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Abstract: Given the significance of energy conservation as a prime objective of environmental
sustainability, countries all around the world are keen to identify significant factors that lead to the
augmentation of energy utilization. Considering the rising emphasis of economies in utilizing natural
resources to attain higher levels of globalization, the current research was aimed at investigating how
the returns of natural resources and globalization affect energy consumption in top Asian economies.
In doing so, the study emphasized the nonlinear relationship among the variables and applied the
novel nonparametric method of causality in quantile to identify the quantile-based causal connection
of natural resources and globalization on the returns and volatility of energy utilization in selected
Asian countries. Moreover, the presence of nonlinearity in the variables was tested by the Brock-
Dechert-Scheinkman test (BDS test), which confirmed that all variables showed nonlinear behavior.
Furthermore, the findings of quantile cointegration confirmed a nonlinear long-run relationship
of natural resources and globalization with energy utilization. The prime findings of causality in
quantile revealed that the returns of natural resources and globalization had a significant causal effect
on the returns of energy consumption in all countries. On the other hand, the volatility in energy
consumption concluded no causal association with the returns of natural resources and globalization
in any of the studied Asian countries. The findings are beneficial for the policymakers to formulate
policies that will help to reduce the level of energy consumption.

Keywords: natural resources; globalization; energy; nonparametric causality in quantiles

1. Introduction

Natural resources are the resources that are bestowed on a country by nature, without any
particular investment by the country, and they are considered one of the most influential determinants
of the economic development of a country [1–5].

Therefore, most of the investments of resource-abundant countries are normally focused on
extraction, which itself is a huge and critical area for natural scientists, environmental economists,
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and practitioners [6]. Resource-abundant countries fall into two categories: (1) Richly endowed, where
countries transform their operations for the advancement of the capacity and capability of various
industries and direct the extraction of the natural resources towards the betterment of the economic
development and financial health of the country [7]. (2) Narrowly focused, where countries make
themselves and their respective economies more dependent on the natural resources by focusing most
of the industries in the same field thus increasing the level of dependency on the presence of the natural
resources [8–10].

Natural resources enable direct foreign investment to a country, and that has a tendency to
improve the standard of living of the locals [11,12], however, it also adversely affects the potential
growth of the country in the long term [13], thus making the host country intensely dependent on the
consumption and extraction of the natural resources; this is referred to as a resource curse [14–18].

Moreover, most researchers are in agreement with respect to the adverse association between
economic development and natural resources of a country [19–21]. Researchers also suggest that by
improving institutional quality, having a good incentive program to the personnel engaged in the
respective activities [22], and strengthening the political stability [23], the country can counter the
phenomenon of being trapping in a resource curse.

Globalization refers to the phenomenon where countries are consolidated by means of intercountry
and direct investments, which make the countries grow together by nurturing their potential and
capabilities and fostering economic development [24].

Conventionally, the term was used for the development of communication and transportation
infrastructure that creates connectivity among the countries, however, the scope of the term has
broadened [2]. By strengthening foreign trade among countries, globalization can enhance the
capabilities, capacity, and efficiency of the manufacturing countries and contribute significantly to
achieving economies of scales [24–26]. Moreover, availability of abundant natural resources also leads
to an increase in globalization, because the countries that have resources can transform them into
a usable form that can be exported to the counties lacking those resources [27]. Therefore, natural
resources also increase foreign trade, foreign investments, and foreign exchange, which increase
globalization and improve the efficiency of energy consumption [2,28].

Despite of the generation of value-added services and goods by the consumption of energy,
energy consumption damages the environment and adversely contributes to global climate change [29].
For instance, oil- and gas-oriented companies while transforming the natural resources into usable forms
consume most of the energy, and hence pollute the environment [30,31]. Moreover, natural resources
extraction leading to an increased energy consumption can ultimately harm the global environment.
Therefore, protecting and safe guarding the environment is of significant importance [32–35].

Asian countries, on one hand, are progressive and fast growing regions in terms of industrialization,
urbanization, globalization, and population. On the other hand, they significantly contribute adversely
to global pollution, climate change, and environment degradation [36,37].

Despite Asian countries being a major contributor to pollution and climate change, the current
literature mainly focuses on the regions of the Organisation for Economic Co-operation and
Development (OECD) countries and Asian countries have received less focus [38,39]. Therefore,
this led to the motivation of the present study to examine the dynamic effects of natural resources and
globalization on energy consumption in top Asian countries.

The remainder of this paper is arranged as follows: The next section presents evidence from the
literature, followed by a discussion of the methodology of the present study. Next, estimations and
findings of the study are discussed. Finally, conclusions are drawn and recommendations are given to
the practitioners and policy makers for future guidance in devising strategies based on the findings of
the present study.
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2. Literature Review

The theoretical connection of globalization asserts that as the economy is globalized, its level
of energy utilization changes. Being the prime source of energy, nearly 65% of worldwide carbon
emanations come from the burning of fossil-fuels [40]. Following the apparent link, many studies
believe that globalization is a crucial aspect of motivating energy usage. However, the rise or
decline in the levels of energy depend on the net effect of multiple factors within the globalization.
Generally, the upsurge in global output and income levels are linked with enhanced consumption and
manufacturing along with the elimination of trade barricades due to enhanced globalization. This in
turn amplifies energy usage and leads to a positive association [41]. On the other hand, the negative link
between globalization and energy usage can also be attributed to new ventures leading to innovation
spillover, which can assist in reducing energy usage by supporting energy efficient research [42]. Hence,
the energy efficiency derived from importing skills as a result of globalization can reduce power usage,
however, a rise in efficiency can only offset a portion and not all of the energy needs of an economy.

Similarly, the theoretical link between globalization and energy usage is also supported by the
popular scale effect, technique effect, and composition effect [42]. The assumption of the scale effect
asserts the positive connection between globalization and energy by stating that the expansion of
fresh industries and economic activities augments energy usage [43,44]. Moreover, the alternative
presumption of technique effect proclaims that a rise in globalization often empowers the economies to
lower their energy utilization through importing progressive technologies and inflows of capital and
supports the negative connection among the variables without obstructing the economic structure [45].
Finally, the composition effect in globalization confers the changes in energy intensity to the alteration
in a country’s industrial structure [46]. For instance, the emergence of globalization empowers a
production shift from agriculture to industry and ultimately to the service industry, and thus changes
the economic composition towards the sectors that demand lower energy use [40].

By linking higher levels of consumption and production to the environment, it is believed that
the demand shift results in more eco-intensive processing that enlarges the environmental burden
by putting more pressure on energy-insensitive processes [47]; this hinders the country’s prospects
of sustainable development. Conventionally, the dependence on natural resource consumption has
been argued to persist the resource curse as it hinders sustainability of the economy by hindering
growth [48]. In this regard, it is believed that countries having sufficient natural resources experience
diminutive growth relative to those of resource-scarce economies [49]. Alternatively, many recent
studies contradicted the concepts of a resource curse and found natural resources to be a blessing
for countries [50]. Moreover, the growing dependence of economies on the utilization of natural
resources demands reliable and sustainable access to numerous natural resources, such as forestry,
water, minerals, productive land, and essential metals [51]. However, given the rate at which resource
depletion is occurring, the physical accessibility of such natural resources is considered challenging.
The dependence of many economies on minerals and metal extraction by consuming excessive amount
of energy leads to environmental destruction [52]. In response, green sources of energy have provided
a fine solution to fulfil energy needs with minimal pressure on the environment, but the installation
and completion of green projects are often fossil-based and energy-dependent [53], while certain green
sources such as biomass, wood, waste, and plants also enhance the pressure on natural resources and
their sustainable access [54]. Hence, based on the above reasons, the link of globalization and natural
resources with energy consumption is considered rather complex and needs to be re-evaluated in
different time-series settings with the utilization of advanced methods to ensure the reliability of the
derived findings [51].

Empirical Studies

Numerous research studies in the prevailing literature evaluated factors that contribute to
environmental destruction [55]. Among them, energy consumption is regarded as a vital stimulator of
environmental pollution [56]. The role of energy is inevitable for growth, however, by acknowledging
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the damaging consequences of energy use in climate change, the current economies are motivated
to recognize the in-depth aspects of energy dependence so as to combat the environmental impact
of energy use in the process of atmospheric downfall [57]. Following the adverse impact of energy
dependence on environmental quality [58], particularly in damaging the ozone layer and emitting
greenhouse gases [59], many studies have sought to identify the antecedents of energy usage in both
developed [60,61] and developing economies [62,63].

For instance, Shahbaz et al. [40] examined the causal effect between globalization on energy
utilization in twenty-five advanced countries. For this, the authors utilized the data from the timespan
of 1970–2014. The empirical results of the study found significant causal associations among the
variables in 14 out of 25 economies. Specifically, the results demonstrated the positive causal link
between globalization and energy utilization in the majority of the studied economies except for in the
UK and USA, where the rise in globalization was found to decrease energy usage. Lastly, the study
reported that in the economies of Italy, New Zealand, Finland, Greece, Ireland, Portugal, Austria, Spain,
Iceland, and Denmark, globalization did not exert significant influence on energy utilization. Also,
Shahbaz et al. [41] examined the link between globalization and energy utilization in the economies
of Ireland and the Netherlands. For this, the authors utilized the time-series quarterly data from the
timespan of 1970–2015. The empirical results of the study found a significant impact of globalization
on energy usage in the long run. Interestingly, the results stressed that a rise in globalization carried an
upsurge in energy utilization in both of the highly globalized economies that were studied. However,
the results failed to validate the existence of a short-term link among the considered variables.

Furthermore, in India, Shahbaz, Mallick, Mahalik, and Sadorsky [42] investigated the connection
of globalization with energy utilization. For this, the authors utilized the time-series data from the
timespan of 1971–2012 by applying the Autoregressive-Distributed Lag (ARDL) approach to perform
empirical examination. The empirical outcomes of the study confirmed the presence of a significant
link between globalization and energy utilization. Moreover, the results stressed that an increase in
globalization curtails the adversities to the environment by lowering the level of energy usage in the
Indian economy. For the economies of Indonesia, Malaysia, and Thailand, Azam et al. [63] analyzed
the factors affecting energy utilization. For this, the authors utilized the time-series data from the
timespan of 1980–2012. The empirical results of the study found a significant impact of globalization
in the form of trade liberalization and foreign direct investment (FDI) in enhancing energy usage in the
considered economies by documenting the presence of positive relationships among the variables.

In Bangladesh, Murshed, Tul-Jannat, and Amin [64] analyzed the impact of globalization on
energy utilization in Pakistan. For this, the authors utilized the time-series data from the timespan
of 1980–2015. The empirical results of the study stated that globalization had no causal relationship
with energy usage in Bangladesh. Utilizing the indicator of trade openness to measure globalization,
Shahbaz, Loganathan, Sbia, and Afza [65] also examined the link between globalization and energy
utilization in Malaysia between 1970 and 2011. Similar to the findings of Azam et al. [63], the empirical
results of the study also confirmed the positive influence of trade openness on energy usage in Malaysia.
Bringing the impact of renewable energy to the globalization–energy nexus, Koengkan, Poveda,
and Fuinhas [66] recently analyzed the impact of globalization on renewable energy utilization in Latin
America. For this, the authors utilized the panel data for ten Latin American economies from 1980
to 2014. The empirical results of the study found a significant impact of globalization on renewable
energy usage, highlighting that the rise in globalization led to an augmentation of the utilization of
renewable energy in the studied economies.

Shahbaz et al. [67] investigated the relationship between globalization and energy utilization by
validating the possibility of an environmental Kuznets link. For this, the authors utilized the mix
panel data of eighty-six economies from the timespan of 1970–2015. The empirical results of the study
validated the environmental Kuznets curve (EKC) hypothesis in a majority of the studied economies.
Specifically, the results found that in sixty-four economies, the rise in globalization enhanced energy
usage initially but ultimately resulted in increased energy efficiency and decreased energy consumption.
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In another panel estimation, Rahman and Miah [27] examined the influence of numerous sources
of energy on the level of globalization in a panel of twenty-six economies between 1990 and 2010.
The findings documented that utilization of nonrenewable sources for power generation resulted in
decreasing globalization in the studied economies. Alternatively, the adoption of green sources of
energy were found to exert a positive influence on globalization in the considered sample.

Identifying the causal connection between green energy, fossil-based energy, and natural resources,
Bekun, Alola, and Sarkodie [68] analyzed the panel of sixteen European economies. For this, the authors
utilized the panel data from the timespan of 1996–2014. The empirical results of the study found that
natural resources exert a unidirectional causal effect on both renewable and nonrenewable energy
consumption. In Ghana, Kwakwa, Alhassan, and Adu [33] examined the link between the extraction
of natural resources and energy utilization and carbon emanation. For this, the authors utilized
the time-series data from the timespan of 1971–2013. The empirical results of the study found a
significant impact of natural resources on energy as well as carbon discharge in Ghana. Specifically,
the results reported that a rise in the extraction of natural resources enhanced the energy utilization
and environmental degradation in the country.

3. Methodology

In the present study, an innovative hybrid approach for the identification of nonlinear based
causality was employed, which was discussed and proposed by Balcilar et al. [1] and was founded
on the frameworks proposed by Jeong et al. [69] and Nishiyama et al. [70]. The energy consumption
is denoted by yt and natural resources and globalization are denoted by x1t and x2t, respectively.
As discussed by Jeong et al. [69] in the θ-th quantile, yt, will not be effected by x1t and x2t, respectively,
in terms of lag vector

{
yt−1, . . . , yt−p, x1t−1, . . . , x1t−p, x2t−1, . . . , x2t−p

}
, whereby:

Qθ
(
ytyt−1, . . . , yt−p, x1t−1, . . . , x1t−p, x2t−1, . . . , x2t−p

)
= Qθ

(
ytyt−1, . . . , yt−p

)
(1)

Moreover, the prima facie effect by x1t and x2t, respectively, on yt in the θ-th quantile in terms of{
yt−1, . . . , yt−p, x1t−1, . . . , x1t−p, x2t−1, . . . , x2t−p

}
is:

Qθ
(
ytyt−1, . . . , yt−p, x1t−1, . . . , x1t−p, x2t−1, . . . , x2t−p

)
� Qθ

(
ytyt−1, . . . , yt−p

)
(2)

where Qθ(yt•) represents the θ-th quantile of the yt subject to t and 0 < θ < 1. Moreover, the conditional
distribution function of yt is denoted by Yt−1 ≡

(
yt−1, . . . , yt−p

)
, X1t−1 ≡

(
x1t−1, . . . , x1t−p

)
, X2t−1 ≡(

x2t−1, . . . , x2t−p
)
, Zt = (X1t, X2t, Yt), Fyt |Zt−1(yt

∣∣∣Zt−1), and Fyt |Yt−1(yt
∣∣∣Yt−1), where Zt−1 and Yt−1 are

given, respectively. It is supposed that the conditional distribution Fyt |Zt−1(yt
∣∣∣Zt−1) is absolutely

continuous in terms of yt for all Zt−1. Furthermore if it is represented that Qθ(Zt−1) ≡ Qθ(yt
∣∣∣Zt−1) and

Qθ(Yt−1) ≡ Qθ(yt
∣∣∣Yt−1) will have Fyt |Zt−1

{
Qθ(Zt−1)

∣∣∣Zt−1
}
= θ with a probability of 1. Therefore, as per

the Equations (1) and (2), the hypotheses that need to be tested are shown below:

H0 : P
{
Fyt |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
= 1 (3)

H1 : P
{
Fyt |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
< 1 (4)

As per the framework proposed by Jeong et al. [69], the measure is used to compute the distance,
which is J =

{
εtE(εt|Zt−1) fZ(Zt−1)

}
, whereas the regression error is represented by εt and the function

of marginal density of Zt−1 is represented by fZ(Zt−1). The regression error is calculated when the null
hypothesis is found true as presented in Equation (3), which is possible only in the scenario where
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E[1
{
yt ≤ Qθ(Yt−1)Zt−1

}
] = θ or equivalently 1

{
yt ≤ Qθ(Yt−1)

}
= θ+ εt, whereas the indicator function

is represented by 1{•}. The distance function as specified by Jeong et al. [69] is shown below:

J = E
[{

Fyt |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}− θ}2 fZ(Zt−1)

]
(5) (5)

As shown in Equation (3), it is imperative to consider that J ≥ 0; only when H0, as shown in
Equation (5), becomes true will J = 0, whereas as shown in Equation (4), the values J > 0 are underneath
the alternative hypothesis that is H1. Moreover, the feasible test statistic based on the kernel function
as discussed by Jeong et al. [69] for J can be shown as follows:

ĴT =
1

T(T − 1)h2p

T∑
t=p+1

T∑
s=p+1, s�t

K
(Zt−1 −Zs−1

h

)
ε̂tε̂s (6)

In Equation (6), the kernel function is represented by K(•), having bandwidth h, sample size is
represented by T, lag-order is shown by p, the estimated unknown regression error is calculated by ε̂t,
which is computed as:

ε̂t = 1
{
yt ≤ Q̂θ(Yt−1)

}
− θ (7)

In Equation (7), theθ-th quantile of yt is calculated by Q̂θ(Yt−1), whereby (Yt−1) is given. Moreover,
Q̂θ(Yt−1) can be calculated through the kernel method, which is based on a nonparametric method
and is shown below:

Q̂θ(Yt−1) = F̂−1
yt|Yt−1

(θYt−1) (8)

where the estimator of the Nadarya–Watson kernel is represented by F̂yt|Yt−1(ytYt−1) and is given as:

F̂yt|Yt−1(ytYt−1) =

∑T
s=p+1, s�t L

(Yt−1−Ys−1
h

)
1(ys ≤ yt)

∑T
s=p+1, s�t L

(Yt−1−Ys−1
h

) (9)

In Equation (9), the kernel function is represented by L(•) and the bandwidth is represented by h.
While extending the framework proposed by Jeong et al. [69], a test was developed for the 2nd

moment. For this purpose, the nonparametric approach, which is quantile causality based on Granger
as suggested and proposed by Nishiyama et al. [70], was used. While computing the higher-order
moment, the illustration of causality is assumed as:

yt = g(Yt−1) + σ(X1t−1)εt + σ(X2t−1)εt (10)

where the noise process is represented by εt, and stationery conditions are satisfied through unknown
functions, which are g(•) and σ(•). Moreover, it should be noted that the aforementioned description is
not in accordance with the testing of Granger type causality from x1t and x2t to yt, respectively, however,
it has the possibility for detection of nonlinear predictive power, which is computed from x1t and x2t to
yt

2 whereas σ(•) is the function of general nonlinearity. Therefore, for explaining the variation through
Granger causality, the explicit description of squares of X1t−1 and X2t−1 are not required. Moreover,
the hypotheses forms of Equation (10) for the purpose of explanation of variation are shown below:

H0 : P
{
Fy2

t |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
= 1 (11)

H1 : P
{
Fy2

t |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
< 1 (12)

In order to test the null hypothesis as shown in Equation (11), a feasible test statistic was obtained
and yt was replaced in Equations (6)–(9), with yt

2. Moreover, the issue related to the causality was
resolved by incorporating the methodology proposed by Jeong et al. [69], in which conditional causality
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in the 1st moment (mean) denotes causality in the 2nd moment (variance). Therefore, in order to
resolve this concern, the causality in the scenario of the higher order moments was examined and
evaluated by utilizing the model as shown below:

yt = g(X1t−1, X2t−1, Yt−1) + εt (13)

Therefore, the quantile causality based on higher order is stated as:

H0 : P
{
Fyk

t |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
= 1 f or k = 1, 2, . . . , K (14)

H1 : P
{
Fyk

t |Zt−1

{
Qθ(Yt−1)

∣∣∣Zt−1
}
= θ
}
< 1 f or k = 1, 2, . . . , K (15)

By integration of the whole framework, yt is caused by x1t and x2t Granger in the quantile θ up to
the Kth moment by employing Equation (14), whereby for each k, the test static using Equation (6) is
constructed. Moreover, since the statistics are correlated mutually, for the combined null hypothesis
shown in Equation (14), it is extremely difficult to join the diverse statistics for each k = 1, 2, 3 . . .
K [70]. Therefore, as per the recommendations proposed by Nishiyama et al. [70], this issue was
efficiently addressed by including a modified method based on sequential testing. At the first stage,
the nonparametric Granger causality in the 1st moment is k = 1. When rejecting of null hypothesis fails
at k = 1, it will not directly jump to evaluate the noncausality at the 2nd moment and, therefore, the test
for k = 2 can be constructed. In this manner, the existence of causality in variance, and/or causality in
mean can be tested.

