energies

Article

Household Electricity Generation as a Way of Energy
Independence of States—Social Context of Energy Management

Shahin Bayramov !, Iurii Prokazov 2, Sergey Kondrashev 3

check for

updates
Citation: Bayramov, S.; Prokazov, I.;
Kondrashev, S.; Kowalik, J.
Household Electricity Generation as a
Way of Energy Independence of
States—Social Context of Energy
Management. Energies 2021, 14, 3407.
https://doi.org/10.3390/en14123407

Academic Editors:
Miguel-Angel Tarancon and

Manuela Tvaronaviciené

Received: 16 March 2021
Accepted: 4 June 2021
Published: 9 June 2021

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

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jan Kowalik %*

Department of Economics, Mingachevir State University (MSU), Mingechevir AZ4500, Azerbaijan;
rector@mdu.edu.az

Renaissance Development Russia, 105264 Moscow, Russia; iurii.prokazov@gmail.com

Department of Chemistry, .M. Sechenov First Moscow State Medical University, 119991 Moscow, Russia;
5k9262718531@gmail.com

Faculty of Management, Technical University of Czestochowa, 42-201 Czestochowa, Poland

*  Correspondence: janekowalik@yahoo.pl

Abstract: The purpose of this study was to determine the degree of influence of alternative options
for generating electricity by households on the level of energy independence of countries. The
research methodology was based on the use of correlation-regression analysis, as well as adapted
non-linear optimization by choosing one of three scenarios for electricity generation by households
for 20 countries. Regression analysis showed the dependence of a country’s energy security on
households’ energy independence. It is determined that an increase in households’ energy production
helps to reduce the level of energy dependence in developed countries. However, for developing
countries, there is no such interrelation. The solution of the formulated problem of nonlinear
optimization for the studied countries has demonstrated that the criterion of energy dependence is
superior to the criterion of a country’s energy security. In the long term, this study can be deepened in
the direction of assessing the effectiveness of household investment in electricity generation projects.
The proposed results can be used by responsible persons in the field of economy and energy in order
to determine the position of various policies, and use strategic levers and indicators that ensure an
effective response to energy security challenges in the regional and global markets.

Keywords: correlation; energy dependence; energy efficiency management; energy security; scenario;
social development

1. Introduction

Currently, the problem of resource and energy deficit is becoming increasingly urgent
in the world. In today’s realities with growing global energy problems, the issues of tran-
sition to alternative sources of energy supply are becoming increasingly common. Clean
energy based on the latest technologies has long been identified as the basis for the future;
therefore, the orientation towards oil, gas, and nuclear energy can lead to serious energy
dependence on the largest suppliers of raw materials and today threatens the economic
security of many countries [1]. Given the terrain complexity, low population concentra-
tions, regulatory and organizational and administrative barriers, or high investment and
operating costs, which may be unaffordable for utilities, grid promotion is not as profitable
as alternatives, including increased autonomous energy production by households. The
IEA estimates that for universal access to electricity by 2030, decentralized solutions are the
least-cost option for the 60 percent of people who do not have access to electricity. Currently,
decentralized electricity access solutions are scarce, but the pace of their development is
accelerating every year. For example, the IEA estimates that 33 million people have access
to electricity through off-grid renewables (excluding pico-solar, with 114 million users
(according to IRENA)), with the accelerating rate of connection [2].
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Energy is a key driver of economic growth, development, and well-being, and power
systems need to maintain a constant balance between electricity demand and supply [3].
With the rapid development of distributed power generation technologies such as solar
photovoltaic power, household power generation is gaining increasing attention due to
decentralized energy autonomy and further economic benefits [4]. In today’s world, an
increasing number of countries, companies, and households are turning to alternative
energy sources. Due to their geographical location, countries have the opportunity to
freely use this direction, not to mention its environmental friendliness [5]. A Google
Trends search for the key term “renewable energy” indicates that household electricity
consumption is decreasing by 16.017 million kWh per unit increase in the search of the
keyword “renewable”. Google Trends search allows one to assess driving factors that
are difficult to identify when analyzing with the use of various economic indicators [6].
However, it should be noted that special patterns of electricity consumption by a small
part of electricity consumers, including households, cannot be ignored. It is essential for
planning, operation, policy formulation, and decision making of the smart grid [7].

The development of the market for “green” energy production by private households
makes a positive contribution to the efficiency of energy supply to states, increasing the
environmental friendliness of the energy complex, ensuring the transition to the use of
renewable energy sources, and reducing the use of fossil fuels [8]. At the same time, the
pace of development of the private sector of renewable energy is not sufficient to make a
significant contribution to the achievement of indicators of national plans and programs.
The main reasons are doubts about the financial feasibility of such projects requiring state
support, and insufficient incomes of the population of some countries, which do not allow
accumulating funds for investment in renewable energy, along with the high cost of credit
resources [9]. Alternative energy is an important component of the state’s energy security,
a component of sustainable development, and a means to improve the well-being of the
population and the quality of life of people in general [10]. Its penetration into all spheres
and industries should be stimulated not only at the national level, but also at the level of
individual economic entities, in particular households, since their role in the growth of
energy independence and energy efficiency can be very significant. Therefore, the study
aimed to determine the role of households not only as potential energy producers, but
also as a factor in increasing the level of energy security of countries, taking into account
global trends.

