukraine, as the daily production of electricity from renewable resources in 
the energy sector exceeded the level of generation by thermal power plants for the first 
time and amounted to 79 million kWh versus 77 million kWh [25]. Implementing 
promising projects related to renewable energy resources in Ukraine made it possible 
to reduce CO2 emissions into the atmosphere. In 2021, they were reduced by almost 
10.3 million tons, approximately 2.2 million cars. Private households’ wind and solar 
power stations clearly demonstrate the positive development dynamics. 

Thus, between 2018 and 2022, the total capacity of solar energy production mini-
stations increased more than five times and was equal to 1205 MW at the begin-
ning of 2022, which is almost 45 thousand units [23, 25]. A strong incentive for 
installing solar power plants in private households is the green rate that has signifi-
cantly contributed to developing renewable energy sources. On the other hand, it has 
revealed many problems. Thus, the fixed green rate stimulates private households

Table 1 Results of the promotion and use of energy produced from renewable resources 2016–2020 
(%) 

Areas of use 2016 2017 2018 2019 2020 

In heating and cooling systems 6.2 7.56 8.0 9.03 9.28 

In power engineering 7.91 8.64 8.9 10.89 13.92 

In the transport sector 2.1 2.44 2.2 3.07 2.47 

The total share of renewable resources 5.85 6.67 7 8.08 9.19 

Source Based on [1] 
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not only for their energy independence but also for the purposeful sale of electrical 
energy because of the high level of the green rate, namely 18.09 euro cents for 1 kW 
of solar generation and 16.26 euro cents for 1 kW of wind generation [23]. 

Besides, the identified serious problems include technical obstacles and direct 
abuses in constructing solar power plants for private households, but generally 
without their consumption. It is not the provision of one’s energy independence 
but the deployment of business [23]. A significant impetus to developing renew-
able resources in the energy sector was the issuance of Green and Sustainability-
linked bonds for five years, amounting to 825 million USD with a yield rate of 
6.785%. Ukrenergo NPC became the issuer of Eurobonds. Issued bonds are with 
an unconditional and irrevocable state guarantee. From December 2021, Green and 
Sustainability-linked bonds were admitted to circulation in Ukraine by the National 
Securities and Stock Market Commission, which significantly expanded investment 
opportunities for Ukrainians. Before that, only international investors could become 
owners of Eurobonds [24]. Currently, 87.8 MW of wind power plants and 407.9 MW 
of SPPs are located in the temporarily occupied territory of Crimea, and 138 MW of 
wind power plants are located in the temporarily occupied territory of Donbas. 

In total, 633.7 MW of renewable energy resources are in the territory occupied by 
Russia [23]. In Ukraine, the production of renewable energy resources is financed 
from different sources and different forms of ownership. Figure 1 shows forms of 
ownership of energy sector enterprises and sources of their financing. 

Therefore, renewable energy enterprises can be established in the public and 
private sectors. In Ukraine, state support is often provided to enterprises receiving 
energy from river resources, i.e., hydroelectric power plants. At the same time,

Fig. 1 Form of ownership of energy sector enterprises in Ukraine 
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several mechanisms aimed at supporting renewable energy have been developed 
and implemented in Ukraine. 

Measures that stimulate the production of renewable energy sources using the 
green rate, preferential taxation and preferential connection to the power grid have 
been widely used. In Ukraine, only approximately 10% of the total production of 
energy resources is covered by alternative energy sources. 

Ukraine is actively implementing actions to obtain green energy in the Green Deal 
that stipulates the increase in the production of renewable resources in the energy 
sector and the increase in their share to 20% by the Energy Strategy of Ukraine 
until 2035 [18]. Implementation of these measures will be possible due to the further 
implementation of projects on renewable energy resources. 

The analysis of capacity and energy output by supply sources in Ukraine for 
2018–2020 is shown in Table 2.

Analyzing the data in Table 2, we can see that in 2019, compared to 2018, the 
amount of installed electrical capacity and the output of electrical energy decreased. 
We can see a significant decrease in the volume of electrical energy sales by − 
6699 kWh in 2020 compared to 2019. A similar situation was observed in 2020 
compared to 2019. Thus, in thermal power plants, there was a decrease in the installed 
electric capacities in 2020 compared to 2018 and 2019 and in the volume of electricity 
supply for the same period. No new electrical capacities were installed at nuclear 
power plants during the studied period. 

Analyzing capacity and energy output by supply sources in Ukraine for 2018– 
2020, we can see a positive trend in producing renewable energy resources. Thus, 
in 2019, compared to 2018, the installed electric capacity of wind power plants 
increased from 476 thousand kW to 795 thousand kW and to 1110 kW in 2020. 
At the same time, there was a noticeable increase in electricity sales volume: from 
1182 million kWh in 2018 to 1760 million kWh in 2019 and 3271 million kWh in 
2020. This positive trend is also observed in the operation of solar power plants. 
Thus, in 2018, the electric power of solar power plants was set at 1201 thousand 
kW; in 2019—1953 thousand kW; and in 2020—5194 thousand kW. Along with the 
increased installed electric capacity, there was a noticeable increase in the volume of 
electric energy output. Thus, in 2018, the electricity output volume was 1103 million 
kWh; in 2019—1883 million kWh; in 2020—5684 million kWh. 

These positive changes indicate the strengthening of renewable resources’ role in 
energy, especially solar energy. Analytical solutions of the Wärtsilä [27] company 
show that we can expect a gradual transition from a combined energy system to a 
renewable one by 2050, which can amount to 131 GW in the future. The construction 
of a large-scale solar power plant is planned for 2026. Its launch will be accompanied 
by a gradual decrease in variable costs and a decrease in operational costs [27]. 

Currently, the processes of developing renewable energy resources are revital-
izing in Ukraine. Their financing sources are expanding, particularly at the expense 
of the state and private banking sectors. Thus, Oschadbank JSC, together with the 
international financial sector, is implementing the program: Energy efficiency in 
the housing sector of Ukraine. Ukrgasbank JSC, together with the European Bank 
for Reconstruction and Development, is implementing measures to support national
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businesses aimed at revitalizing the implementation of investment projects on the 
development of renewable resources in the energy sector and the increase in their 
energy efficiency. Raiffeisen Bank Aval JSC directed its activities to expand relations 
with clients joining the UKEEP international program for increasing energy effi-
ciency and strengthening the potential of renewable resources in the energy sector. 
It allows banks not only to revive the level of banking services but also to stim-
ulate the development of alternative energy in Ukraine and worldwide due to their 
close interaction with EPC contractors (Engineering, procurement and construction), 
which are specialized institutions promoting consulting services and services for the 
construction of energy infrastructure facilities, their commissioning, maintenance. 
EPC contractors, taking into account the experience of conducting renewable energy 
business, will increase the efficiency of management and implementation of renew-
able energy resources projects using their own experience and material facilities. 
Given the potential and business reputation of EPC contractors, this will minimize 
banking risks and technological risks to customers and investors. 

Implementing the national strategy and focusing on the European Green Deal will 
allow Ukrainian businesses to increase energy saving and environmental responsi-
bility. Therefore, there will be a demand for green and environmental investments 
and green bonds, indicating the placement of funds in energy-efficient and ecolog-
ical projects. Foreign experience shows that green bonds are aimed at energy-saving 
and energy-efficient projects counteracting negative natural phenomena and climate 
change. Data from the European Energy Community indicate that Ukraine has joined 
this organization. 

Renewable resources in energy are periodic or constant flows of energy that spread 
in nature and are limited only by the stability of the Earth. It includes solar radiation, 
wind, hydropower, and natural thermal energy. 

The development of renewable energy has a powerful impact on the development 
of society because energy minerals are an exhaustible limited resource. Thus, society 
should produce and use an energy resource that has an unlimited available source 
and is permanent, not temporary. Solar energy is a permanent renewable energy 
resource and can be converted into energy through thermodynamic and photovoltaic 
pathways. The thermodynamic method converts solar energy into electrical energy 
using traditional schemes in thermal installations where a stream of concentrated 
solar radiation replaces the increase in temperature from fuel combustion. 

One distinguishes the following types of solar thermal power plants: a tower type 
due to the concentration of solar radiation from flat mirrors-heliostats; a parabolic 
(tray) type where vacuum receivers-tubes with coolant are placed through parabolic 
cylindrical concentrators; a dish type where a solar energy receiver with a working 
fluid is located through the focus of a dish-shaped parabolic mirror. 

Solar photo energy is a direct conversion of solar radiation into electrical energy. 
A photoelectric converter operates through the internal photo effect. Ukraine’s 
geographical location and climate allow the active production of solar energy, a 
renewable energy resource. The average annual amount of energy provided by 
solar radiation in the territory of Ukraine varies annually from 1070 to 1400 kWh 
depending on the region. Photovoltaic equipment can efficiently generate solar energy
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for almost a year, especially in the southern and central regions, and for almost seven 
months in the northern regions. According to the results of various calculations, 
the feasibility of installing solar energy is approximately 4 GW. Ukraine’s existing 
reserves of raw materials, scientific and technical facilities, and industrial capacities 
for the production of photovoltaic devices are capable of fully meeting the needs of 
local consumers and certain export needs [1]. 

In addition, a draft Plan for the Recovery of Ukraine has been developed, which 
defines the strategic priorities of the recovery and modernization of the entire energy 
sector, taking into account already existing international obligations and new oppor-
tunities and needs of the Ukrainian and EU energy market, arising during active 
hostilities, as well as determines national priorities for the restoration and modern-
ization of the national energy sector [23]. Even in February 2022, Europe’s Ukrainian 
energy industry was quite powerful. Ukraine has one of the highest shares of carbon– 
neutral generation in Europe; almost 70% of Ukrainian electricity is produced at the 
expense of nuclear, hydropower and renewable energy resources [25]. The opera-
tional capacity of power generation facilities as of August 1, 2022, was as follows 
(Fig. 2). 

When considering the issue of managing renewable resources in energy, it is 
appropriate to consider the advantages and disadvantages of solar energy, which are 
presented in Fig. 3.

The given data indicate that about 4% of the generating capacity was destroyed 
during hostilities, and another 35% of the capacity is located in the occupied terri-
tories. In general, almost 50% of thermal generation, 30% of solar generation, and 
more than 90% of wind generation have been destroyed or are located in the occu-
pied territories. Considering the advantages and disadvantages of renewable solar 
energy, we can determine the strengths and weaknesses of renewable solar resources 
in energy. The strategic development and management of renewable energy resources
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Fig. 3 Advantages and disadvantages of renewable solar energy

take into account the state’s economic and financial potential, technological devel-
opment, and natural and climatic possibilities. The natural and climatic conditions 
of Ukraine ensure the practical implementation of the development and management 
of renewable energy resources due to the number of sunny days providing significant 
generation of renewable energy sources. The production of renewable energy sources 
and their consumption in Ukraine is accompanied by unevenness. 

Thus, maximum consumption occurs in the winter with a short global day and 
the maximum production in the summer with an extended global day. The constant 
expansion of the capacities of renewable resources in the energy sector requires 
an increase in investment needs. It will require additional operational costs, new 
balancing capacities and transformations of the energy sector’s existing technical 
components of renewable resources. In addition, we see the increasing need to 
balance renewable resources in the energy sector and the maneuverability of the 
power system due to peak energy receipts and consumption. The rational use of 
strengths and improvement of weaknesses reveals the unlimited development of 
renewable resources in energy. It will allow meeting the need for energy carriers in 
case of high technological development, but the primary intellectual, financial and 
technological investments will be high. Table 3 shows the strengths and weaknesses 
of using renewable solar resources in energy.
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Table 3 Strengths and weaknesses of using renewable solar resources in energy 

Strengths Weak sides 

It is possible to create a station of different 
capacities thanks to modular designs 

Irregularity of generation over time 

Favorable geographical location, availability of 
high generation potential 

Low level of national technological 
solutions 

The possibility of attracting foreign investments High initial costs for the creation of the 
accompanying infrastructure 

Implementation of the world’s leading 
technologies for the production and transformation 
of renewable electrical energy 

Imperfect energy storage systems, low 
technological level of storage batteries 

Production of eco-friendly energy The weakness of the existing outdated 
power grid 

Solving environmental, social and financial 
problems 

Financial and political instability 

Strengthening the energy security of the owner of 
solar panels, the region, the country 

Variability of production of renewable 
resources in energy 

Energy consumption is related to all human economic activity: heating houses, 
cooking, driving vehicles, industry and agricultural production. The exploitation 
of various energy reserves worldwide has led to an unprecedented increase in living 
standards [23, 24]. Today, people are so dependent on energy that it is hard to imagine 
how they would live without it. 

Energy production significantly affects the environment. Spills of oil and oil prod-
ucts during extraction and transportation can destroy all living things in a huge area 
(water). The release of sulfur, carbon dioxide and carbon monoxide gases, nitrogen 
oxides, dust, soot and other pollutants accompanies the combustion of solid and 
liquid fossil fuels. Surface coal mining and peat mining cause changes and sometimes 
damage to the natural landscape. 

The development of infrastructure required to extract coal, oil and gas can have 
a detrimental effect on landscapes, flora and fauna. Nuclear power is potentially 
dangerous because of potential accidents at power plants and the release of radioactive 
materials into the environment. Nuclear waste remains dangerous for hundreds and 
thousands of years. Over recent years, politicians and society have been expressing 
concern about the worsening of global environmental problems, such as acid rain 
and climate change, and assessing the impact of these processes on the environment. 
The topic is especially relevant for Ukraine, which has suffered from the conse-
quences of the Chornobyl nuclear power plant accident. Although it is possible to 
generate energy more sustainably using renewable sources (solar, wind, hot water, 
wood and agricultural waste), we should admit that there is no way to generate 
entirely environmentally friendly energy (Fig. 4).

The management of renewable energy resources and the gradual transition to the 
green economy requires the following measures: development and participation in 
programs to increase energy efficiency and develop renewable resources in alternative
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Fig. 4 Share of energy sources used in the overall structure of the 2021 balance of total electrical 
energy in Ukraine [26]

energy; implementation of resource-saving measures and eco-friendly production; 
carrying out measures to stimulate investment programs for the introduction of green 
businesses; expansion of environmental safety measures by introducing environ-
mental innovations; promoting the development of ecological services, production 
of ecological products. 

The national concept of Ukraine’s environmental policy [23] defines that renew-
able energy sources, including solar energy, are safe because they emit fewer pollu-
tants, lower noise and electromagnetic pollution, and reduce the amount of emissions 
and discharges of harmful substances. The maintenance of solar panels is carried out 
using simple and harmless procedures (washing, mechanical repair); the operation 
process does not affect the atmosphere because energy is produced physically without 
harmful emissions, and solar panels are made of materials that do not harm the envi-
ronment. The main environmental problem of renewable solar energy is the disposal 
of equipment—used, spoiled, damaged solar panels [27]. 

According to the Ukrainian Institute of Renewable Energy specialists, the problem 
of disposal of solar panels was not relevant until 2030. However, military actions 
partially destroyed the objects of renewable solar energy, so the issue of their disposal 
will arise after the de-occupation of the territories. All elements of solar panels, 
namely glass, aluminum, plastic and thin silicon wafers, can be completely recycled 
and reused. Many European countries, which pay much attention to environmental 
protection and worry about their current and future citizens, do not find arguments 
against using solar electric panels. Farms in highly developed countries often use 
dual farming, solar farming, or agrovoltaics, which allows using the field simul-
taneously for solar panels and agriculture. Beans, coriander, tomato, lettuce, and 
greens are usually grown under solar panels. The main disadvantage here is manual
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processing or very small and maneuverable equipment. The advantage is the fact that 
dual farming can improve the situation of pollinating insects by improving natural 
vegetation. 

However, it is worth noting the negative consequences of using solar energy. They 
primarily include problems related to land use and water use. The construction of an 
industrial solar energy base requires a large area, leading to the clearing and sorting 
of land (natural water bodies, mountainous terrain), which can change the structure 
of the soil, erosion and change the structure of water resources. However, the rational 
placement of solar panels (roofs, reclaimed soil) can prevent this problem. Therefore, 
the main ecological task of introducing and using renewable resources in solar energy 
is rationality in the use of areas, capacities and operational capabilities [28]. 

In managing renewable resources in energy, it is increasingly worth paying atten-
tion to such issues as sustainable development, global warming, ethics, social respon-
sibility and the supply system [29, 30]. Taking into account the above, we offer our 
model of management of renewable resources in the energy industry, shown in Fig. 5.

The model of management of renewable resources in energy should be based on 
the standards of sustainable development (P5), where the life product is considered 
from a social, ecological and economic perspective. 