The practical application of testing of causality by means of quantiles specifies three essential
choices: (1) bandwidth, which is represented by h, (2) kernel type for K(•) and L(•) as shown in
Equations (6) and (9), and (3) the lag order, which is represented by p. The determination of lag order
was done by employing Schwarz Information Criterion (SIC) underneath vector autoregression (VAR),
including natural resources, globalization, and energy consumption. The least square cross-validation
method was used for the selection of bandwidth values. Lastly, the Gaussian kernels were employed
for computing the K(•) and L(•).
4. Data Analysis and Interpretation

The aim of this study was to investigate the dynamic causal effect of natural resources and
globalization on utilization of energy in top Asian countries. In so doing, the recent study used
natural resources’ rent (% of gross domestic product (GDP)) as a proxy of natural resources (NAR);
overall globalization index, as represented by GLO (which consists of economic, social, and political
globalization); and utilization of energy (EGY), which is a measure of per capita of Kg of oil equivalent
for top Asian nations including China, India, Indonesia, Malaysia, and Thailand. The selection
of these nations was made as they have the most natural resources among all the Asian nations.
The data for NAR and EGY was gathered from the World Bank, however, the information for GLO
was collected from the KOF Swiss Economic Institute. Yearly information was gathered for 1970–2018.
As the aforementioned methodology needs long time-series information [71], hence, the recent study
transformed the yearly information into quarterly information by selecting a quadratic match-sum
technique. This technique is beneficial once lower frequency information is transformed into higher
frequency information, as it corrects the seasonality problem and connects the end-to-end deviation in
the sample period. This technique was also suggested in previous research [72,73]. Beginning with the
fundamental test, the descriptive statistics are presented in Table 1.

The findings of the descriptive statistics confirmed that the mean (average) coefficients of NAR
were positive for all top Asian countries. The biggest coefficient of mean for NAR was for Malaysia at
18.884 (ranged from 7.163 to 37.570) followed by Indonesia at 10.614 (ranged from 3.718 to 33.658).
The smallest coefficient of mean of NAR was for Thailand at 1.725 (ranged from 0.562 to 3.785) followed
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by India at 2.985 (ranged from 0.834 to 7.351). China had the middle coefficient of mean for NAR
at 6.202 (ranged from 0.811 to 19.232). On the other hand, the highest coefficient of mean for GLO
was for Malaysia at 65.411 (varied from 47.769 to 79.615) followed by Thailand at 51.130 (varied from
32.576 to 69.129). The lowest coefficient of mean for GLO was for China at 46.262 (varied from 23.034 to
61.994) followed by India at 42.420 (varied from 31.081 to 58.274). In addition, the middle coefficient of
mean for GLO was for Indonesia at 49.384 (varied from 32.022 to 63.315). Finally, the mean coefficients
of EGY were also positive for all countries. The leading coefficient of mean was for Malaysia at
1637.991 (fluctuated from 523.576 to 3003.456) followed by China at 1013.589 (fluctuated from 464.933
to 2236.730). The lowest mean coefficient of EGY was for India at 390.043 (fluctuated from 267.309 to
636.570) followed by Indonesia at 584.885 (fluctuated from 297.306 to 883.918). The middle coefficient
of mean of EGY was for Thailand at 979.875 (fluctuated from 360.594 to 1991.594).

Table 1. Results of descriptive statistics for top Asian economies.

Countries Mean Min Max Std.Dev. Skew Kurtosis JB test p Value

Panel A: Natural Resources (% of GDP)

China 6.202 0.811 19.232 4.714 1.289 4.136 14.874 0.001

India 2.985 0.834 7.351 1.199 0.933 5.478 18.039 0.000

Indonesia 10.614 3.718 33.658 5.955 1.913 7.271 61.649 0.000

Malaysia 18.844 7.163 37.570 8.737 0.436 3.907 13.664 0.001

Thailand 1.725 0.562 3.785 0.833 0.454 2.235 22.644 0.000

Panel B: Globalization Index (including Political, Social, and Economic Globalization)

China 42.262 23.034 61.994 14.348 0.097 3.366 15.074 0.000

India 42.420 31.081 58.274 10.221 0.441 3.546 15.425 0.000

Indonesia 49.384 32.022 63.315 9.994 0.033 3.447 14.532 0.001

Malaysia 65.411 47.769 79.615 10.494 −0.103 4.578 13.873 0.001

Thailand 51.130 32.576 69.129 12.855 0.037 5.410 14.750 0.001

Panel C: Primary Energy Consumption (Per capita of Kg of Oil Equivalent)

China 1013.589 464.933 2236.730 551.683 1.142 2.911 9.803 0.007

India 390.043 267.309 636.570 108.122 0.812 2.606 15.236 0.000

Indonesia 584.885 297.306 883.918 203.876 −0.006 3.446 24.527 0.000

Malaysia 1637.991 523.576 3003.456 810.742 0.175 4.610 23.851 0.000

Thailand 979.875 360.594 1991.594 537.228 0.436 3.800 24.126 0.000

Source: Author Estimations

Furthermore, the present study reported the skewness and kurtosis values, which were positive
in almost all cases, however, the value of kurtosis was more than 3, which indicates a presence of
nonlinearity in the dataset. In addition, the present research further applied the Jarque-Bera (JB) test to
check the normality of the variables in all countries. The JB test statistics were statistically significant,
which means NAR, GLO, and EGY were not normally distributed in all countries. The findings of
the JB test also indicated a presence of nonlinearity among the variables for all countries. Hence,
there is a need to apply a proper test to affirm the nonlinearity among the selected variables in
the dataset [74]. In the current study, this was done by applying the BDS test for nonlinearity [75].
The findings of this test are reported in Table 2. The outcomes provide enough evidence to reject the
null hypothesis of residual at different inserted dimensions (m), for the entire set of cases measured.
The outcomes provide enough evidence of nonlinear association among NAR, GLO, and EGY in all
countries. Therefore, the methods that focus on linear assumptions cannot be considered reliable and
robust. Those outcomes provide adequate evidence of nonlinear relationships in the dataset.
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Table 2. Results of BDS test for nonlinearity.

Country m = 2 p-Value m = 3 p-Value m = 4 p-Value m = 5 p-Value m = 6 p-Value

Natural Resources Rent Equation Residual

China 37.315 0.000 41.507 0.000 45.242 0.000 50.024 0.000 55.590 0.000

India 46.211 0.000 49.595 0.000 53.241 0.000 57.809 0.000 64.220 0.000

Indonesia 36.192 0.000 41.791 0.000 45.884 0.000 51.871 0.000 58.125 0.000

Malaysia 56.875 0.000 62.212 0.000 67.707 0.000 74.446 0.000 83.163 0.000

Thailand 79.621 0.000 85.632 0.000 92.794 0.000 102.972 0.000 116.824 0.000

Globalization Equation Residual

China 44.535 0.000 47.897 0.000 51.903 0.000 57.596 0.000 65.344 0.000

India 31.812 0.000 34.797 0.000 37.871 0.000 41.640 0.000 46.516 0.000

Indonesia 20.243 0.000 23.375 0.000 25.665 0.000 29.013 0.000 32.511 0.000

Malaysia 25.847 0.000 27.740 0.000 29.780 0.000 32.335 0.000 35.921 0.000

Thailand 20.872 0.000 23.216 0.000 25.305 0.000 27.980 0.000 31.093 0.000

Energy Consumption Equation Residual

China 16.954 0.000 18.234 0.000 19.759 0.000 21.927 0.000 24.876 0.000

India 12.111 0.000 13.247 0.000 14.417 0.000 15.852 0.000 17.709 0.000

Indonesia 7.707 0.000 8.899 0.000 9.770 0.000 11.045 0.000 12.377 0.000

Malaysia 9.840 0.000 10.561 0.000 11.337 0.000 12.310 0.000 13.675 0.000

Thailand 7.946 0.000 8.838 0.000 9.634 0.000 10.652 0.000 11.837 0.000

Source: Authors Estimation. Note: m denotes the embedding dimension of the BDS test. p-value is the probability of
obtaining results as extreme as the observed results of a statistical hypothesis test, assuming that the null hypothesis
is correct.

In the next phase, the present study applied two novel unit root tests: augmented Dickey–Fuller
(ADF) and Zivot and Andrew structural break unit root test. These tests were used to affirm the
stationary features for NAR, GLO, and EGY in all countries. The findings of both unit root tests are
displayed in Table 3. The results of unit root tests confirmed that NAR, GLO, and EGY all showed
nonstationary behavior at level series and became stationary at the first different series. Put simply,
the outcome confirmed that all variables had a unique order of integration at the first difference
series. After the unique order of integration, the present research applied a nonlinear cointegration
method called quantile cointegration [76]. This method was used to investigate the long-run nonlinear
connection between NAR, GLO, and EGY. The findings are displayed in Table 4. The findings reported
α and δ coefficient values for both NAR and GLO models with EGY in all selected top Asian countries.
Moreover, the findings of quantile cointegration also reported the critical value at 1%, 5%, and 10%.
The results confirmed that all the calculated values were greater than the critical values, suggesting a
rejection of the null hypothesis. In general, the outcomes confirmed a long-run nonlinear relationship
between NAR with EGY and GLO with EGY in all top Asian countries.

In the final phase, the present research applied nonparametric causality in quantiles [1]. The aim
of this method was to examine the causal connection of NAR and GLO with the return and volatility
of EGY across different quantile distributions. The findings are reported in Figure 1. Every graph
represents return values (mean) and volatility (variance) along with the critical value of 5% and
10%, respectively. Moreover, there are two axes in Figure 1, the horizontal axis (x-axis) explains the
quantiles while the vertical axis (y-axis) describes the test results (t-stats value). The blue horizontal
line symbolizes the 95% critical value of t-stats, whereas the orange dashed line exemplifies the 90%
critical value of the test. The green dashed line explains the results for energy consumption returns
and the yellow dark line describe the results for volatility.
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Table 3. Results of unit root test.

Variables ADF (Level) ADF (Δ) ZA (Level) Break Year ZA (Δ) Break Year

Panel A: Natural Resources Rents

China 0.184 −3.853 *** −1.075 2008 Q2 −11.594 *** 1996 Q2

India −1.483 −4.549 *** −2.049 2010 Q1 −9.593 *** 2015 Q3

Indonesia −2.044 −3.069 *** −1.531 1984 Q4 −7.591 *** 2008 Q1

Malaysia −0.338 −5.124 *** −0.916 1999 Q2 −10.583 *** 2004 Q4

Thailand −1.684 −4.616 *** −2.021 2012 Q3 −6.005 *** 2016 Q4

Panel B: Globalization

China −0.472 −4.146 *** −2.473 2014 Q1 −6.483 *** 2001 Q2

India 1.271 −3.892 *** 0.583 2009 Q1 −4.584 *** 2006 Q2

Indonesia 0.325 −4.093 *** −0.482 2001 Q2 −6.482 *** 1995 Q3

Malaysia −0.937 −5.483 *** −1.486 1997 Q4 −7.482 *** 1984 Q1

Thailand −2.081 −3.918 *** −2.483 1988 Q4 −5.002 *** 2015 Q4

Panel C: Energy Consumption

China −0.931 −5.382 *** −1.583 1976 Q4 −6.413 *** 2007 Q1

India −2.081 −10.413 *** −2.321 1984 Q4 −11.275 *** 2007 Q2

Indonesia −1.226 −6.147 *** −1.894 2000 Q3 −6.326 *** 2014 Q2

Malaysia −0.269 −5.091 *** −0.943 2016 Q2 −5.961 *** 1992 Q1

Thailand −0.852 −4.381 *** −1.035 2017 Q1 −5.039 *** 2011 Q3

Note: The values in the table specify statistical values of the ADF and ZA tests. The asterisks ***, **, and * represent
level of significance at 1%, 5%, and 10%, respectively.

Table 4. Results of the quantile cointegration test.

China

Modelling between Energy and Natural Resources

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. NARt
α 3503.962 1688.804 1260.819 442.479

δ 702.358 368.555 206.518 180.155

Modelling between Energy and Globalization

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. GLOt
α 1209.021 582.712 435.038 152.675

δ 242.344 127.168 71.258 62.161

India

Modelling between Energy and Natural Resources

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. NARt
α 4736.817 1448.406 792.264 388.926

δ 1289.183 482.926 287.88 207.423

Modelling between Energy and Globalization

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. GLOt
α 6444.329 1970.523 1077.857 529.124

δ 1753.904 657.009 391.654 282.195
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Table 4. Cont.

Indonesia

Modelling between Energy and Natural Resources

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. NARt
α 2878.828 1892.718 1156.16 776.155

δ 1688.849 975.646 572.689 249.982

Modelling between Energy and Globalization

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. GLOt
α 4641.523 3051.622 1864.071 1251.391

δ 2722.924 1573.03 923.344 403.046

Malaysia

Modelling between Energy and Natural Resources

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. NARt
α 6497.219 1892.942 1275.087 704.464

δ 3677.977 1464.707 850.557 442.59

Modelling between Energy and Globalization

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. GLOt
α 2315.195 674.524 454.36 251.026

δ 1310.597 521.928 303.084 157.711

Thailand

Modelling between Energy and Natural Resources

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. NARt
α 4434.05 2267.235 1617.547 1241.176

δ 1871.99 1301.375 636.36 389.006

Modelling between Energy and Globalization

Model Coefficient Supremum Norm Value Critical Value at 1% Critical Value at 5% Critical Value at 10%

EGYt vs. GLOt
α 4968.139 2540.327 1812.383 1390.678

δ 2097.475 1458.128 713.011 435.863

EGY From NAR EGY From GLO 

(i) China  

 

 

 

Figure 1. Cont.
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(ii) India 

 

 

 

(iii) Indonesia 

 

 

 

(iv) Malaysia 

 

 

 

Figure 1. Cont.
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(v) Thailand 

 

 

 

Figure 1. Results from nonparametric causality in quantiles.

In the case of China, the effect of NAR returns was significant for all lower, middle, and upper
quantiles of the provisional distribution of EGY. The effect became strong and more significant in
the lower quantiles with the t-stat value of approximately 3.4. The current study observed no causal
effect of returns of NAR on the volatility of EGY in the case of the China. Moreover, the causal effect
on volatility was not asymmetric, because they were insignificant for the upper, middle, and lower
quantiles of the conditional distribution. On the other hand, the effect of GLO returns was also
significant for all quantiles of distribution on the returns of EGY. The effect became more noteworthy
in the low quantiles with the t-stats coefficient of approximately 3.56. However, the current research
found no causal connection between returns of GLO and volatility of EGY. Put simply, the findings
confirmed that returns of NAR and GLO had a significant causal impact on the returns of EGY at
all quantiles.

In the situation of India, the impact of NAR returns was noteworthy for all quantiles of the
returns of EGY. Moreover, the impact was strong and more significant at lower and middle quantiles
of the returns of EGY. However, the present research did not find any causal effect of NAR returns on
the volatility of EGY. In addition, the effect of returns of GLO was significant on the returns of EGY,
however, the effect of the returns of GLO was significant on the volatility of EGY only at the upper
quantiles at the 10% level of significance. In general, the returns of NAR and GLO had significant
causal impact on the returns of EGY across all quantiles. The findings of causality from NAR and GLO
to EGY are very interesting in the case of Indonesia. The findings confirmed that the returns of NAR
had causal impact on the return and volatility of EGY at lower to middle quantiles. On the other hand,
the influence of returns of GLO had a causal impact on the returns of EGY but there was no evidence
of a causality from returns of GLO to volatility of EGY in Indonesia. In the case of Malaysia, the effect
of NAR returns was substantial on the returns of EGY only at the extreme quantiles (i.e., lower and
upper). However, the returns of NAR had a significant causal impact on the volatility of EGY on the
lower middle quantiles. On the other hand, the effect of GLO returns had a significant causal impact on
the returns and volatility of EGY. Put simply, the returns of NAR had a causal impact on EGY returns
only, whereas the returns of GLO had a causal connection with EGY returns and volatility. In the case
of Thailand, the returns of NAR were significant for all quantiles of returns of EGY. Moreover, the effect
was strong and more prominent at both extreme quantiles (i.e., lower and higher). However, the study
found no causal connection between the returns of NAR and volatility of EGY. On the other hand,
the effect of GLO on EGY returns was significant across all quantiles of distribution. The effect was
more powerful at the lower middle quantiles. In addition, the study found no causal impact of GLO
returns on the volatility of EGY in Thailand.
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5. Conclusions

Natural resources enable direct foreign investment to a country, and that has a tendency to
improve the standard of living of the locals [11,12], however, it also adversely affects the potential
growth of the country in the long term [13], thus making the host country intensely dependent on the
consumption and extraction of the natural resources; this is referred to as a resource curse [14–18].

Moreover, most researchers are in agreement with respect to the adverse association between
economic development and natural resources of a country [19–21]. Researchers also suggest that by
improving institutional quality, having a good incentive program to the personnel engaged in the
respective activities [22], and strengthening the political stability [23], the country can counter the
phenomenon of being trapping in a resource curse.

Keeping this in mind, the current research aimed to investigate the causal effect of natural resources
and globalization on the returns and volatility of the utilization of energy in top Asian economies.
The findings of nonparametric methods of causality in quantile confirmed that the returns of NAR and
GLO had a significant causal effect on the returns of EGY in the selected sample. These results are
consistent with the earlier studies of Shahbaz et al. [41] and Shahbaz et al. [42] that investigated the
globalization–energy link and Bekun, et al. [68] and Kwakwa, et al. [33] that examined the natural
resource–energy association. On the other hand, the present study found no causal connection from
the returns of NAR and GLO to volatility of EGY in any of the studied Asian countries.

The results shed greater insights on the level of energy dependence in the process of globalization
and the utilization of natural resources in Asian economies. Knowing the positive role of globalization
and natural resources in the growth of prospering countries [77–79], the findings of the current study
implied higher challenges for government practitioners and policy makers, given the worldwide
emphasis on energy conservation. The study suggested the need of implementing adequate
environmental reforms and eco-friendly business practices to support energy efficiency in the course of
integrating industries and allocating investments in local and foreign businesses. Moreover, the change
of energy mix from coal-based to renewables can also satisfy the inevitable need of energy in industries
without disrupting environmental sustainability. The current research is limited to only top Asian
countries. Moreover, the present research is also limited to bivariate analysis, therefore, future research
could apply multivariate advanced econometrics such as nonlinear ARDL, quantile ARDL, and a
multiple wavelet coherence approach.
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Abstract: The paper analyzes the main issues of power market development for clean energy
production within the broader framework of ensuring the country’s energy security. In addition,
special attention is paid to the technologies aimed at reducing emissions of toxic substances and
greenhouse gases by the fossil-fired power plants. Even though the future electricity markets would
most likely depend on the high shares of renewable energy sources (RES) in the electricity system,
energy efficiency such as the one based on the near-zero emission technologies might also play a
crucial role in the transition to the carbon-free energy future. In particular, there are the oxy-fuel
combustion technologies that might help to reduce the proportion of unburned fuel and increase
the efficiency of the power plant while reducing the emissions of flue gases. Our paper focuses
on the role and the place of the near-zero emission technologies in the production of clean energy.
We applied economic and mathematical models for assessing the prospects for applying oxy-fuel
combustion technology in thermal power plants, taking into account the system of emission quotas
and changes in the fuel cost. Our results demonstrate that at the current fuel prices, it is advisable to
use economical combined cycle gas turbines (CCGT). At the same time, when quotas for greenhouse
gas emissions are introduced and fuel costs increase by 1.3 times, it becomes economically feasible
to use the oxy-fuel combustion technology which possesses significant economic advantages over
CCGT with respect to the capture and storage of greenhouse gases.

Keywords: energy security; power market; near-zero emission technologies; oxy-fuel combustion cycles;
emission rights sales mechanism; economic assessment

1. Introduction

The energy sector plays a key role in any country’s economy in terms of maintaining its
sustainability and ensuring its energy security. Moreover, it is the level of energy efficiency and
reliability that defines the country’s national security [1–4]. The development of the energy sector
should take place at a faster pace than the development of other sectors of the economy which is
explained by the need for satisfying the ever-growing demand of the economy for the electric energy.