2. Literature Review

In the modern scientific literature, there are studies of the effectiveness of power
supply systems’ technical design using renewable energy in remote settlements, taking
into account their social needs. This design is capable of providing electricity not only
to households, but also to medical centers, schools, churches, and cultural institutions.
This indicates an additional important social effect on society [11]. Despite the global
level of progress, there are regions in underdeveloped countries that do not have access
to electricity or, if they do, suffer from frequent power outages. At the same time, it
has been proven that the lack or low reliability of electricity supply affects the level of
GDP [12]. To overcome this problem, government support is necessary, as it is in the
interest of society as a whole. Ineffective policy in this direction leads to the fact that
the rate of electrification remains low, despite significant investments in the nearby grid
infrastructure. This pattern persists over time for both poor and relatively well-off house-
holds and businesses [13]. In developed countries, households’” adoption of renewable
energy is influenced by contextual and behavioral factors. For example, households that
use renewable energy have lower energy consumption rates than other households. At the
same time, they significantly reduce the load on the power grid. However, the key factor in
the development of renewable energy production by households is their environmental
motivation. Besides, the difference between households with photovoltaic installation
before and after achieving energy system parity is determined, especially with regard



Energies 2021, 14, 3407

30f19

to the effects of economic structure containment. A comprehensive support, including
efficient technologies and environmentally motivated approaches to energy conservation,
is required to reduce energy consumption [14]. Therefore, it is worth considering a differ-
ent approach of modern researchers to the benefits of autonomous energy production by
households as a factor of sustainable development of countries and regions. Regardless of
whether electricity has become affordable and massively available for productive use, no
country has moved from poverty to prosperity. Household electrification strategies must
consider other development goals and opportunities to use electricity access to stimulate
inclusive, climate-friendly, and sustainable economic activity [15,16].

There are also studies for assessing the level of sustainable development based on
an integrated indicator. At the same time, they demonstrate that the exclusion of the
renewables financing indicator as a component of the integrated indicator does not have a
significant impact on the final result [17]. To ensure the sustainability of the new energy
supply models, it is important, in particular, to ensure that part of the supply chain and its
associated benefits are local in nature (building appropriate competencies among house-
holds). It is also important that domestic financial institutions reach the necessary level
of understanding and capacity to lend for off-grid energy and other types of equipment
to households. The role of off-grid mini-grids, which is currently limited, should be ex-
pected to increase, especially when access initiatives are aimed at providing electricity to
manufacturing and commercial activities, as well as to households. For sustainable devel-
opment and effective functioning of autonomous mini-grids, an enabling environment is
necessary, which includes specific policies and regulations, adapted financing mechanisms,
institutional conditions, a focus on capacity building, and adaptation of technology [18].

This study raises the scientific issue of energy security of a country, thus it is necessary
to define the qualitative characteristics of modern approaches to its definition and the
relationship with the energy security of households.

At the same time, scientists offer their own interpretations of the concept of energy
security. Special attention should be paid to those interpretations that are notable for their
conciseness and content, such as:

- ensuring uninterrupted access to energy resources at an affordable price [19]; confi-
dence that energy will be available and in the quantity and quality required under
given economic conditions [20];

—  protection of a state from energy threats [21];

—  protection of citizens and a country as a whole from threats of deficiency of all types
of energy resources [22];

- reliable and uninterrupted supply of electricity and fuel to consumers [23];

—  security of the national economy and population; preventing any threats to the reliable
supply of fuel and energy resources [24].

In general, there are two key areas in the modern literature:

—  energy security is the timely, complete, and uninterrupted supply of quality fuel
and energy to material production, non-production sphere, population, and other
consumers [25];

- prevention of harmful effects of transportation, transformation and consumption
of fuel and energy resources on the environment in the context of modern market
relations, and trends and indicators of the global energy market [26].

Based on the essential characteristics of energy security of a state, the authors propose
to define energy security of households as meeting (regardless of circumstances) the
growing needs for energy resources (acceptable in price, quality, and assortment), taking
into account social values. Thus, the authors emphasize that for countries, depending on
their level of development, the value prerogatives of households in the context of energy
security may differ. For some, it is a way of ensuring conditions for survival, while for
others, it is a way of sustainable development, solving environmental and social problems.
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The participation of a state should be manifested in the initiation of the development of
investment projects for the use of solar energy based on public—private partnerships [27,28].
At the state and regional levels, the popularization of the use of renewable energy sources
among producers and users should be carried out. It is necessary to develop an economic
mechanism (soft loans, interest-free loans, and other instruments) that will induce produc-
ers and users to replace traditional energy sources with renewable ones. An important
financial instrument is the activation of banking programs for financing projects based on
renewable energy sources [29].

In social terms, a state can manage the development of energy resources not only at
the level of legislative institutions, but also financial ones in the implementation of energy
projects with enterprises and receive income from their implementation [30]. Financial
partnership in the development and implementation of renewable energy projects will
bring income to a state budget, reduce greenhouse gas emissions into the atmosphere,
improve the ecological state of the environment, create additional jobs, and contribute to
the creation of the energy independence of a state [31].

The renewable energy sector creates different jobs in manufacturing, services, and
construction and requires different qualifications and skills. Its development not only
increases but also improves the quality of industrial jobs. At the same time, there is a trend
towards a reduction in employment in the non-renewable energy sectors [32].

Energy security and energy independence of any country today are an important
component of its sustainable development strategy. Political, economic, and infrastructural
problems do not make it possible to provide the state with traditional energy sources
sufficiently [33]. In such conditions, the role of renewable energy sources and alternative
energy is especially growing. At the same time, the use of renewable energy sources
helps to preserve traditional resources and the environment, and the introduction of a
“green” tariff allows households to have an additional source of income, thus improving
their quality of life [34]. Households greatly contribute to the development of alternative
energy [35]. That is why it is very important to assess their role and opportunities in further
increasing the level of energy independence and security of countries.

Among modern studies, not enough attention is paid to the analysis of independent
renewable energy sources, which can become a start for understanding the very process
of individual electrification of households. Most researchers mainly consider either the
development of alternative energy in the country as a whole, or the peculiarities of its
implementation by large enterprises. However, today households should also be taken
into account, as they are the most flexible and prone to innovations, especially in the
energy sector due to the rise in energy costs in recent years. This study aims to fill this
gap by diagnosing the impact of household energy production on the energy efficiency of
countries. This contributed to the formation of the research goal, which is to determine
the degree of influence of alternative options for generating electricity by households on
the level of energy independence of countries. Based on the formed research goal, the
following key hypotheses can be identified:

- H1I: the level of electricity generation by households affects country’s energy secu-
rity level;

—  H2: the level of electricity production by households affects the level of country’s
energy dependence.