The P5 standard evaluates the goals of the project and its final result, approx-
imate operational duration, methods and means of maintenance of equipment and 
technological processes [31]. ISO 21500:2012 defines the stages of processes: initia-
tion, planning, implementation, control and monitoring activities, and closure. These 
stages can occur in different ways and at different time intervals. It is worth moni-
toring the elements of sustainable development both in relation to the project itself 
and in relation to its impact on society, the economy and the environment [32, 33]. 

An indicator of the Sustainable Project Management Standard is Social respon-
sibility, which is mandatory. It stipulates organizational standards regarding 
employees, the hiring procedure, labor relations, staff health and safety, their level 
of education and the desire to increase the educational level. 

Environmental protection is an indicator of the Sustainable Project Management 
Standard. In other words, the ecological aspect of sustainable development is placed 
at a high level, related to the impact of activities, programs and projects on flora and 
fauna of the natural environment, i.e., on the general ecosystem, land, air and water. 
It is essential to pay attention to CO2 emissions, the energy used, the impact of the 
project on water, its quality and volume of consumption, waste, disposal and reuse. 

An indicator of the Sustainable Project Management Standard is finance. The 
economic profit within the project should strive for maximization; the investment 
payback period should be minimal, and the rate of return where the current value of 
cash flows is equal to zero, i.e., all flows received during the project are reinvested at 
the additional rate of return. It is the most profitable rate at which the project breaks 
even. An indicator of the Sustainable Project Management Standard is business flex-
ibility, which allows businesses to quickly refocus and change the program, sources 
of funding, and potential investors. 

An indicator of the Sustainable Project Management Standard is the stimulation 
of the economy. It positively impacts the economy by providing the market segment
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Fig. 5 Model of management of renewable resources in energy

with the necessary products, providing income to the budget, and creating new jobs. 
Thus, the management of renewable resources in the energy sector should be based 
on sustainable development standards. The assessment of sustainable development 
according to the P5 standard should be carried out during the initial analysis. It 
forms the main aspects of the project. If risks arise during the introduction and 
implementation of the project, technologies change, and technological problems 
arise, it is worth performing an analysis and assessment of sustainable development 
[34–36]. An indicator of the Sustainable Project Management Standard is quality 
management, i.e., restrictions are often used to achieve the desired result. Quality 
management includes the definition of strategy, policy, measures and goals to make 
the project meet the needs for which it is implemented.
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An indicator of the Sustainable Project Management Standard is project closure. 
It is Standard P5 that provides information helping in closing the project, obtaining 
information for future similar projects, key advantages and disadvantages. 

According to ISO 21500, the opportunities offered by the organizational strategy 
are defined as economic justification in the process of project acceptance, project 
documentation management, product creation process, and support process, which 
will turn into a result transferred to implementation. In the project implementation 
process, it is crucial to prepare a report on sustainable development, which contains 
information on the operation efficiency in terms of economic indicators, environ-
mental protection and social responsibility [37–39]. It is worth noting that many 
organizations in Ukraine offer a full range of services for implementing solar power 
plants: consulting services, design and pre-project development services, construc-
tion, installation, commissioning and commissioning, and service and warranty 
services [40–42]. The market offers many services that will provide the best possible 
solutions for implementing household and commercial solutions [43, 44]. It is worth 
highlighting the following factors that will objectively affect the development of 
renewable energy resources, including solar energy [45–47]: Ukraine’s further acces-
sion to the European green course; provision of permanent state support for the 
production of green electrical energy; Ukrainian society’s demand to reduce CO2 

emissions; Ukrainian society’s need for eco-friendly energy. A significant problem 
of renewable resources in the energy sector is the need for improvement of the devel-
opment of the wholesale electricity market, the high cost of electricity obtained from 
renewable energy sources, and the high risks of the end user regarding the increase 
in rates. 

5 Conclusions 

Expanding the production of renewable energy resources will require the establish-
ment of green clusters, a green economy, greening of transport, and the production 
of ecological and green products. The green economy is based on the development 
of renewable energy resources, increasing energy efficiency, promoting the devel-
opment of the electric vehicle market, and producing and selling eco-friendly goods 
and services. 

The development of renewable energy sources requires compliance with envi-
ronmental conditions, compliance with sustainable management standards, financial 
support, investment justification, legislative incentives and tax support. In Ukraine, 
commercial banks, private investors, private households and international partners 
actively cooperate in implementing projects to introduce renewable energy sources 
and produce solar energy. Numerous scientific studies are dedicated to environmental 
safety, energy efficiency and the financial feasibility of constructing and launching 
solar plants. 

Thus, according to the analysis of capacity and energy output by supply sources in 
Ukraine for 2018–2020, we can see a positive trend in producing renewable energy
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resources. In particular, the installed electric capacity of wind power plants in 2019 
compared to 2018 increased from 476 thousand kW to 795 thousand kW and to 
1110 kW in 2020. It resulted in a noticeable increase in the volume of electricity 
supply: from 1760 million kWh in 2019 to 3271 million kWh in 2020. This positive 
trend is also observed in the operation of solar power plants. Thus, in 2019, the electric 
power of solar power plants was set at 1953 thousand kilowatts, and in 2020—5194 
thousand kilowatts. Along with the increased installed electric capacity, there was 
a noticeable increase in the volume of electric energy output. Thus, in 2019, the 
electricity output volume was 1883 million kWh, and in 2020—5684 million kWh. 

Considering the specific features of financing renewable resources in energy, it is 
crucial to determine the volume of increased demand for green investments; financing 
the costs of implementing renewable resources in the energy sector; debt financing; 
optimize the structure of funding sources; areas and mechanisms of state stimulation 
of the production of renewable energy resources. 

Ukraine has a huge potential for implementing measures for introducing and 
generating energy from renewable sources. The most promising is solar energy 
because the climatic conditions and the number and duration of sunny days confirm 
this. Undoubtedly, the most suitable territories are the south of Ukraine, which unfor-
tunately is currently under occupation, active hostilities are taking place in this terri-
tory, and the solar energy infrastructure has been massively destroyed. The devel-
oped action plan for restoring the post-war economy and solar energy occupies an 
important place in Ukraine because the issue of energy independence is acute right 
now. Considering Ukraine’s problems and significant potential, the construction and 
implementation of solar power plants are at the initial level of development. There-
fore, their financial benefits, environmental safety and social significance require 
further consideration and research. 

References 

1. State Agency for Energy Efficiency and Energy Saving of Ukraine (2021) Report on the results 
of stimulation and use of energy produced from renewable sources in Ukraine for 2019–2020. 
http://www.saee.gov.ua 

2. Herneho Y, Liakhova O (2021) Financing the development potential of alternative energy in 
Ukraine. Efficient Econ 3:36–44 

3. Kucheryava I, Sorokina N (2020) Renewable energy in the world and Ukraine as of 2019–early 
2020. Hydropower Ukraine 1–2:38–44 

4. Shulga M, Ivashchenko A (2017) Foreign experience of stimulating renewable energy (experi-
ence of the People’s Republic of China and India). Office of Financial and Economic Analysis 
of the Verkhovna Rada of Ukraine, Kyiv 

5. Skorokhod I, Horbach L (2019) Development of the «green» economy in the countries of the 
European Union. World Econ Int Econ Relat 30(69):17–21 

6. Lischuk VI, Lischuk ME, Moskovchuk AT (2017) Use of renewable resources in energy: world 
strategies and scenarios of energy market development. Econ Forum 2:30–35 

7. Riazanova NO (2017) Economic mechanisms of renewable energy development. Econ State 
9:58–61

http://www.saee.gov.ua


88 O. Hutsaliuk et al.

8. Prokopenko O, Chechel A, Sotnyk I, Omelyanenko V, Kurbatova T, Nych T (2021) Improving 
state support schemes for the sustainable development of renewable energy in Ukraine. Polityka 
Energetyczna 24(1):85–100. http://doi.org/10.33223/epj/134144 

9. Twidell J (2021) Renewable energy resources. Routledge, London 
10. Kurbatova T, Sotnyk I, Prokopenko O, Sidortsov R, Tu Y-X (2021) Balancing Ukraine’s energy 

system: challenges under high renewable energy penetration and the COVID-19 pandemic. E3S 
Web Conf 280:05007. http://doi.org/10.1051/e3sconf/202128005007 

11. Lund H (2007) Renewable energy strategies for sustainable development. Energy 32(6):912– 
919. https://doi.org/10.1016/j.energy.2006.10.017 

12. Bielialov T (2022) Risk management of startups of innovative products. J Risk Financ Manag 
15(5):202 

13. Dudek M, Bashynska I, Filyppova S, Yermak S, Cichoń D (2023) Methodology for assessment 
of inclusive social responsibility of the energy industry enterprises. J Clean Prod (in press) 
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Abstract The resource and energy potential of crop biomass forms significant 
reserves for the economy. There are 42.3% oil, 37.4% meal, 18% husk and 0.7% 
sunflower oil sludge from 1 ton of sunflower. Currently, scientists are paying a lot 
of attention to biomass processing and improving ecology. Phosphatide concentrate 
and lycetin are obtained from sunflower oil sludge. Husk is a source of energy, and its 
energy value is 18 MJ/t. The purpose of this study is to assess the bioenergy and invest-
ment potential in agriculture. In particular, on the example of sunflower, the reserves 
for increasing the efficiency of electricity production. In particular, the energy cost 
equivalents of sunflower husk replacement of energy costs in production were esti-
mated. The legal, organizational, and economic foundations of activities related to 
the prevention or reduction of waste generation have been studied. The substantiation 
of the necessity of including organic waste in the cycle of substances in the system 
“soil–plant–person” is confirmed. The need for funds for the modernization of the 
industry was estimated. 
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1 Introduction 

The government of Ukraine has included bioenergy in the strategic direction of 
providing the country with an environmentally friendly type of renewable energy. 
This is explained by the country’s high dependence on imported energy resources 
and the great potential of available bioenergy. Having a developed biofuel production 
industry, the country is still far from fully utilizing its resource potential compared 
to EU countries [1, 2]. 

At the same time, innovations in the field of waste processing and production 
of finished products contain significant reserves for increasing the efficiency of the 
economy. 

Ultra-processed products and sunflower waste in the form of organic fertilizers can 
help reduce the anthropogenic impact on nature, including overcoming such negative 
phenomena as soil acidification caused by excessive doses of mineral fertilizers and 
reducing the accumulation of radionuclides in plants. 

In this connection, plants are looking for an alternative to calcium and potassium, 
in the absence of which they absorb other available elements, namely strontium and 
cesium. It should be noted that the Chornobyl disaster caused the contamination of 
about 48 thousand square kilometers in Ukraine with radionuclides 137Cs and 90Sr 
[3]. 

Analysts note that during the next 50 years fossil fuel reserves may run out [4]. 
In these conditions, alternative energy sources are a perspective for the development 
of the economy. Ukraine has the greatest technical potential for the introduction of 
renewable energy sources (RES) in Europe. The total potential of electricity produc-
tion from RES is more than 1 million GWh per year. The largest share (85%) is taken 
by wind energy. The capacity potential of renewable energy sources of Ukraine is 
estimated at 408.2 GW, including biomass—15.1 GW (4%) [5]. 

The Government of Ukraine adopted a number of draft laws aimed at stimulating 
the substitution of natural gas with alternative fuels, in particular:

• Granting preferential status to such projects.
• Simplification of the procedure for concession, lease and lifting of the ban on 

privatization of heat facilities of communal ownership.
• Development of technical conditions for acceptance of biomethane into the gas 

transmission system of Ukraine, a mechanism for stimulating its production and 
consumption.

• Amendments to the Laws of Ukraine regarding the transition to alternative fuels 
and to the stimulating regulation of relevant business entities [6]. 

The current agro-industrial production in Ukraine is based on the concept, which is 
grounded on the costly principle of its development [7]. Hence unrestricted, irrational, 
and unwise use of productive forces and land resources follows. In Ukraine, the cost 
of production per unit of gross agricultural output is, in particular, 3–6 times higher 
and the cost of fuel 2–5 times higher than in Europe [8, 9]. The driving factors for 
the development of renewable energy sources around the world are the cheapening
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of technologies. By 2035, the cost of installing solar power plants is predicted to 
decrease by 50–56% [10, 11]. 

A specific feature of Ukraine that allows launching projects on an industrial scale 
is the presence of agricultural holdings [12, 13]. Their accumulation of a wide range 
of resources, from financial to labor, allows investments in bioenergy. Increasing 
the efficiency of the interaction of different types of RES in electric networks can 
be achieved by automating the management of RES modes and optimizing their 
connection schemes, taking into account their basic features [14]. 

2 Methodology 

Agro-production is characterized by reversibility, cyclicality and uncertainty, as well 
as by a significant influence of natural and climatic factors. The calculations of 
forecast indicators of production, yield and area of sunflower crops until 2035 are 
based on a combined forecast systematized on the basis of research by Ukrainian 
scientists and the Ministry of Economy of Ukraine [15], which were conducted 
on the basis of multivariate forecasting using geostatistical, abstract-statistical and 
system-statistical forecasting methods. 

The basic Box-Jenkins time series model [16] was used to forecast production 
volumes. This model is widely used in economics to predict the results of future 
periods using data sets from past periods to the present. The advantage of the model is 
that it implements an autoregressive approach using the so-called “moving average”, 
which allows us to describe both stationary and non-stationary sets (linear vectors) 
of statistics. In the scientific literature, such a model is also called ARMA (p, q) 
model. 

As you know, the data implementation algorithm consists of two blocks. These 
blocks are called AR-block and MA-block according to the mathematical apparatus 
they use. The AR part is responsible for the stationary component of the time series, 
and the MA part is responsible for random harmonics. In analytical form, the model 
can be presented as: 

yt = 
p∑

i=1 

ai yt−i + 
q∑

i=1 

bq εq−i (1) 

where yt is the predicted parameter for the period t (years), which corresponds to the 
indexation of a natural number with the index i = 1, 2, 3 . . .  .  p; εq−i is a component 
that depends on q harmonics of influences; ai , bq are coefficients of AR and MA-parts. 

For the needs of the presented scientific research the task of development of the 
strategic forecast for a term long enough has arisen. Therefore, to form a relevant 
forecast, the traditional model needed to be modified. The purpose of the modification 
was to level the influence of high-amplitude harmonics of random oscillations in these 
time series of past periods. Random fluctuations of high-amplitude harmonics for



94 A. Dankevych et al.

long-term forecasts form a certain initial deviation from the relevant forecast, the 
effect of which increases with each subsequent period, which leads to significant 
deviations for remote values (large values of indices i). 

Therefore, the algorithm is as follows. Using the autoregressive approach and the 
moving average, a polynomial equation is formed for each of the sets (vectors) of 
data. Next, there is the analysis of the amplitudes of random harmonics. In the set 
of amplitudes, irregular high-amplitude components whose values are higher than 
a certain, expertly established, threshold value are distinguished by the method of 
comparison. The next step of the algorithm is to re-apply the traditional algorithm 
to the specified, but already modified data sets (vectors). Algorithm, namely: predict 
the area of the raw material base (sunflower crops), million ha (Eq. 2), the gross 
production of products (seeds) of sunflower, million tons (Eq. 3) and the yield of 
sunflower, t/ha (Eq. 4). 

Accordingly [16]: 

y = −0.117x3 + 0.812x2 + 0.626x + 14.03 (2) 

y = 0.153x3 − 1.26x2 + 3.62x + 3.5 (3)  

y = −0.052x3 + 0.42x2 − 0.851x + 3.1 (4)  

where y is the value of the named forecast factor, x is the corresponding time period 
according to its index i = 1, 2, 3… [16]. Equations (2–4), obtained at the first 
stage of using the algorithm, were modified into linear equations at the next stage, 
respectively: 

1. To determine indicators of the area under sunflower, million hectares: 

y = 2.191x + 13.16 (5) 

2. To determine indicators of gross sunflower production, million tons: 

y = 0.48x + 5.8 (6)  

3. To determine the yield rate of sunflower, t/ha: 

y = 0.12x + 2.47 (7) 

The equations obtained in the process of research were used by us in further analyt-
ical calculations of the balance of sunflower production on the territory of Ukraine. 
The main parameters used were sown area, gross harvest and yield, economic indi-
cators are the price of grain and profitability. During the growing season there are 
changes in the size of sown areas, which are primarily associated with crop losses 
due to changes in weather and climatic conditions.
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3 Results 

Agricultural land of Ukraine is 32.5 million hectares, it is the 8th bank of agricultural 
land on the planet. Arable land accounts for 54% of the total area of Ukraine, of which 
more than 80% have no serious restrictions. This ensures a more efficient farming 
operation, as it requires less capital and operating costs [17]. Sector specialists suggest 
that average field size in Ukraine is between 150 ha, while average field size in the 
EU is below 100 ha. Larger fields allow using large-scale agricultural machinery and 
equipment, which reduces fuel and labor costs per ha adding to efficient farming [18, 
19]. Ukraine is the only country in the world with 2/3 of its total area in mollisols while 
the remaining 1/3 is in alfisols. Mollisols (chernozem, black soil) are among some 
of the most fertile and productive agricultural soils in the world. South of Russia, 
Argentina, North of Kazakhstan, part of Canada and the USA are also covered with 
mollisols. Due to its geographical location and fertile soils, Ukraine is well positioned 
to benefit from the advantage in the global commodities market (Fig. 1).