Our analysis of the available data [5–7] on the construction of generating facilities of all possible
types from various countries around the world allows us to conclude that there has been a significant
increase in electricity consumption over the past 30 years. At the same time, despite the growth
that was achieved over the past decade in the installed capacity of alternative and renewable energy
sources, the consumption of classical fuel and energy resources (oil, gas, coal) is growing, and the role
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of traditional thermal power industry based on the chemical conversion of organic fuel still remains
crucial [3,4].

The generating unit of the traditional thermal power industry is a thermal power plant (TPP).
In Russia, TPPs account for more than 57% of the country’s total electricity generation and 37% of
heat production intended for the consumers’ needs. At the same time, thermal power plants consume
38% of the extracted fossil fuel. The conversion of this fuel into energy becomes the main source of
environmental pollution (forming about 57% of emissions among all processing industries).

The active use of fossil fuels at thermal power plants that is intended to meet the demand for
electricity while this resource is limited is one of the main factors in the development of effective
energy conversion technologies. Figure 1 presents a graph reflecting a gradual increase in efficiency
on the example of coal TPP in countries with the most developed energy sector [6–10]. As it can be
observed from the example of countries with the highest deficit of fossil fuels, the development of
effective power generation technologies is faster.

 
Figure 1. Development of coal thermal power plants (TPPs) in countries with the most developed
energy sector.

Nowadays, the development of technologies for the production of energy products is moving
towards the increase of the initial parameters of steam-pressure P0 and temperature t0. From a
thermodynamic point of view, this is the only possible way to significantly increase the efficiency of
turbine units and, hence, the efficiency of a power plant by surging its environmental friendliness
in general. The most significant effect on the efficiency of a power unit is a change in the initial
temperature of the steam t0 in the combustion chamber. Thus, an increase in t0 by 1% leads to an
increase in the efficiency of thermal power plants by an average of 0.13% with a simultaneous increase
in pressure P0 by 0.0086% [11,12].

The existing modern technologies used for increasing the initial temperature of fuel combustion
are based on its oxygen combustion which is a process when oxygen is served as the oxidizer instead of
atmospheric air in the combustion chamber. In turn, oxygen is produced at a power plant or purchased
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from an external supplier. The increased oxygen content leads to an increase in the combustion
temperature and the amount of heat transferred to the technological process. Thus, the share of
unburned fuel is reduced and the efficiency of the power unit of the TPP is increased while the nitrogen
oxide emissions are reduced (NOx) [2,13–16].

Since the atmospheric air contains 80% of nitrogen, the use of the oxygen combustion leads to
a significant reduction in flue gas consumption. At the same time, an increased concentration of
greenhouse gases is formed in the volume of exhaust gases which creates favorable conditions for
capture and storage CO2 [16–19]. Therefore, in the research literature, this technology is typically
characterized as a near-zero emission technology [20–22].

The implementation and dissemination of the near-zero emission technologies for the production
of electricity in power plants is largely due to their economic efficiency which in this case is determined
by the environmental policy pursued by the state, namely, the established standards for the maximum
permissible concentration of harmful substances in the atmospheric air and the market mechanisms for
emissions trading [22–24]. The paper studies the issue of near-zero emission technologies and draws
conclusions about the prospects for the application of these technologies in Russia under various
scenarios of tightening the norms of the maximum permissible concentration of harmful substances in
the air and developing the market for flue gas emission quotas.

2. Analysis of the Oxy-Fuel Combustion Technology and Its Environmental Benefits

Nowadays, most of the energy produced in TPPs is produced by the combustion of fossil fuels.
The oxygen contained in the atmospheric air is usually used as the oxidizing agent. The combustion
products contain greenhouse gases and toxic substances such as the nitrogen oxides. A significant
reduction in the emissions of these substances into the atmosphere is cumbersome for technical and
economic reasons. In particular, the emission of carbon dioxide from flue gases is inefficient due to
its low partial pressure. Moreover, the insufficient combustion temperature leads to the formation of
unburned fuel and its emission into the atmosphere along with the flue gases [25–27]. With regard
to the above, oxygen-fuel technologies for energy production have a special meaning. They allow to
almost completely reduce emissions of harmful substances into the atmosphere.

According to the technology of oxy-fuel combustion, three flows enter the combustion chamber:

• fuel (gaseous, including based on coal gasification),
• oxygen,
• carbon dioxide flow limiting the maximum temperature in the combustion chamber.

As a result of the combustion reaction, a mixture of carbon dioxide and water steam is formed.
The predominantly two-component medium at a temperature of 1000 to 1700 ◦C is sent to a cooled
turbine, expands in it, and then enters a surface heat exchanger which can be a waste heat boiler or
regenerative heat exchanger. Having given off most of the thermal energy, the flow is directed to
a cooler-separator. There, the cooling of the working medium is accompanied by the formation of
condensate of water steam removed from the cycle. After that, a stream rich in carbon dioxide is sent
to the compressor, increases its pressure and is fed to the combustion chamber for recycling. Thus,
the thermodynamic cycle is reserved [27–29].

In order to replenish the material balance, part of the working environment is removed for further
burial. The storage tanks for carbon dioxide can be both natural and artificial.

The schematic diagram of the oxygen-fuel energy complex is shown in Figure 2 that follows.
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Figure 2. Schematic diagram of the oxygen-fuel energy complex.

The competitive technology for oxy-fuel combustion is the thermodynamic cycles used in
the combined cycle power plants which are characterized by high efficiency and can significantly
reduce thermal emissions into the atmosphere due to the long stay of the fuel–air mixture at high
temperatures [30–33]. Unlike a combined cycle power plant, the oxygen-fuel energy complex is
semi-closed. Most of the working medium circulates in a circle, and its mass and chemical composition
only changes in the combustion chambers and cooler-separators. The maximum and minimum
temperatures of the working medium are approximately at the same level as those of a combined-cycle
power plant, and the maximum pressure is much higher: from 2 to 30 MPa, depending on the
cycle [25,26].

These features of oxygen-fuel cycles lead to a number of advantages in comparison with the
traditional combined-cycle power plants using air as an oxidizing agent:

1. Due to the lack of nitrogen among the components of the combustion reactions, the formation
of high temperature nitrogen oxides is prevented. This allows to shift the main emphasis
in the development of the combustion chamber to achieve high rates of efficiency and
combustion stability.

2. The two-component composition of the working medium makes it possible to organize the simplest
principle of thermodynamic separation of carbon dioxide and water steam in a cooler-separator
by condensing the latter. As a result, there are no additional costs associated with respect to the
capture of carbon dioxide from the flue gases.

3. Carbon dioxide is an inert gas that does not corrode power equipment, both at high and
low temperatures.

The disadvantages of oxygen-fuel cycles include:

1. In order to avoid high energy costs for the production of oxygen, it must be supplied to
the combustion chamber with a small excess coefficient relative to the stoichiometric ratio.
The occurrence of the combustion reaction in the combustion chamber with a stoichiometric ratio
of fuel to oxidizing agent necessitates the prevention of burning the fuel.

2. The need for high purity oxygen production causes higher costs of energy own use.

Table 1, which follows, shows a comparative analysis of the technical, economic, and environmental
characteristics of oxygen combustion technologies and combined steam-gas cycle [25,34–41].
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Table 1. Technical and economic characteristics of oxy-fuel combustion technologies and combined
steam-gas cycles.

Oxy-Fuel
Combustion Cycles

Fuel Oxidizer Net Efficiency, %
Specific Amount
of Produced CO2,

g/kWh

CO2

Capture
Rate, %

Specific Amount of
Captured CO2, g/kWh

Specific Amount of
CO2 Emitted to the

Atmosphere, g/kWh

oxy-fuel combustion cycle
SCOC-CC CH4 O2 47.7 406 98.9 402 4
MATIANT CH4 O2 43 451 98.9 446 5

E-MATIANT CH4 O2 44 440 98.9 436 5
CC-MATIANT CH4 O2 46 421 98.9 417 5

Allam cycle CH4 O2 56.5 343 98.9 339 4
S-Graz cycle CH4 O2 54 359 98.9 355 4

CES cycle CH4 O2 48 404 98.9 399 4
AZEP CH4 O2 50 388 98.9 383 4

ZEITMOP CH4 O2 51 380 98.9 376 4
combined steam-gas cycle

Combined cycle gas
turbine with CCS CH4 Air 48 404 89 359 44

Combined cycle gas
turbine without CCS CH4 Air 60 323 0 0 323

As one can see from Table 1, the oxygen-fuel cycles have significant environmental advantages in
comparison with the combined steam-gas cycle (in particular, expressed in the reduction of greenhouse
gas emissions) with comparable values of the efficiency of power units. To date, the use of oxy-fuel
combustion is restrained in the first place by the economic factors. However, due to the tightening
of standards for emissions of harmful substances and the development of trade with quotas for
greenhouse gas emissions, oxygen-fuel cycles of electricity production can become quite attractive.

3. Analysis of the Market Formation for Emissions Quotas of the Harmful Substances

The industrial and economic activities of thermal power plants are associated with direct
environmental impacts in the form of emissions of the harmful substances. The criterion of
environmental cleanliness of the generating facility is the condition that the concentration of harmful
substances does not exceed the threshold value of the maximum permissible concentration (MPC).
Current values of MPC of pollutants in the air are presented in the state regulations of countries.
Some excerpts from the state standard of Russia GN 2.1.6.1338-03 are shown in Table 2 below [42].

Table 2. Maximum permissible concentrations of harmful substances in the air.

No. Substance Hazard Class One-Time MPC, mg/m3 Daily Average MPC, mg/m3

1 Carbonic oxide 4 5 3
2 Nitrogen dioxide 2 0.2 0.04
3 Nitrogen oxide 3 0.4 0.06
4 Sulfur dioxide 3 0.5 0.05
5 Ammonia 4 0.2 0.04
6 Hydrogen sulfide 2 0.008 -

From Table 2, it becomes apparent that the existing system for regulating the amount of harmful
substances used in Russia is rather soft and does not stimulate the development and implementation of
the new and more environmentally friendly technologies for the production of electricity, in particular,
oxygen combustion technology [43–46].

The above situation can be corrected by the development of the market mechanisms for the sale
of emissions of harmful substances by the power plants [47–49]. Based on this market, the initially
allocated quotas for pollutants and greenhouse gases will be redistributed from a position of minimizing
total costs. In this case, the market will act as an optimizer and better cope with the task of reducing
emissions than the introduction of a pollution tax [48,50]. The fact is that the determination of the
required tax rate by regulatory authorities is very difficult, while the market usually copes with the
optimization task much better.

The emissions trading scheme is shown in Figure 3.
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Figure 3. The emissions trading scheme of harmful substances.

A limit on a certain amount of pollutant emissions is introduced within a limited area.
Emission permits are distributed among individual generating companies. The generating company is
required to either meet the limits by investing in the appropriate technology, or, if this appears to be too
expensive, purchase permits for additional emissions from those companies that are more profitable to
reduce their emissions above the established limits [51,52].

A special role is played by the creation of a market mechanism for the sale of pollution rights
at the global level [53,54]. The existing carbon tax creates a lot of problems for the industries of the
developed countries which have almost exhausted all cheap ways for reducing their emissions. In these
conditions, Russia can make itself significantly better off. The country possesses more than 75% of
the world’s carbon reserves. The creation of the international transfer mechanisms for offsetting the
carbon balance is going to bring significant benefits and attract additional foreign investment.

In 2010, Russia transferred quotas for the emission of harmful substances and greenhouse gases
into the atmosphere to the foreign companies for the first time. Japanese enterprises Mitsubishi and
Nippon Oil bought quotas for the emission of 290,000 t of greenhouse gases from a Russian company
PJSC Gazprom Neft. The cost of emissions is estimated to be at a total of 3.3 million euros. The transfer
of quotas was carried out as part of joint implementation projects (JIP), the mechanism of which is
prescribed in the Kyoto Protocol. The Kyoto Protocol obliges developed countries and transition
countries to reduce or stabilize greenhouse gas emissions [55–57]. As a result of the JIP implementation,
Russian enterprises received foreign investment in energy-efficient technologies, harmful emissions
into the atmosphere were reduced, and the emission reduction volume could be implemented on
the market.

In the case of the introduction of stringent standards for maximum permissible concentrations of
harmful substances in the air and tax rates for flue gas emissions, one can expect the widespread usage
of pollution rights sold for market purposes between different countries in the world. This will be
conducive to environmental protection at the global level as well as the introduction of environmentally
friendly technologies for the production of energy products in developing countries, in particular,
based on oxy-fuel combustion, due to the influx of financial resources from developed countries,
where the control of harmful substances is much more expensive.

24



Energies 2020, 13, 4930

At the local level, the development of the market for the emission quotas is facilitated by the
development of the distributed electricity generation which complements the existing organization of
energy supply to consumers on the basis of the centralized energy system of the country. The distributed
power supply system is based on the idea of involving small distributed generation and consumer
resources in the management of electric power systems with the achievement of the effect of increasing
the total efficiency of work.

At the same time, there are many transaction costs and barriers arising on the way to the
development of distributed energy such as the large number of participants in the system and economic
relations between them, the costs of their information integration into control loops, as well as the
costs of integrating their equipment into electrical networks which would prevent the power system
from losing in reliability and stability of functioning. In order to remove these costs, it is necessary
to develop a new system architecture that allows to support numerous fast transactions between
participants and provides flexible connection to the electric networks of producers and consumers.
These requirements are met by the architecture of the Internet of Energy (IoE) which represents a
decentralized electric power system implementing an intelligent distributed control based on the
energy transactions between its users [58,59]. The formation of the Internet of Energy will facilitate the
transition of small generation to environmentally friendly energy supply to consumers based on the
market principles.

4. Development of Economic Effect Assessing Model for the Application of the Oxygen
Combustion Technology, Taking into Account the Environmental Aspect

The oxygen-fuel cycles increase the initial parameters of steam power plants which are currently
one of the main ways to increase the efficiency and environmental friendliness of thermal power plants.
Let us consider the social and environmental effectiveness of the use of oxy-fuel combustion from the
perspective of economic criteria.

As an economic criterion which reflects the social significance of technology, we chose the
minimum specific cost of electricity production. A reduction in the operating costs for electricity
production will limit the increase in the electricity tariffs. The transition from the technology of one
generation to a more efficient one should occur when the specific cost of electricity production using
a more advanced technology becomes lower than the technology already used in the generation of
energy. In many ways, the change in the cost of electricity production is determined by the change in
the price of fossil fuels which grows as the available resource is exhausted.

In order to assess the level of specific costs for the production of electric energy for various
generation technologies, we composed the following mathematical expression:

C = C f + Cw + Cd + Cr + Co (1)

where C—annual cost of the electricity production; Cf—fuel costs of TPP; Cw—labor costs; Cr—repair
costs; Co—other expenses.

The most significant component is the fuel costs. The amount of the fuel costs depends on many
factors. Among them, there are price of fuel, the efficiency of electric energy generation, determined by
the level of generation technology, and the installed capacity utilization factor (ICUF), which sets the
load on the generating facility during the year.

The fuel costs can be represented as the following mathematical expression:

C f = Np · Ty ·Kc f
1
η ·Q f

P f (2)

where Np—installed capacity of TPP, kw; Ty—number of hours of operation of the power plant in
a year, h; Kc f —installed capacity utilization factor; η—TPPs efficiency of the electricity production;
Q f —fuel calorific value, kJ/kg; P f —fossil fuel price.

25



Energies 2020, 13, 4930

Labor costs can be estimated according to the following expression:

Cw = nW(1 + α) (3)

where n—number of personnel at TPP, determined in accordance with the standard depending on the
installed capacity of power units of the power plant; W—industry average wage; α—the share of the
mandatory insurance contributions.

The number of personnel is determined by the installed capacity of the power plant and the
number of power units. In order to ensure the comparability of simulation results for each individual
technology, we will calculate for one power unit. In this case, the electric power of the power unit will
vary depending on the level of technology.

Depreciation can be calculated linearly. Then the share of depreciation charges can be determined
by the life of the TPP power unit. For units at different steam parameters, let us assume the service
life to last 30 years. Although the increase of the initial steam parameters is accompanied by the
technological difficulties such as metal deformation and high temperature corrosion, the design life is
maintained due to economic reasons, such as maintaining the investment attractiveness of power plant
construction projects.

Repair costs are estimated in fractions of the amount of capital costs. The higher the steam
parameters, the more expensive the steels and alloys used to create power units; therefore, repairs will
cost more. The repair costs can be determined according to the following expression:

Cr = β · Is ·Np (4)

where β—share of contributions to the repair fund; Is—specific investment, $/kW; Np—installed
power capacity.

By other costs, we mean those costs that are not included in the above calculation, in particular,
general expenses. Other costs depend on the power of the unit and can be estimated as part of the
fixed costs:

Co = γ(Cr + Cw + Cd) (5)

where γ—share of other expenses.
The compiled functional model (1) allows us to calculate the specific cost of electricity production

for technologies with different initial parameters of steam (including supercritical parameters achieved
by oxygen combustion of fuel) at different prices for fossil fuels. Thus, it is possible to determine the
cost of fossil fuels at which the use of oxygen-fuel cycles becomes economically feasible.

The introduction of a market-based mechanism for trading in CO2 emissions quotas leads to an
environmental factor affecting the cost of electricity production. In this case, the technology of oxygen
combustion of fuel receives additional economic benefits. Incorporating environmental considerations
leads to the following changes in the cost of electricity production model:

C = C f + Cw + Cd + Cr + Co + Ce (6)

where Ce—costs for payment of quotas for CO2 emissions.
In 2018–2019, CO2 quotas were traded on the London Stock Exchange ICE Futures Europe at an

average price of 20.4 €/t [60]. In this case, the price of quotas is set not by a decision of the authority,
but by market mechanisms; therefore, the indicated value can also be used in calculating the economic
efficiency of oxy-fuel combustion technology for Russian power plants.

5. Results and Discussions

The initial data for calculating the specific cost of production of energy products at various prices
for fossil fuels and the formation of quotas for greenhouse gas emissions are provided in Table 3,
which follows. The table contains model parameters of the existing and future environmentally
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friendly power generation plants at thermal power plants: gas turbine plants (GTU TPP without CO2

capture) [61], combined cycle plants (CCGTU TPP without CO2 capture and storage) [62], combined
cycle plants with CO2 capture and storage (CCGTU TPP with CO2 capture and storage) [63], and
oxygen-fuel plants (TPP with the oxygen-fuel cycle) (which are discussed in this paper).

Table 3. The calculated parameters of the model for determining the cost of electricity at different costs
of fossil fuels and the availability of quotas for greenhouse gas emissions.

Model Parameter
GTU TPP Without

CO2 Capture

CCGTU TPP
Without CO2

Capture and
Storage

CCGTU TPP with
CO2 Capture and

Storage

TPP with
Oxygen-Fuel

Cycle

Installed capacity, MW 100 300 300 300
Net efficiency for the generation of electric energy, % 40 58 48 50

Specific CO2 emissions, g/kWh 485 323 44 4
Specific capital investment, $/kW 1200 1700 2200 1900

Period of operation, years 30 30 30 30
Installed capacity utilization factor 0.7 0.7 0.7 0.7

Calorific value, kJ/m3 36,000 36,000 36,000 36,000
The number of staff, persons 120 250 250 250

Average salary level in the industry, rubles 47,000 47,000 47,000 47,000
The coefficient of social contributions, % 30.2 30.2 30.2 30.2

The coefficient of contributions to the repair fund, % 5 5 5 5
The ratio of other costs, % 25 25 25 25

According to the functional model (1), the dependences of the unit cost of the electricity production
on the price of fossil fuels (coal gasification) were obtained with an increase in the initial steam
parameters by supplying the purified oxygen to the combustion chamber. The simulation results are
presented in Figure 4.

 

Figure 4. The dependence of the unit cost of electricity production on the price of fuel during the
conventional and oxygen combustion.

In 2019, the average price of gasified fuel in Russia amounted to 2600 rubles/ton. At this level of
fuel prices, according to the results of thermal power plants, CCGTU TPP units provide the lowest
specific cost (1.78 rubles/kWh) of electricity production, which explains the increased interest of
generating companies in their construction and commissioning. It also helps to reduce the burden on
the environment.
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The use of oxy-fuel combustion at TPPs will be economically feasible at a gasified fuel price of
5700 rubles/ton, which is 2.2 times the current cost of fuel. While maintaining the current dynamics of
coal price growth, it will be economically feasible to build TPPs with oxygen-fuel cycles after 30 years.