3. Materials and Methods

This study is driven by the need to identify those factors that confirm the impact
of household electricity production on the energy dependence of countries. Household
Energy Independence Index, Energy Security Index, and Country Energy Independence
Index were used as effective factors for the analysis. The study was conducted on the basis
of materials from 20 countries.

At the first stage of the study, countries were selected. The study analyzed the
impact of households’ energy generation on the energy independence of developed and
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developing countries; therefore, two groups of 10 countries each have been formed. The
key criterion for the selection of these countries was belonging to the group of developed
or developing countries, according to the United Nations methodology [36], including
transition economies. The second criterion for the formation of the choice of countries was
the leadership positions in their geographic region in terms of energy security, according to
the rating of the Trilemma Energy Index [37,38]. The selection of countries for the study
was based on a cross-criteria approach. Each of the selected countries is an important
player in the energy market of its region, as well as a representative of developed or
developing countries. This made it possible to substantiate the level of development of
these countries and present different world regions in the study in the context of energy
security. The availability of statistical data on the studied indicators was also taken into
account. The selected developed countries were Belgium, Canada, Denmark, France,
Hungary, Italy, Poland, Slovakia, the United Kingdom, the USA. The selected developing
countries were Albania, Azerbaijan, China, Kenya, Mexico, Moldova, Namibia, Panama,
Russia, and Serbia.

At the second stage, a regression analysis was carried out. Based on correlation analy-
sis, to diagnose relationships, the calculation of pair correlation coefficients was carried out.
As a result, coefficients were included that revealed the two-way relationships between
the indicators under consideration. Besides, in the course of the study, an assessment of
the impact of energy resources on the energy dependence of economies was carried out.
To substantiate development priorities and formulate energy security strategies for each
group of countries, the authors built models of interdependence of the Household Energy
Independence Index, as the main monitoring indicator, and indicators of energy resources
impact on the level of energy security and independence.

The authors propose the Households Energy Independence Index, which is calculated
as the ratio of households’ energy consumption volume in a country to the volume of
households’ renewable energy consumption based on IRENA data [39,40]. Household
Energy Independence Index provides an opportunity to determine the level of households’
autonomy based on the generation of energy from renewable sources.

The energy security index used in the study corresponds to the rating indicator
constituting the Energy Trilemma Index of the World Energy Council [37]. For all the initial
indicators, data for 2018 were available. Taking into account the fact that energy security
is presented in the Energy Trilemma Index in the form of a rating, the study proposed to
transform it into a coefficient using the formula:

1
~ ESTI; )

ESI;

where ESI;—Energy Security Index of i-th country; and ESTI;—the place of i-th country in
the Energy Security Index rating in the context of the Energy Trilemma Index.

The initial data for calculating the Household Energy Independence Index and Energy
Security Index are given in Table 1.

Table 1. Initial data for determining the relationship between the level of energy security and household energy independence.

Household Final Household Country’s Rank in
Household Total . .
. Renewable Energy the Trilemma Energy Security
Country Final
Consumption Energy Independence Energy Index Index
Consumption Index (Energy Security)
Belgium 336,996 42,863 0.127 41 0.024
Canada 1,504,610 604,100 0.401 3 0.333
Denmark 184,345 115,721 0.628 1 1
France 1,543,673 500,277 0.324 26 0.038
Hungary 243,295 65,091 0.268 22 0.045
Italy 1,337,934 374,367 0.28 20 0.05
Poland 818,268 134,002 0.164 69 0.014
Slovakia 86,164 9183 0.107 29 0.034
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Table 1. Cont.

H Household Final Household Country’s Rank in
ousehold Total . .
Count Final Renewable Energy the Trilemma Energy Security
y Ener Independence Energy Index Index
Consumption 8y, P 8y .
Consumption Index (Energy Security)
The United Kingdom 1,632,475 209,246 0.128 18 0.056
The USA 11,343,716 1,406,490 0.123988 7 0.143
Albania 21,227 16,784 0.790688 98 0.01
Azerbaijan 137,704 2441 0.017726 38 0.026
China 14,516,180 4,358,382 0.300243 43 0.023
Kenya 517,572 122,338 0.236369 34 0.029
Mexico 755,759 287,200 0.380015 65 0.015
Moldova 58,113 31,947 0.549741 115 0.009
Namibia 17,836 12,290 0.689065 93 0.011
Panama 23,907 15,890 0.664669 92 0.011
Russia 6,206,973 16,3371 0.026321 16 0.063
Serbia 118,780 45,591 0.383829 60 0.017

Source: compiled by the authors based on statistical data [37-39]; calculated by the authors.

The authors proposed an Index of a country’s energy independence, which integrates
the following key indicators: Energy intensity per unit of GDP, Net energy imports, Total
energy supply (TES) per capita, Energy share from renewable energy sources, and En-
ergy production to consumption ratio. The integral indicator is the average value of its
normalized components:

min
ki—k!
max __jmin/
k?orm - kik_ kr]:ziax
i

kmin _Jmax /
i i

k; — max

()

k; — min

where ki is the i-th indicator of integral index, i = {1, 2, 3,4, 5, 6};

k}"i” is the minimum value of the i-th indicator;
ki"** is the maximum value of the i-th indicator;
kit°™ is the normalized value of the i-th indicator [41].