More than 30% of the world’s production and export of sunflower oil is concen-
trated in Ukraine (Fig. 2). Ukraine’s climate is changing and becoming warmer. The 
agro-climatic zones of Ukraine (Steppe, Forest-Steppe and Polissya) have shifted 
200 km to the north over the last two decades. 19% of the arable land, which is 
6.3 million hectares, became suitable for sunflower cultivation, as a result of which, 
as of 2000, the area of sunflower cultivation increased by 4.7 million hectares, or 
four times compared to 1990. Warming increases the yield of oilseeds. According 
to preliminary estimates, by 2050 the yield will increase by 32.4% [7]. In 2021, 
the sown sunflower area may reach a record 6.9 million hectares, and the sunflower 
harvest—17.8 million tons [22]. Under favorable conditions, production may reach 
22 million tons by 2050.

Sunflower processing produces a significant amount of by-products. From 1 ton 
of sunflower, it is possible to obtain 420 kg of oil, 370 kg of meal, 180 kg of husk, 
as well as a small amount of phosphatide concentrate (Fig. 3).

If one interprets the data of Fig. 3 the calorific value of 2.5 million tons of sunflower 
husk emits as much heat as 1.0 billion m3 of natural gas [26, 27]. Taking into account 
the costs of maintaining cogeneration plants—2.5 million tons of husks will give 3.8 
billion kWh in 2020, with further growth to 6.0 in 2050. For comparison, this amount 
covers 40.2% of the annual electricity needs of the capital of Ukraine. 

Given the depletion of basic resources, this is a real step towards the import 
substitution of natural gas, which took about 41% in the structure of primary energy 
consumption in Ukraine in recent years, while it is only 21% in the world. As a result, 
oil extraction plants, which produce sunflower husks and oil sludge as industrial 
residue, have begun to look for the most profitable ways to use and dispose of them. 
Payback of such projects is up to 3 years [23, 28, 29]. According to the results 
obtained [24], the energy consumption for the production of 1 ton of sunflower oil 
can be equated to 215 kg of sunflower husks (Fig. 4). It should be noted that at 
the moment about half of the received sunflower husk waste is transformed into 
electricity and heat.
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fertile soil: 2/3 of Ukraine are covered with black earth 
climate: moderate continental climate is favourable for agriculture 
location: proximity to largest net importing markets: soft commodities (the 
EU, Middle East)  
Highly favorable terrain for agriculture - 80% of farm land is without major 
constraints (i.e. flat) 

Geographical location 

Ukraine is capable of transshipping circa 26 million tons of grains and 
oilseeds per annum through its deep water sea and river ports, which makes 
farming/grain trading more profitable than in many other CEE countries 
well-developed railway network provides cost efficient transportation from 
storage facilities to ports and to some customers in the EU 
Ukraine has installed storage capacity of over 36 million tons, which is 
steadily growing  

Developed infrastructure facilities 

large scale operations enable use of highly efficient farming machinery, thus 
reducing CAPEX and OPEX per ha 
fertile soil reduces consumption of fertilisers 
major costs components are lower compared to the EU (fuel, labour, farm-
land rent, services) 

Ukraine offers cost leadership in farming 

crop yields are well behind the EU ones 
given sufficient investment in proper farming technologies and working 
capital needs, the farming operations in Ukraine can provide outstanding 
returns on invested capital on a comparable basis 
Ukraine this year plans to achieve record high harvest since 1990 and 
quintuple its exports of grains and oilseeds  

Hidden efficiencies 

Fig. 1 Ukraine’s farming sector: investment case [20, 21]

Compliance with environmental emission standards during combustion implies 
the presence of powerful electro-filtration. Manufacturers are not interested in 
complying with environmental emission standards and investing in the environment 
as these investments are usually unaffordable for them. 

The cost of filtration, as a rule, exceeds the cost of the boilers themselves. Payback 
of such projects is not less than 5 years, and profitability is 12–15%. As a result, the 
husk, which is pelleted and burned, is sold to third parties. It can be seen that the 
consumption of heating pellets will only grow, taking into account the increase in 
the cost of natural gas [30, 31].
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Fig. 2 The place of Ukraine in the world cultivation of sunflowers, 2020 [23, 24]
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Fig. 3 Bioresource potential of sunflowers in 2020 [24, 25]
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a) The cost of husks for processing prod-
ucts, t. 

b) Volumes of steam is equivalent to sunflower 
husk, t. 

c) Volumes of gas is equivalent to sunflow-
er husk, m3. 

d) Volumes of thermal energy is equivalent to 
sunflower husk, Gcal. 
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Fig. 4 The cost of husks for processing products and energy consumption for the production, 2020 
[24, 25]

Ensuring the growth of production of renewable energy sources, including elec-
tricity, is supported in Ukraine by the “green” tariff mechanism. In particular, since 
2009 in Ukraine, its size has been set at the level of the retail tariff for consumers 
of the second voltage class. With a gradual decrease of 30% until 2028 (Fig. 5) [32, 
33].

Among the most important projects in this area, the activities of the company 
“Kernel” should be noted. Almost all oil extracting plants will be equipped with 
combined heat and power plants that will generate electricity from burning sunflower 
husks. Annually, the company’s enterprises will produce more than 338 thousand 
MWh of electricity by burning 228 thousand tons of sunflower husk [33]. 

Kernel Agroholding already gets more than 50% of energy from renewable sources 
in the 2021, and its contribution to EBITDA is $10 million in the first half of 2021 
[33]. According to the company’s semi-annual financial report, the total investment 
in the program reached $169 million since its inception in 2018, three cogeneration 
facilities have already been built and their commissioning is being completed, and
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three more facilities will be commissioned in 2022 [34]. In total, eight projects related 
to the transition to alternative fuels have been implemented in the country (Table 1).

Biomass plays a significant role in the energy balances of industrialized countries. 
The use of electricity produced from biofuels at an average annual rate of over 8% 
was noted in China, Japan, Germany and the United Kingdom. Ukraine has the most 
energy-intensive economy. The energy intensity of Ukraine’s national income is 4–6 
times higher than that of the United States, Japan and Western Europe. Consumption 
of conventional fuel per capita in our country is about 6.5 tons unlike only 4.2– 
5.5 tons in these countries. The main types of energy resources in Ukraine are coal, 
oil, gas, nuclear and hydropower (Fig. 6).

The largest energy consumers are the People’s Republic of China (30%), the USA 
(25%), the Russian Federation (about 10%), Japan (5.5%) and Germany (7.3%). The 
energy consumption of Ukraine (about 3%) was comparable to the energy consump-
tion of Great Britain, France, Canada or India [38]. As of the end of 2020, renew-
able energy capacities have been installed, which produce about 7.3% of the total 
electricity supplied. The largest share of RES in Ukraine is occupied by wind and 
solar power plants, which in 2016 produced 925 GWh and 492 GWh of electricity, 
respectively (Table 2).

Biomass is the most progressively growing segment of renewable energy sources 
in Ukraine (Table 3). The development of the use of biomass energy is important 
not only in terms of electricity production, but also even more valuable from the 
standpoint of ecology, as it solves the problem of waste disposal of industrial and 
agricultural enterprises.

If in 1995 the share of biomass in the total consumption of primary energy in the 
European Union was 3%, in the US it was 3.2%, in Denmark it was 8%, in Finland 
it was 21%, in Austria it was 11%, and in Sweden it was 19% [40], then the IEA 
forecasts an increase in demand for primary energy from biomass to 12% of the 
total global demand for primary energy by 2030. The energy potential of biomass 
in Ukraine is estimated at 11–18 million tons of conventional fuel per year, which 
is equivalent to about 14.3–24% of total primary energy consumption. In fact, in 
2020, this share will be 0.05% in Ukraine. Until recently, its use was limited to
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Table 1 Chronology of implementation of projects on transition to alternative fuel of oil enterprises 
of Ukraine 

Name of the enterprise Year Project implementation stage 

OJSC “Melitopol MEZ” 1997 Development of design documentation for 
reconstruction, installation of steam boiler KE 
10-14 MT 

CJSC “Pologi SEZ” 1998 Design and commissioning works on gas 
generator automation. Reconstruction of E 
35-3,9-440 GM for husk burning 

OJSC “Vinnytsia MZhK” 2000 Commissioning and thermochemical tests of 
the modernized steam boiler KE-10-1,4-285 on 
husk and natural gas 

OJSC “Kirovogradolia” 2000 Development of technical documentation for 
the reconstruction of the steam boiler DKVR 
20-13-250 Art. №3 when transferring to the 
burning of sunflower husk 

CJSC “Poltava MEZ - Kernel Group” 2000 Development of design documentation for 
reconstruction and installation of steam boiler 
E-16-2,1-350 HMDV for burning sunflower 
husk with auxiliary equipment 

CJSC with II “Dnipropetrovsk SEZ” 2000 Commissioning works, ecological and thermal 
tests, adjustment of a water mode on a steam 
boiler of production of LARDET-BABCOCK 
firm with fuel “sunflower husk” with a 
productivity of 30 t/h 

CJSC “Zaporizhzhya MZhK” 2001 Commissioning and research work of the 
steam boiler OL-20, which burns sunflower 
husk (manufactured by RAFAKO) 

OJSC “Chernivtsi MZhK” 2002 Reconstruction of a boiler room with 
installation of a reconstructed boiler with a 
steam capacity of 12 t/h for burning sunflower 
husk 

Source Formed by the authors using [35]

direct combustion over an open fire or in furnaces and stokers with relatively low 
efficiency and did not comply with environmental requirements for emissions of 
harmful substances [39]. 

According to the Biomass Research Center, of the 109 million tons of agricultural 
waste (straw, corn stalks, sunflower waste, cattle and pig manure, poultry manure, 
food waste, etc.), 59 million is used as fertilizer or for livestock needs and only 1 
million tons is used for the production of heat and electricity. The analytical report 
of the International Finance Corporation estimates that using only 20 million tons 
of waste for energy production, Ukraine will cover 25% of annual electricity needs, 
which will replace more than 8.02 billion m3 of natural gas. That is, the use of only 
agricultural residues makes it possible to refuse from the import of natural gas by 
75–80%. The analysis of experts showed that it is agricultural pellets from sunflower
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Fig. 6 Structure of electricity production in the world, 2019 (in %) [35–37]

Table 2 Electricity generation by type of power plant 

Type 2010 (%) 2012 (%) 2014 (%) 2019 (%) 2020 (%) 

NPP 47.4 ▼ 45.5 ▼ 48.5 ▲ 53.9 ▲ 51.2 ▼ 
TPP 41.5 ▲ 44.7 ▲ 41.3 ▼ 36.2 ▼ 35.2 ▼ 
HPP/PSP 6.9 ▲ 5.5 ▼ 5.0 ▼ 5.1 ▼ 5.1 ▲ 
Block stations 4.2 ▲ 4.0 ▼ 4.3 ▼ 1.09 ▲ 1.21 ▲ 
SPP/WPP/biomass – 0.3 ▲ 1.0 ▲ 3.62 ▲ 7.3 ▲ 
Incl. biomass 0.055 ▲ 0.019 ▲ 0.023 ▲ 

Source Calculated by the authors using [37, 39]

husks that have a greater impact on the growth of production volumes in the Ukrainian 
biofuel sector. Expert estimates show that the energy potential of biomass in Ukraine 
may increase to about 45 million tons of o.e./year (Fig. 7) by 2050. It is expected 
that the total installed capacity of bioenergy equipment will increase to 49.6 GW and 
5.2 GW by 2050. The total consumption of biofuels will be more than 20 million 
tons of o.e./year.

The implementation of these measures will require investments of 21… 33 billion 
euros and will lead to the replacement of about 20.1 billion m3 of natural gas a year 
and the creation of more than 160.2 thousand jobs by 2050 [38].
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Table 3 Renewable energy capacity, MW 

Type 2010 2012 2014 2019 2020 

Wind 87 194 426 1170 1314 

Solar 3 326 411 4925 6094 

SPP of households – – 0.1 553 779 

Small hydropower 68 73 80 114 109 

Biomass – 6 35 55.9 91 

Biogas – – 14 70.3 103 

Large HPPs/PSPs 5400.2 5400.2 5724.2 6048.2 

Total 5558.2 5999.2 5853.3 12,936.4 8490 

Source Calculated by the authors using [37, 39]
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Fig. 7 Forecast of bioenergy development until 2035 [36, 37]

The pioneers in this direction are agricultural holdings, which have invested signif-
icant funds in the modernization of existing facilities and construction of new bioen-
ergy ones. According to preliminary estimates, there are more than 90 large agri-
cultural holdings in Ukraine, which control about 27.8% of arable land and are the 
largest producers of grain and industrial crops. 

Agricultural holdings usually cover the entire cycle of production, processing 
and sale of products and provide targeted reproduction of the industry on a new 
technological, organizational and economic basis [40]. The raw material base of 
Ukraine allows the production of about 40,114 tons of phosphatide concentrate per
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year, at the same time, at the moment, this potential is being developed by only 
28.1%, about 10,512 tons of the finished product suitable for sale are sold (see 
Fig. 3). Projected investments in the modernization of the industry are estimated at 
35–55 million dollars [2]. In terms of the amount of carbon dioxide emissions when 
burning sunflower husks, it can be equated to natural gas, while (ash content) does 
not exceed 3.1% [41]. It is possible to solve the disposal of ash formed after burning 
by producing complex fertilizers from them. 

Granulated ash is an environmentally friendly fertilizer suitable for use in organic 
production. When using 1 ton of granular ash, 90 kg of calcium, 50 kg of magne-
sium, 40 kg of sulfur, 260 kg of total potassium can be added to the soil [2]. The 
current potential of ash from sunflower husks in Ukraine is estimated at 50,283 tons. 
Approximate investments in the modernization of the industry are estimated at 30.4 
million dollars. 

4 Discussion 

The agro-industrial production of Ukraine needs changes in the policy of environmen-
tally unlimited, irrational and unbalanced use of production resources, the absence of 
an ecological culture of production. Of particular concern is the extremely unsatisfac-
tory ecological condition of agricultural lands. Over the past three decades, the area 
of eroded arable land in Ukraine has almost doubled. At the same time, researchers 
[42–45] note that the functioning of the system “soil–plant–animals” necessitates the 
inclusion of waste in the cycle of substances. Researches confirm the need to ensure 
ecologically clean and rigid parameters of the obtained electricity when burning 
sunflower husks [46, 47]. To implement these tasks, scientists recommend using an 
automated control system for all technological production cycles. 

The restraining factors for entering the market are: limited information on the 
assessment of the regional technical potential of various types of RESs; outdated 
Soviet energy systems and limited possibilities of connection to them; complex 
permission system. Also guarantees of buyout of energy produced and guarantees 
of imposing a “green” tariff at the planning stage of the project are not provided. A 
characteristic feature of the grain production process in Ukraine is a sharp increase 
in yield variance in recent years. According to some authors, this trend is due to the 
influence of meteorological factors, which undergo similar changes. This behavior 
of the system increases the uncertainty and risk of investment decisions. If the proba-
bility of obtaining critically low yields becomes significant, the investor may decide 
to change the investment plans. For this reason it is necessary to have an assess-
ment in the annual perspective. The most successful predictions are realized when 
an adequate mathematical model of the object is made. Methods aimed at making the 
model are divided into two large groups: (1) development of linear stochastic models. 
This area has received a special name “system identification”. This approach has 
acquired the most complete form in the works of Box and Jenkins, who proposed the 
ARMA model [48, 49]. Significant capital investments at the first stages restrain the
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development of RES bioenergy [50]. According to some researchers, it is possible to 
increase the efficiency of renewable energy sources in electrical distribution networks 
by choosing the optimal power of asynchronous generators and compensating facil-
ities, choosing the optimal connection schemes for RES, in automation of manage-
ment and optimization of its work as a part of electric system that allows to reduce 
losses of the electric power in electric networks, and also to reduce prime cost and 
to increase volumes of the generated electric power [51–53]. The roadmap for the 
development of bioenergy in Ukraine until 2050 should take into account [54, 55]:

• growth of the share of bioresources in the structure of solid biofuel consumption 
up to 60% and 20% of the total volume, respectively, in 2050;

• minimal growth in the use of wood biofuels 1.2 times in 2050;
• a significant increase in the production of biogas and liquid biofuels up to 4.7 

million tons of oil equivalent per year in 2050;
• launch and growth of production of biomethane and motor biofuels of the second 

generation up to 2.4 million tons of oil equivalent per year and 0.43 million tons 
of oil equivalent per year, respectively, in 2050. 