Consider the simulation results obtained using model (2). This model of the specific cost of
electricity production includes a quota system that provides for the purchase of rights for carbon
dioxide emissions by generating companies. Accounting for the costs of ensuring environmental
standards leads to a decrease in the threshold value of the fuel cost, which determines the economic
feasibility of switching to the oxygen-fuel cycles. This is explained by the environmental benefits
of TPPs operating at higher steam parameters and the possibility of almost complete capture of
greenhouse gases during oxygen combustion of fuel. The simulation results are shown in Figure 5.

 

Figure 5. Dependence of the unit cost of electricity production on the price of fuel for the conventional
and oxygen combustion, taking into account quotas for the greenhouse gas emissions.

From the analysis of the results presented in Figure 5, it is possible to determine the new
threshold values of the fuel price at which it is economically feasible to build TPPs using oxy-fuel
combustion technology. Table 4 presents the results of comparing threshold values for coal cost,
which determines the economic feasibility of using oxy-fuel combustion technology without taking
into account (model (1)) and taking into account (model (2)) the system of quotas for the greenhouse
gas emissions.

Table 4. Comparison of threshold values for gasified coal prices that determine the economic feasibility
of using oxy-fuel combustion technology.

Electricity Production Technology
Fuel Price Range Providing a Minimum of Unit Cost of Electricity Production, Rub/t

Without Emission Quota With Emission Quotas

GTU TPP 0–1910 -
CCGTU TPP >1910 0–3461

CCGTU TPP with CO2 capture - -
TPP with the oxygen-fuel cycle - >3461

The results presented in Table 4 allow us to conclude that the introduction of a system of quotas
for the greenhouse gas emissions would lead to the formation of market signals for owners of TPPs that
determine the commissioning of the more advanced technologies for the fuel combustion and power
units. The introduction of the oxy-fuel combustion technology provides a reduction in emissions of
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harmful substances into the atmosphere and also allows for the more careful use of limited fossil fuels
which creates the basis for the sustainable development of the national economy.

It is worth noting that the introduction of quotas for the CO2 emissions would inevitably lead to
the increase of production costs and electricity prices for end consumers. However, a one-time increase
in the prices for energy products in order to build a mechanism for the functioning of the energy
industry that meets the principles of sustainable development appears to be an acceptable measure.

6. Conclusions

Our paper analyzed the prospects for the oxy-fuel combustion technologies from the position of
ensuring the sustainable economic development of the country. Moreover, in our analysis, we also
took into account the introduction of quotas for the greenhouse gas emissions.

Currently, the development of the technologies aimed at the production of electricity at traditional
TPPs is associated with an increase in the temperature of fuel combustion in the combustion chamber
and the beneficial use of flue gases. Thus, the initial steam parameters at the turbine inlet are
significantly increased, which leads to an increase in the efficiency and environmental friendliness
of the power plant due to a decrease in the formation of unburned fuel and its emission into the
atmosphere. At the same time, capital costs are rising and have an impact on the cost of electricity
through depreciation.

In connection with the tightening of quotas for emissions of harmful substances, oxygen-fuel
technologies for energy production which allow to reduce emissions of harmful substances into
the atmosphere almost completely, are of particular relevance. At the same time, their widespread
use is hampered by the spread in the industry of competitive technology for energy production
based on CCGT TPPs, the thermodynamic cycle of which is characterized by high efficiency and
can significantly reduce thermal emissions into the atmosphere in comparison with the classical
steam-powered power units.

The economic and mathematical model which was developed in this paper made it possible to
formulate the dependences of the specific cost of electricity production on the price of gasified coal
for the various levels of electricity production technologies, taking into account the possibility of the
CO2 capture and storage at CCGT and oxygen-fuel combustion. It is shown that at the current fuel
prices it is advisable to use typical CCGT. At the same time, when quotas for greenhouse gas emissions
are introduced and the cost of fuel rises by 1.3 times, it becomes economically feasible to apply the
oxy-fuel combustion technology which has significant economic advantages over CCGT units with
respect to the capture and storage of greenhouse gases.
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Abstract: The study of the rates of innovative development of various sectors of the modern economy
makes it possible to determine the existence of a scientific and practical problem, eliciting the need for
urgent identification of the reasons for non-innovative development of Oil and Gas Companies and
development of the directions for innovation development. Based on a number of methods, including
methods of graphical analysis, time series forecasting, construction of linear trends, correlation
analysis and scenario forecasting, the authors stated the fact of the serious depth of the problem of
innovative insufficiency in the oil sector in comparison with other sectors and they built six scenarios
for the development of these companies. The applied methods made it possible to not only come
to the conclusion that with the current level of investment in R&D in the oil and gas sector, Oil
Companies may find themselves in difficult conditions, especially if breakthrough technologies show
themselves in the non-hydrocarbon energy of the future, but also made it possible to determine
the most important directions for the development of Oil Companies, including the formation and
development of the oil and gas industry 4.0, marketing strategic management of the activities of
these companies.

Keywords: Oil Companies; innovations; investments in R&D; forecasting the Innovation activities;
industry 4.0

1. Introduction

The modern energy sector is experiencing a number of serious problems. On the one
hand, there is a number of common problems, experienced by most companies, related, for
example, to internal management peculiarities [1–4]; networking strategy [5]; concentration
and diversification issues [6] and so forth. On the other hand, the energy sector and
specifically Oil Companies are affected by specific external factors, such as changes in OPEC
(The Organization of the Petroleum Exporting Countries) policy, the “shale revolution,”
green course [7,8]. The pandemic and lockdowns in their course had a profound financial
impact, influenced the decrease in demand for the products of the Energy Industry and
thus reduced the investment potential necessary for the development of companies of this
industry [9].

The consequences of the pandemic and lockdowns are not only not yet overcome but
have also not yet been determined, since the pandemic is not over yet, the crisis phenomena
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are growing, their duration and timeline are unknown. But these are common problems,
they apply to practically all sectors and spheres of the Modern Economy. However, compa-
nies in the Energy Sector are influenced not only by common but also specific problems
due to the fact that production in this Industry, as a rule, has a continuous nature; the
suspension of a number of technological processes can lead to the complete interruption of
production. In addition, a significant part of the sub-sectors of the Energy sector does not
have the technical and technological capabilities of warehousing and storage of products
in principle. Sometimes this is technically impossible (as in the Electric Power Industry)
and in the oil and gas industry, for example, these possibilities (storage and warehousing)
are extremely limited. Speaking about the problems that relate to the energy sector and,
in particular, oil and gas companies, it is worth recalling the collapse in oil prices, as well
as the procedural and positional difficulties in making OPEC decisions in the spring of
2020 [10,11].

At the same time, there is still a number of fundamental problems related to the
energy sector. Thus, it is the Energy Companies that are primarily charged with the burden
of environmental responsibility before society. But this accusation is not entirely fair,
because they are only providing energy resources for other industries of the economy. If
the Economy had a demand for environmentally friendly energy resources, the Energy
Companies would change the structure of their supply and begin to provide energy
resources that meet such demand. But for the sake of fairness, it must be said that most
energy companies do not show the necessary activity to produce environmentally friendly
energy resources, they are the least innovatively active and negligibly little is invested in
R&D, compared to companies in other industries. And all this despite the fact that it is
they who have significant investment opportunities for the implementation of innovative
processes. Of course, this applies, first of all, to Oil Companies (hereinafter, under Oil
Companies we mean companies engaged in the production, transportation and processing
of oil and gas (Upstream, Midstream, Downstream) as a Business model, mainly it is large
companies that are often called supermajors, including state-owned). It should be noted
here that the existence of the problem of insufficient investment in R&D by Oil Companies,
on the one hand, cannot remain unnoticed for those researchers who analyze data on the
structure and growth rates of all sectors of the modern world economy, as well as for those
who have researched the regional profile by conducting a comparative analysis between the
scale of companies’ activities, their Profitability, Innovation and Investment in R&D. But this
problem, fraught with a threat to the Oil Business, is clearly ignored by the Oil Companies
management. They prefer not only not to increase the rate of innovation and investment in
R&D but even reduce their volumes both in relative and absolute indicators. The reasons
for this—as a rule consider the fact that these companies are too profitable and have
stable positions—have significant market power, in order to think about the importance
of increasing the pace of their innovative and technological development. Innovative
development, corresponding to the pace of technological development typical for other
sectors of the economy, does not represent to Oil Companies the relevance and importance
that it represents for heads of companies from other sectors of the Economy. In general,
one gets the impression that this problem of development by Oil Companies (it should be
emphasized that it is precisely the Oil Companies and not the oil and gas or energy sectors
as such, operating according to these familiar extensive schemes corresponding to the
industrial era) are not considered as posing a threat; it is veiled. This situation apparently
suits the management of the Oil Companies. But this is a very serious problem, the
manifestation of which, taking into account the development of energy technologies, can
create conditions for the impossibility of the functioning of modern Oil Companies even in
the foreseeable future, regardless of the time of depletion of hydrocarbon energy sources.

If the management of Oil Companies were to compare their capabilities and threats to
their business based not on an intra-industry analysis but taking into account the pace of
innovation in other areas of the economy, where success is achieved through systematic,
effective innovation, then this threat would be understood by management and they would
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begin to revise strategies for their development. Therefore, we can say that the reason for
the inattention and low rates of innovative development of Oil Companies is that the threat
of the emergence and impact on them of the fifth force of competition M. Porter [12–14]
is not taken seriously by them. The importance of changes in the development strategy
in accordance with the changes taking place in the modern economy is not adequately
considered by them, they have not drawn conclusions that the general drop in demand from
production consumers realizing strategies to increasing energy efficiency also contribute to
the reduction in oil prices. As a consequence, the competitiveness of hydrocarbon-oriented
Oil Companies is under threat.

It must be said that it is not only these factors and factors of global oil prices that
determine the problems of increasing the vulnerability of the oil industry. Compared to
high-tech industries (ICT, Pharmaceuticals and Automobiles), Oil companies are char-
acterized by low operational flexibility and insufficient marketing activity. But, given
the persisting internal resource potential, high barriers to entry into the industry and the
strong dependence of the world economy on oil and gas, their position cannot yet be called
critical. However, the changes in the global market require Oil Companies to rethink their
corporate strategies. For example, due to a man-made accident in the Gulf of Mexico, the
US government took a tough stance against Oil Companies [15,16]. It banned upstream in
this region for an extended period and blamed the oil company (BP) for this technological
accident. Despite the fact that as a result of the elimination of the consequences of this
catastrophe, a number of innovations have arisen; nevertheless, the presence of a more
developed scientific and technical base in the field of ecology, as well as more attention to
R&D in the field of environmental safety could, if not prevent the catastrophe, then reduce
the scale of consequences for the environment and, accordingly, for the economic position
of the oil company—the perpetrator of the technogenic accident in the Gulf of Mexico.

Thus, the problem of the non-innovative development of modern Oil Companies can
also be viewed as a problem of the short-sightedness of their development strategies.

Strategies of modern companies must be innovation-oriented. This is where one
should look for reasons and not condone Oil Companies in their choice to follow a formal
approach to innovative development.

These premises define the aim of this manuscript. It consists of the determination
of the causes and identifies the expected consequences of low innovation activity of Oil
Companies, their relatively low investment in R&D and design of possible scenarios for
the development of Oil Companies and innovative development of Energy generally. The
main research tasks of this article are, first, the task to identify the reasons for the low
innovative activity of Oil Companies and, based on a comparative analysis, to determine
the depth of the problem; secondly, the task to form a scientific and methodological basis
for solving the problem under study, to choose a set of methods necessary to solve the
problem; third, the task to review the current situation and the determination of the nature
of innovative development of Oil Companies; fourth, the task of making estimates (forecast)
of the development prospects of Oil Companies; fifth, the task of working out scenarios
for the development of Oil Companies; sixth, the task of proposing the most important
directions for the development of Oil Companies.

The hypothesis of this study is that if Oil Companies maintain their existing low
investment in R&D and low innovation activity, in a few years they will find themselves in
a difficult situation, which will mark a collapse for those of them that will not revise their
development strategies, having seriously increased attention to the issues of innovative and
technological development, taking into account the fact that the return on investment in
R&D takes a rather long period. The expanded basic hypothesis has a general character and
implies the formulation in the study of a number of intermediate hypotheses that correlate
with the research tasks indicated above and the general hypothesis itself is supported
by the results of the research given this article. This study is based on a comparative
cross-sectoral analysis, with the construction of development trends and possible scenarios
for the development of Oil Companies. As conclusions, a change the strategic guidelines
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of these companies was proposed, to transform them into more innovatively active ones;
the authors highlight the areas of innovative development and emphasize the importance
of diversifying their activities to create energy products that meet the requirements of
environmental friendliness and innovation, also involving the widespread introduction of
digital technologies and development innovative marketing culture.

Section 1—“Introduction”—of the manuscript provides its actuality, purposes, tasks
and the significance of studying the current state of the research field. Section 2—“Materials
and Methods”—of the manuscript provides the sources of used data, the basic approaches
used in the article and the methods that make up the methodological basis for studying
the problems studied in the article. Section 3—“Results”—contains the substantive part
of the results of the research, the problem and the results of its solution, providing ways
of solving the problems of development of Oil Companies, are described. In addition to
analyzing the current state, it provides forecasts and scenarios for the development of
Oil Companies and the oil and gas industry as a whole. In Section 4—“Discussion”—the
authors discuss the results, the correctness of the working hypotheses and highlight future
research directions. Section 5—“Conclusions”—presents the conclusions of the article.

This structure of article is determined by the need to achieve confirmation of the
basic hypothesis of the study and its accompanying hypotheses (including those related
to determining the degree of probability of the implementation of positive scenarios for
the development of Oil Companies and their qualitative transformation) and it also allows
the removal of the gaps in the work of other authors. In particular, these research gaps are
associated, first of all, with theoretical gaps that dominate in a number of publications on
this topic and reflect an absence of interdisciplinary approaches to studying the problem of
the development of this industry. Thus, research on the development issues of Oil and Gas
Companies is carried out within the framework of separate research areas—either current
technological problems of the industry or issues of financial and economic development or
within the framework of management science or in other rather narrow areas. As a result,
the general situation and development opportunities of companies of this industry are
ignored. In turn, the proposed approach in this article, which is the result of the conceptual
integration of the research results of various authors, starting with the ideas presented in
the works of the classics of economic science and taking into account the contribution of
specialized research in this industry (see below, Sections 2, 3.1 and 3.2), conceptualizes the
formation of a special intersectoral approach that allows study of the current and future
problems of the development of the industry. It forms the basis for the development of
a new institutional approach, which allows the formation of a system of ideas about the
importance of developing a non-autonomous approach to the analysis of the industry,
based on an understanding of the consistency of relationships that create opportunities
and threats to development for individual companies in a globalizing world, increasing
the impact of intersectoral competition on the development of industry enterprises in the
context of growing uncertainty and acceleration of the pace of scientific and technological
progress and uneven distribution of its results. With regard to the object of research, a
significant theoretical gap also reflects the need to develop special marketing approaches
that form strategies for the long-term development of companies at the corporate level and
the development of Industry 4.0. in the field of Oil and Gas companies.

In addition, there are serious empirical problems in the research of Oil and Gas com-
panies, which are caused by the dominance of studying and comparing only intra-industry
development trends, which is closely interconnected and influenced by the development
of the methodology for studying the activities of Oil and Gas companies and allows us to
identify a number of serious methodological gaps in the study of the activities of companies
in the industry (see below, Sections 3.1 and 3.2). They are predetermined by the existing
methodological disadvantage of the domination of intra-industry analysis, which does not
allow realistic evaluation of the likelihood of the realization of a negative development
scenario for existing oil and gas companies, narrowing the horizon of their research, which
does not allow assessment of the depth and scale of the problem of innovation insufficiency
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of the development of the industry and strengthens a non-systemic representation of the
existence of Oil Companies and problems in the development of this industry, taking a
nihilistic short-sighted traditionalist position. The gap in the dominance of the prevalent
methodology, is based, as a rule, on the study of Oil Companies as objects isolated from the
economic system, detached from the processes occurring in it, ineffectively abstracted from
the development of the entire system, seems impermissible today, either from the point of
view of the development of science, methodology and practices and is destructive in the
modern world.

This methodological problem is solved in the article by decomposing the groups of
companies under study and applying a comparative intersectoral analysis of the innovative
activities of modern companies in the modern competitive world, based on the use of
various forecasting methods and selection from among those that objectively reflect the
depth of the problem, which is also applicable when analyzing other industries and areas
of activity. These are general, conceptual gaps in the research. The Results Section (below)
describes the private research gaps in Oil Companies and the oil and gas industry.

2. Materials and Methods

As materials in this article, we used data from open sources: data from international
economic organizations, authoritative consulting and rating agencies, statistical informa-
tion, as well as data published in scientific publications (books, articles).

At the same time, the basic approaches used in the article are based in a broad sense on
the classical political economy, neoclassical economic school presented in the works of A.
Marshall [17], P. Samuelson, P. Nordhaus [18], G. Mensh [19], F.A. Hayek [20], in the works
of scientists who investigated the patterns of innovation and technological development N.
D. Kondratiev [21], J. Schumpeter [22–24], R. Nelson and S. Winter [25], A. Toffler [26], D.
Bell [27], J. Galbraith [28,29], B. Santo [30], M. Porter [12–14] and on the works of Russian
scientists: A. Anchishkin [31], S. Glazyev [32,33], Yu. Yakovets [34] and others.

In a narrower sense, of interest are the results of empirical studies of the oil indus-
try and Oil Companies of famous scientists, such as R. Oligny, A. Izquierdo, M. Econo-
mides [35], M. Kamien, N. Schwartz [36], H. G. Grabowski, N. Baxter [37,38], E. Mansfield
et al. [39], W.S. Commanor, F.M.Sherer [40], A. Phillips [41], J. Shmookler [42], contributed
to the understanding of the reasons explaining why Oil Companies are in a state of
low innovation activity A. Mastepanov [43], M. Poleshchuk [44], M. Cherkasov [45,46]
and others.

An important role is played by the methodological aspects from the works of M.
Blaug [47], as well as the methods for developing forecasts and scenario forecasting—the
works of K. Abt, R. Foster, R. Ri [48].

The main methods that make up the methodological basis for studying the problems
studied in this article are a set of general scientific methods (analysis and synthesis, the
method of scientific abstraction, generalization, analogies), methods of economic analysis,
classification, ranking and structuring of data, rating analysis, statistical analysis, compara-
tive analysis, as well as graphical analysis, analysis and forecasting of time series, method
of constructing linear trends (extrapolation of trends), ETS forecasting (Exponential Triple
Smoothing Forecasting), correlation analysis, scenario planning and forecasting.

Based on this methodology and on the mentioned theoretical and practical platforms,
at the article have formulated the problem of the innovative insufficiency of the oil sec-
tor in comparison with other sectors, assesses the prospects for the development of Oil
Companies, provided that while maintaining modern technological trends (the absence of
breakthrough technologies in the field of production, processing oil and gas) and with the
current level of their investments in R&D in the oil and gas sector, Oil Companies may find
themselves in difficult conditions, especially in a situation where the disruptive energetic
technologies will be commercializing by non-hydrocarbon energy companies.
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3. Results

3.1. Review of the Current Situation—Determination of the Nature of Innovative Development of
Oil Companies

The ICT sphere has demonstrated the highest rates of innovative development not
the first decade. Of course, ICT is not as capital intensive as the oil and gas sector and
has a much faster return on investment. However, in recent years, some Oil Companies
have also started to appear in the global innovation ratings [49–52]. But their number is
extremely small. There is no encouraging data from the WIPO (World Intellectual Property
Organization) 2020—The Global Innovation Index 2020. In 2018–2019, the entire oil and gas
sector accounted for less than 1% of all R&D spending in the modern economy [52]. It is not
surprising that none of the Oil Companies ranked among the leaders in R&D investments
in the GII 2020 rating. Moreover, the data even indicate a decrease in the level of innovative
activity of oil and gas companies in 2018–2020, even without taking into account the impact
of the pandemic (the impact of the pandemic on energy development is presented in
detail in [53]). The data of the rating EU R&D Scoreboard: The 2017 EU Industrial R&D
Investment Scoreboard [54,55] also testifies to the incomparably low innovative activity of
Oil Companies, compared with companies from other industries. The intensity of Oil and
Gas Companies innovation activity in comparison with companies from other industries is
shown in the diagram (Figure 1).