The Energy Independence Index was calculated using the formula:

SII; = \/EI? + NEI? 4 TES? + RESS? + REPS?, 3)

where SII;—Energy Independence Index of i-th country; El;—normalized value of Energy
intensity per unit of GDP of i-th country; NEI;—normalized value of Net energy imports
of i-th country; TES;—normalized value of Total energy supply per capita of i-th country;
RESS;—normalized value of Energy share from renewable energy sources of i-th country;
and REPS,—normalized value of Energy production to consumption ratio of i-th country.

The initial data for calculating the Energy Independence Index are shown in Table 2.

To assess the impact of energy generation by households, the Social Content Index
(5CI) is proposed, which is formed on the basis of the social components of The Lega-
tum Prosperity Index (Social Capital-SC, Living Conditions-LC, Health-H, and Natural
Environment-NE). These indicators are able to demonstrate the degree of the social context
of the development of the studied countries. The social content index is calculated using

the formula: .

(SC; + LC; + H; + NE;) /4

Using this indicator, the social context in this study was determined. The initial data
are given in Table 3.

SCI; = @)
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Table 2. Initial data for determining the level of energy independence of the studied countries.

Energy Total Energy Enerfgy Share Energy
Intensity per Net Ener: Supply (TES) rom Production to Energy
Country ensity p 8y pply ¢ Renewable . Independence
Unit of GDP, Imports, Mtoe per Capita, Ener Consumption Index
MJ/USD Toe/Capita S 8y ratio
ources, %
Belgium 4.8 52.9 4.7 6.69 0.17 0.70
Canada 7.6 —227.6 8.0 27.57 1.56 1.36
Denmark 2.6 4.5 29 26.72 0.82 1.81
France 2.2 119.5 3.7 11.26 0.51 1.10
Hungary 42 15.5 2.7 3.40 0.35 0.71
Italy 3.0 121.9 2.5 16.33 0.22 1.00
Poland 4.2 47.2 2.8 6.18 0.55 0.73
Slovakia 44 10.9 3.2 7.66 0.33 0.71
The United 2.8 66.5 2.6 13.04 0.66 0.88
Kingdom
The USA 5.1 80.7 6.8 8.47 0.95 1.09
Albania 2.9 0.5 0.8 37.20 0.79 1.13
Azerbaijan 3.8 —40.7 15 2.87 3.93 1.35
China 6.1 700.5 2.3 12.18 0.80 0.57
Kenya 3.0 6.0 0.5 71.80 0.26 1.40
Mexico 2.0 29.4 1.5 6.47 0.79 1.15
Moldova 7.3 3.3 1.2 26.10 0.00 0.64
Namibia 3.5 1.6 0.8 28.10 0.13 0.98
Panama 2.1 8.3 1.0 22.80 0.19 1.14
Russia 8.3 —701.3 5.3 5.72 1.92 1.50
Serbia 6.1 5.4 2.2 19.90 0.67 0.76
Source: compiled by the authors based on statistical data [40,42]; the authors” own calculations.
Table 3. Initial data for determining the Social Content Index of the studied countries.
Social Capital Living Conditions Natural Social Content
Country Rankp gR;;mk Health Rank Environment Rank Index
Belgium 45 18 24 47 0.032
Canada 10 16 25 15 0.056
Denmark 2 1 8 10 0.158
France 41 17 16 16 0.055
Hungary 90 37 52 30 0.023
Italy 56 24 17 48 0.032
Poland 111 31 40 62 0.022
Slovakia 76 33 43 12 0.034
The United 14 8 23 24 0.052
Kingdom
The USA 16 29 59 25 0.029
Albania 120 90 69 73 0.014
Azerbaijan 125 70 66 148 0.010
China 34 66 21 147 0.013
Kenya 64 132 115 129 0.008
Mexico 118 81 37 78 0.016
Moldova 105 74 96 134 0.010
Namibia 60 114 126 77 0.010
Panama 70 78 45 36 0.023
Russia 101 57 103 44 0.014
Serbia 96 47 72 99 0.013

Source: compiled by the authors based on statistical data [43]; the authors” own calculations.

The third stage of the study is a modeling based on a scenario approach to diagnosing
the relationship between electricity production by households and the energy dependence
of countries with an implemented economic and mathematical method. This method
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makes it possible to achieve high accuracy in solving nonlinear optimization problems
using the hierarchical analysis of Thomas L. Saaty [44]. To conduct the study by solving the
problem of nonlinear optimization for the scenario of electricity production by households
in the studied countries, the following steps were used:

1.

Determination of the regression dependence of energy security (y1), independence
(y2), social content (y3) from the Household Energy Independence Index (x) in the
studied countries.

Paired linear regression models were used, which revealed the relationship between
the studied factors: yl =al + bl X x, y2 = a2 + b2 x x. The variable x was replaced
with the obtained values in the equations.

Formation of scenarios using t — a time period based on the data being simulated.
Three scenarios were proposed. According to each of them, the Household Energy
Independence Index is increased by 10%.

Determination of the weight of the optimality criteria: energy security and indepen-
dence were ranked in accordance with their importance for each of the studied groups
of countries, according to the Thomas L. Saaty scale.

Assessment based on generated scenarios. Moreover, the share of ygsr and ygy for each
scenario is a weighted arithmetic mean. Thus, ESIJS™ and EII}7"" were determined.
Determination for each scenario of a weighted sum of energy independence indicators:
ESIY? = ESIIY " xweight, and the weighted sum of energy security indicators were
determined similarly—ESIZ} = ESIZY " «xweight.

Conducting a hierarchical synthesis (HSs,; = ESIZF"" * EI1}"™). The results obtained
were compared, and the scenario with the maximum value was selected according to
the hierarchical synthesis [44].

4. Results

Based on a comparison of the level of total energy consumption by households (HTFC)

and their consumption of renewable energy (HFREC) (Figure 1), it can be argued that for
most of the studied countries, there is a fairly high relationship between these indicators.
Analysis of variance results are shown in Table 4.