5 Conclusions 

Studies show that Ukraine uses no more than 10% of its bioenergy potential of 
sunflower husks. At the same time, the existing bioresource potential of only 
sunflower husks can provide light for about 5 million people. Investments in obtaining 
alternative electricity from sunflower husks are estimated at 1.9 billion dollars. 

The creation of agricultural holdings is a model for the further development of the 
agricultural sector of Ukraine’s economy, which will bring it to a qualitatively new 
trajectory of stable, highly efficient and competitive operation that will allow solving 
priority tasks. In addition, this strategy is designed to revive domestic agricultural 
production and to ensure an ecologically balanced transformation of rural areas 
and settlements. Studies have proven the feasibility of using sunflower husk as an 
alternative fuel for the production of heat energy and electricity on this basis for 
the production of granular organic fertilizers from ash. Implementation of these 
measures on a comprehensive basis, on an industrial scale, will solve environmental, 
economic and energy problems of the industry: recycle waste, obtain alternative 
energy sources, increase profitability, ensure organic production of environmentally 
friendly fertilizers and increase the manufacture of organic products. 

To realize competitive advantages, a constructive, more predictable state policy 
in the sphere of RES is needed, which should become a priority in the system of 
economic transformations in the conditions of the global economic crisis. First of 
all, it concerns the strategy design for the development of the sector; improvement of 
legislation and settlement of property relations; free access to credit for the develop-
ment of market infrastructure and the elaboration of a range of motives for investors, 
especially those who invest in innovative projects for its development.
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Abstract In the study, assessing the prospects for using renewable energy sources 
is considered a means of overcoming the energy crisis and increasing environmental 
security in the concept of the clean energy transition. The study determined the values 
of final energy consumption for various energy resources and sources of thermal and 
electrical energy in Ukraine for 2015–2019. The structure of final energy consump-
tion by industry in Ukraine in 2019 was evaluated. The values of global investments 
in traditional and renewable energy for the period 2019–2021 are estimated and 
forecast data of total primary energy demand from various sources for the Euro-
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well as forecast values of total primary energy demand. The approach proposed in 
the article makes it possible to reasonably determine the prospects for the use of 
environmentally safe energy-saving technologies with the use of non-traditional and 
renewable energy sources in Ukraine in the foreseeable future until 2060, based on 
the estimated trends in the reform of the energy sector in the world and the European 
Union, which should be considered as a means of overcoming the energy crisis and 
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1 Introduction 

In 2015, the UN defined 17 global goals for sustainable development, which must be 
achieved by 2030 [1]. Among these goals, significant attention is paid to combating 
climate change and strengthening environmental protection. The European Union, 
in turn, established the “Green Pact”, a plan to introduce a circular economy. These 
steps will help Europe become more ecological and climate neutral by 2050 [1]. 

The circular economy is being introduced to achieve Sustainable Development 
Goals (SDGs) 8, 9 and 12. SDG 8 will ensure sustainable, inclusive and sustainable 
growth, mainly through increasing the global efficiency of resource use in consump-
tion and production. SDG 9, which deals with sustainable infrastructure and indus-
trialization, calls on industries to implement resource-saving and environmentally 
friendly technologies. SDG 12 refers to sustainable consumption and production 
based on resource efficiency and waste reduction. 

Currently, many countries use a linear type of economy, a predominantly unidirec-
tional model of production and consumption, where natural resources are needed for 
mass production, and products are often disposed of after one-time use. It becomes 
evident that the vast majority of modern production and consumption processes 
could be more sustainable and ecological, resulting in climate changes and an 
increase in the price of raw materials and the final product. It leads to the exhaustion 
of resources. It leads to overproduction and overconsumption, which threatens to 
achieve sustainability. 

According to the formulations of the UN, “sustainability” and “environmentalism” 
are precisely what meet the needs of today without jeopardizing the ability of future 
generations to meet their needs [2]. In addition, the use of “green” technologies has 
ceased to be for business exclusively an image characteristic for and directly affects 
the sustainability and innovative attractiveness of companies. 

The circular economy manifests itself in the long term and covers all industrial 
sectors at the regional, global and local levels. It is also the only option that will reduce 
consumption and simultaneously extend the service life of products and resources. 
The circular economy is based on the renewal of resources and is an alternative to 
the linear economy (creation, use, waste disposal). It should change the classic linear 
production model, focusing on products and services that minimize waste and other 
types of pollution [3]. 

Europe wants to become climate neutral by 2050, outlined in the “Green Deal” 
of the European Commission [4]. With the help of the «Green Deal», the European 
Commission demonstrates its willingness to invest in sustainable models of the future 
and to stop or slow down the pace of global warming. Moreover, the goals of the 
“Green Deal” not only cover the environmental need for a greener future but also
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include economic and social considerations that allow Europe to pursue a resource-
efficient and future-oriented growth strategy [4]. 

2 Literature Review 

The European Union, which adopted a circular economy course in 2015, expects 
from the implementation of relevant initiatives a significant reduction in the amount 
of waste (in particular, greenhouse gas emissions) and an increase in the produc-
tivity of resource use. Among the advantages of the closed-loop model in the EU 
is the reduction of harmful effects on the environment. However, it is about more 
than just the environmental friendliness of this approach. It also has clear busi-
ness economic advantages. First and foremost, it is about reducing dependence on 
imported resources, the prices of which may jump due to fluctuations in the markets, 
changes in the exchange rate, and these resources may even be unavailable. 

Specific areas of action to achieve the targets and, therefore, European climate 
neutrality can be found in the Green Deal [4]. One of the primary measures mentioned 
is promoting the more efficient use of resources by transitioning to a clean, closed-
cycle economy. 

The circular economy has been a much-discussed topic in recent years, and 
although it has gained widespread acceptance, it has yet to be widely applied. 
In Germany, for example, the Circular Economy Act (Kreislaufwirtschaftsgesetz, 
KrWG) has been in force since 2012, which adheres to the principle of waste manage-
ment that is safe for people and the environment, taking into account technical, 
economic and social aspects [5]. 

The circular economy model is an attractive concept for business because it 
offers many concrete strategies for implementation at the corporate level and allows 
organizations to focus on resource-efficient production and ensure resource reuse 
throughout the value chain. The closed cycle economy model increases resource 
use efficiency and reduces the impact on the environment and natural capital by 
developing products more suitable for secondary processing, introducing effective 
technologies and turning waste into a resource. 

The closed cycle economy’s main principles are restoring resources, processing 
secondary raw materials, and transitioning from fossil fuels to renewable energy 
sources. Also, this type of economy is considered part of the Fourth Industrial Revo-
lution [6], due to which the rationality of using resources, including natural ones, 
will generally increase. 

The EU has adopted an action plan for the transition to a cyclical economy, 
which provides that such a model becomes the basis of the EU’s sustainable devel-
opment strategy and provides for the development of appropriate state regulation. 
The transition to a cyclical economy has three indisputable advantages: a reduction 
in the negative environmental impact due to the reduction of the use of resources 
during production; a reduction of production costs due to a decrease in the number
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of primary resources used; the emergence of new markets, the creation of new jobs 
and an increase in the level of well-being. 

The closed cycle (or circular) economy changes the traditional linear concept 
of the economy. In the linear model, products are produced, used and disposed of 
(take-make-dispose), while the circular approach is based on the 3-R principle:

• Reduce: reduce the use of resources and give priority to renewable materials;
• Reuse: products are used as efficiently as possible;
• Recycle: recover by-products and waste for further use. 

Technology is undoubtedly the key to realizing the “principle of three R”. At the 
same time, talking not only about technologies that ensure the safety of disposal of 
household and industrial waste or increase the possibilities of recycling secondary 
resources but also ensure the improvement of the efficiency of technologies along the 
entire chain: extraction of raw materials–transportation–production–consumption. 

The ultimate goal of the policy based on the “three R principle” is a model of 
society where all resources (minerals, energy, and water) will be used so efficiently 
that the very concept of “waste” will cease to exist. The economy begins to work 
within the framework of the Zero waste concept [7, 8]. 

There are three key features of the circular economy: 

1. Enhanced control over natural resource stocks and maintaining a stable balance 
of renewable resources to preserve and maintain an inexhaustible level of natural 
capital. 

2. Optimization of consumption processes through developing and distributing 
products, components and materials that correspond to the highest level of their 
reuse. 

3. Identify and prevent negative external effects of current production activities 
from increasing the efficiency of economic and environmental systems. 

As part of the circular economy, the following options for business models are 
possible, which can be used both separately and in combination:

• circular chains of added value—a model in which fully renewable sources replace 
limited resources;

• increasing the life cycle of the product—a model that allows preserving the 
economic benefit for as long as possible with the help of restoration, repair, 
modernization or re-marketing of the product;

• exchange and joint consumption (sharing economy)—a model based on the 
exchange of goods or assets that have a low utilization rate;

• product as a service (servicing)—a model where customers use the product by 
“renting” with payment according to the fact of use;

• recovery and recycling—a model that uses technological innovations and oppor-
tunities to recover and reuse resources. 

Waste processing and reuse are essential elements of the circular economy. The 
analysis of modern challenges and the development of technologies allows us to add 
two more to these principles: Redesign and Rethink, reconstruct and rethink:
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• Redesign. This principle includes the need to use innovative technologies when 
creating new products, which, even at the development stage, allow for the 
possibility of recycling, reusing and minimizing the impact on the environment;

• The principle of Rethink. This principle aims to form ecologically oriented social 
consciousness, worldview and education. More and more attention is paid to 
implementing this principle in many countries. 

According to data [9], the growth in renewable energy capacity in the world broke 
the previous record in 2021, and the demand for biofuels in the world has almost 
recovered to the level before COVID-19. How quickly renewables can replace fossil 
fuels will depend on many factors. 

Examining the latest market and policy changes as of April 2022 [9], it is predicted 
that 2022 and 2023 will see new global growth in renewable energy capacity and 
increased demand for biofuels. After the Russian invasion of Ukraine, it is diffi-
cult to assess the potential impact of the recently announced targets on the 2023 
forecast in the absence of rapid policy implementation. While market uncertainty 
is compounding the challenges, there is a new emphasis on energy security—espe-
cially in the European Union—which is also driving an unprecedented political push 
to accelerate the adoption of energy efficiency and renewable energy technologies. 
The forecast of renewable energy markets for 2023 and the following years will 
depend on whether new and more vigorous policies will be introduced shortly [9]. 

The momentum from the “net zero pledge” and sustainable financing has yet to 
translate into a significant increase in spending on clean energy projects worldwide. 
As highlighted in the IEA’s new Roadmap to Net Zero by 2050 [10], the policy should 
facilitate a significant surge in clean energy investment this decade. Governments, 
companies and financial institutions have committed to zero emissions by 2050 or 
soon after. In many countries with developed economies, the financial community has 
united around sustainable financing, establishing funds and implementing relevant 
initiatives. Investments in clean energy are growing moderately but remain signifi-
cantly less than the level needed to avoid severe consequences of climate change. It is 
estimated that investment in clean energy would need to double in the 2020s to hold 
temperatures well below 2 °C and more than triple to keep temperature increases 
stabilized at 1.5 °C. 

The world’s major economies are promoting innovation and increasing technology 
funding in pursuit of net zero emissions. Supporting innovation in the energy sector is 
a critical component of net-zero plans. However, in 2020, state spending on research 
and development in the energy field continued to grow while the share of low-carbon 
technologies in the total volume increased to 80%. Signals for investment in low-
carbon energy technology innovation as of early 2021 were generally positive. By 
2030, more than US $50 billion in public funds could become available for large-scale 
demonstration projects for large-scale low-carbon energy technologies [10]. 

Global trends in rapidly rising energy and materials prices and shortages of crucial 
minerals, semiconductors and other components create potential obstacles to the 
transition to clean energy [11–14]. The Covid-19 pandemic and Russia’s invasion of 
Ukraine have led to significant disruptions in global energy and technology supply
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chains. Against this background, the IEA study “Energy Technology Prospects 2023” 
(ETP-2023) [15] contains an analysis of possible risks and an assessment of opportu-
nities associated with the development and expansion of clean energy supply chains 
and technologies in the foreseeable future that are considered them through the prism 
of achieving energy security and sustainability [16–18]. 

The study aims to assess the prospects for using renewable energy sources in the 
world, Europe and Ukraine in the foreseeable future until 2060, which is considered a 
means of overcoming the global energy crisis and increasing environmental security 
in the concepts of “green” energy transition. 

3 Research Methods 

In recent years, many scientific studies by various authors have been devoted to the 
practical application and assessment of the potential of renewable energy sources 
[19–23]. This research is conducted based on methodological and statistical data from 
the databases of the International Energy Agency (IEA), which uses the databases 
of the International Renewable Energy Agency (IRENA), the World Bank, the 
United Nations Statistics Division (UNSD) and others (“Tracking SDG7”, “Rise”, 
“Esmap”). 

In particular, the following databases of the International Energy Agency (IEA) 
were used: “World Energy Balance Highlights” (IEA database of energy balances 
for over 185 countries and regions) [24]; “Energy efficiency Indicators Highlights” 
(database of energy efficiency indicators) [25]; “World Energy Outlook 2022” (data 
from analysis of energy development in the context of energy and environmental 
security) [26]; “World Energy Investment 2021” [contains global and regional supply 
and end-use investment data; regional data on investment in fossil fuels, renew-
ables, power grids and end-use (energy efficiency, renewables)] [27]; “Global Energy 
Review: CO2 emissions in 2021” (contains global indicators of CO2 emissions and is 
based on a detailed analysis by the IEA by region and by type of fuel based on official, 
national and publicly available energy, economic and weather data) [28]; “Green-
house gas emissions from Energy Highlights” (IEA’s annual data on green-house gas 
emissions from the energy sector) [29]; “SDG7 Database” (contains data on access 
to electricity and clean cooking (SDG 7.1) and progress on the SDGs on renewable 
energy (SDG 7.2) and energy efficiency (SDG 7.3) (last updated March 2022) This 
dataset is updated by the IEA to track progress towards Sustainable Development 
Goal 7) [30]; “Net zero scenario by 2050” (contains data together with projections at 
the global level for a scenario of net zero emissions by 2050 and includes projections 
at the global level for the Net Zero Emissions by 2050 (NZE) scenario, based on 
detailed modeling of the energy sector) [31].
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4 Results and Discussion 

The transition of the energy sector to clean energy is causing significant structural 
changes in electricity generation profiles worldwide. The share of renewable gener-
ation has increased dramatically over the last decade. This trend is expected to 
continue and even accelerate in line with the achievement of climate change goals. 
It should be noted that traditional power plants, mainly those that use coal, atomic 
and hydropower, stagnate or decline over time [32]. 

Renewable energy sources, including solar power, wind power, hydropower, 
biofuels and others, are at the heart of the transition to lower carbon and more 
sustainable energy systems. In recent years, the use of renewable energy sources has 
been overgrown, thanks to political support and a sharp reduction in costs for solar 
photovoltaic and wind energy in particular [33]. It is predicted that the expansion of 
renewable energy capacities in the next five years will occur much faster than was 
predicted just a year ago. It is planned that in 2022–2027 generation from renewable 
energy sources will increase by almost 2400 GW. According to the central forecast 
[34], renewable energy sources will account for more than 90% of the global expan-
sion of electric power capacities during the forecast period. China mainly drives the 
upward revision to the previous forecast; the European Union, the United States and 
India broadly implemented existing policies and regulatory and market reforms and 
introduced new regulatory mechanisms faster than expected in response to the energy 
crisis [34]. 