Figure 1. (a) R&D intensity by industry sector in 2016-2017; (b) R&D intensity by industry sector in 2018–2019. Source:
drawn up by [54,55].

It is necessary to clarify the diagram in which the gradation of the analytical review of
the European Commission is preserved. In it, the first group (high) of companies with a
high intensity of R&D (>5%) included companies specializing in aerospace technologies,
computer equipment, protection and security, the production of office equipment, leisure
goods, medical equipment, pharmaceuticals, semiconductors, software, telecommunica-
tions equipment, as well as providing medical and Internet services.
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The second group (“medium-high”)—medium-high intensity of R&D (2–5%) included
companies specializing in the production of auto components, automobiles, trucks, chemi-
cals, packaging, electrical equipment, electronic equipment, household goods, industrial
equipment, manufacture of automobile tires and financial and travel services.

The third group “medium-low”—groups companies with a medium-low level of
R&D intensity (1–2%). It included only one segment of companies related to the oil sector,
namely, oil equipment manufacturers. The same group includes companies specializing
in alternative energy, beverage production, food, retail, media, tobacco production and
distribution services.

Finally, the fourth group (“low”) is characterized by a low degree of R&D intensity
(up to 1%). It includes mining companies, companies specializing in the production of
aluminum, precious metals, gas, steel, water supplies, timber processing, water suppliers,
real estate, as well as the provision of services in the field of insurance, mobile telecommu-
nications and transport [54,55].

The above data once again prove that Oil Companies are seriously lagging behind in
terms of R&D intensity relative to companies from other sectors of the economy. It should
be added that alternative energy also occupies a low position.

In general, the oil and gas sector accounted for 1.12% of all R&D expenditures in the
world in 2018 (€9.3 billion out of €823.4 billion), while the Net Sales of Oil Companies
amounted to €2812.5 billion (13.8% of the global volume of all industries). Their R&D
intensity is 0.3% (the penultimate sector in the world), provided that in terms of profitability
Oil Companies rank second in the world (14%), yielding first place to the banking sector
(26.6%).

A detailed review of the positions of Oil Companies in 2019 shows that PetroChina,
which received 81st place in the overall rating, ranks first among Oil Companies with an
intensity of 0.6%. As noted in the 2019 EU Industrial R&D Investment Scoreboard: «In
contrast, companies in the biotechnology & pharmaceuticals, software and technology
hardware sectors have R&D intensities well into double figures and R&D is a key success
factor for them» [55], p. 59.

To demonstrate the extent of the problem, let us compare the indicators of revenue
(total income), R&D expenditures and R&D intensity of the three absolute leaders studied
by PWC in 2016–2018. and leaders among Oil Companies in the same ratings (Table 1).

Table 1. Comparison of revenue, R&D Expenditures and R&D Intensity of innovations leaders of the world and the leaders
of the Oil Companies, 2016–2018.

Company

2016 2017 2018

Revenue
($ Billions)

R&D Ex-
penditures
($ Billions)

R&D
Intensity,

%

Revenue
($ Billions)

R&D Ex-
penditures
($ Billions)

R&D
Intensity,

%

Revenue
($ Billions)

R&D Ex-
penditures
($ Billions)

R&D
Intensity,

%

Amazon 107.01 12.50 11.7 135.99 16.10 11.8 177.9 22.6 12.7
Samsung 166.67 11.95 7.2 167.68 12.72 7.6 224.3 15.3 6.8

Volkswagen 225.16 12.51 5.6 229.35 12.15 5.3 277 15.8 5.7
PetroChina
Company
Ltd. (84
position,

2018)

265.2 1.8 0.7 248.5 1.7 0.7 309.8 1.9 0.6

Exxon
Mobil Cor-
poration

(152
position,

2018)

241.1 1 0.7 201.6 1.1 0.5 238.9 1.1 0.4

Source: [56,57].
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Table 1 shows that investments in R&D by Oil Companies and investments in R&D by
leading companies are not comparable. The highest position (84th place) in 2018 is occupied
by PetroChina (84th in 2017), followed by Exxon Mobil—152nd (129th in 2017), [56,57].

It should be noted that PetroChina’s high positions in comparison with other Oil
Companies could be explained only due to a large number of patents and not to com-
mercialized innovations, which is confirmed by other sources, for example, data from the
World Intellectual Property Organization (2020 and earlier) [52].

Regarding the patent activity of Oil Companies, note that the main areas of patent
activity in the oil industry are Upstream (64% of patents), Downstream is account for
32% of patents, oil refining—1%, Midstream have 3% [50]. The number of patents by Oil
Companies grew fivefold over the period 2000–2014. But the reason for this growth is only
“shale revolution.” After a slight decline in 2015, growth resumed the following year. So,
Upstream accounts for 18,358 patents (in 2015—18,086), production of fuels and other oil
products—9861 (against 9224 in 2015), Midstream has—1321 (+52%). On the contrary, in
the Downstream sector there was a significant decrease—by 15%, despite the fact that its
share in the structure of patenting in the industry is only 1% [51].

Meanwhile, the patenting indicator, although it reflects the presence of innovative
ideas in companies, cannot fully reflect the fact of the presence of innovative activity, this
indicator does not renew significantly worn-out production assets of a significant number
of Oil Companies. Against the background of a decrease in the efficiency of the main
activity due to the consequences of the financial and economic crisis and a decrease in the
profitability of Oil Companies due to the pandemic, these indicators indicate not only low
rates of innovative development but also characterize the presence of serious threats due to
the growing likelihood of technogenic accidents. In general, the low innovative activity of
Oil Companies cannot be explained only by those rather comfortable conditions in which
modern Oil Companies exist, the rather high profitability of which, in general, does not
stimulate them to invest enough funds in R&D (relative to other companies). This situation
characterizes the presence of a scientific problem, the solution to which can also solve a
number of practical problems.

3.2. Estimates of the Development Prospects of Oil Companies (Forecast)

Based on the hypothesis defined in this article we need to get an idea of the significance
of this trend and the extent of its impact (the trend that if the current pace of R&D and
investment in R&D of Oil Companies is maintained, they (and the oil and gas industry as a
whole) will experience serious problems of their development in the future).

Unfortunately, the analytical data and forecasts below evidence just that.
To evaluate the development prospects of Oil Companies, it is necessary to identify

future trends in terms of R&D intensity, R&D investment volumes and revenue from their
activities based on forecasting time series in comparison with other industries (compara-
tive analysis).

The forecasting methodology used by building linear trends has advantages and
disadvantages. But for the tasks solved in this article, that methodology is applicable and
its use is reasonable. This is due to the fact that it is necessary to first determine how
the oil market will develop and what will be the main economic indicators of companies’
development while maintaining the current level of R&D costs in comparison with other
industries, when all other things are equal (macroeconomic stability and the absence of
breakthrough commercialized technologies in energy sphere in general (in hydrocarbon
and non-hydrocarbon energy)). Thus, the task is to identify a trend that will make it
possible to assess what will happen to Oil Companies if they do not take appropriate
measures to increase investment in innovation and in-crease the intensity and efficiency of
their innovation activities (including based on the fact that Oil Companies also there are
opportunities for the development of non-hydrocarbon technologies). Based on these data,
a scenario forecast will be built.
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To build forecast data, information was taken from open sources PWC (Pricewater-
houseCoopers) for 2011–2017 [56] and the comparative approach allowed for cross-sectoral
comparisons. The period 2011–2017 was chosen due to the fact that the dynamics during
this period demonstrates the situation quite well, during this period there are no sharp
declines and rises. This allows us to come to the most objective conclusions.

Forecasting objects. To forecasting was created the nonrandom (nonprobability) quota
sample. The sample included companies grouped by industry: Software & Service &
Semiconductors companies, Pharmaceuticals & Biotechnology companies, Technology
Hardware & Equipment, Automobiles & Components Companies, Oil & Gas companies
(using PWC terms). The sample consists of 40 companies and it is representative sample.
The forecasting time-frame is 8 years—2018–2025. Forecasting methods—building linear
and exponential trend.

The first forecasted parameter is the volume of investment in R&D in absolute terms.
The trend is built on the average data for each quota (a group of companies belonging to a
particular industry, the leader of cluster). When forecasting this indicator, the following
are additionally introduced indicators: the average indicator for the sample by periods
(2011–2017). it reflects the general trend of changes in investments in R&D for the entire
sample and the averaged indicator for the sample for 2011–2017. Obtained linear trend in
forecasting investments in R&D in absolute terms is shown in Figure 2.

 

Figure 2. Forecast (linear trend) of investments in R&D of Oil Companies in comparison with companies in other industries
until 2025, in billions of dollars. Source: calc. by author by data [56].

As can be seen from Figure 2, according to the forecast, the largest growth in invest-
ment in R&D since 2018, as in 2011–2017, belongs to Technology Hardware & Equipment
Companies, similar positions belong to Pharmaceuticals & Biotechnology Companies.
Investments in the Automobiles & Components and Software & Service & Semiconductors
industries will grow above the average indicators of sample. Only Oil Companies, whose
investments in R&D are in the range of $0.5–0.7 billion, will seriously lagging behind other
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companies from this sample. (It should be noted that in the calculations of the authors,
both linear and exponential trends were built for all parameters but only linear trends
could be recognized as reliable trend).

However, in general, the linear trend of the growth of investments in R&D in absolute
terms is largely demonstrative. More significant conclusions can be drawn based on the
analysis of relative indicators—the Intensity of R&D (Figure 3).

Figure 3. Forecast (building a linear trend) R&D intensity of Oil Companies in comparison with companies in other
industries until 2025, %. Source: calc. by author by data [56].

Figure 3, in contrast to Figure 2, shows two linear trends in the average R&D Intensity
indicators for the sample by periods. The first one was calculated by us on the basis of data
for the entire period and the second one was calculated by the European Commission for
2016–2017. The indicator the European Commission calculated is based on an results of
analysis of the R&D Intensity of 2500 R&D companies and its size is 4.1% [54], p. 36.

As can be seen from Figure 3, in this trend, the leadership was recorded by companies
belonging to the Pharmaceuticals & Biotechnology and Software & Service & Semiconduc-
tors sectors. The rest of the groups of companies will maintain their positions within the
average fluctuations in the trend. But this does not apply to Oil Companies, which will
only be able to slightly intensify R&D and will remain lagging behind.

These trends (Figures 2 and 3), being linear, do not allow predicting possible changes
in the socio-economic, scientific and technical development of the Economy, since they are
implemented only with other things being equal. However, since the forecast horizon is of
a medium-term nature and expert assessments indicate an almost unchanged nature of
investments in R&D of Oil Companies, this forecast can be considered reliable as supported
by additional data [54].

Under these conditions (according to the same estimates) Oil Companies will reduce
or maintain the same level of investment in R&D. In this case, they should think about
how effective such a policy is, because these companies need to intensify their innovation
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activity (even not within the framework of the industry’s traditional lines of business).
However, for investment in R&D, Oil Companies need funds, therefore, in order to identify
the growth trends of the revenue (income) of the companies included in this sample, a
linear trend in income was built within the same forecasting time-frame (Figure 4).

 
Figure 4. Forecast (Linear Trend) of revenue (income) of the Oil Companies in comparison with companies of other
industries until 2025, in billions of dollars. Source: calc. by author by data [56].

The Linear Trend reflecting the forecast of changes in the company’s revenues deter-
mines, firstly, that high positions are no longer held by Software & Service & Semiconduc-
tors companies and Pharmaceuticals & Biotechnology but by Oil & Gas and Automobiles
& Components sectors, while maintaining the middle positions in Technology Hardware &
Equipment. Second, revenues in all quotas will grow during the forecasting time-frame,
while revenues in the Oil and Gas sector will seriously decline. So, according to the Eu-
ropean Commission, Oil Companies form the majority of those companies whose sales
volume decreased in 2016–2017. These are: Eni −18%, Total −11%, Royal Dutch Shell
−12%, BP −18%; net sales decreased at Petroleos de Venezuela (−24%), Statoil (−23%),
Petrochina (−6%), Chevron (−15%) and Exxon Mobil (−16%). It must be said that during
this period Apple also experienced an 8% decrease in this indicator [56].

To clarify this fact, we note, first, that, as can be seen from Figure 2, in absolute terms,
the investments of Oil Companies in R&D are also not large. Secondly, we note that the
correlation coefficient we calculated indicates that there is a close and direct relationship
for all groups of companies between the indicators of investment in R&D and the dynamics
of income for the period under study. But this does not apply to Oil Companies, for which
this relationship, due to low investment in R&D, is direct but not tight (close). And thirdly,
perhaps the most important, perhaps, one should not explain the decline in the profitability
of Oil Companies (moreover, diversified in a number of areas) only by the dynamics of
oil prices and the tax burden. Indeed, at this stage of the analysis, it can be concluded
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that it is short-sighted of the explaining of the decline of company income only by market
volatility. Perhaps it should be assumed (including based on the above data) that the
problems of development of Oil Companies are contained in the insufficient investment
in R&D that has been observed in the industry for several decades, as well as in their
organizational management.

Uncertainty in this issue is removed when studying the results of empirical studies
of the diffusion of innovations in the industry and investment in R&D by a number
of well-known scientists. Thus, J. Schmookler back in the 60s of the twentieth century
established that there is a direct relationship between the increase in industry investment
and the invention of means of production in the oil refining industry [42]. Moreover, the
same proportions are also characteristic of the construction sector; this fact fully explains
why construction and Oil Companies belong to the 3rd and 4th groups in the study of
the European Commission (Figure 1) and confirms the relevance of the forecast results
(Figures 2–4). In addition, it also suggests that Oil Companies in the 21st century remain
committed to the strategies that have brought them in successful in the 20th century.

E. Mansfield et al. came to conclusions that do not contradict J. Shmooklers posi-
tion [39].Having studied 9 Oil Companies (along with 10 chemical companies and 11 steel
companies), they found that the distinguishing quality of the oil industry is, firstly, a
direct proportional relationship between the budget of these companies for R&D and the
orderly distribution of their programs by the criterion of the quality and efficiency of their
investments in R&D, and, secondly, by an inverse proportional relationship to the volume
of their sales (while, for example, in the chemical industry, there is a direct proportional
relationship between the increase in R&D costs and the results of their inventive activity).

The stimulus for the innovative development of Oil Companies was identified by
H.G. Grabowski [37,38], who made an interesting conclusion (based on the study of oil
refining, chemical and pharmaceutical companies). It consists in the fact that one of the
most important factors (“determinants”) of the intensity of R&D by companies is the “index
of firm productivity before the start of research,” measured by the ratio of the number
of patents per scientist and engineer working in a given firm. He found, therefore, that
companies in this industry are characterized by a long-term effect of R&D, characterized by
the fact that the more patents accrued to scientists and engineers in the past, the higher the
research intensity of these companies in relation to their competitors (all other things being
equal) [37]. It should be noted that the evidence that the growth in the number of scientists
and engineers in the company leads to the growth of patents was led by J. Schmookler [42]
and W.S. Comanor with Sherer, F.M. found a positive effect and correlation between the
volume of sales of new products within two years after their invention, the number of
employees in R&D and the number of patents. This correlation effect has been found to be
positive for a constant firm size [40]. M.I. Kamien and N.L. Schwartz adhere to a similar
position [36].

So what conditions are needed for the industry to innovate? To answer, firstly, one
must recall the warnings of J. Galbraith more than half a century ago, who believed that
“the era of cheap innovations is a thing of the past and an era of diminishing returns has
come to replace it” [28,29] and secondly, one should pay attention to the thoughts of A.
Phillips, who argued that the special state of the industry can stimulate the development
of innovations in it: “there is such a level of competition that occupies an intermediate
position between perfect competition and monopoly and that it stimulates innovation as
much as possible ” [41]. Consequently, the expectation of an increase in innovative activity
in the oil industry should be associated with changes in the macro environment and in the
structure of the oil market.

There are opinions according to which a large monopoly firm is more inclined to
innovative activity, since it has more opportunities for diversification [36]. For example,
H. Grabowski and N. D. Baxter came to the conclusion that the more oligopolistic the
industry is, the higher the R&D competition in it [38]. If we apply this conclusion to the
situation on the oil market, which is characterized by an oligopolistic nature, then this
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sector of the economy is characterized by a high degree of competition in the field of R&D.
However, the low degree of innovative activity of Oil Companies today suggests that this
is not entirely true. There is that industry also no intense competition in the questions
about innovation and their commercialization. But competition is happens going on in
certain segments of production, such as such as vertical drilling technologies (shale gas
upstream technologies), development and promotion of innovative fuels and oils and
offshore production technologies.

In general, there are different points of view on the problem of the relationship between
the intensity of R&D in the industry and the companies size. According to one of them,
current profits are predetermined by future innovations and the most probable sources of
technological progress are created by large companies, since they are in the best position in
terms of profitability (“high current profits, which are a source of liquidity, are an essential
condition for the application of significant efforts in the field of R&D”) [36].

The above points of view of scientists and the conclusions made by the above authors
are not typical for studies of the features and directions of development of companies in
the oil and gas industry. Unlike the cited researchers, most analysts ignore the problem of
the futility of maintaining the current extremely low rates and volumes of R&D and their
technological lagging behind the general development trends of the modern economy, not
to mention lagging behind the advanced industries. The main purpose of illustrating views
of these scientists was the need to emphasize that the situation with the non-innovative
nature of the development of Oil Companies has deep roots and requires a conceptual
revision of the innovative and investment strategies for the development of Oil Companies.
Therefore, the points of view are given not of opponents but of like-minded persons. That
is why we did not dispute with these authors, although we see a number of disadvantages
in their works. Such disadvantages and controversial points include the lack of study of
the types of innovations being introduced and their impact on the quality of innovative
development, the feedback between inventions and the development of an oil company is
not studied [36,39,42], the focus on the study of patent activity and inattention to the orga-
nization of the process of commercialization of innovations [36,37,42], lack of attention to
environmental factors, the use of digital technologies, organizational innovation and more.

Nevertheless, an important general conclusion can be made that there is still a direct
relationship between the income of companies and their investments in R&D. But this
relationship is differentiated depending on the characteristics and structure of the industry
and, when certain proportions in the industry are reached, incentives for innovation are
formed in it. (As M. Porter noted, “innovation is both a response to incentives created
by the general structure of the industry and a powerful influence on this structure)” [58],
p. 284).

The solution to the problem of low rates of innovative development of Oil Companies
should be based on the concept of M. Porter including his industry life cycle concept. Since
the oil industry is at a stage of maturity, which is predetermined by the objective reasons
for its resource orientation, the following statement by M. Porter is true in relation to it: “as
the industry moves to the stage of maturity, the product design changes more slowly and
mass production techniques appear. Product innovation is giving way to organizational
innovation . . . the latter becomes the main form of technological activity in the industry,
since the goal at this stage is to reduce the cost of producing a product . . . Finally, in
the later stages of industry maturity, the rate of innovation slows down and innovation
gradually fizzles out: investments in technology in the industry reach the point, followed
by a decline in profitability from further improvements” [58], p. 283.

However, the maturity of the industry at the moment is not a “verdict.” Oil companies
today have the opportunity to take a number of actions that will allow them in the future
to apply the strategy of “rejuvenation,” in conditions “when, due to major technological
changes, the industry can be thrown back into a state of instability” [58], p. 283. We
are talking about R&D and the commercialization of their results in the field of non-
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hydrocarbon energy and diversification (which is not yet active enough but a number of
companies are already developing, see below).

The “state of instability,” which is the result of technological evolution in interaction
(according to M. Porter) with the life cycle, gives rise to five forces: first, “change in scale”
due to the fact that as companies and the industry as a whole grow, they have more room
for innovation. Secondly, “learning,” which means that in the course of the life cycle
of companies and the industry, they accumulate skills to improve this process. Third,
“uncertainty reduction and borrowing” characterizes the process of “pushing for product
standardization.” Fourth, “the spread of technology,” and fifth, “a fall in profits from
technological innovations in various types of activities,” when the limit of possibilities for
further improvement of this technology comes [58], p. 284.