@

Household Final Renewable Energy Consumption, Tj

1500000 5000000
y=01177x+ 122222 v =0.2662x - 89978
R2=0,8771 Usa s R2=0.8558 China
1400000 o ';' 4p00000 .
£ 4000000
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1200000 E
g 3500000
(o)
1000000 £ 3000000
[ ]
g
800,000 l-: 2500000
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Canada g 2000000
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* £ 1500000
00000 ¥ £
i 1000000
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Poland -
200,000 Dk § 500000 - Mexico —
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h C 2 Serty
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3 g b
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Figure 1. Dependence of total energy consumption and consumption of energy from renewable

sources by households in the studied developed (a) and developing (b) countries. Source: generated

by the authors.
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Table 4. Indicators of analysis of variance for total energy consumption and consumption of renewable energy by households.

Group Indicator df SS MS F F Sign
Developed Regr?ssion 1 1,418,090,185,502 14,18,090,185,502 57 0.0001
: Residue 8 1,98,691,189,356 24,836,398,670
countries Total 9 1,616,781,374,858
Developing Rﬁgrgssion 1 14,177,173,812,816  14,177,173,812,816 47 0.0001
. esidue 8 2,389,700,476,144 298,712,559,518
countries Total 9 16,566,874,288,960
Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%
Developed Y‘(rge;l;gcc“)"“ 122,221.9493 57,980.4383 2.1080 0.0681 ~11481.1812 2559250799
countries X (HTFC) 0.1177 0.0156 7.5563 0.0001 0.0817 0.1536
Developing Yl(‘g‘ffljggon —89,978.4280 19,3250.2207 —0.4656 0.6539 ~53,5614.2362  355,657.3801
countries X (HTFC) 0.2662 0.0386 6.8892 0.0001 0.1771 0.3553
Source: the authors’ calculations.

The established relationship between the level of total energy consumption by house-
holds and their consumption of renewable energy is confirmed by a number of control
points. The p-value for variable X (HTFC) is less than 0.05. At the same time, Fcrit < F is also
a positive characteristic, namely, for developed countries 5.35 < 22.62, and for developing
countries 5.35 < 12.75. The adequacy of the formed equations is confirmed by the Student’s
criterion (tcrit < tobs): for developed countries 2.31 < 4.76, and for developing countries
2.31<3.57.

At the same time, for developed countries, there is a higher degree of dependence
(R? = 0.8771) compared to developing countries (R? = 0.8558).

The increase in energy consumption by households entails an increase in the con-
sumption of renewable energy, which, presumably, the households themselves generate.
Therefore, for both developed and developing countries, the trend is the development of
household electricity production from renewable sources. At the same time, the quality of
consumption changes, since households in this way substitute their part of the consumed
energy. In the two groups of studied countries, the United States and China are clearly
distinguished. Indicators of total energy consumption and renewable energy consumption
by households of the US and China significantly exceed those of other countries. The
US and China are leaders in both household energy consumption and renewable energy
production.

To determine the relationship between the level of energy independence of households
(Household Energy Independence Index—HEII) and a country’s Energy Security Index (ESI),
a regression analysis was carried out. Analysis of variance results are shown in Table 5.

Table 5. Indicators of analysis of variance for the Energy Security Index.
Group Indicator df SS MS F F sign
Developed Regr(?ssion 1 0.6207 0.6207 22.6179 0.0014
- Residue 8 0.2195 0.0274
countries Total 9 0.8402
Developing Regrgssion 1 0.0014 0.0014 12.7470 0.0073
. Residue 8 0.0009 0.0001
countries Total 9 0.0024
Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%
Developed Y'mt(eégle;tlon ~02313 0.1000 ~23126 0.0495 ~0.4619 ~0.0007
countries X (HEII) 1.5888 0.3341 4.7558 0.0014 0.8184 2.3592
Developing Y'int(eEr;f)Cﬁon 0.0404 0.0063 6.4158 0.0002 0.0259 0.0549
countries X (HEIL) —0.0471 0.0132 —3.5703 0.0073 —0.0775 —0.0167

Source: the authors’ calculations.
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The dependence of the energy security of the studied countries on the level of the
Household Energy Independence Index can be graphically interpreted using equations
(Figure 2). Their applicability is confirmed by the p-value, the value of which for the
variable X (HEII) is less than 0.05. The adequacy of the formed equations is characterized
by Fcrit < F, namely, for developed countries 5.32 < 57.1, and for developing countries
5.32 < 47.46. Applicability is also confirmed by the Student’s criterion (tcrit < tobs): for
developed countries 2.31 < 7.56, and for developing countries 2.31 < 6.89.
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Figure 2. The relationship between a country’s energy security and a level of energy independence of households in the

studied developed (a) and developing (b) countries. Source: generated by the authors.

Almost all countries are characterized by a dependence of a country’s energy se-
curity on households” energy independence. Household energy production influences
import independence and energy storage capacity in a country. Moreover, the degree of
this dependence for developed and developing countries is approximately at the same
level. It is paradoxical that in developed countries an increase in the household energy
independence index contributes to an increase in the level of energy security, while in
developing countries, an increase in household energy independence leads to a decrease
in the energy security index. This is primarily due to the fact that most of the studied
developing countries have a fairly high level of energy security, but at the same time, very
low indicators of the Household Energy Independence Index (Azerbaijan and Russia). The
average household energy independence index in developing countries is almost two times
lower (0.255) than in developed countries (0.404).

The results of the analysis of variance for the relationship between the Energy Inde-
pendence Index (EII) and the Household Energy Independence Index (HEII) are shown in
Table 6.