While overall growth in renewable energy capacity could help limit global 
warming to 1.5 °C [35]. Concerns about global energy security caused by Russia’s 
invasion of Ukraine have prompted countries to increasingly turn to renewable energy 
sources, mainly solar and wind, to reduce countries’ dependence on imported fossil 
fuels, the prices of which have skyrocketed. As mentioned above, the global capacity 
of renewable electricity is expected to grow by 2400 GW during 2022–2027, which 
is equal to the total capacity of China today, according to data [35], which is the 
latest edition of the annual report of the IEA. It confirms that the significant expected 
growth in global renewable electricity capacity will be 30% higher than the values 
predicted just a year ago, underscoring how quickly governments have secured addi-
tional policies to expand the use of renewable energy sources. The report [35] states 
that over the next five years, renewable energy sources will account for more than 
90% of global electricity growth, overtaking coal and becoming the largest source 
of global electricity by the beginning of 2025. 

It is predicted that the amount of renewable energy added in Europe in 2022–27 
will be twice as large as in the previous five years due to a combination of energy 
security issues and climate ambitions. Even faster deployment of wind and solar 
photovoltaic systems sectors could be achieved if the EU member states quickly 
introduced several strategies for optimizing and improving schemes for stimulating 
renewable energy sources [29]. 

Faster growth in the use of renewable energy in the foreseeable future will bring 
the world closer to achieving “net zero emissions” by 2050, providing a chance
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to limit global warming to 1.5 °C [33]. The IEA and Ukraine are deepening bilat-
eral cooperation with the help of a new joint work program; this cooperation is 
focused on restoring the energy system of Ukraine and its transition to sustainable 
energy. The joint work program focuses on Ukraine’s critical short- and long-term 
energy priorities, emphasizing energy security, clean energy transition, and Ukraine’s 
recovery plan. The work areas outlined in the program include energy system secu-
rity, hydrogen depletion, renewable energy sources, biogas, and cooperation on data 
and statistics. The two-year program is based on the long history of cooperation 
between the IEA and Ukraine, which began in 2007. The Agency closely cooper-
ated with Ukraine through the EU4Energy program of the European Commission. It 
should be noted that Ukraine officially joined the IEA as an association country in 
July 2022 at the signing ceremony in Warsaw, opening a new page in their long-term 
partnership [36]. 

It is predicted that in 2023 the European Union will face a potential shortage of 
almost 30 billion cubic meters of natural gas. However, the risk of a shortage can be 
avoided by intensifying efforts to improve energy efficiency, deploying renewable 
energy sources, installing heat pumps, promoting energy preservation and increasing 
gas supplies. 

The IEA report [37] outlines critical actions to address the potential supply– 
demand gap if Russian pipeline supplies fall to zero, including faster energy effi-
ciency implementation and renewable energy sources. The IEA’s study of govern-
ment energy spending shows an increase in clean energy funding in response to the 
global energy crisis, alongside efforts to reduce and afford electricity costs. Global 
public spending to support clean energy has increased by more than $500 billion 
since March 2022, as the global energy crisis spurs new policies to reduce depen-
dence on fossil fuels, according to an IEA study [37]. It was determined that countries 
with developed economies account for almost 95% of the support for investments 
in clean energy allocated worldwide since the pandemic’s beginning. Developing 
countries have channeled their more limited resources into short-term measures to 
keep transport, electricity and fuels affordable. 

The energy world is developing in the era of clean energy technologies, which 
creates new risks, forcing countries to develop industrial strategies. According to fore-
cast estimates [37], the world market of key mass-produced environmentally friendly 
energy technologies will amount to approximately 650 billion US dollars annually 
by 2030. The study determined the indicators of estimated cumulative energy savings 
from efficiency for the IEA countries by production sectors for 2015–2019. It was 
determined that the highest values of estimated cumulative energy savings from effi-
ciency are achieved in the industry [38]. Figure 1 shows the values of final energy 
consumption by various energy resources and thermal and electrical energy sources 
in Ukraine for 2015–2019. It shows an increase in the use of non-traditional and 
renewable energy sources (biofuels and waste), which became possible due to the 
implementation of green energy policy measures [39] and a decrease in the consump-
tion of traditional energy resources (coal, natural gas), the use of electricity and 
thermal energy does not change significantly during the studied period.



Towards Overcoming Energy Crisis and Energy Transition … 117

Fig. 1 Values of final energy consumption by various energy resources and thermal and electrical 
energy sources in Ukraine for 2015–2019 [24–31] 

The study estimated the structure of final energy consumption by sector in Ukraine 
in 2019. It was determined that the most significant final energy consumption 
traditionally corresponds to the production sector. 

Table 1 shows the values of global investments in traditional and renewable energy 
for 2019–2021. Table 1 shows a gradual decrease in investments in traditional energy 
and an increase in financing of non-traditional energy.

The energy sector occupies a central place in the fight against climate change. 
The energy sector accounts for two-thirds of the total volume of greenhouse gas 
emissions, so the energy sector is a central player in ensuring emissions reduction 
and climate change mitigation. 

In recent times, promoting sustainable development and combating climate 
change have become intertwined aspects of energy planning, analysis and policy 
development. Figure 2 shows the percentages of the growth/decrease rate of global 
CO2 emissions for the periods of 2019–2020 and 2020–2021 from traditional, non-
traditional, and renewable energy sources (biomass and waste) and in technological 
processes.

Figure 3 shows the percentages of the growth/decrease rate of CO2 emissions of 
energy and technological processes in the world, certain countries and the European 
Union for the periods 2019–2020 and 2020–2021.

Figure 4 shows the percentages of the growth/decrease rate of energy greenhouse 
gas emissions in the world, certain countries and the European Union for the periods 
2019–2020 and 2020–2021.

Figure 5 shows the forecast data of the total primary energy demand from various 
sources for the European Union, according to the “EU Basic Scenario” for the period 
until 2060, as well as the forecast (total) values of the total primary energy demand. 
It shows a gradual decrease in the total primary demand for energy from traditional



118 O. Ostapenko et al.

Table 1 Values of global investments in traditional and renewable energy for 2019–2021 

World 2019 2020 2021 

Total (billion $) 1936 1688 1851 

Supply (by type) 1643 1399 1531 

Fossil fuels (fuel supply and power) 986 726 813 

Renewables 345 367 382 

Electricity networks 269 259 286 

Other supply 43 47 51 

End-use 294 289 320 

Energy efficiency 268 266 295 

Renewables and other end-use 26 23 25 

Fuels 864 621 708 

Fossil fuels 856 613 694 

Oil 478 332 365 

Gas 279 191 238 

Coal 99 90 91 

Low-carbon fuels 9 8 14 

Power 778 778 823 

Generation 505 513 530 

Coal 57 49 45 

Gas and oil 74 64 74 

Nuclear 39 42 44 

Renewables 336 359 367 

Battery storage 4 6 7 

Electricity networks 269 259 286 

Memo: Oil and natural gas upstream 475 326 351 

Source Data obtained by the authors based on IEA databases [24–31]

sources (oil, coal, natural gas) and an increase in demand for non-traditional and 
renewable energy sources. Also, the primary demand for nuclear and hydraulic energy 
will grow, leading to the insignificant or minimal formation of harmful emissions 
into the atmosphere. It should be noted that by 2060, according to forecast data, it is 
planned to reduce the total primary demand for energy from various sources in the 
European Union to a value of 54,564 PJ.

Figure 6 shows forecast data of fuel energy consumption for the generation of 
electrical and thermal energy from various sources for the European Union, according 
to the “EU Basic Scenario”, for the period up to 2060. Figure 6 shows that by 2060, 
the use of oil, coal, and natural gas in electricity and heat generation will gradually 
decrease, which will be ensured by the gradual increase in the use of nuclear energy, 
hydropower, as well as non-traditional and renewable energy sources in heat and
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Fig. 2 Percentages of the growth/decrease rate of global CO2 emissions for the periods 2019–2020 
and 2020–2021 from the use of traditional, non-traditional, and renewable energy sources (biomass 
and waste) and in technological processes [24–31]

Fig. 3 Percentages of the growth/decrease rate of CO2 emissions of energy and technological 
processes in the world, certain countries and the European Union for the periods 2019–2020 and 
2020–2021 [24–31]



120 O. Ostapenko et al.

Fig. 4 Percentages of the growth/decrease rate of energy greenhouse gas emissions in the world, 
certain countries and the European Union for the periods 2019–2020 and 2020–2021 [24–31]

Fig. 5 Forecast data of the total primary energy demand from various sources for the European 
Union, according to the “EU Basic Scenario”, for the period up to 2060, as well as forecast values 
of the total primary energy demand [24–31]

electricity generation (biomass and waste, geothermal energy, wind and solar energy, 
ocean energy), the use of hydrogen and other energy sources was not predicted.

Figure 7 shows forecast data of final energy demand from various sources for the 
European Union, according to the “EU Basic Scenario” for the period up to 2060. 
It shows that by 2060, the final need for energy from such sources as oil, coal and 
natural gas will gradually decrease, the final need for thermal energy will decrease 
and the final need for electrical energy, energy from biomass and waste, energy from
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Fig. 6 Forecast data of fuel energy consumption for the generation of electrical and thermal energy 
from various sources for the European Union, according to the “EU Basic Scenario”, for the period 
up to the 2060 year [24–31]

Fig. 7 Forecast data of the final energy demand from various sources for the European Union, 
according to the “EU Basic Scenario”, for the period up to 2060 [24–31]

the day and other new technologies. It should be noted that by 2060, according to 
forecast data, it is planned to reduce the final need for energy from various sources 
in the European Union to a value of 41,415 PJ. 
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Fig. 8 Forecast data of the final energy demand in the industrial sector from various sources for 
the European Union, according to the “EU Basic Scenario”, for the period up to 2060 [24–31] 

Figure 8 shows forecast data of the industrial sector’s final energy demand from 
various European Union sources, according to the “EU Basic Scenario”, for the period 
up to 2060. It shows that by 2060, the final energy demand in the industrial sector from 
such sources as oil, coal, and natural gas will gradually decrease, and the final demand 
for thermal and electrical energy in the industrial sector will decrease. However, the 
final demand for energy from biomass, waste and other new technologies and the 
use of hydrogen was not predicted. It should be noted that by 2060, according to 
forecast data, it is planned to reduce the final energy demand in the industrial sector 
from various sources in the European Union to the value of 9009 PJ. 

Figure 9 shows forecast data for the growth of electricity production from various 
sources for the European Union, according to the “EU Basic Scenario”, for the period 
up to 2060. We observe a gradual decrease in the growth of electricity production from 
traditional sources and an increase in its generation from non-traditional sources. It 
shows that until 2060, the amount of electricity production using oil, coal, and natural 
gas will gradually decrease, which will be ensured by the gradual increase in elec-
tricity production using nuclear energy, hydropower, as well as non-traditional and 
renewable energy sources in electricity generation (biomass and waste, geothermal 
energy, wind and solar energy, ocean energy), the use of hydrogen and other energy 
sources was not predicted. It should be noted that by 2060, according to forecast data, 
a gradual increase in the volume of electricity production in the European Union is 
planned to the value of 3519 TWh.

Figure 10 shows forecast data for the growth of electric capacity from various 
sources for the European Union, according to the “EU Basic Scenario”, for the 
period up to 2060. It shows a gradual decrease in the amount of electric capacity 
from traditional energy sources and an increase in the amount of electric capacity 
from non-traditional and renewable energy sources. It shows that by 2060, the growth
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Fig. 9 Forecast data of the growth of electricity production from various sources for the European 
Union, according to the “EU Basic Scenario”, for the period up to 2060 [24–31]

of electric capacity using oil, coal, and natural gas in electric generation will gradually 
decrease, which will be ensured by the gradual increase of electric capacity using 
nuclear energy, hydropower, as well as non-traditional and renewable sources of 
energy in electrical generation (biomass and waste, geothermal energy, wind and 
solar energy, ocean energy), the use of hydrogen and other energy sources were not 
predicted. It should be noted that by 2060, according to forecast data, a gradual 
increase of electric capacity in the European Union to the value of 1303 GW is 
planned.

Figure 11 shows forecast data of direct CO2 emissions from various energy sources 
for the European Union, according to the “EU Basic Scenario”, for the period up 
to 2060. It shows that by 2060, according to forecast data, the volume of direct 
CO2 emissions in general and in the power industry, in particular, will decrease 
significantly.
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Fig. 10 Forecast data of the growth of electric capacity from various sources for the European 
Union, according to the “EU Basic Scenario”, for the period up to 2060 [24–31]

Fig. 11 Forecast data of direct CO2 emissions from various energy sources for the European Union, 
according to the “EU Basic Scenario”, for the period up to 2060 [24–31]
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5 Conclusions 

The energy sector occupies a central place in the fight against climate change. The 
energy sector accounts for two-thirds of the total volume of green house gas emis-
sions, so the energy sector is a central player in ensuring emissions reduction and 
climate change mitigation. In recent times, promoting sustainable development and 
combating climate change have become inter-twined aspects of energy planning, 
analysis and policy development. This study assesses the prospects for using renew-
able energy sources in the world, Europe and Ukraine in the foreseeable future 
until 2060, which is considered a means of overcoming the global energy crisis and 
increasing environmental security in the concepts of sustainable development and 
“green” energy transition. 

The study determined the values of final energy consumption for various energy 
resources and sources of thermal and electrical energy in Ukraine for 2015–2019. 
Based on the analysis of the research results, there is an increase in the use of non-
traditional and renewable energy sources (biofuel and waste) and a decrease in the 
consumption of traditional energy resources (coal, natural gas), the use of electricity 
and thermal energy does not change significantly during the studied period. The 
structure of final energy consumption by industry in Ukraine in 2019 was evaluated. 
It was determined that the most significant final energy consumption traditionally 
falls on the production sector. 

The values of global investments in traditional and renewable energy for the 
period 2019–2021 is estimated. Based on the analysis of the research results, there is 
a gradual decrease in investments in traditional energy and an increase in financing 
of non-traditional energy. Estimated forecast data of total primary energy demand 
from various sources for the European Union, according to the “EU Basic Scenario”, 
for the period up to 2060, as well as forecast (total) values of total primary energy 
demand. Based on the analysis of the research results, there is a gradual decrease 
in the overall primary demand for energy from traditional sources (oil, coal, natural 
gas) and an increase in demand for non-traditional and renewable energy sources. 
The primary demand for nuclear and hydraulic energy will grow, leading to the 
insignificant or minimal formation of harmful emissions into the atmosphere. By 
2060, according to forecast data, it is planned to reduce the total primary demand for 
energy from various sources in the European Union to a value of 54,564 PJ. 

Estimated forecast data of fuel energy consumption for the generation of electrical 
and thermal energy from various sources for the European Union, according to the 
“EU Basic Scenario”, for the period up to 2060. It was determined that by 2060, the 
use of oil, coal, and natural gas in electricity and heat generation would gradually 
decrease, which will be ensured by the gradual increase in the use of nuclear energy, 
hydropower, as well as non-traditional and renewable energy sources in heat and 
electricity generation (biomass and waste, geothermal energy, wind and solar energy, 
ocean energy), the use of hydrogen and other energy sources was not predicted. 

Estimated forecast data for the growth of electricity production from various 
sources for the European Union, according to the “EU Basic Scenario”, for the period
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up to 2060. Based on the analysis of the research results, there is a gradual decrease 
in the growth of electricity production from traditional sources and an increase in 
its generation from non-traditional sources. It was determined that by 2060, the 
amount of electricity production using oil, coal, and natural gas would gradually 
decrease, which will be ensured by the gradual increase in electricity production 
using nuclear energy, hydropower, as well as non-traditional and renewable energy 
sources in electricity generation (biomass and waste, geothermal energy, wind and 
solar energy, ocean energy), the use of hydrogen and other energy sources was not 
predicted. It should be noted that by 2060, according to forecast data, a gradual 
increase in the volume of electricity production in the European Union is planned to 
the value of 3519 TWh. 

Estimated data of the growth of electric capacity from various sources for the 
European Union, according to the “EU Basic Scenario”, for the period up to 2060. 
Based on the analysis of the research results, there is a gradual decrease in the 
amount of electric capacity from traditional energy sources and an increase in the 
amount of electric capacity from non-traditional and renewable energy sources. It 
was determined that by 2060, the growth of electric capacity with the use of oil, coal, 
and natural gas in an electric generation would gradually decrease, which will be 
ensured by the gradual increase of electric capacity with the use of nuclear energy, 
hydropower, as well as non-traditional and renewable energy sources in electric 
generation (biomass and waste, geothermal energy, wind and solar energy, ocean 
energy), the use of hydrogen and other energy sources was not predicted. It should 
be noted that by 2060, according to forecast data, a gradual increase of electric 
capacity in the European Union to 1303 GW is planned. 

Estimated forecast data of direct CO2 emissions from various energy sources for 
the European Union, according to the “EU Basic Scenario”, for the period up to 
2060. It was determined that by 2060, according to forecast data, the volumes of 
direct CO2 emissions in general and in the energy sector, in particular, will decrease 
significantly. 