Therefore, Oil Companies should pay attention to the idea proposed by M. Porter
about the need to form industry scenarios as a competitive strategy in conditions of
uncertainty. The industry scenario is a “consistent and consistent system of views on
the industry and its future structure” [58], p. 603. Uncertainty, in this case, can come
from any of the five forces of competition and from the point of view of the oil market,
the most “dangerous” for Oil Companies is the massive distribution of substitute goods
(other types of energy). To protect business from them, M. Porter proposed a system of
protection against substitute goods, which also includes an “attack on the industry” where
substitute goods are produced [58], (pp. 428–430). Another “recipe” by M. Porter is to use
market relationships, concerning the unification of marketing, logistics efforts, production
of products, as well as—joint efforts in the field of R&D [58], (pp. 470–474), as it was
implemented by corporations in the market electronics.

3.3. The Scenarios of Development of Oil Companies

Scenario planning is a promising method for the variable description of the position of
an object in the future, taking into account the influence of various factors on the change in
the object. Scenario planning and forecasting are often used to forecast the development of
the oil and gas and energy sectors. The most famous in the energy sector are the scenarios
of the International Energy Agency, OPEC scenarios and scenarios for individual countries
and regions are being developed. Scenario forecasts are also made by Oil Companies such
as BP, ExxonMobil, Shell. All these materials were studied before the development of the
following scenarios for the development of the oil industry.

The peculiarity of the above scenarios is that they consider the problems caused by the
development of the industry—these are intra-industry comparisons. Without questioning
the significance of such forecasts and expressing respect for the authority of these studies,
we note that, in general, intra-industry comparisons do not create conditions for the
transition of Oil & Gas Industry companies to innovative development. Meanwhile, it is
precisely the cross-sectoral comparisons that make it possible to assess the complexity of
the position of Oil Companies, their future as such and their business models.

The starting point for making a decision on the formation of the scenarios outlined in
this article was also the results obtained using the MS Excel toolkit (ETS forecast). The initial
data was the information from PWC [56,59–61] and so forth on the incomes of companies
used to build linear trends in the development of the industry but with a forecasting
time-frame until 2032 (15 years) for Oil Companies (Figure 5).

As Figure 5 shows, if the current situation persists, the revenues of Oil Companies will
take negative values by 2025 and by 2032 their losses will amount to more than $90 billion
per year (all other things being equal). To establish whether the downward trend in Oil
Companies’ revenues is typical/atypical, a similar forecast was made for automobile
component sectors. The choice of the automotive industry as a base for comparison was
determined, firstly, by the relative similarity of the income values in both industries (see
Figure 4), and, secondly, by the similarity both in the models of industry competition
(oligopolistic) and factors influencing production and consumption in these industries. The
forecast result is shown in Figure 6.
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Figure 5. Forecast of revenues of Oil Companies 2018-2032, billions of dollars. Source: calc. by author by data [56].

Figure 6. Forecast of revenues for the automotive industry 2018–2032, billions of dollars. Source: calc. by author by
data [56].

From the forecasts (Figures 5 and 6), compiled by applying the ETS-forecast, it can be
seen that with respect to the automotive industry (and other sectors of the economy), the
situation with a decrease in income, which is characteristic of Oil Companies, is atypical.
Of course, the decline in income of Oil Companies was also associated with a decrease
in oil prices and the Excel forecast is based on the constancy of other factors. However,
this is fair, since there are no guarantees that the price of oil will rise and this will create
conditions for stabilization and growth of incomes of Oil Companies (in 2019 and 2020
there was a decline in prices for oil and oil products). Therefore, the probability of this
forecast being realized is nonzero. This further reinforces the fact that Oil Companies must
seek other sources of innovative growth. In particular, by diversifying and stepping up its
innovative activities. An alternative forecast of the dynamics of income of Oil Companies
for the same period can be presented using the method of analogies, assuming that the
income of Oil Companies will increase if they are more active in innovation and bring the
level of their investments in R&D to the level of other companies.

For forecasting, based on the correlation analysis, the degree of dependence of the
income growth rates of the companies included in the sample on the level of their invest-
ments in R&D was established and the growth rate was revealed. In accordance with
this, two forecasts were formed. In the first, a proportional relationship between these
indicators is used for Oil Companies, by analogy with automobile concerns (Automobiles
& Components) and in the second, a proportional relationship between these indicators is
used to predict the revenue of Oil Companies, by analogy with the industries producing
Technology Hardware & Equipment companies. The forecast is shown in Figure 7.
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Figure 7. Forecast of the dynamics of revenue of Oil and Gas sector in proportions typical for the growth of the Automobiles
& Components and Technology Hardware & Equipment sectors 2018–2032, billion dollars. Source: calc. by author by
data [56].

As can be seen, increasing investments of Oil Companies in R&D can lead to the
implementation of optimistic development scenarios. Based on the forecasting results, it is
possible to build preliminary generalized scenarios for the development of the oil industry.
They are shown in Table 2—scenarios for the development of Oil Companies (oil industry).

Here, it is necessary to add that the used forecasting methods are not multifactorial.
They are not intended to reflect the entire set of factors in full, which serves as the key
idea of the study—to study how events will develop, taking into account an important
proviso for economists—“all other things being equal” (according to P. Samuelson [18],
A. Marshall [17]). The indicated drawbacks of the method for constructing linear trends
are compensated for by constructing a scenario forecast of the industry development and
strategic initiatives of companies from other sectors of the Economy (below).

In addition to this remark, others should be added. First, the scenario is built based on
traditional concepts of formation of the scenarios and can be identified as a contrasting type
of scenario. This type of scenario allows the exploration of the conditions in which decisions
will be made, assessing existing concepts and other factors, as well as to make more correct
decisions. The create of this scenario aims to complete and concretize the forecasting
process and determine the parameters of the transformation of the Oil Companies’ market
as a result of the implementation of one of the scenarios and the scale of the consequences
for Oil Companies in their current state, as well as an assessment of the likelihood of
acquisitions of Oil Companies by the non-Oil Companies.

Secondly, the scenario method presupposes a written description of problems and
proposals for their solution, as a result of which a comprehensive summary of the problem
is achieved. Third, the scenario shown in Table 2 was formed in accordance, as follows
from the above study, with the principles, the most important of which was the principle of
proportionality of the volumes of investments in R&D of Oil Companies in R&D, combined
with the dynamics of their profitability/profitability with similar parameters of non-Oil
Companies. Fourthly, this scenario makes it possible to understand that Oil Companies,
provided that they maintain their current innovation, technological and investment de-
velopment strategies may find themselves under the influence of a serious threat due to
the growing risks of exposure to them from the fifth force of competition (according to
M. Porter).
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The proposed scenarios, in contrast to the development scenarios of the IEA (Inter-
national Energy Agency) and another’s scenarios are characterized by the fact that they
are primarily assess the future of existing Oil Companies who continue to implement their
low-innovation development strategies (or rather, regression strategies). The scenarios take
into account the models of the future oil and gas business, their actual place in the structure
of the world economy in situations of decreasing/maintaining the rates/growth of their
R&D relative to other industries (including those that may arise in future, as a result of
a technological shift). Indeed, the analysis of dynamics, comparison and forecasting of
the rate of investment in R&D, the rate of commercialization, the efficiency of R&D and
the profitability of Oil Companies and other companies indicated that the enterprises of
this industry are faced with the need to increase their innovative activity. In this case and
in the post-carbon era, companies related to oil today tomorrow will exist and develop,
either diversifying their activities or increasing the pace of innovation or becoming at the
forefront of innovative development. Otherwise, Oil Companies may not only become
unprofitable but also be object of mergers and acquisitions by corporations from other
sectors of the economy, which may have the competence of high rates of innovation activity
and rapid rates of commercialization of innovations. There is also a high probability of a
technological breakthrough in the field of energy production.

3.4. Important Directions for Development

When starting to consider the issue of important areas of development, it should
be noted that, of course, one cannot say that companies are not doing any work—it is
simply not enough. If we look at individual companies, it can be noted that, for example,
traditionally leading places in the ratings in terms of absolute volume of funds among
companies belonging to the oil and gas sector belonged to Exxon Mobil and Total, annually
investing 700–800 million USD. But on the whole, as the ratings show, in comparison
with other sectors, Oil Companies can hardly be called innovatively active. To the above
indicators and facts, we add the fact that the average annual indicator of investments in
R&D in the industry is 0.7%, however, specific values for countries vary significantly. For
American and European companies, such expenses are generally equal to $1 per 1 ton
of oil equivalent, while in China and Brazil they are 2.5–3.2 times higher. For Russian
companies, the share of R&D in the same relative indicators is less than $0.2 per ton.
Undoubtedly, such a spread in data is explained by the size of companies and the specific
starting conditions for innovative development, determined by the history of investment
in R&D. Western companies have been paying attention to this area for many years, while
Chinese and Brazilian companies have turned to it relatively recently. For a long time,
Russian companies have been operating production facilities created back in the Soviet
period. A protracted innovation pause against the backdrop of low investment in R&D
turns out to be a serious problem for them.

At the same time, given the major changes in the context of these article, it is not
enough for oil and gas companies to simply increase R&D spending and increase innovation
activity. They need to choose directions of development and develop appropriate strategies.

The number of non-oil energy companies is growing and their efficiency is improv-
ing. The oil business in oil importing countries, for example China, is focused on the
development of innovations in the downstream.

It must be said that the overall low level of R&D expenditures in this industry can be
explained by the fact that its subjects remain super-profitable. This industry is at the top in
terms of wages and is viewed by many governments as the main source of tax revenue [35].

The development of innovative processes is also seriously hampered by the internal
structure of Oil Companies, which is vertically integrated, in which the development of
new technologies is limited to the activities of special units. Not all companied disclose
this information. Nevertheless, for example, in British Petroleum and in Statoil, innovation
processes are managed by a line manager, for whom this function is secondary [62].
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The analysis shows that investments in R&D can be transformed into successfully
implemented innovations that produce an economic effect only if there are special market
strategies. The key perspectives directions for Oil Companies will be: drilling technolo-
gies, remote control of drilling, improving hydraulic fracturing technologies, ensuring
environmental safety, new methods of studying the geology of wells at great depths.

At the end of the last century, the global average oil recovery rate did not exceed
15–20%. Since the beginning of this century, it has grown to 35% and in some countries,
it has reached 50%. In modern oil production, the oil recovery coefficient ranges from
9–75% [63] but this coefficient differs in different countries: the highest is at one of the fields
in Norway (66%), in Russia—up to 35%, in North America—35–37%, in Latin America and
Southeast Asia—24–27% and in Iran 16–17% [64,65]. Meanwhile, an increase in oil recovery
in all regions of the world by at least 1% would cover the needs of the world economy for
2–3 years ahead (according to Ernst & Young, by about 88 billion barrels [66]).

One of the most important directions in the development of the oil and gas industry is
to increase the efficiency of operating the existing fields. The most challenging tasks are pro-
duction optimization and maximum reduction of downtime costs. It can be solved through
the introduction of automation systems that reduce labor costs for well maintenance,
reservoir-to-surface modeling, pump control and the development and implementation
of integrated technologies for Smart Field. It will be possible to maximize oil production
from the reservoir through real-time control, flexible changes in the production schedule,
adaptation to changing environmental conditions and reduction of energy and hydraulic
costs. In this case, the life cycle of the field will be lengthened and environmental risks
will decrease.

As the analysis of plans and projects of Oil Companies has shown, projects on the use
of solar energy and wind energy are being implemented by Royal Dutch Shell, Chevron,
Petrobras, Total, BP; projects related to geothermal energy are being developed by Royal
Dutch Shell, Chevron, PetroChina; Chevron, Petrobras, PetroChina are interested in the
implementation of projects for the production of biodiesel; BP is interested in the develop-
ment of projects for obtaining biofuels and energy from inedible plant materials and R&D
in the field of hydrogen energy belongs to ExxonMobil, Chevron, Total.

Due to the industry specifics, the development and implementation of innovations in
the oil and gas industry initially implies a high level of R&D costs. In the near future, the
demand for them may reach such volumes that will not be available even to supermajors.
Realizing this, these companies are already looking for government support today.

4. Discussion

Despite the fact that the purpose of this article has been achieved and its hypothesis
has been confirmed, the issues studied in this article can be further developed and become
objects for scientific and practical discussions. All problems determine the prospects for
the further development of the authors’ ideas, both in terms of the further development
of theory and in relation to the development of practical possibilities for applying the
conclusions obtained in this article.

The object for further scientific research and for scientific and scientific-practical dis-
cussions becomes and another moment. It consists in the point that the scenario forecasting
methodology can be developed in further research, which will study the problems associ-
ated with taking into account new trends, including those caused by the crisis caused by
Covid-19 and the subsequent economic recovery. There are also important directions for
the development of this approach through the use of quantitative methods for assessing
the development of scenarios and it is the to expand of the research horizon.

Another discussion point, which requires further research, is the conclusion made
by the authors and that the problem of insufficient investment in R&D in Oil Companies
is a consequence but the reason consists of the existing and prevailing business model
in the industry. Their disadvantages were identified in the article. They can lead to the
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collapse of the existing (modern) Oil Companies due to the impact on them of the fifth
force of competition.

5. Conclusions

The hypothesis proposed in this study is confirmed. However, the confirmation
does not cause optimism in connection with the results of forecasting. Indeed, most
Oil Companies show low innovative activity, continuing to develop along an extensive
trajectory. The transition to an intensive model is possible only through an active innovation
policy, an increase in R&D costs and the effectiveness of the implementation of the results
obtained, as in other industries.

Practical conclusions should be drawn from our analysis, which is that Oil Companies
need not only come to understand that they are in a “pre-calaptic” state but also that it is
necessary to develop new directions of their development that will allow them to achieve
the best possible development scenario. As the main directions for the development of Oil
Companies and this industry it should be noted that as the main directions of the industry
development, several consolidated directions should be distinguished. The first of them
consists of the implementation of innovative activities in the field of traditional processes
associated with the production of hydrocarbons and the production of petroleum products,
where R&D should be aimed at increasing the efficiency of production processes, increasing
reservoir recovery. The second direction is to improve the environmental friendliness of
the production processes of traditional hydrocarbon products. The third direction is
associated with diversification, with the development of new sources of energy production.
An important direction is also the improvement of the organizational structure of the
management of R&D processes, the innovation policy of Oil Companies (fourth). As the
fifth direction, one should also highlight the direction associated with the use of digital
technologies in the production process—the use of big data technologies, Distributed ledger
systems, AI, VR, and nanotechnology [67].

A source of accelerating the rate of innovative development can be the possibility
of forming intersectoral scientific and technical alliances, developing scientific and tech-
nical cooperation with other companies through the creation of joint ventures and the
organization of specialized portals.

The above aspects, on the one hand, define a wide field of discussion and on the other,
they determine the further direction of research. In addition to the need to develop the
above areas, to continue the process of monitoring R&D in the energy sector, we believe
that it is important, firstly, to raise the issue of forming a concept for the development of the
oil and gas business in the 4.0 format, as a symbol of a qualitative business transformation.
So far, this sounds like a slogan [52] and therefore there is an urgent need for a transition to
action—exploring opportunities, forming a methodology and forming special strategies,
tactics and instruments.

Secondly, the development of an effective system of innovative marketing, which
involves monitoring changing demand and opportunities for innovative development
not only through portfolio but also through direct investment. The tactical component
of new business models is to increase investment in R & D and more actively implement
their results in production. The strategic component involves the development of inno-
vative marketing principles and the transformation of Oil Companies into diversified
energy producers.
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Abstract: The contribution of the energy sector to human development (HD) is one of the aspects that
requires measuring growth of the overall sustainability of HD. The UN program, Agenda 2030, has
defined the vision of advanced development by introducing a sustainable HD paradigm, the balanced
integrated development paradigm, in three dimensions: economic, social and environmental. The
overall performance of countries is not currently assessed; there are several proposals for measuring
sustainable HD level, but none have become widely accepted due to their weaknesses. The selected
indirect measurement method reflects the interlinkage of development dimensions in real cases
of low data availability. By combining the strengths of existing proposals and eliminating their
weaknesses, the measuring methodology has been created and an appropriate tool—the Advanced
Human Development Index (AHDI)—has been designed, which ensures unity and concordance of
all included comprehensive dimension indices. The calculations confirm the accuracy and simplicity
of the measurement. The proposed methodology and AHDI, as a simple, balanced index that is based
on result-oriented headline indices, provide the big picture, which will be transparent, acceptable and
usable for experts, politicians and the global community to assess the achieved development levels
and to make strategic decisions for the coming period.

Keywords: Agenda 2030; sustainable human development; measuring development; energy security;
energy sustainability; indirect measurement; composed indexes

1. Introduction

Academic and political understanding of human development, its scope and dimen-
sions, interrelations and significance in the human development process is formed and
changes during global socioeconomic and political development. Such a concept asks
for the regular comprehensive measurement of progress in human development (let us
remember Niels Bohr’s expression, “Nothing exists until it is measured”) to explicate
the achieved level in statics and dynamics, as well as to make strategic decisions for the
coming period.

A secure and stable supply of energy has been a key driver of development for both
the world’s leading economies and developing countries. From the beginning of human
development, energy has made a direct contribution to economic growth [1]. “Energy and
economy evolve in tandem” [2] is a well-established axiom. In addition to the economy,
access to energy is a critical precondition for the social development of humanity; this is the
conviction of politicians (e.g., “Energy is the lifeblood of our present-day civilization and
culture” [3]) and experts (e.g., “The provision of adequate energy services is a precondition
for socioeconomic development and human wellbeing” [4]).

Such comprehensive qualitative assessments can be confirmed and quantified by the
indication of causation between energy consumption and human development. The last as-
pect is currently measured by the Human Development Index (HDI) as a parameter, which
is globally accepted by experts and politicians as the indicator of national socioeconomic
development level. Figure 1 shows that the correlation between both mentioned indices is
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strong. In general, access to exponentially increasing amounts of energy is necessary to
achieve linear growth of the development level. There are no indications that this pattern
is substantially weakened on a global scale. This causation should be taken into account in
determining future energy (including energy efficiency and performance) policies to break
growing energy consumption in many countries.

Figure 1. Human development index vs. final energy consumption per capita (2019 or the last
available year); sources—Human Development Report and Our World in Data.

To shape human development as a global sustainable trend, which will secure welfare
opportunities for future generations, the United Nations (UN) has adopted an advanced
development concept, Agenda 2030, which includes an environmental dimension in addi-
tion to the economic and social dimensions. The concept forecasts energy as one of the
key pillars for human wellbeing and further sustainable development in the 21st century:
“Sustainable development of energy systems requires consideration of all three sustainabil-
ity dimensions: environmental, economic and social” [5]. Issues such as long-term energy
efficiency and energy security are becoming critical far beyond the context of energy: “It
is clear that the energy sector must be at the heart of efforts to lead the world on a more
sustainable pathway” [6].

Even in this case, which corresponds to the Agenda 2030 vision, the real contribution of
energy consumption to sustainable human development can best be indicated by measuring
growth of the overall development level. However, the quantitative assessment in this case
lacks a complex indicator of development level, which integrates all three dimensions and
corresponds to the Agenda 2030 vision.

The aim of this study is to develop a measurement methodology, which is consistent
with the Agenda 2030 vision on the advanced human sustainable development paradigm,
as well as an appropriate tool—the Advanced Human Development Index (AHDI)—that
reconciles the social and economic dimensions with the environmental dimension. Of
course, the importance of creating such an index goes far beyond energy, which is certainly
very important, but is only one aspect of human development.

In Section 2, an advancement of the human development paradigm and its measure-
ment is analyzed to indicate academic and political context. Section 3 shows the selection
of the optimum method for measuring sustainable human development. Section 4 is
devoted to the creation of measurement methodology and calculation of the AHDI. Section
5 discusses the results obtained, while Section 6 outlines the introduction of the AHDI in
the practice of experts and politicians.

2. An Advancing Paradigm of Human Development

The term development in general is described as “the steady growth of something so
that it becomes more advanced, stronger, etc.” [7]; in relation to humans, the term denotes
a continuously advanced concept on a “comprehensive societal process that covers all
aspects of life” [8].
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For many centuries, the economic activities were considered as the single real driving
force of human/national development and progress. Gross domestic product (GDP) (or its
derivatives) has been considered as the core indicator in measuring the development level
of a nation and its power (see, e.g., [9]).