The relationship between the level of energy independence and the Household Energy
Independence Index is confirmed by the p-value for the variable X (p-value < 0.05) for
developed countries, but for developing countries, the p-value for HEII is greater than
0.05 (0.2455). At the same time, a positive characteristic of the equation for developed
countries is the value Fcrit < F, namely for (5.35 < 27.07); for developing countries this
criterion has no confirmation (5.35 > 1.57). The adequacy of the equations formed on the
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basis of the Student’s criterion (tcrit < tobs) is confirmed only for developed countries (2.31
< 5.2). For developing countries, the situation is reversed, with 2.31 > 1.25. Based on this, it
can be stated that there is no relationship between the factors under study for developing
countries. A graphic interpretation of the results obtained is shown in Figure 3.

Table 6. Indicators of analysis of variance for the Energy Independence Index.

Group Indicator df SS MS F F sign
Developed Regression 1 0.8932 0.8932 27.0745 0.0008
evelope Residue 8 0.2639 0.0330
countries Total 9 1.1571
Developi Regression 1 0.1518 0.1518 1.5705 0.2455
ceveloping Residue 8 0.7734 0.0967
countries Total 9 0.9252
Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%
Developed Y'mt(eErif)Ctlon 05232 0.1097 47698 0.0014 02702 07761
countries X (HEII) 1.9060 0.3663 5.2033 0.0008 1.0613 2.7507
Developing Y'mtfgf)mon 12573 0.1840 6.8322 0.0001 0.8329 16816
countries X (HEII) —0.4827 0.3852 —1.2532 0.2455 —1.3708 0.4055
Source: the authors’ calculations.
2.00 1.60 _
Denmark .Russm
. Kenya
1.80 % i
1.60
by |
s i B s 120 Pananla :‘dlae:n
g L ° -]
5 A 100 mibia
8 1.20 175 8 = ®
g b3k -'F: ance g
= Ttaly - "
Q 1.00 . g 0.80 Serbia
[« j* L]
L] L]
o =]
'? 0.580 Poland '{3 060 China
bo ..B.l : Bo B
L% 060 Slovakia BT L%i
040
040 . v=-0.4827x + 1.2573
¥ = 1.906x + 05232 020 R2=0.1641
- R2=07719 ;
0.00 0.00
0 02 04 0.6 08 0000 0200 0400 0600 0800  1.000
(a) Household Energy Independence Index () Household Energy Independence Index

Figure 3. Relationship between the level of energy independence of countries on the index of energy independence of

households of the studied developed (a) and developing (b) countries. Source: generated by the authors.

Increasing energy production by households to meet their needs helps reduce energy
dependence in developed countries. This is confirmed by the value R? = 0.7719. For
developing countries, this dependence is absent, since R? = 0.1641. Therefore, the degree of
influence of the studied indicators was determined only for developed countries.

Similarly, the impact of energy generation by households on the level of social devel-
opment of the studied countries was assessed using the Social Content Index. The results
of the analysis of variance are shown in Table 7.
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Table 7. Indicators of analysis of variance for the Social Content Index.

Group Indicator df SS MS F F sign
Developed Regression 1 0.01024 0.01024 19.18578 0.00235
evelope Residue 8 0.00427 0.00053
countries Total 9 0.01451
Developi Regression 1 0.00002 0.00002 1.07689 0.32974
eveloping Residue 8 0.00014 0.00002
countries Total 9 0.00016
Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%
Developed Y'mt(esréi’;t“’“ ~0.0028 0.0140 ~0.2010 0.8457 —0.0350 0.0294
countries X (HEII) 0.2041 0.0466 4.3802 0.0023 0.0967 0.3116
Developing Y'mt(‘;ré‘f)mon 0.0110 0.0025 4.4565 0.0021 0.0053 0.0110
countries X (HEII) 0.0054 0.0052 1.0377 0.3297 —0.0066 0.0054
Source: the authors’ calculations.

The dependence of the social content of the development of the studied countries on
the level of the Household Energy Independence Index is graphically interpreted using
equations (Figure 4). The applicability of the obtained equation is confirmed only for
developed countries, since R? = 0.7057, and p-value for the variable X (HEII) is less than
0.05. The adequacy of the formed equation for developed countries is characterized by
Fcrit < F (5.32 < 19.19), as well as Student’s tcrit < tobs (2.31 < 4.38). For developing
countries, this relationship is practically absent and demonstrates the lack of adequacy of
the formed equation.
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Figure 4. Relationship between Social Content Index of countries and the index of energy independence of households of

the studied developed (a) and developing (b) countries. Source: generated by the authors.

Thus, it can be argued that increasing the volume of renewable energy generation by
households is important for developed countries. For developing countries, household
energy from renewable sources does not have a significant impact on social capital, health,
living conditions, and the external environment.

Key indicators of modeling results for three scenarios of growth in electricity genera-
tion by households in the studied countries are shown in Table 8. At the same time, it was
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assumed that the level of the energy independence index of households corresponds to the
level of electricity generation to meet their needs. The first scenario assumes an increase in
the average actual index of the energy independence of households (the level of electricity
generation) by 10%. The second scenario assumes an increase in electricity generation by
households by 20%. The third scenario provides for an increase in household electricity
production by 30%.

Table 8. Modeling according to scenarios of electricity generation by households in the studied countries.

Regression Models a b -
VESI 0.2313 1.5888 -
YEI 0.5232 1.906 -
Scenario modeling X VESI VEI
Scenario 1 (10%) 0.2805 0.6770 1.0578
Scenario 2 (20%) 0.3060 0.7175 1.1064
Scenario 3 (30%) 0.3315 0.7580 1.1550

Source: generated by the authors.

As shown by the calculations presented in Table 6, the third scenario, assuming an
increase in household electricity production by 30%, represents the best option according to
the chosen criteria. For example, according to the criterion of energy dependence, one can
note a decrease in the level of dependence as a result of electricity generation by households.
Moreover, this decline has a rather slow pace. An increase in the volume of electricity
generation by households for the studied countries by 1% can lead to a decrease in the level
of a country’s energy dependence by 11.2%, as well as to an increase in energy security
by 0.5%. This is confirmed by the obtained results of the calculations: the hierarchical
synthesis of the implementation of the third scenario is the most efficient and amounts to
0.1250. It helps to reduce energy dependence, since the value of the indicator under this
scenario demonstrates the lowest level approaching zero (Table 9).