The approach proposed in the article makes it possible to reasonably determine 
the prospects for the use of environmentally safe energy-saving technologies with 
the use of non-traditional and renewable energy sources in Ukraine in the foreseeable 
future until 2060, based on the estimated trends in the reform of the energy sector 
in the world and the European Union, which should be considered as a means of 
overcoming the global energy crisis and increasing environmental security in the 
concepts of “green” energy transition.
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Harnessing the Energy of Moving Water 
to Generate Electricity in Bulgaria 

Rositsa Velichkova , Martin Pushkarov , Iskra Simova , 
Alexander Stanilov , Vladislav Ivanov , Yoana Pavlova , 
and Angel Alexandrov 

Abstract Renewable energy sources such as solar, wind, hydroelectric and 
geothermal are considered sustainable and environmentally sound alternatives to 
fossil fuels. The aim of the study is to examine the possibilities for using running 
water in Bulgaria and to present a test-rig which can be used for utilization of such 
type of energy. An analysis of the rivers in Bulgaria from the technical catchment 
point of view was made. The installed and operating hydropower plants in Bulgaria 
are presented. A developed laboratory test-rig is presented and described in details, 
which investigates the possibilities of harnessing the energy of rivers (with the use of) 
hydrokinetic turbines. Results of the theoretical power output of one of the presented 
turbines were obtained at four different flow velocities in the test-rig. A brief analysis 
of the social part related to this type of energies was also made. 

Keywords Moving water · Harnessing · Hydrokinetic turbine · Energy potential 

1 Introduction 

Renewable energy sources (wind energy, solar energy, hydroelectric energy, ocean 
energy, geothermal energy, biomass and biofuels) are alternatives to fossil fuels that 
contribute to reducing greenhouse gas emissions, diversifying energy supplies and 
reducing dependence on unreliable and volatile fossil fuel markets, especially oil 
and gas [1]. EU legislation to promote renewable energy sources, has developed 
significantly over the last 15 years. In July 2021, in view of the EU’s new climate 
ambitions, the co-legislators were proposed to revise the 40% target by 2030. After 
the Russian invasion of Ukraine and the subsequent energy crisis, the EU agreed to 
rapidly reduce its dependence on Russian fossil fuels before 2030, by accelerating 
the transition to clean energy [2].
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1.1 Biomass 

Biomass is considered one of the best examples of non-conventional energy source. It 
is also considered a suitable alternative to fossil fuels for the production of electricity. 
It is known that the general name biomass usually refers to raw materials obtained 
from wood waste, waste from agriculture and the food industry, as well as plants 
and trees, grown for the purpose of being used as a raw material in the production of 
energy. Biomass also includes sediments obtained during wastewater treatment, as 
well as manure [3]. The main advantages of biomass are the fact that it is a renewable 
energy source and its wide availability, and in large quantities. Its advantages are its 
relatively lower price, the small investment associated with the creation and operation 
of such a station, the possibility of usefully utilizing part of the accumulated waste. 
Promoting the use of biomass also plays an important role in reaching the European 
Commission’s climate change targets. According to experts, this is probably due to 
the fact that so far for Europe, energy produced from biomass constitutes about 2/3 
of all energy produced from renewable energy sources [3]. 

1.2 Solar 

Solar power generation systems, convert sunlight into electricity. In order to carry 
out this transformation of energy from solar to electricity, photovoltaics do not need 
direct sunlight, but simply daylight. The higher the light intensity, the greater the 
amount of electricity produced. 

1.3 Wind Power 

Wind energy is converted into electricity with wind turbines. Sailing boats and ships 
are a good example of using the mechanical wind energy. The production of electricity 
is the most important application of wind power energy in the present moment. The 
mechanical energy of the wind is captured by wind turbines that drive an electric 
generator for electricity production. Experts are on opinion that wind is one of the 
most promising energy sources. Today, wind energy is the fastest-growing sector, 
with an increase of 22%. The reasons are that the price of electricity produced by 
wind is, in many cases, lower than the energy produced by the sun because wind 
facilities have lower installation and maintenance costs [4].
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1.4 Hydroelectric Power 

Water energy is harnessed by various machines that use the power of the moving 
water. This energy is utilized either directly as mechanical energy or is converted 
into electrical energy. The oldest examples of use of hydropower are water mills. 
The main sources can be divided into ocean and river hydropower sources. 

Ocean energy sources: useful energy from ocean waters can be harnessed by the 
waves in the ocean. Water collects in certain places. As the water flows in or out of 
these natural or artificially created cavities, it can drive water turbines and generate 
electricity [5]. 

1.5 River Energy Sources 

The energy of moving water in rivers can be obtained by means of water turbines 
which are connected to generators for electricity production. To ensure constant 
production of electricity, special hydrotechnical facilities are most often used (dams) 
[6, 7]. 

Experiments show that it is better to produce energy from sea or ocean waves not 
near the coast, where the waves are already weakened, but in the open sea or in the 
coastal zone. 

1.6 Geothermal 

“Geothermal”—the term comes from the Greek word “geo”—earth and “therma”— 
heat, which in the general meaning of the word means—thermal energy from the 
Earth. 

However, heat in the deep and shallow parts of Earth comes from two distinctly 
different sources. The first source is deep heat energy generated within the Earth 
itself by the radioactive decay of unstable isotopes and friction. The second source 
is shallow heat energy from the sun that is stored in the ground. 

The practical use of geothermal energy depends on the localization of the source, 
the flow rate, its temperature, its proximity to the users, the climate conditions and 
the built infrastructure [8]. 

Tables 1, 2, 3, 4 and 5 represent the renewable energy percentage distribution 
worldwide [9].

The data organised in Table 1 shows almost 10% increase in hydropower energy 
production in Asia, while Europe and North America show a 5% decrease for the 
period analysed. The rest of the regions have no change throughout the years 2009– 
2021.
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Fig. 1 Hydropower energy in EU for 2009–2021 

According to Table 2, there is a 7% decrease in wind energy production in Europe 
and a 3% decrease in North America, while Asia shows increase of 8% for 2015– 
2021. 

Similarly to the hydropower and wind energy production analyses, the solar energy 
production in Asia increased significantly for the period considered, and decreased 
with 22% in Europe (Table 3). The rest of the regions do not show notable change 
in this part of renewable energy production. 

The same trend is observed in the analyses of bioenergy (Table 4) and geothermal 
energy production (Table 5) by region. 

On Figs. 1, 2, 3 and 4 the distribution of renewable energy in the European Union 
for a period 2009–2021 is shown [10].

The purpose of this chapter is to show how water energy can be used in 
Bulgaria. Existing hydroelectric plants are shown and explained. It is discussed how 
hydrokinetic turbines can also be used. 

2 Rivers in Bulgaria 

There are two river drainage basins in Bulgaria: Black Sea and Aegean Sea. The 
Black Sea basin includes the rivers that flow directly into the Black Sea or via the 
Danube River. This water basin occupies 57% of the country’s territory. Of the 
rivers that belong to the Black Sea basin and flow through the Danube, the longest 
and with the largest catchment basin is the Iskar river—368 km. The White Sea
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Fig. 2 Wind energy in EU for 2009–2021 period 

0 

100000 

200000 

300000 

400000 

500000 

600000 

A
us

tr
ia

 
B

el
gu

im
 

B
ul

ga
ri

a 
C

ro
at

ia
 

C
yp

ru
s 

C
ze

ch
 R

ep
ub

lic
 

D
en

m
ar

k 
E

st
on

ia
 

Fi
nl

an
d 

Fr
an

ce
 

G
er

m
an

y 
G

re
ec

e 
H

un
ga

ry
 

Ir
el

an
d 

It
al

y 
L

at
vi

a 
L

ith
ua

ni
a 

L
ux

em
bo

ur
g 

M
al

ta
 

N
et

he
rl

an
d 

Po
la

nd
 

Po
rt

ug
al

 
R

om
an

ia
 

Sl
ov

ak
ia

 
Sl

ov
en

ia
 

Sp
ai

n 
Sw

ed
en

 

2009 2010 2011 2012 2013 2014 2015 

2016 2017 2018 2019 2020 2021 

Fig. 3 Solar energy in EU for 2009–2021 period

basin covers 43% of the country’s territory. Most of the water flows from Balkan 
Mounties, Rhodope Mountain and Rila Mountain. The largest of the rivers that flow 
into the White Sea Basin is the Maritsa River. This basin also includes Tundzha, 
Arda, Struma and Mesta [11, 12]. The classification of rivers by length reveals the
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Fig. 4 Bioenergy in EU for 2009–2021 period

following features. Class “very large in length” includes nine rivers: Iskar (368.0 km), 
Tundzha (349.5 km), Maritsa (321.6 km), Osam (314 km), Struma (290.0 km), Yantra 
(286.0 km), Kamchiya (245.0 km), Arda (241.0 km) and Luda Kamchiya (200.9 km) 
(Table 2). Large rivers in length are Rusenski Lom (196.9 km), Vit (188.6 km), Rositsa 
(164.3 km), Topolnitsa (154.8 km), Veleka (147.0 km), Sazliyka (145.4 km), Ogosta 
(144.1 km), Beli Lom (140.7 km), Skut (196.9 km), Cherni Lom (130.3 km), Mesta 
(125.9 km), Sukha–to the border (125.8 km), Provadiyska (119.0 km), Strumeshnica 
(114.0 km), Rezovska (112.0 km), Stryama (110.1 km), Kanagiol–to the border 
(109.6 km), Tsaratsar (108.0 km) and Senkovitsa (101.6 km) [12]. 

Medium-length rivers are 62—the rivers Varbitsa (98.1 km), Dospat (96.2 km), 
Dobrotinsko (92.9 km), Lom river (92.5 km), Harmanliyska (91.9 km), Lefeja River 
(91.8 km), Hersovska River (90.8 km) and others. They are evenly distributed 
between the northern and southern parts of the country. Geographically, this class 
of rivers stands out in the northwestern parts of the country with the watercourse of 
Tsibritsa, Lom, Vidbol, Topolovets, Botunya, etc., Northeastern Bulgaria—with the 
rivers Dobrotinsko, Topchiyska, Golyam Kachamak, Khrsovska, Neykovsko dere, 
Dobrichka, Karaman etc., Rhodopes—with the Dospat, Asenitsa, Chepinska, Stara 
(Peshterska) rivers, the Burgas lowland—with the watercourses of the Fakiyska, 
Gospodarevska, Sredetska, Rusokastrenska and Upper Thracian Plain—Mochuritsa, 
Kalnitsa, Popovska reka, Pyasčnik, Ovcharitsa, Sokolitsa (Table 6) [11].

Medium in length are 222 watercourses. This class includes 40% of the rivers 
in Bulgaria—the rivers Archar (59.4 km), Dryanovska (59.3 km), Krumovitsa 
(58.5 km), Omurovska (57.5 km), Malki Lom (57.1 km) etc. There are no 
geographical regularities in the distribution of medium-length rivers.
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Table 6 Distribution (number) of rivers by length 

Class Length (km) Black Sea 
hydro-geographical region 

White Sea 
hydro-geographical 
region 

Total for 
the 
countryDanube 

region 
Black Sea 
region 

Very small To 10 18 5 19 42 

Small 10.1–20 47 42 97 186 

Medium 20.1–50 68 41 113 222 

Medium-sized 50.1–100 27 8 27 62 

Large 100.1–200 11 3 6 20 

Very large Over 200 3 2 4 9

Small rivers in length—186, as well as very small ones are in mountainous regions. 
The very small rivers in length are significantly larger number than the one indicated, 
therefore the class has a higher relative share of the results obtained, and probably 
almost equal to or greater than the number of rivers in the small and medium classes 
(Table 7). 

The classification of rivers by area of the river basin is similar to the classification 
of rivers by length—there are the fewest rivers with a very large catchment area, the 
largest number of rivers in the small and medium classes. 

The Maritsa (21,084 km2) and Struma (10,797 km2) rivers form the largest 
catchment areas. The river basin of Maritsa is about 1/5 (18.9%) of the territory 
of the country, and that of the Struma river—9.7%. The rivers that have large 
river basins are: the Iskar River (8642.2 km2), the Tundzha River (7883.6 km2), 
the Yantra River (7861.6 km2), the Kamchia River (5357.6 km2), the Arda River 
(5201.2 km2), Sazliyka River (3293.0 km2), Vit River (3225.0 km2), Ogosta River 
(3157.1 km2), Rusenski Lom River (2946.9 km2), Osam River (2824.1 km2), Mesta 
River (2767.0 km2), Suha Reka River (2403.9 km2), Rositsa River (2264.6 km2)

Table 7 Distribution (in number) of rivers by catchment area 

Class Area (km2) Black Sea 
hydro-geographical 
region 

White Sea 
hydro-geographical 
region 

Total for 
the 
country 

Danube 
region 

Black Sea 
region 

Very small To 20 18 2 22 42 

Small 20.1–100 64 60 128 252 

Medium 100.1–500 59 31 87 177 

Medium-sized 500.1–2000 26 6 23 55 

Large 2000.1–10,000 8 2 4 14 

Very large Over 10,000 – – 2 2 
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and Provadiyska River (2131.8 km2). Almost all rivers of this class are in Northern 
Bulgaria. 10% of the country’s river basins are medium large in area. They are devel-
oped throughout the country and especially in the Ludogorsk-Dobrudzha region 
(Tsaratsar, Kanagyol, etc.), Northwestern Bulgaria (the river basins of the rivers Tsib-
ritsa, Lom, Botunya, etc.), the eastern part of the country (the rivers of the Veleka, 
Sredetska, Fakiyska, etc.), Rhodopes (watersheds of the Vacha, Chepelarska, etc.), 
Tundzhan lowland (river basins of the rivers Mochurica, Sinapovska, Kalnitsa, etc.), 
Eastern Rhodopes (watershed of the rivers Varbitsa, Krumovitsa) and the Upper 
Thracian Plain (the basins of the Topolnitsa River, the Stryama River, the Harman-
liyska River, etc.) Average in area are 178 river basins. They form the second largest 
river class in the grouping. They are distributed almost evenly between Northern 
and Southern Bulgaria. The small catchments are 46% of all in the country and are 
mostly mountainous. 

Exceptions are river basins from the Tundzhan lowland (on the Kushudere River 
and on the Slivetovska River—tributaries of the Popovska River). First-order rivers 
in mountainous regions are usually very small in area. Only the Ludnya River (a 
tributary of the Tsaratsar River) in the northeastern parts is flat. Table 8 shows the 
largest rivers in Bulgaria with their length, catchment area and flow rate [12].

3 Hydropower Installed Capacities 

Three quarters of the Earth’s surface is occupied by oceans, seas, lakes and rivers. 
Water power has been used since ancient times, with the first water engines being 
used in irrigation systems to drive mills, etc. The first hydroelectric power plant 
(HPP) was built and put into operation on the Iskar River in 1900 based on a project 
of French engineers. Its initial power capacity was 736 kW (0.736 MW). Its purpose 
was to provide lighting in the capital of Bulgaria, the city of Sofia, and to power the 
tram traffic. In the period from 1900 to 1918 5 small hydroelectric power stations with 
a total installed capacity of 4300 kW (4.30 MW) were built in Bulgaria. In 1940 the 
state took over the electrification of Bulgaria, adopting 2 years later in 1942 the first 
electrification plan for Bulgaria for the period up to 1960, planning the construction 
of a 110 kV power ring. Unfortunately, this plan is not implemented, due to the fact 
that almost all construction works, as well as the supply of materials and equipment, 
are carried out by foreign companies and specialists [13, 14]. 