From the 1960s onwards, experts and politicians have increasingly emphasized that
human development is not just about economic growth. “It [GDP] measures neither our
wit nor our courage, neither our wisdom nor our learning, neither our compassion nor
our devotion to our country, it measures everything in short, except that which makes
life worthwhile” [10]. Consequently, “National income . . . [becomes] an inappropriate
indicator of development” [11]; in terms of measuring development, this means that “ . . .
such as the GDP are useful, development is now considered to be a much broader concept
and must be more than a focus on economic growth [only]” [12].

Starting with a general thesis on social development, a consensus has gradually
emerged on the most crucial dimensions for humans: health and longevity, good edu-
cation and sufficiently high income. Instead of money, people became the priority of
global development.

An integrated and, at the same time, simple indicator—the Human Development
Index—was created and adopted within the UN framework. The HDI has convinced
academics, politicians and the whole community for 30 years that they can and must
value development not only with economic progress, but also with the increase of human
well-being. In the first edition of subsequent annual Human Development Reports, it
was declared that “It is about more than GNP growth, more than income and wealth and
more than producing commodities and accumulating capital. It is about how development
enlarges their [people] choices. The most critical of these wide-ranging choices are to live a
long and healthy life, to be educated and to have access to resources needed for a decent
standard of living” [13].

At the end of the 20th century, an extensive global discussion of experts and high-level
politicians expanded on the next fundamental issue: how to increase the sustainability of
human development.

In general, experts define sustainability as a long-term concept of various interrelated
economic, social and environment aspects (see, e.g., [14]). Different priorities have been
set; however, the broadest consensus has been achieved on the importance of protecting
the natural environment. This resulted in the 21st Century Action Program Agenda
21 [15]; the UN Summit on Sustainable Development then expanded and modified it as
the Agenda 2030 [16]. The programs defined the extended vision, which is the kernel of the
today’s sustainable human development paradigm, as a holistic vector of global progress,
incorporating balanced integrated solutions to the economic, social and environmental
dimensions. Seventeen sustainable development goals (SDG) and 169 targets have been set
for the period up to 2030, these are directed to the implementation of the multidimensional
Agenda 2030 vision.

Naturally, such a vision and sustainability concept asks for an advanced human de-
velopment measuring procedure to characterize progress in statics and dynamics: “ . . . it
is important to seriously start thinking about the performance measurement system associ-
ated with SDGs at the initial stages itself, to lay foundations for effective and evidence-based
policy making” [17].

Although “...the concept of sustainable development is much broader than the pro-
tection of natural resources and the physical environment; it includes the protection of
human lives in the future; after all, it is people, not trees, whose future options need to be
protected” [13], it will take a long time to globally harmonize other aspects of sustainability
(see, e.g., [18]). The current task is to measure sustainable human development exactly
according to the current consensus, thus indicating the successes and problems in the
implementation of Agenda 2030.

The COVID-19 pandemic and the subsequent difficult recovery period significantly
increases the importance of sustainability in global and national long-term policy planning
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(see, e.g., [19]). The predicted inevitable decline in the level of globalization of processes
and changes in value chains; the growing importance of self-sufficiency at the national
level; and changes in the level and structure of consumption, the national isolation of
countries and the growth of international competition (see, e.g., [20,21]), all increase the
share of sustainability in reasoned policymaking. As a result, the importance of objective
comprehensive measurements and monitoring of sustainable human development as a
result of the implementation of post-COVID recovery policies becomes much higher.

There is a typical measuring problem for multidimensional programs: even many sep-
arate narrow profile indicators cannot show the overall progress of the program; therefore,
composite indicators (indexes) are created, aggregating individual indicators. “Composite
indicators can be used to summarize complex or multidimensional issues, in view of
supporting decision-makers. Composite indicators provide the big picture . . . An index
remains useful to make a point for action” [22].

Currently, the problem is a lack of a politically accepted methodology and tools to
measure the implementation of the comprehensive Agenda 2030 vision. At the time of
elaboration of Agenda 2030, the UN Division for Sustainable Development recommended
that “Indicators corresponding to the future SDGs are most important for monitoring
future progress, but they will need to be complemented by composite indices of sustainable
development progress” [23]. The task to improve the system of indicators for progress
measurement already exists in the composition of SDGs: “By 2030, build on existing
initiatives to develop measurements of progress on sustainable development” [24].

Experts have a similar position: “We must first decide where we are going—our
overarching goal—to measure progress toward it. . . . We are certainly not recommending
throwing out the [indicator] dashboard, but merely recognizing that the dashboard and an
aggregated indicator of overall progress toward our shared goal are both necessary if we
hope to achieve our goal” [25].

3. An Optimum Method for Measuring Sustainable Human Development

The selection of a measurement method is a very important step in the creation of
any measurement procedure; unfortunately, its importance is not always fully appreciated.
However, it is the method that is the kernel for further generation of the methodology
and thus primarily determines the performance of the whole measurement procedure. We
carried out a purposeful detailed investigation of the cohesion of the Agenda 2030 vision
and past experience in measuring human development to make an informed choice.

3.1. Direct Measurement Method

“In direct methods of measurement, the unknown quantity is directly compared
against a standard and the result is expressed as a numerical number and a unit” (see,
e.g., [26]. Direct (absolute) measurement of the achieved progress in sustainable human
development and obtaining the measurement result as one quantity value is impossible
due to lack of a standard (etalon).

That is why the SDG indicators’ set, which was adopted by the UN General Assembly,
consists of 232 narrow profile indicators only [27]. A huge advantage of the set is its
relatively widespread use of hard statistical indicators; they provide a representative view
of the relevant part of aspects of sustainable development. Nevertheless, not all SDG
indicators can be quantified; the global data availability is low (about 50%, according
to [28]), especially for reliable data. The similarly purposed Eurostat database provides the
data on 100 indicators for EU countries only [29].

With such a huge number of indicators, uneven execution occurs in various aspects
(targets); similar progress for all aspects is unthinkable. An analysis of the Agenda 2030
implementation trend reflects that part of the individual indicators show progress, others
show mining at the current level with some fluctuations while still others show regression
in the relevant aspects.
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The UN High-level Political Forum on Sustainable Development [30] was held to
comprehensively review the achieved progress. In assessing progress, successes as well
problems were mentioned only on individual aspects, e.g., access to safe drinking water
and electricity, child and neonatal mortality, economic growth, quality education, poverty,
hunger, gender equality and environment. Progress as a whole and the general dynamics
had not been assessed; leaders and those falling behind were not identified. Due to the
Agenda 2030 key thesis on integrity of the sustainable human development process, the
forum had to give a political conclusion on the overall progress, and it did: “ . . . yet it is
clear that the world is not on track to meet the SDGs by 2030”. However, it is difficult to
consider it as a data-based conclusion.

Assessments at EU [28] and OECD [31] levels had an analogous fragmented structure.
Analysts were also forced to draw conclusions about the overall trend based on individual
indicators only and using an indefinite conclusion on “ . . . only limited progress” [32].

There are several additional reasons as to why obtaining a positive result by creation
of a composite index aggregating many specific target-related indicators (the so-called
bottom-up approach) in this case is questionable.

As the integrated essence of multidimensional sustainable human development, the
overall progress of Agenda 2030’s implementation cannot be adequately characterized, even
by a combination of many sectoral numerical indicators “because these [social, economic,
and environmental] resources are interconnected, there are no simple solutions to the
problems society causes” [33]; e.g., the economic growth affects investments in social and
environment dimensions, knowledge drives the economy and creates awareness of the
environmental issues and the polluted environment directly impacts health. Bennich, Weitz
and Carlsen [34] provide an extensive analytic overview of these interlinkages.

In turn, Barbier and Burgess [35] show that many of the SDGs contribute to more than
one dimension of sustainability; quantitative analysis of the interactions and complemen-
tarities convincingly confirms the existence of interconnections; 43% of the sustainable
development indicators in the EU database are used to describe two or more SDGs. The
actions taken and the relevant indicators do not always have a positive effect on all SDGs; a
different and, in the medium term, even contradictory effect on overall progress is possible
(e.g., the balance between economic and environmental activities is still being sought).

Nevertheless, there have been several attempts to create the index that directly inte-
grates SDG-related indicators.

The Sustainable Development Goals Index (SDGI) methodology is directly based on
the structure of 17 SDGs that is an advantage of the approach [21]. The SDGI is created by
summarizing part of the target indicators, which reflects the SDG settings; averaging the
normalized indicators takes place first within the SDGs and then across SDGs.

Several weaknesses in the index methodology have been mentioned [36,37]. Only 60
(issue 2016) and 85 (issue 2020) of the accepted 232 SDG indicators are aggregated depend-
ing on the data availability to date. It is not known whether these are the determining
indicators; this creates uncertainty in the calculated result. The methodology does not
account for the interlinkages and the integrity of the SDGs.

The Systemic Indicator of Sustainable Development (SISD) is an academic attempt
to remedy the last shortcoming of the SDGI and to measure the sustainable human devel-
opment process in a more holistic manner [38]. Applying the systems thinking theory and
approach, the dataset of 47 indicators (the same data availability problem), which relate to
17 SDGs, is transformed into another set of 14 factors taking into account the complexity of
sustainable development and interlinkages of the SDGs. These factors are aggregated as
secondary indicators to create the SISD. At the current stage of elaboration of the index,
the result has become difficult to interpret; the question of interlinkage at the factor level
also remains.

There are also proposals for the creation of composite indexes at the level of individual
SDGs [39]. However, the bids are for some goals only and their aggregation to obtain a
common index has not been elaborated.
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3.2. Indirect Measurement Method

The essence of the indirect measurement method is synthesis of the unknown quantity
from measurements made by direct methods of measurement of some other quantity linked
to the unknown one by a defined relationship (see, e.g., [26]). In the practice of measuring
human development, several quantities (indicators), which are related to achievements
of human development as a whole or its dimensions, are usually used. This (so-called
top-down) approach makes the problems of the direct measurement method irrelevant: a
lack of a part of individual indicators is insignificant, interdimensional links and impacts
are observed and the impact of indicators on several targets and SDGs is considered.

Dimension indicators typically are aggregated as components in the composed index.
Experts, politicians as well as the global community, already have long-term experience
and habits for creating and using an exactly indirect measurement method of the achieved
human development level.

“Gross domestic product is an aggregate measure of production” [40], which is formed
by the value added by all households, companies, public bodies and nonprofit institutions
across the economy. It is a comprehensive indicator, which is constructed using datasets of
the National Accounts and is based on the economic output, which is a principal advantage
for data-driven high-level political decision-making. In fact, GDP not only summarizes the
economy in one number, but “it drives government policy and sets priorities in a variety of
vital social fields—from schooling to healthcare” [41]. Therefore, “the success of GDP is
based on the fact that, with them, politicians were from the outset able to pursue a whole
array of goals beyond just documenting economic processes” [42].

HDI is a politically accepted index, it has been used successfully for many years as
“the best available alternative to GDP per capita” [43], although problems have already
been identified (see, e.g., [44]). HDI is calculated as the geometric mean of three normalized
dimension indexes (see Figure 2), thus ensuring a balance between the dimensions [45].

HDI = (ILife)1/3 × (IEducation)1/3 × (IIncome)1/3 (1)

Figure 2. Design of the HDI; source—Human Development Report.

There are more suggestions for indirect measurement of sustainable human develop-
ment compared with the direct one. Two of them propose the use of one or more narrow
profile environmental indicators, others use integrated environmental indices. It should be
noted that there are also offers that include other aspects such as peace, happiness and so
on (see, e.g., [46]).

The Human Sustainable Development Index (HSDI) [47] was proposed by Togtokh
and Gaffney “as a small step ahead to promote sustainable development” [48]. It is cre-
ated by the addition of an environmental dimension to the HDI. Although environmental
health and the services, which ecosystems provide for humans, are mentioned as factors

62



Energies 2021, 14, 856

that increase quality of life, CO2 emissions per capita is proposed as the only indica-
tor representing the environmental dimension. HDI methodology is preserved; there
is an equal weighting of all four dimensions (standard of living, longevity, knowledge
and environment):

HSDI = (ILife)1/4 × (IEducation)1/4 × (IIncome)1/4 × (ICO2 )1/4. (2)

There are not many worldwide complex environmental indices that cover various
environmental aspects as a whole.

The Ecological Footprint (EF) created by the World Wildlife Fund [49] reflects use of
the natural capital (soil, air, water, minerals and living creatures) as well as the amount of
generated carbon emissions. This should be evaluated as an insufficient composition for its
use as an environmental indicator. The authors of the report themselves acknowledge that
“National Footprint Accounts are not capable to quantify human environmental damage
or pollution”. Nevertheless, several authors have used EF to create sustainable human
development indices.

The Ecological Well-being Performance indicator (EWP) [50] is composed as the ratio
of the HDI and the logarithmically normalized value (EFn) of the EF to measure the
achieved level of sustainable human development in relation to ecological assets consumed:

EWP = HDI/EFn. (3)

Analysis shows that there is quite a strong positive correlation between the HDI and
EF (see Figure 3): a more developed economy and society is generally more resource
intensive. The impact of the environmental dimension (EFn) on the calculated composite
indicator is extremely strong, resulting in a moderate negative correlation between HDI
and EWP. Such an introduction of the environmental factor crosses the economic, longevity
and educational achievements of society.

 

Figure 3. Ecological Footprint (a) and The Ecological Well-being Performance indicator (b) vs. HDI; sources—Human
Development Report and World Wildlife Fund.

The Sustainable Development Index (SDI) philosophy [51], in general, is similar to
that of EWP. HDI is slightly modified (HDIm), e.g., Gross National Income per capita (GNI
pc) levels have been limited at $20,000 PPS (Purchasing Parity Standard). Unlike EWP, the
environmental dimension is formed by a complex function of material footprint (MF) and
CO2 emissions:

SDI = HDIm/f {MF, CO2}. (4)

Correlations between the HDI and both MF and CO2 are strongly positive. The result
in this offer is very similar to that of the EWP.
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There is a clear need for a more integrated environmental indicator that covers as
many aspects as possible and thus assesses the inevitable pressure of human development
on the environment.

The Environmental Performance Index (EPI), which is compiled by experts from sev-
eral prominent universities, has much wider coverage of environmental issues [52]. It
covers 11 high-priority environmental aspects (air and water quality and pollution, biodi-
versity degradation, climate change and emissions, waste management, etc.), for which
32 statistical indicators have been compiled for characterization. The index provides a
balanced assessment of environmental health, evolving with increasing levels of knowl-
edge and well-being, and the viability of ecosystems, which suffer from industrialization
and urbanization.

Experts of the EC Joint Research Centre acknowledge the EPI “as a reliable composite
indicator to measure environmental performance worldwide” [53].

The Environmental Human Development Index (EHDI) takes a holistic approach [54]
to the synthesis of human development (which is characterized by the HDI) and environ-
mental factor (EPI, as the most comprehensive environmental index is chosen). Based on
the assumption of equal importance (resp. weights) of both mentioned components on
sustainable human development, the index is calculated as the geometric mean of HDI
and EPI:

EHDI = (HDI)1/2 × (EPI)1/2. (5)

Accounting for formula (1):

EHDI = (ILife)1/6 × (IEducation)1/6 × (IIncome)1/6 × (IEnvironment)1/2. (6)

The environmental dimension has the same weight as the life, education and income
dimensions in total. For example, a 5% growth in one of the HDI dimensions results in a
0.82% increase of the EHDI, while a 5% growth in the environment dimension provides a
2.47% increase of the EHDI. This is not as strong an impact of the environmental dimension
as we have seen in the cases of EWP and SDI; nevertheless, it does not correspond to the
Agenda 2030 setting on interdimensional balance. In fact, these examples reflect the regular
efforts of radical environmental activists to limit the concept of sustainability to the natural
environment only.

3.3. Selection of the Optimum Measurement Method

Several postulates arise from the investigation of the key principles of Agenda 2030
and past experience in measuring human development (see [55]). Currently, when experts
and politicians are looking for a successor of the HDI to measure sustainable human
development, it is important to take them into account to select the most appropriate
measurement method:

• The Agenda 2030 general vision—“achieving sustainable development in its three
dimensions—economic, social and environmental”—describes not only the develop-
ment process but, firstly, the result achieved. Thus, respect is given to the principle
already defined in the 1st Human Development Report [13]: “Human development
has two sides: the formation of human capabilities—such as improved health, knowl-
edge and skills—and the use people make of their acquired capabilities”. The indirect
measurement method makes it possible to create the AHDI by aggregating the indica-
tors characterizing the results achieved in various dimensions of sustainable human
development; this opportunity should be appreciated.

• Assuming that any of the 17 SDGs, 169 targets and 232 indicators is, to some extent,
the driving force of the Agenda 2030 vision, it is necessary to consider all indicators in
the sustainable human development measurement process, if the bottom-up method
is used. Many of these indicators could be insignificant and could be dropped, but
which ones? It would be worthwhile to determine them using data mining methods,
but before that, data on all indicators are necessary. While data for many indicators
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are not available, several indicators are not quantifiable at all, this is a fundamental
obstacle to obtaining an adequate measurement. Applying the top-down method does
not result in such a problem if appropriate result-oriented indices are used to describe
dimensions of sustainable human development.

• The interlinkages and integrated nature of the SDGs are of crucial importance when
implementing the Agenda 2030 vision; an indivisible, integrated approach is one of the
basic principles of Agenda 2030: “As already pointed out, many of the goals included
in the SDGs are multidimensional, covering more than one dimension of sustainability.
Many synergies and complementarities can exist among the different SDGs. But trade-
offs are also possible where improvements in one dimension could trigger negative
results in another” [36]. When aggregating many individual indicators in a composite
index, these features may be lost. When working with the resulting data, they will
be considered.

The postulates show that the use of the direct measurement method is associated
with great difficulties in creating the composite index for measuring sustainable human
development, which will “be helpful in setting policy priorities and in benchmarking or
monitoring performance” [56], and will be understandable, transparent, acceptable and
practicable for experts, politicians and the global community. The existing offers confirm
that there is a long way to go in solving various problems, and there is no guarantee of a
successful result.

Accounting for the SDGs’ and indicators’ crosslinks is of crucial importance. The final
documents of the SDG Summit [30] reiterate the necessity of a systemic and all-inclusive
approach: “Focusing on one goal or target at a time and working in silos is therefore un-
likely to result in overall success. Transforming to a socially, economically and ecologically
sustainable society requires strengthening the focus toward all the SDGs and ensuring
cooperation among the different measures or levers of action”. Furthermore: “The widely
accepted ceteris paribus condition, which analyses the behavior of each system indepen-
dently, cannot be considered helpful in the Agenda 2030 context. More holistic approaches
are required as the contextual evaluation of several systems together is fundamental” [36].

Experience shows that the indirect measurement method (used by both GDP and HDI)
has been popular and practically applicable. “Top-down approach is less time and resource
intensive and has been generally applied at larger geographical scale; . . . it is driven by
the opinions of experts/researchers, through which the framework is designed based on
broad common issues” [57]. This is exactly what is needed to carry out sustainable human
development planning, monitoring and evaluation tasks on a global and national scale.

The indirect measurement method also allows minimizing potential discussion of
one’s or another country’s national priorities and interests within the scope of the SDGs,
targets and indicators. The core dimensions of Agenda 2030—economic, social (i.e., life and
education) and environmental—are important for any country and society.

Overall, it shows that the indirect measurement of sustainable human development
offers a much wider perspective. We selected the indirect measurement method for creation
of the methodology and measurement tool, the AHDI.

4. Methodology and the AHDI Calculation

Similarly, observing the principles of Agenda 2030 and the experience gained in mea-
suring human development, we put forward several postulates to generate the framework
for the measuring methodology and selection of the environmental dimension indicator:

• Heredity, evolution rather than revolution; in creating the HDI as a substitute of GDP,
the very popular GDP was not discarded. It was included in the set of HDI dimension
indexes, supplemented by the longevity and knowledge indexes. There is neither
reason nor need to stop using this principle in the future. Usage of the HDI, which is
globally accepted at the expert and political level, is expedient in the creation of the
AHDI to describe social and economic dimensions. Significantly, all described indirect
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measurement proposals are designed exactly by supplementing the HDI with some
environmental indicators.