Table 9. Solution of the problem of nonlinear optimization by the Thomas L. Saaty method for the developed countries

under study.
Criterion Assessment Scenario 1 Scenario 2 Scenario 3
Initial (ygsy) 0.6770 0.7175 0.7580
E . Normalized (ESI"9™) 0.3145 0.3333 0.3522
nergy security . sci
Weighted sum 1.8871 2.0000 2.1129
(ESIYS = ESIIY™ + weight) ’ ’ '
Initial (ygy) 1.0578 1.1064 1.1550
E Normalized (EI1%™) 0.3187 0.3333 0.3480
nergy dependence . sct
Weighted sum 0.0542 0.0567 0.0592
(EIIY = EIIZS™ * weight) ’ ’ ’
Hierarchical synthesis 01022 01133 01250

(HSei = ESI'Y™ 5 EILI9™)

Source: generated by the authors.

Assessment of the proposed methodology on the example of the studied countries
demonstrated the excess of the criterion of energy dependence over the criterion of energy
security. Household electricity production is based on renewable sources and can replace
consumption from other energy sources. In fact, this is a reimbursement of one’s own
electricity consumption. A higher degree of influence of energy production by households
on the level of energy dependence of the studied developed countries should be empha-
sized. For developing countries, the increase in energy production by households does
not have a significant impact on the level of energy dependence due to the very low level
of the Household Energy Independence Index and the corresponding volumes of energy
production by them, which are not able to cover their needs in general.
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5. Discussion

The advantage of the study is the evidence that electricity generation by households
is a factor in reducing the energy dependence of households on monopolists and the state
as a whole. In addition, it can also have a significant impact on the balance of prices in the
country’s energy market [45]. At the same time, the state and market monopolists should
not have leverage to prohibit or restrain the development of energy in this direction. The
results obtained have significant implications for better understanding both the benefits and
limitations of household electricity generation, which helps guide practical implementation.
For the study countries, the overall benefit that could be derived from household electricity
production depends on many factors, and the key is to make these supplies more affordable
in the market through proactive energy management solutions for all residents, rather
than focusing only on self-consumption of prosumers [4]. There are a lot of levers and
mechanisms for solving this problem. Starting from a system of targeted concessional
lending or compensation of interest on loans to an increase in electricity tariffs for the
population. However, these steps should be woven into the overall strategy of state
policy in the energy sector in general and the development of renewable energy sources in
particular [46].

From the results of the study, namely the intensity of the impact of electricity gen-
eration by households on the level of energy independence, it is clear that alternative
energy sources will not solve all energy problems in the coming years. However, focusing
on them provides real opportunities to strengthen positions in the future, increase the
country’s energy security, and reduce the population’s expenses for housing services [47].
In addition, despite the relatively high annual rate of increase in the use of renewable
energy sources by households, there are a number of problems that impede its intensive
development and the formation of household autonomy. Among the main constraints
hindering the development of the subjects of this market are the norms for the installed
capacity for power generating plants in private households determined by legislation,
which slow down the growth rates of this sector. There are also legal restrictions on the
types of facilities for renewable energy sources in private households with solar and wind
installations [48]. Particularly acute for developing countries, there is the problem of
high initial investment in the creation of new capacities on renewable energy sources for
households [49]. However, with the development of the scale of electricity generation
by households, one more problem is gradually being identified, which will worsen over
time. It lies in the fact that an increase in the volume of capacities on renewable energy
sources at the existing high rates of the “green” tariff will lead to a gradual increase in
electricity prices in the state, since the compensation of the increased “green” tariffs is due
to an increase in average prices for electricity obtained from both traditional and renewable
sources [50]. It should be noted that these problems arise in many countries of the world,
which have introduced economic incentives for the development of electricity generation
by households from renewable sources. For example, some European countries have
recently curtailed investment programs in renewable energy and reduced rates of “green”
tariffs, citing the high cost of energy from renewable energy sources and the inexpediency
of a significant increase in electricity tariffs to compensate for the “green” component [51].

This study proves that the development of renewable energy sources for households
in developed countries under study is an important factor in increasing the level of energy
security, reducing the use of fossil fuel resources (including imported ones), as well as
reducing the negative impact of energy on the environment and improving the quality of
life of citizens. A similar effect is not typical for developing countries, since renewable
energy sources are most often economically more costly than traditional energy sources and
fuels. However, along with future technological development, the cost of renewable energy
will decrease, and its production will become more and more profitable [52]. Developing
countries need to stimulate the development of renewable energy sources at the state level.
The focus should be on those sources that have a high probability of economic return in the
future and are the most promising from the point of view of production in the territory of a
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particular country. It is also required to localize the production of the necessary equipment
to reduce the cost of renewable energy. It is essential to support the development and
implementation of competitive production technologies and installations for renewable
energy sources [53]. With reduced costs and favorable social policies, it is possible to
develop renewable energy sources and create jobs [54,55].

The scientific contribution of this study is a comprehensive approach to assessing
the degree of impact of household energy production on the energy security of countries,
taking into account their level of development, as well as the social aspects that are valuable
in the process of sustainable development. The study confirms that household energy
production can reduce the energy dependence of countries, as well as increase the sustain-
ability of their economic development. At the same time, a significant advantage of this
study is the determination of the effect for countries with different levels of development.
For most of the studied countries, the dependence of the country’s energy security on
households’ energy independence can be traced. This confirms the impact of household
energy production on the level of import-independence and energy storage capacity in
a country [56]. For example, the positive impact of household energy production on the
level of import-independence and energy storage capacity of developed countries has been
identified and is negative for developing countries. The positive side of the research is
the study of the relationship between the level of countries’” energy independence and
the index of households’ energy independence. It was proved that an increase in energy
production by households contributes to a decrease in energy dependence in developed
countries. At the same time, the presence of this connection for developing countries
was not observed. The regression analysis in this study was a significant addition to the
toolkit for assessing and achieving the set objectives of the study. Thus, it was possible to
determine the feasibility for countries with different developmental levels to increase the
volume of households’ renewable energy production for energy independence [57].