After September 9th, 1944, (September 9th coup) and the socialist restruc-
turing/reconstruction, as a result of the rapid pace of development of Bulgarian 
industry and agriculture, the need for water for irrigation of cultivated crops and 
electricity production from water sources, as well as additional water supply in the 
different regions in Bulgaria increased. During this period, there was a shortage of 
specialists with experience in the field and several HPPs similar to the predecessors 
were built, such as HPPs “Koinare”, “Mezdra”, “Ticha”, “Petrovo”, etc. During the 
construction of these HPPs, our specialists gained experience, and meanwhile new 
Bulgarian specialists were trained [14].
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Table 8 Largest Bulgarian rivers by length, catchment area and flow rate 

№ Name Length (km) Watershed (Drainage basin) 
(km2) 

Drainage (m3/s) 

1 Iskar 368.0 
352.3 

8646.2 
8617.1 

54.5 

2 Tundzha 349.5 
328.4 

7884.0 
7890.7 

39.7 

3 Maritsa 321.6 
309.0 

21,084.0 
21,271.9 

108.0 

4 Osum 314.0 
204.6 

2824.0 
2838 

16.40 

5 Struma 290.0 
275.1 

10,797.0 
8036.3 

76.167 

6 Yantra 285.5 
222.0 

7862.0 
7862.4 

36.8 

7 Kamchiya 244.5 
190.7 

5357.6 
5363.0 

24.476 

8 Arda 241.3 
229.1 

5201.0 
5213.1 

15.213 

9 Luda Kamchiya 200.9 
180.2 

1611.9 
1610.0 

9.681 

10 Golyama Kamchiya 198.5 2997.0 11.40 

11 Rusenski Lom 196.9 
155.5 

2947.0 
2985.0 

5.60 

12 Vit 188.6 
167.5 

3225.0 
3227.6 

8.67 

13 Rositsa 164.3 
148.5 

2265.0 
2260.0 

10.60 

14 Topolnitsa 154.8 
135.6 

1789.0 
1780.0 

10.00 

15 Veleka 123.0 
107.9 

955.0 
791.9 

7.694 

16 Sazliyka 145.4 
121.7 

3293.0 
3366.0 

18.00 

17 Ogosta 141.1 
142.7 

3157.0 
4282.2 

23.554 

18 Beli Lom 140.7 
122.8 

1279.0 
1310.0 

2.09 

19 Skat 134.0 
139.8 

1074.0 
1070.0 

1.7 

20 Cherni Lom 130.3 
114.2 

1549.0 
1550.0 

21 Mesta 125.9 
126.1 

2767.0 
2785.5 

29.85

(continued)
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Table 8 (continued)

№ Name Length (km) Watershed (Drainage basin)
(km2)

Drainage (m3/s)

22 Suhata reka 125.8 
148.4 

2404.0 
2421.3 

0.69 

23 Provadiya 119.0 
120.9 

2132.0 
2145.3 

3.10 

24 Vacha 111.5 
103.7 

1645.0 
1680.0 

22.0 

25 Stryama 110.1 
98.7 

1394.0 
1490.0 

10.05 

26 Kanagyol 109.6 
85.4 

1745.0 
1785.5 

0.086 

27 Senkovets 101.6 
121.7 

553.0 
3366.0 

0.166 

28 Varbitsa 98.1 
99.2 

1203.0 
1207.6 

29 Lom 93.0 
102.9 

1240.0 
1159.6 

7.39

In 1946 started the construction of the first Bulgarian dam entirely by Bulgarian 
specialists. The name was “Tashboaz” dam (the name comes from the Tashboaz area), 
which was later renamed “Vasil Kolarov” and currently bears the name “Golyam 
Beglik”, as it was completed and put into operation in 1951 [14]. 

Bulgarian hydropower is growing stronger with the development of Bulgaria in 
all spheres, and in 1947 the construction of the “Petrohan” cascade began (Fig. 5), 
which was completed and put into operation in 1956. During these nine years, the 
three HPPs of the cascade “Petrokhan” (7.7 MW), “Berzia” (5.6 MW) and “Klisura” 
(3.5 MW) were built with a total installed capacity of 16.8 MW [14].

For the period up to 1948, a total of 47 hydropower plants with a total capacity 
of 46.5 MW were built in Bulgaria. At that time, the largest hydroelectric plant in 
Bulgaria was “Vacha” with an installed capacity of 7.0 MW. The “Beli Iskar” dam 
and the “Beli Iskar” low dam hydroelectric power plant with an installed capacity 
of 16.8 MW establish/found the Iskar cascade (Fig. 6). In 1951, the construction of 
the largest hydroelectric plant along the Iskar River began. This cascade includes 
the “Iskar” Dam, the “Pancharevo” Dam, the “Kokalyane” Dam and the two HPPs 
“Pasarel” and “Kokalyane” with a power of 28 MW and 22 MW respectively [15].

The cascade entered service in 1956. In 1957, the construction of the “Studen 
Kladenetz” Dam and the “Studen Kladenetz” Hydroelectric Power Plant with an 
installed capacity of 60 MW was completed, and to date it has a capacity of 85.5 MW 
(Fig. 7). At the end of 1964, the “Ivaylovgrad” and “Kardjali” dams were completed, 
as well as the adjacent hydroelectric power plants. The capacities of the hydroelectric 
power plants are as follows: for “Ivaylovgrad” it is 120 MW and for “Kardjali” it is 
124 MW [14].
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Fig. 5 Petrohan cascade

Fig. 6 Iskar cascade
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Fig. 7 Arda cascade 

In 1961, the construction of the “Topolnitsa” Dam and the 9 MW “Topolnitsa” 
Hydroelectric Power Plant adjacent to it was completed. In 1962, the construction 
of another mega hydropower cascade “Dospat–Vacha” began (Fig. 8).

The first “Vasil Kolarov” dam, or currently the “Golyam Beglik” dam, marks the 
beginning of the largest hydropower cascade in Bulgaria to date, “Batashki hydroelec-
tric road”, with its construction and entry into service in 1969 (Fig. 9). It includes 
the dams “Batak”, “Beglika” and “Toshkov chark”, as well as “Batak” 46 MW, 
“Peshtera” 136 MW and “Aleko” 71.4 MW Hydroelectric Power Plants. When the 
cascade was completed, it was the most intricate hydrotechnical complex not only 
in Bulgaria but also in all of Europe, including 93 km of canals, 72 km of tunnels, 
4.65 km of dukers and over 170 mountain catchments.

The largest construction projects in Bulgaria’s hydropower system began some-
where from 1966 to 1975 with the “Belmeken–Sestrimo” cascade, about 5106 m3 

of external excavations, 687,103 m3 of concrete work, 673,103 m3 of formwork, 
over 5.106 m3 bulk works and others (Fig. 10). The three HPPs along the cascade 
have capacities as follows: PHES “Belmeken” 375 MW (commissioned in 1973, its
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Fig. 8 Dospat–Vacha cascade

Fig. 9 Batashki vodnosilov pat cascade
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Fig. 10 Belmeken–Sestrimo cascade 

power in pumping mode is 104 MW), HPP “Sestrimo” 260 MW and HPP “Momina 
Klisura” 120 MW [14]. 

In 1975, the 4th stage of the “Dospat–Vacha” cascade, PAVEC “Orpheus” with a 
total installed capacity of 160 MW in turbine mode and 43 MW in pump mode, was 
put into operation. 

In order for Bulgaria’s energy system to have a balance between consumption 
and production, it is necessary to design a PHES with a large capacity. In 1970, the 
exploration and design of the facility began, and the construction of Bulgaria’s first 
classic PHES “Chaira” began in 1980. PHES is a unique hydropower facility not 
only in Bulgaria but also in Europe (Fig. 10). 

“Chaira” has 4 pump-turbine hydro units with a total capacity of 864 MW or 
216 MW per unit in turbine mode. When “Chaira” works in pumping mode, the 
hydro units realize 788 MW power. PHES “Chaira” is an underground power station, 
with the machine room located 350 m underground in a cavern measuring 22.5 × 
11.5 m with a maximum height of 43 m. Reversible machines or so-called hydro
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units are of the Francis type (the turbines), and their maximum flow rate in turbine 
mode (the amount of water passing through one turbine) is 36.0 m3/s. In pump mode 
the flow rate through the wheel (maximum) is 29.3 m3/s. In 1995, hydrounit № 1 
and hydrounit № 2 came into operation with the entire equipment delivered from 
Japan, and in particular by the company “Toshiba”. The second stage of “Chaira” 
was in the period 1996–1999, when the pressure pipeline № 2, water tower and main 
transformer № 2, and hydro units № 3 and № 4 were built. The equipment in the 
second stage was built under the Japanese licenses of “Toshiba”, but this time in 
Bulgaria and in Bulgarian enterprises [15]. 

The Rila Cascade is a hydroelectric cascade in western Bulgaria in the western 
part of the Rila Mountains, consisting of a series of dams. 

The cascade is the first large hydropower project in Bulgaria, and its construction 
began in 1924. With a relatively small catchment area, it has a very high total geodesic 
drop—2235.5 m—and includes the highest dams in the country (Fig. 11). 

On Fig. 12 is given scheme of creating a pad and collecting the water in dams in 
Bulgaria.

So far, the hydropower industry of Bulgaria has been briefly described, as it has its 
rise and its peak, to date, many small hydropower plants with small power have been 
implemented, many reconstructions, rationalizations and modernizations have been

Fig. 11 Rila cascade 
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Fig. 12 Scheme of creating a pad and collecting the water

carried out in many of Bulgaria’s hydropower plants. In this chapter, the significant 
hydropower projects of Bulgaria are presented, numerous data are presented on the 
realized power of hydropower plants, a sample of the types of turbines used in our 
power plants is presented, as well as the maximum power realized by hydropower 
in Bulgaria. Although a small country (in terms of territory), Bulgaria was and still 
is one of the countries with the most well-developed “Energy”, in general. On its 
territory, there are built nuclear power plants, thermal power plants (lignite coal), 
thermal power plants (gas), thermal power plants (hard coal), hydroelectric power 
plants, hydroelectric power plants, thermal power plants, thermal power plants and 
bioelectric power plants. 

Bulgaria’s energy system has an installed capacity of 13 MW. The development 
of water engines is directly related to the increase in the energy needs of mankind. 
Nowadays, methods, machines and equipment based on the use of the energy of 
water located above sea level or rivers and lakes find significant practical application. 
Technologies utilizing wave, hydrokinetic and ocean power are also developing very 
seriously at the present time. Water energy resources are derivatives of solar energy 
and belong to the so-called renewable energy resources or sources.
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Advantages of HPP over NPP and CHP: 

1. Renewable energy is used; 
2. High efficiency of the hydroelectric plant (total efficiency of the hydroelectric 

plant approximately 88–90%) compared to the other two plants; 
3. Low cost of the energy produced by the hydroelectric plant (less service person, 

but low costs, automated systems, etc.); 
4. High maneuverability of hydro units; 
5. High reliability of all machines and equipment in the HPP; 
6. Low operational and environmental problems; 

Disadvantages of HPP: 

1. High initial capital value; 
2. Flooding of arable lands; 
3. Increasing impact on the environment; 
4. Relocation of entire settlements whose area will be flooded; 

Hydroelectric plant: 
The creation of a pad (geodesic head) of water and the conversion of its energy 

into electricity is carried out by a complex system of facilities called a hydro node. 
The most common schemes for creating a geodesic pressure are: 

1. Dam; 
2. Derivation scheme; 
3. Mixed scheme; 

Pumped hydroelectric energy storage (PHES) is a complex of machines and 
equipment not only for generating, but also for accumulating energy. The hydraulic 
machines installed in the plant must ensure its efficient operation in pump and turbine 
mode. 

Classification of hydroelectric power plants according to their scheme: 

1. According to the water regime: 

• HPP of running water—the natural regime of the water source is used; 
• Hydroelectric power plants on equalized waters—have a reservoir in which 

the volume of water can be regulated in a certain time interval; 
• Hydroelectric cascade—several plants connected through a common water 

regime; 

2. According to head; 

• Low head—with head up to 30–40 m; 
• Medium head—with head of 40–150 m; 
• High head—with head over 150 m; 

3. According to the nature of work in the energy system; 

• Basic—work continuously and provide basic needs of the energy system; 
• Peak—work during the hours of peak load of the energy system;
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National Electric Company EAD is the largest producer of electricity from water 
resources in Bulgaria. The company is state-owned and owns 31 hydroelectric power 
plants (28 HPP and 3 PAVEC) with a total installed capacity of 2737 MW in turbine 
mode and 931 MW in pump mode. With its capacities, National Electric Company 
EAD actively participates in the management and regulation of the energy system of 
our country. HPP and PHES are a major contributor in Bulgaria’s electricity system 
with their fast-maneuvering capacities and wide coverage range [14, 15]. This data 
is given at Table 9.

Table 10 illustrates the construction of hydroelectric power plants in Bulgaria over 
the years. Now, approximately 3.2 MW of hydropower plants have been installed on 
the territory of Bulgaria, and the total number of plants is about 290 [15].

According to the head of the hydropower plants in Bulgaria, the plants are divided 
into Micro, Mini and Small, as shown in Table 11.

For the territory of Bulgaria, it was accepted that small hydropower plants have 
a capacity of up to 2 MW. To date, the classification of HPP is the same as in the 
whole EU and is presented in Table 12 [16].

The studies for small hydropower plants in Bulgaria were carried out by “Ener-
goproekt” already in the period from 1982–1986, showing that in Bulgaria there is a 
technical potential for the construction of approximately 700 new hydropower plants 
with small power, as their total installed capacity estimated to be around 250 MW 
[13, 16]. 

From the various types of water turbines used in Bulgarian hydropower plants 
presented in Table 13 of them were manufactured and installed by Bulgarian 
enterprises.

4 Flowing Water Utilization via Hydrokinetic Turbine 

Hydrokinetic turbines can be said to be analogous to wind turbines because aerody-
namics and hydrodynamics share common principles. On the other hand, regardless 
of the general principles, there are also significant differences between wind and 
hydrokinetic converters of kinetic energy of fluid flows. Some of the significant 
differences are: 

• Water is a practically incompressible fluid and air is a compressible fluid; 
• Water currents are established and with completely predictable directions, while 

winds can blow from all directions; 
• The density of water is 800 times greater than the density of air. 

Due to the differences listed above and other reasons, the approaches to the devel-
opment and design of hydrokinetic systems for converting the kinetic energy of fluid 
flows into useful energy, including electrical energy, are also different. 

The system approach to the design of hydrokinetic power plants requires an 
optimal choice of the entire scheme of the power plant: from the primary conversion 
of water energy to the last step—the production of electric current. The design of
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Table 9 The state-owned HPPs and PAVEC in Bulgaria as of 31.12.2021 

Cascade Power plant 
name 

Power 
plant 
type 

Installed capacity Ownership 

Turbine 
mode 
(MW) 

Pump 
mode 
(MW) 

Belmeken–Sestrimo–Chaira Belmeken PHES 375 104 State 

Sestrimo HPP 240 

Momina 
Klisura 

120 

Chaira PHES 864 784 

The Batash hydroelectric road Batak HPP 46 State 

Peshera 136 

Aleko 71.4 

Dospat–Vacha Teshel HPP 60 State 

Devin 88 

Tsankov 
Kamak 

85 

SHP Tsankov 
Kamak 

1.3 

Orpheus PHES 160 43 

Krichim HPP 80 

Vacha 1 14 

Vacha 2 7 

Arda Kardzali HPP 124 State 

Studen 
Kladenets 

81.3 

Ivaylovgrad 120 

Lakatnitsa Beli Iskar HPP 16.8 State 

Mala Zarkwa 7.7 

Small hydro power Simeonovo SHP 6.67 State 

Boyana 1.24 

Lukovit 0.69 

Troyan 1 0.22 

Vidima 3.3 

Rositsa 1 7.5 

Toplnitsa 9.4 

Ustovo 0.64 

Byal izvor 1.85 

Levski 3.2

(continued)
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Table 9 (continued)

Cascade Power plant
name

Power
plant
type

Installed capacity Ownership

Turbine
mode
(MW)

Pump
mode
(MW)

Tyzha 4.9 

Danube Kozloduy HPP 5 State 

Strumsko Strumsko SHP 0.15 State

Table 10 Number of HPPs 
built and put into operation 
over the years 

Type of HPP Year Number of HPPs put 
in operation 

HPP with a capacity 
of up to 1 MW 

1912 until 1966 22 

1993 until 2019 57 

HPP with a capacity 
of more than 1 MW 

1931 until 1992 42 

2003 until 2020 32 

SHP with a capacity 
of up to 1 MW 

1941 until 1998 5 

2000 until 2019 53 

SHP with a capacity 
of more than 1 MW 

2000 until 2021 37

Table 11 Division of HPPs 
according to their head 

HPP HEAD (m) 

Low Medium High 

Micro < 15 15–50 > 50  

Mini < 20 20–100 > 100 

Small < 25 25–130 > 130

Table 12 Classification of 
hydropower plants according 
to their power capacity 

Country HPP power capacity (kW) 

Micro Mini Low 

Russia < 100 100–1000 1000–30,000 

USA < 100 – 1000–30,000 

China – < 500 500–25,000 

India < 100 100–1000 1000–15,000 

France 5–5000 kW 

Brazil < 100 100–1000 1000–30,000 

EU < 100 < 1000 < 10,000
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Table 13 Types of water 
turbines used at hydroelectric 
power plants in Bulgaria 

HPP Turbine type Impeller diameter (mm) 

Momina Klisura Francis turbines 3100 

Orpheus 2250 

Krichim 2000 

Devin 2100 

Kardzali 2520 

Teshel 2000 

Aleko 2000 

Studen Kladenets 2300 

Pasarel 860 

Kokalyane 1440 

Stara Zagora 1150 

Zhrebchevo 1600 

Rila 840 

Vacha 1 1000 

Vacha 2 860 

Asenitsa 1000 

Topolnitsa 1000 

Pastra 740 

Kitka 820 

Tyzha 839 

Lesichovo 650 

Rositsa 2 840 

Ivaylovgrad Axial turbines 3700 

Rositsa 1 2173 

Koprinka 2173 

Lakatnik 2850 

Mezdra 1600 

Sestrimo Pelton turbines 2690 

Belmeken 2090 

Spanchevo 1960 

Peshtera 1560 

Popina Laka 1520 

Pirin 1700 

Lilyanovo 1800 

Batak 2300 

Beli Iskar 1430 

Sandanski 1600

(continued)
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Table 13 (continued) HPP Turbine type Impeller diameter (mm)

Kalin 1100 

Petrohan 1200 

Kamenitsa 1300 

Barzia 1500 

Simeonovo 1055 

Samoranovo 1250 

Mala Zarkwa 900

hydrokinetic power plants, even of small groups of hydrokinetic turbines, as well 
as their management in real time, should be considered as a process of individual 
management of the turbines (rotors and each of their blades) aimed at maximizing 
the production of electric current as a whole. 

4.1 Hydrodynamics of Turbines 

The force interaction between a wing and the surrounding fluid is the basis of many 
engineering applications in aeronautical engineering, shipbuilding, turbomachinery 
and a number of others. Due to its importance, the matter has been studied very well 
theoretically and experimentally [17]. 

The contour obtained through a cross section of the wing is called the airfoil. 
In the simplest case, the wing can be uniquely defined by specifying the geometry 
of the airfoil and its length. In this case, the terms wing and airfoil are practically 
interchangeable. 

When a fluid flows around an airfoil as shown in Fig. 13, a hydrodynamic force 
F arises, which can be decomposed into two components—lift force and drag force. 
These forces are represented by the following equations: 

FL = CLbρ 
w2∞ 
2 

(1) 

FD = CDbρ 
w2∞ 
2 

(2) 

where CL is the lift coefficient; CD is the drag coefficient; ρ is density of the fluid; b 
is chord length representing the segment connecting the front and rear edges of the 
profile. The hydrodynamic characteristics of the airfoil are the dependences of the 
coefficients on the angle of attack.
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Fig. 13 Forces acting on an airfoil [17] 

4.2 Reactive Torque 

Apart from the mentioned two principles of the rotary movement of hydrokinetic 
turbines (hydrodynamic and resistance), there is also a third principle, which is used 
less often in turbines. This is the reactive principle of motion. The torque caused by 
it is in many cases commensurate with and even greater than the rotation, mainly 
due to hydrodynamic and drag forces. 

With the help of Newton’s third law, the formation of the reactive force is also 
explained. According to the third law of gas mechanics, a force equal in magnitude 
and opposite in direction opposes the rocket. Such a movement is called reactive, 
and the force that generates it called reactive, which is proportional to the flowing 
mass through the nozzle and its acceleration. The direction of the reactive force is 
opposite to the direction in which the fluid flows. 

By properly directing the flowing water fluid for the hydrokinetic turbines, the 
direction of the reactive force can be also optimized [18]. The optimal direction is 
when it is directed orthogonally to the rotor radius, in the direction of rotation. The 
accelerated flowing water should be directed in exactly the opposite direction, behind 
the blades of the rotor blades. The acceleration is obtained thanks to the centrifugal 
forces that push the water from the center to the periphery of the rotors [19]. 

4.3 Test Rig for Low Pressure Turbines 

In this part of the chapter, a test rig for low-pressure hydrokinetic turbines, which 
is located at the Technical University-Sofia, is described and presented [20]. The 
test-rig is shown at Fig. 14.

Figure 14 shows a test rig for testing low-pressure (kinetic) turbines and harnessing 
energy from rivers. The test rig allows testing kinetic turbines with impeller sizes 
from 50 to 320 mm. The rig comprises a technological and measuring part. The tech-
nological part includes the collection tank position 1. The volume of the collection
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tank is 2 m3 and is consistent with the total amount of water needed to carry out 
the energy tests of the kinetic turbines. A single-stage centrifugal pump is installed 
to the collection tank, serving to create the desired parameters of the water in the 
measuring channel. 

The flow parameters are adjusted with the help of the control valve 15. With 
the help of the mounted centrifugal pump we can adjust the velocity at the point 
required (the mounting point of the kinetic turbine) within the limits of 0.1–1.1 m/s. 
The diffuser 4 is installed in the initial part of the measuring channel, which acts as

Fig. 14 Basic scheme of the test rig
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(c) 
1 – Collecting tank; 2,3 - Channel segments; 4 – Diffuser; 
5 – Stabilizing grid; 6 – Stabilizer; 7 – Observation hatch; 

8 – Visual level gauge; 9 – Electronic level gauge with float; 10 – Turbine console; 
12- Hydrokinetic turbine; 13 – Generator; 14- Pump unit; 

15- Control valve; 16 – Measuring board; 17- Inspection faucet. 

Fig. 14 (continued)

the first flow stabilizer. After the diffuser, the water passes through the stilling grid 
5 and the stilling 6. The channel where the energy tests take place consists of two 
segments, one of which is equipped with an observation hatch 7. 

The overall dimensions of the channel are 3600/400/350 mm and they are adapted 
to the test velocities. After leaving the channel, the water returns back to the collection 
tank. The technological part also includes the console 10 for fixing the turbine and 
part of the measuring equipment. In the lower part of the diffuser, a revision valve is 
installed for emergency draining of the system. 

The measuring part of the test rig includes a visual level gauge 8 for visually 
reporting the filling of the channel with water; Capacitive level meter (LW3B/SC10, 
range of measurement 0.5–4 m) with float 9 for more precise reading of the water level 
in the channel; Board for reading the data from the turbine generator 16 including 
measurement of rotation frequency, voltage, current, torque; Flowwatch tube (range 
of measurement 0.1–10 m/s), which is mounted on the turbine console. All measuring 
devices mounted on the test rig have their own calibration certificates. The tests 
carried out are within the time range of the calibration certificates. 

The turbine unit is mounted on an axis connected to a reducer, which moves the 
shaft perpendicular to the turbine at an angle of 90° and transmits the rotation of the 
generator in the upper part of the channel. The gearbox that transmits the torque to 
the generator has a 1:1 gear ratio. During the turbine test, a diffuser was added to 
direct the flow to the working blades. Before placing the test turbine in the duct in 
its place, a velocity measuring device is installed exactly at the point of the turbine 
to measure the velocity of the flow at that exact point. 

The methodology for conducting the tests is as follows: the pump unit is started 
and the flow parameters are set using the tap placed at the pump outlet. The parameters 
are set by continuously measuring the flow level using the digital level gauge and 
the velocity at the turbine insertion point using the velocity tube. The liquid level 
is regulated by placing plates with different useful cross section at the outlet of
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the channel. After reaching the desired velocity and flow level, the anemometer 
(flowwatch) tube is dismantled and the turbine is installed in its place. 

The specially made bracket allows a stable mounting of the anemometer and the 
turbine unit so that the flow does not change their position during the measurement. 
After installing the turbine unit, the power supply coupling and the velocity sensor 
leading to the measuring board are attached to it. The frequency of rotation and 
the parameters of the generator are taken into account. The different loads (load) of 
the generator at a given rotation frequencies are achieved by including additional 
electrical consumers. 

Experimental studies with three hydrokinetic turbines with different geometries, 
shown in Fig. 15 will be carried out on the test rig. The turbines will have the same 
diameter of 50 mm, but with a different number of blades and geometry of the blades 
themselves. Turbine (a) has 4 blades, turbine (b) consists of 12 blades, and turbine 
(c) has 6 blades. While the blades’ profile of turbines (a) and (c) is the same, turbine 
(b) has different angle of attack, and larger number of blades with a smaller length. 
The active area of the blades is built according to their number applied for all three 
turbines. 

Fig. 15 Different hydrokinetic turbines’ geometries
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Table 14 Theoretical water 
turbine power 

V (m/s) Pt (kW) 

0.2 0.03 

0.4 0.05 

0.6 0.07 

0.8 0.18 

The equation for determining the power is as follows: 

P = 
CDρ AV 3 

2 
, kW (3) 

where C is drag force coefficient (Fig. 13), ρ—density of water kg/m3, A—clear 
section of the turbine, m2, V—velocity, m/s. 

In the studied case there are four different velocities, the drag coefficient is taken 
at an angle of attack of 25°, and the diameter of the turbine is 50 mm the four 
water velocities are actually the most commonly measured river water velocities 
in Bulgaria. Based on that, the theoretical turbine power is calculated. The results 
obtained are given in Table 14. 

5 Social Impact 

The role of a society is to prepare its citizens to behave responsibly not only towards 
other members of society, but also towards the environment. The conservation 
and reasonable consumption of natural resources is of key importance for human 
existence. 

Water is one of the basic elements for life on our planet and is a necessary resource 
for the development of society and the economy, which need a sufficient amount of 
clean and fresh water. Climate changes have a significant impact on nature and, 
respectively, on man. Climate change is causing everything from droughts that can 
force a water regime and fail crops to floods that devastate our homes. Such incidents 
show the existing problems caused by human activity, but also the necessary measures 
to overcome them. 

The European Union undertakes various legislative initiatives aimed at protecting 
the life and health of its citizens. In 1975 water legislation is adopted, the purpose 
of which is to protect consumers and users of water from harmful impacts. Access 
to quality drinking water is a key element of EU policy, which is reflected in various 
directives: 

• Directive 98/83/EC, which has been revised by Directive (EU) 2020/2184, as of 
January 12, 2023 and aims to protect public health by monitoring the quality of 
water intended for human consumption.
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• Bathing Water Quality Directive (76/160/EEC). 
• Urban Wastewater Treatment Directive (91/271/EEC). 

In 2015, Directive (EU) 2015/1787 was adopted, introducing new rules to improve 
the control of drinking water. The directive allows EU countries more flexibility in 
how they control drinking water across the Union. The Member States of the Union 
need to take the necessary measures to ensure that the water does not contain a 
concentration of micro-organisms, parasites or harmful substances that could pose 
a danger to human health and meets minimum microbiological and chemical stan-
dards. The changes in European water legislation are the result of the first European 
citizens’ initiative, which runs the “Right to Water” (Right2Water) campaign. Thanks 
to greater transparency, more sustainable consumer choices are encouraged, such as 
drinking tap water instead of bottled water. Citizen initiative regarding the quality, 
protection and reasonable consumption of water as a resource is one of the prereq-
uisites for facilitating the transition to a circular economy. Member States should 
make efforts to manage drinking water efficiently as a resource, which means using 
less energy and reducing water losses [21]. 

5.1 Water in Bulgaria 

Water management in Bulgaria is carried out through the integration of international, 
European and Bulgarian legislation. International legislation includes all interna-
tional conventions and agreements in the field of fresh water that a country has offi-
cially signed and ratified. There are three main international documents related to 
water: the Danube Convention, the Helsinki Convention, the Ramsar Convention on 
Wetlands and, in some aspects, the Black Sea Convention and Protocol for the protec-
tion of the Black Sea environment from pollution from land-based sources. In Euro-
pean legislation, the Water Framework Directive 2000/60/EU, which covers all other 
water directives, is of greatest importance for water management. The Water Frame-
work Directive is the most important document for water management in Europe. 
In Bulgarian legislation, waters are protected by laws (Water Law) and regulations 
for their application. In Bulgaria, water resources are not abundant, which causes 
more and more serious problems. In the last year, water supply was disrupted in 17 
regions, 40 municipalities, 12 cities, and 160 villages. Part of the reasons for the 
water regimes is related to the large losses along the pipelines, which amount to 500 
million m3 or about 56% [11]. In Europe, losses of about 20% are considered accept-
able. Average water consumption per capita in Bulgaria was 102 L in 2020, which 
is higher than in the previous three years, when consumption was 99 L per day. The 
increased consumption is a consequence of the imposed quarantine due to Covid-19, 
which left people at home for a long period of time. Cities with more inhabitants also 
note higher daily water consumption, such as Sofia (127 L), Blagoevgrad (113 L), 
Burgas (108 L), Ruse (105 L), Plovdiv, Pazardzhik, Pernik (102 L) [11].
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By comparison, in France this consumption exceeds 200 L per person per day, 
and Switzerland is the record holder with 300 L per day, 140 L are used in the 
United Kingdom [22]. The consumption of water resources for domestic needs is 
significantly lower compared to the water used in production. In our country in 2020 
the most water resources are used in the “Industry” sector (3650.20 million cubic 
meters), followed by the water supply sector (366.12 million cubic meters) and 
agriculture (336.19 million cubic meters). Over 70% of the total amount of water 
used in Bulgaria in 2019 was intended only for cooling in the energy sector [11]. The 
data show that the largest consumer of water resources is industry, which requires a 
rethinking of production processes and a shift to more ecological productions. 

5.2 Projects and Good Practices 

Although water consumption for domestic purposes is significantly lower than that 
used in industry, it is extremely important that citizens become sensitive to the effi-
cient use and management of water resources. Educating children regarding environ-
mental and water protection is one of the main priorities of the EU and the member 
states in particular. A number of manuals and educational materials dedicated to envi-
ronmental and water protection have been developed. The Ministry of the Environ-
ment and Water provides Bulgarian teachers with a guide to introduce young students 
to topics related to the protection of the environment and water. The materials are 
adapted to the age of the children and have a game form. The educational platform 
Ucha.se offers students animated clips that show the importance of natural resources 
for our lives and how important it is to be responsible for protecting water and 
the environment. The non-governmental sector in the country together with public 
and educational institutions conduct campaigns to promote responsible behaviour 
towards the environment and the reasonable consumption of natural resources. For 
example, ccampaigns such as “Clean environment”, Policies for youth in the field 
of the environment, student competition “Ambassadors of health” of the Ministry of 
Education and Culture, “Old paper for a new book”. 

Greenwich and ECOPACK Bulgaria, “Let’s clean up Bulgaria for one day” 
on BTV, etc., draw public attention to environmental problems and activate their 
behaviour. A positive trend is the activity of Bulgarian schools on the topic of water 
and environment protection. Introduced is “civic education” among students of all 
ages, looking at topics about the future of humanity and the need for responsible 
civic behaviour, promoting sustainable consumption and moderate consumption. In 
addition to the theoretical preparation, a number of activities on various international 
and local projects financed by EU programs (Erasmus+ program, ERDF) are also 
included. Good examples are: International project “Citizens—Civico Promoting 
civic competence among students” develops a handbook and materials for teachers 
in primary and secondary schools, through which to promote responsible behaviour 
among students. The “Water School” project aims to promote the conservation and 
sustainable use of water resources. Drinking tap water at school and reducing the use
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of plastic bottles is among the main activities of the project. The “Best water Use” 
project, in Greece-Bulgaria cooperation, aims to promote innovative technologies in 
order to improve environmental protection and the efficient use of water resources, 
as well as soil protection. International project “Water is life—let’s protect it” aims 
to acquaint students with the sources of water pollution and ways of its rational use. 
Project “Saving water” aims to reduce the use of water resources in agriculture. It 
offers a training course “Saving water in agriculture”. 

The applied examples show a tendency to work with the young generation to 
develop knowledge and skills for sustainable consumption and committed behavior in 
water conservation and consumption. It is also necessary to promote civic awareness 
among the rest of the population. The use of energy and water consumption saving 
appliances; reducing the use of drinking water in agriculture, water consumption for 
personal purposes; reducing water losses from pipelines are only part of the measures 
that need to be taken. Citizens must become sensitive to the unscrupulous pollution 
of water bodies and their use in industry, because only in this way can sustainable 
development and conservation of resources be achieved for future generations [22]. 

6 Conclusions 

The study presents how energy from running water can be used in the territory of 
the Republic of Bulgaria. The existing capacities built up to now are presented and 
their analysis is made. An experimental test-rig with its experimental equipment is 
presented and described in detail, which is used for the study of hydrokinetic turbines 
with the aim of harnessing the energy of the rivers of the territory of Bulgaria. This 
test-rig can be used to calculate the capacities of various geometries of hydrokinetic 
turbines. Based on them, as a future work, real turbines will be made, which will be 
tested in real conditions in different rivers on the territory of Bulgaria. The social 
effect of the use of river energy in Bulgaria is also briefly presented. 
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