As household income and electricity price are the main determinants of demand,
the projected results may vary from country to country. At the same time, the use of
replacement fuels also affects the elasticity of electricity demand [58-60]; therefore, there
are corresponding limitations of the study. This study confirms that access to free basic
electricity and policies to improve access to electricity contribute to the expected outcome.
This is due to an increase in the likelihood of households buying electricity and a reduction
in overall energy costs [61,62]. Different levels of household income should be considered.
Higher demand for electricity is characteristic of households rich in appliances in urban ar-
eas, especially if household members are large enough and they live in large dwellings [63].
For example, access to energy technologies in rural areas is significantly limited, which
can lead to instability of the economy of this part of households and dependence on the
monopoly of energy production by the state. Therefore, a significant advantage of this
study is the formation of a basis for drawing more attention of the scientific world to the
issue of energy independence of households, which will speed up its solution and the
creation of independent sources of electricity in rural areas [64,65]. The solution to power
supply of such households makes it possible to develop an antimonopoly system in the field
of electrical production and create a basis for future research towards the comprehensive
development of such territories. Future research may be based on expanding the number of
countries under study in aggregate or for a specific region. Besides, in the future, this study
can be deepened in the direction of assessing the effectiveness of household investment in
projects for the production of electricity, and the volumes and terms of their payback in
various countries and regions of the world. It is important to carry out further scientific
research, which must be directed towards a quick and effective solution to the problems of
the development of electricity production by households in order to increase their level
of autonomy and energy independence of a country. The study can be developed in the
field of economics and energy in the context of defining the position of various policies,
using strategic levers and indicators that provide an effective response to energy security
challenges in the regional and global markets. Expanding the spectrum of this study can



Energies 2021, 14, 3407

16 of 19

help to quickly and efficiently solve the problems of developing electricity production
by households in order to increase the level of their autonomy, energy independence of
countries, and improve the quality of life of the population. This will make it possible, in
the future, to ensure both the development of a country’s economy and improve the life of
its population.

6. Conclusions

The studied countries are characterized by a high interdependence between the in-
crease in household energy consumption and the increase in household renewable energy
consumption. For developed and developing countries, the trend is the development of
household electricity production from renewable sources. At the same time, the qual-
ity of consumption changes, since households in this way substitute their part of the
consumed energy.

For most of the studied countries, there is a dependence of a country’s energy security
on the energy independence of households. This confirms the impact of household energy
production on the level of import independence and the capacity of energy storage in a
country. At the same time, the positive impact of this relationship for developed countries
and negative impact for developing countries were revealed. The main precondition
for this is the very low energy independence of households with a high level of energy
security in developing countries. The study of the relationship between the level of energy
independence of countries and the index of energy independence of households made it
possible to determine that an increase in energy production by households contributes to a
decrease in energy dependence in developed countries. However, for developing countries,
this relationship is absent. This made it possible to conduct a regression analysis only for a
group of developed countries. Increasing the level of energy generation from renewable
sources has no significant social impact in developing countries. However, for developed
countries, households’ renewable energy has an impact on the growth of social capital,
living standards, health, and the external environment.

Based on the scenario modeling of the growth of electricity production by households
in the studied developed countries, an analysis was carried out, as a result of which the third
scenario, assuming an increase in electricity production by households by 30%, is the best
option in accordance with the selected criteria. Based on the criterion of Household Energy
Independence Index, it becomes evident that countries’ energy dependence decreases with
the increase of households’ electricity generation. At the same time, this decline is occurring
at a rather slow pace. An increase in electricity generation by households for the studied
countries can lead to a decrease in energy dependence, as well as to an increase in energy
security. This is confirmed by the results of calculations based on the hierarchical synthesis
of the implementation. The indicators of the third scenario characterize its maximum
efficiency. It contributes to the reduction of energy dependence, since the value of the
indicator in the scenario under consideration indicates that its level is approaching zero. At
the same time, it can be stated that a further increase in electricity production by households
will lead to an increase in energy efficiency in the context of energy dependence.

The solution of the formulated problem of nonlinear optimization by Thomas L.
Saaty’s method for the studied countries has demonstrated that the criterion of energy
security is superior to the criterion of energy consumption per capita. Electricity production
in households is based on renewable sources and can cover consumption from other energy
sources. In fact, this is compensation for one’s own energy consumption. At the same time,
the level of energy consumption per capita will remain practically unchanged. The higher
impact of household energy production on energy dependence should be emphasized.
Therefore, it can be argued that the level of electricity production by households can reduce
the energy dependence of countries as well as enhance the sustainability of their economic
development. Hypothesis H1 is accepted because the influence of the Household Energy
Independence Index on the Energy Security Index has been proven. H2 can only be adopted
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for developed countries. Developing countries have not yet reached the level of sufficient
influence of household energy production on their energy independence.

In the future, this study can be deepened in the direction of assessing the effectiveness
of household investment in projects for the production of electricity, and the volumes
and terms of their payback in various countries and regions of the world. The proposed
results can be claimed by responsible persons in the field of economics and energy in
order to determine the position of various policies, and use strategic levers and indicators
that ensure an effective response to energy security challenges in the regional and global
markets. Expanding the range of this research can help to quickly and effectively solve
the problems of developing electricity production by households in order to increase their
level of autonomy, the energy independence of countries, and improve the quality of life of
the populations.
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