• Simplicity of the indicator and the use of few dimension indices provides under-
standing to non-economists, politicians and the community, which is important for
political decision-making. The main advantage of GDP, which has enabled it to gain
a strong political acceptance and become “the most powerful statistical figure in hu-
man history” [41], is its simplicity of use. Likewise, “the HDI’s simplicity, coupled
with the transparency assured by the utilization of data published by international
organizations, has been one of the main drivers behind the success of the HDI in the
past twenty years” [58]. The aspect of simplicity in creating the AHDI should not
be underestimated; the design of AHDI, using only a few indicators, will contribute
to its popularity. Only one comprehensive headline indicator should be chosen to
characterize the environmental dimension.

• An important feature of HDI’s design is its unity and concordance of all three dimen-
sion indices; this is confirmed by strong positive correlations between the indices
(Table 1). In turn, the HDI methodology guarantees a balanced effect of the dimension
indices on the HDI value. An equal weight of united and consistent dimension indi-
cators in the AHDI is the best decision following Agenda 2030’s politically accepted
settings on development in a “balanced and integrated manner”.

• Any dimension indicator should provide the fullest possible coverage of the aspects
of the Agenda 2030 dimension concerned. The chosen environmental indicator should
also cover various aspects of environment pollution, degradation and preservation;
given the diversity of environmental aspects, an integrated dimension index will have
to be used in practice.

• There is no rational reason for developing a new comprehensive environmental index;
instead, it is desirable to use a stable existing index that is elaborated by high-level
experts and that is already politically accepted.

Table 1. Interdimensional correlations of HDI 2020.

Income Index Life Index Education Index

Income index xxx 0.8411 0.8675
Life index xxx 0.8193
Education index xxx

Table 2 summarizes the compliance of the proposed indices for sustainable human
development measurement with the proposed postulates.

All proposed indices are based on the HDI expanding, nevertheless there is no such
consensus on other postulates. However, new constructions of ecological indicators do
not fully cover the problems of environmental pollution and degradation, while unduly
complicating the index; EF is, by definition, contradictory to economic development.

The HSDI and EHDI methodologies are most appropriate for the defined set of postu-
lates. The chosen narrow-profile environmental indicator (CO2 per capita) is a shortcoming
of the HSDI, while the weak point of the EHDI is a dimensional imbalance, as the impact
of the environmental index on the EHDI significantly exceeds that of other dimension
indices. Possible further advancement is achievable by an integration of the strengths of
both methodologies: the HSDI methodology that provides a balance of all dimensions in
the index by partial opening HDI calculation as well as by the EHDI methodology that
uses the EPI as an environmental indicator, providing incomparably wider coverage of the
environmental aspects in comparison with that of the other options.

To bring the HDI in line with today’s concept of sustainability (balanced long-term
integration of economic, social and environmental dimensions), its existing dimension
base had been complemented by an environmental dimension (Figure 4). The AHDI
methodology was elaborated by combining the advantages of EHDI and HSDI, thus
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achieving a significantly higher compliance of the AHDI with the principles of the Agenda
2030. In doing so, the HDI calculation methodology [45] was used precisely to maintain
the multidimensional balance already achieved. We rely on the expertise and authority
of the UN, so we accept the calculation methodology of the HDI as time-tested and
sufficiently stable.

Table 2. Compliance of the proposed indices with the defined postulates.

Postulates HSDI EWP SDI EHDI

Heredity, usage of the globally accepted HDI 2 2 1 2
Simplicity, a small set of “headline indicators” 2 2 0 2
Balanced and integrated, united and consistent set of dimension indicators 2 0 0 1
Wide coverage of environment pollution, degradation and preservation 0 1 1 2
Existing and politically accepted environmental index/indicator 2 1 0 2

HSDI—The Human Sustainable Development Index; EWP—The Ecological Well-being Performance indicator; SDI—The Sustainable
Development Index; EHDI—The Environmental Human Development Index; (2—good, 1—moderate, 0—does not comply).

Figure 4. Design of the AHDI. Created by the authors.

By selecting the EPI as an environmental index (wide coverage, accepted index) for
expanding HDI (simplicity, result-orientated indices) and using the HSDI’s methodological
principle for composing the index (balance), we obtain the formula of AHDI:

AHDI = (ILife)1/4 × (IEducation)1/4 × (IIncome)1/4 × (IEnvironment)1/4. (7)

The EPI values must also be normalized analogously to other dimension indices on a
single scale between 0 and 1; the min–max normalization is used as in HDI. Additionally,
as in the case of the HDI, to keep the EPI index constant for new entrants and for several
years, minimum and maximum threshold values (goalposts) have been adopted with some
reserve (Table 3).

Table 3. Threshold values for normalization.

Indicators
Minimum Maximum

Actual National Values Threshold Values Actual National Values Threshold Values

Life expectancy at birth (years) 53.3 20 83.6 85
Expected years of
schooling (years) 5 0 22 18

Mean years of schooling (years) 1.6 0 14.2 15
Gross national income per capita
($ PPS 2017) 754 100 88,155 75,000

Environment Performance Index 22.6 20 82.5 90
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5. Results and Discussion

The aggregated AHDI values were calculated applying formula (7) for 178 countries,
the data of which are included in both the HDI 2020 and EPI 2020 reports (Figure 5).

 

 

Figure 5. AHDI ranking. (a) very high development; (b) high development level; (c) medium and
low development level achieved. Authors’ calculations.

There are strong positive Pearson correlation coefficients between AHDI and dimen-
sion indices (Table 4); all values show a remarkable impact of all dimensions on the AHDI.
At the same time, the similarity of correlations to those in the HDI show that potential data
redundancy would not create problems.

Table 4. Correlation between dimension indices and composite indexes.

Composite Indexes
Dimension Indices

Income Life Education Environment

HDI 0.9589 0.9113 0.9607 xxx
AHDI 0.9281 0.8841 0.9359 0.9614

Table 5 indicates the strong correlations between dimension indices; it shows that there
are no contradictions between the dimension indices. This is a very substantial positive
feature of the AHDI as the functions of all dimension indices are integrated; there is no
need to compromise with others when improving one of them.

68



Energies 2021, 14, 856

Table 5. AHDI interdimensional correlations and VIFs.

Dimension Indexes
Income Index Life Index Education Index Environment Index

Pearson Correlation Coefficients

Income index xxx 0.8411 0.8675 0.8345
Life index 3.42 xxx 0.8193 0.7981
Education index 4.04 2.91 xxx 0.8462
Environment index 3.29 2.75 3.52 xxx

Variance Inflation Factors (VIF)

At the same time, the cross-independence level of the dimension indices is not so high
as to cause unreliability by usage of interdependent indicators (so-called multicollinearity
problem). To examine the potential problem, we used the typical tool, variance inflation
factors (VIFs), which characterizes the mutual correlation between any pair of dimension
indices (see, e.g., [59]). The reliability criterion is

VIF = 1/(1 − R2) < δ.

There are various evaluations of the critical value δ; however, in general, VIF values
greater than 5 are considered moderately (undesirably) high. In our case, the maximum
VIF value (4.04) satisfies even conservative recommendations.

Figure 5 shows a relatively different impact of the EPI on assessment of human
development. For 55 countries, the difference of position in the AHDI ranking compared
to that in the HDI ranking is 3 positions or less, which can be considered as statistically
insignificant. In these countries, environmental policy keeps pace with the country’s
socioeconomic development.

Inclusion of the environmental dimension in the AHDI has shifted another 55 countries
down in the ranking. In these countries, the environmental policy and activities do not
meet the level of human development that is shown by the three-dimensional HDI.

We carried out the grouping of countries into categories according to the level of
sustainable human development achieved (very high, high, medium, low); the selection of
cutoff points was performed using the HDI methodological principles (Table 6). As shown,
18 countries moved to a lower development category when compared by HDI ranking.

Table 6. Cutoff points and grouping of countries by HDI and AHDI rankings.

Categories of
Development

Cut Off Points Number of Countries

HDI AHDI HDI Shift Down Shift Up AHDI

Very high 62 60
0.8 0.67 8 ↓ 6 ↑

High 50 49
0.7 0.55 6 ↓ 3 ↑

Medium 36 38
0.55 0.41 4 ↓ 3 ↑

Low 31 32

A more detailed analysis shows that for the eight countries that were excluded from
the very high development category (Table 7), many of the positions in the global rank-
ings per several key environment indicators (components of the EPI) are only in the
second hundred. This confirms that the downward shift is reasonable; such pollution
and ecosystem degradation levels cannot be considered as a very high sustainable human
development feature.
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Table 7. Ranks of the countries that have lost positions in the very high development category.

Country

Waste
Management

Air Quality
Pollution Ecosystem

Growth Rates

CHG pc Nitrogen BiodiversitySolid
Waste

Waste-
Water

Ozone PM2.5 CO2 SO2 NOx CH4 N2O Black
Carbon

Bahamas 133 100 137 168 162 107 125 172 131 168
Barbados 104 159 164 170 177
Georgia 133 113 119 109 176 174 130 148 163 126

Kazakhstan 124 167 138 177 105 127 170 128
Mauritius 123 101 131 131 154 170

Oman 133 135 171 134 157 133 172 172 168 159
Qatar 150 169 160 134 177 174 172 172 134 129

Turkey 113 160 117 110 174 175

6. Conclusions

Although the existing proposed indices for measuring sustainable human develop-
ment seem insufficient to accurately measure the implementation of the Agenda 2030 vision
in its comprehensive sense, their strengths and weaknesses strongly helped to improve the
measuring methodology and tool. The performed integrated investigation of the key prin-
ciples of Agenda 2030 and experience gained in measuring human development provided
an opportunity to combine the strengths of existing proposals for measuring sustainable
human development and to eliminate their weaknesses.

The selected indirect measurement method allows, in real cases of insufficient data
availability, to reflect the results achieved in the implementation of the Agenda 2030 vision,
including accounting for the mutual relationships and the inter-impact of the development
dimensions. The set of postulates formulated in the study is the basis for the elaborated opti-
mum measurement procedure that is consistent with the Agenda 2030 vision on sustainable
human development.

The created measurement methodology ensures the balance and integrity of eco-
nomic, social and environmental dimensions of the Agenda 2030 vision. An appropriate
tool, the Advanced Human Development Index, was designed. This provides unity and
concordance of all included, well-known and accepted comprehensive dimension indices.

Figure 6 shows that the causality between final energy consumption and the Advanced
Human Development Index is strong; the AHDI is usable for measuring the linkage
between supplied energy and sustainable development level in countries worldwide.
Further, to reiterate, sustainable development also asks for energy.

Figure 6. Advanced human development index vs. final energy consumption per capita (2019 or the
last available year); sources—Our World in Data and authors’ calculation.

Two groups of countries are visible. For some countries, energy is an efficient driver
of the sustainable development; an increase in energy consumption above 20,000 kWh
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pc/year has enabled further growth in sustainability of development, reaching very high
levels of AHDI of around 0.9. These countries are realizing sustainable energy policies
and effective actions to improve energy security and efficiency, with an emphasis on
environment friendly practice. However, growth in energy consumption above 40,000 kWh
pc/year is not directly related to an increase in SD level.

For other countries, energy is a less efficient driver of sustainable development. At
energy consumption above 20,000 kWh pc/year, the growth of SD slows down; it is
hampered by growing environment pollution problems (see Table 7); even at consumption
above 100 kWh pc/year, these countries do not reach an AHDI level of 0.8.

AHDI calculations confirm the accuracy and simplicity of the measurement, as well
as its usability for experts, politicians and the community. They show objective and
reasonable shifts in conventional human development assessments due to the inclusion
of the environment component. The countries with unilateral development policies and
practices cannot claim sustainability.

For five years now, the Agenda 2030 has been pursued without a sound understanding
of the overall trend at both national and global levels. The proposed AHDI, as a simple
balanced index that is based on result-oriented headline indices, provides the big picture,
which will be understandable, transparent, acceptable and usable for experts, politicians
and the global community. The COVID-19 pandemic has sharply exacerbated the need
for an efficient general assessment of the performance of national recovery policies. The
developed measurement procedure makes it possible to meet these needs immediately.
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Abstract: The purpose of the study is to assess the efficiency of cash flow management at power
supply companies of the CIS (Commonwealth of Independent States) countries. A methodological
approach to cash flow forecasting with the use of linear and polynomial regression has been devel-
oped. The study is based on the data provided by 12 power supply companies operating in CIS
member countries. Forecasting based on the generated polynomial models of multiple regression
of cash flow for the power supply companies under study confirms the strong possibility of extrap-
olating the studied trends to future periods. Compared to the linear model, the polynomial one
confirms higher values of the determination coefficients for the majority of power supply companies.
The projected volumes of cash inflow, cash outflow, and net cash flows of power supply companies
with the application of the described polynomial multiple regression models have a fairly high
degree of approximation. The correlations between operating cash flows and outflows, between total
cash inflow and outflow of the majority of power supply companies are high. The low level of
synchronization between cash inflows and outflows of the companies under study is associated with
the specifics of their financial and investment activities and the cash flow management policy. It has
been proven that energy enterprises’ financial stability significantly depends on the synchronization
and uniformity of cash flows. The proposed methodological approach allows identifying enterprises
by the criterion of riskiness from the standpoint of the synchronization and homogeneity of their
cash flows.

Keywords: forecasting; linear regression; planning; polynomial regression; power supply

1. Introduction

Currently, power supply companies are an integral component of the energy sys-
tem. Economic stability as well as national and international energy security depend
on the reliability of their operation. The transition to new systems of incentive tariff set-
ting, the implementation of which affects the size and structure of cash flows of power
supply companies in different countries and regions, requires a proper theoretical and
methodological justification [1–6].

The efficiency of enterprise cash flow management determines their ability to achieve
current financial goals as well as ensure solvency, financial stability, and balance in the
long term [7]. In the context of the highly dynamic internal and external environment
of enterprises, a decrease in their solvency and financial stability is an urgent problem of
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imbalance and unevenness of cash flows. The economic and legal consequence of this is
the insolvency and bankruptcy of a significant number of power supply enterprises [8].
These problems in a large number of enterprises indicate that they do not have an effective
cash flow planning system. The management of enterprises gives little attention to cash
flow management both at the operational and strategic levels. Cash flow planning is a
practical tool that allows companies to ensure the synchronization of cash flows [9].

According to the modern scientific paradigm of corporate finance, cash flows are
one of the key factors in the formation of enterprise value. The greater volume of cash
flows generated by the assets of the enterprise contributes to its greater market value.
Maximization of the market value of enterprises and the welfare of shareholders is a
strategic goal of the enterprise financial management [10]. In this regard, the study is
aimed at the improvement of practical tools for planning and managing cash flows to
ensure a high level of solvency, achieve financial balance, and increase the market value of
power supply companies in the short and long term.

2. Literature Review

The issue of determining the economic nature of cash flows is extremely important in
the theoretical and practical aspect, as the existing approaches to the interpretation of the
essence of cash flows will further determine the foundations of their planning and control.
In addition, the issue of determining the place and role of cash flows in corporate finance
management in order to improve the current system of financial management of enterprises
is still relevant [11]. As evidenced by financial theory and practice, there is no unified
approach for determining the economic essence of the definition of enterprise cash flow,
as there is a controversy among scientists and practitioners over this issue [12].

Any financial transaction can be associated with a certain cash flow, that is, a set of
payments (outflows) and receipts (inflows) of funds distributed over time and arising from
managerial decisions within operating, investing, and financial activities [13]. Semantically,
cash flow is a quantitative expression of the money that an enterprise has at a particular
point of time. From the perspective of an investor, this is the expected return on investment.
From the point of view of business leaders, cash flow is a projection of cash flow, etc.
In either case, the dynamics of the company cash flow is a continuous process [14]. How-
ever, this approach to understanding the essence of cash flows is too fragmentary and does
not allow reflecting all aspects of this phenomenon.

The amount of money that an enterprise needs depends on the degree of predictability
of both revenue receipts from economic activities and payments (demand) to suppliers
and employees. Cash flow is the receipt of funds that allows the company to meet the
demand for them [15]. An alternative to this is the availability of external investors who
are willing to finance any cash deficit. However, in order to attract external investment,
an enterprise has to confirm its ability to achieve a positive cash flow that will allow it to
pay interest and ultimately pay the investors back [16]. There are three approaches to the
essence of enterprise cash flows: static, dynamic, and aggregated. Each of these approaches
discloses the essence of cash flows taking into account their specific characteristics. The ad-
vocates of the static approach define cash flow as the net cash flow in a given period of time,
while at the dynamic level, cash flow is the movement of funds [17].

Cash flow planning, on the one hand, is the process of developing a system of projects
and targets for the development of various types of these flows for the operating, investing,
and financial activities of an enterprise in the next period. On the other hand, it is a set of
measures and tools for forecasting and managing the cash flow cycle, which consists of two
parts: projected cash inflows and outflows [18]. Cash flow planning can be viewed as the
process of developing cash flow plans for various activities with the help of specific means
and tools. It involves the creation of a system of projected financial performance indicators,
on the basis of which cash flow plans are drawn up and deviations from the desired values
are monitored (estimated, identified, and corrected) [19]. The cash flow planning system
of enterprises consists of three levels: strategic (long-term) planning; current (tactical)
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planning; and operational planning. The system of strategic cash flow planning is designed
to develop and forecast the most important targets for the development of cash flows.
Tactical cash flow planning aims to ensure that negative and positive cash flows are
balanced and synchronized throughout the year. Tactical planning of enterprise cash flows
involves two major documents related to the income and expenditure budget, and the cash
flow budget. Based on the cash flow budget, it is possible to determine the projected cash
inflow and outflow of the company; it allows the assessment of the structure of settlements
with suppliers and buyers within a given period [20].

The initial aspect of the formation of a cash flow management model for a power
supply enterprise is the definition of its strategic goal [21]. Based on the principles of build-
ing a cash flow management system, this goal should be subordinated, on the one hand,
to the implementation of the main goal of financial management (meeting stakeholders’
interests) [22,23], and on the other hand, to ensure the implementation of an enterprise’s
general development strategy [24]. When forming a strategy for managing cash flows
of a power supply enterprise, conceptual aspects are determined, the implementation of
which implies the achievement and implementation of the strategic goal of managing its
cash flows [25]. The power supply enterprise’s cash flow management strategy defines the
main priorities that must be implemented in the process of managing its cash flows [26,27].
Key criteria for the effectiveness of cash flow management are identified. They are di-
vided into components and are communicated to the employees of an enterprise who are
responsible for them [28].

For the effective functioning of the cash flow management system of a power sup-
ply enterprise, making optimal management decisions, it is necessary to establish stably
functioning information channels that will provide company’s management with timely,
reliable, and necessary information [29,30]. It should be noted that these should be both
internal and external information channels, which are formed as a result of monitoring the
environment of an enterprise [31–33].

Compliance with the time frames and volumes of payments on loans is an important
component of control of outgoing cash flows of a power supply company [34,35]. If bor-
rowed capital is attracted by issuing bonds, then the cash flow generated by this financial
transaction is clearly determined in the bond issue prospectus. At the same time, it defines
the time of coupon payments and the terms of bond redemption. The payment schedule on
bonds is the basis for planning this type of initial cash flow [36]. At the same time, it also
acts as a tool for controlling the initial cash flow from the financial activities of a power
supply company. Compliance with it is an important component of ensuring the solvency
of a power supply company [37,38]. An important factor that will influence the cash flows
of power supply companies is the introduction of incentive tariff regulation [39,40].

To effectively control the intended use of investment funds, a power supply company
can use current accounts with a special mode of use [41]. The accumulated investment
resources have a designated purpose and can be used to finance the activities of the
required investment program [42,43]. Power supply companies can use financial ratios
based on cash flows as planning and cash flow control tools [44]. In particular, the planned
values of the coefficients of cash flows can act as target indicators in the planning of cash
flows [45]. At the same time, they can also be tools for controlling cash flows in the process
of comparing actual values with planned ones [46]. To balance the cash flows of a power
supply company in the long run, it is important to predict the occurrence of a cash gap,
which manifests itself in the inability to fulfill the company’s obligations at a certain point
in time due to the lack of funds in the account [47]. The most common way to cover cash
gaps is a short-term loan [48,49].

To ensure the proper and timely synchronization of cash flows, it is necessary to create
an effective system of financial planning and forecasting of cash flows that involves cash
balance assessment at the beginning of the period, maintenance of the balance of cash
inflows and outflows over the current period, calculation of the deficit (or excess) cash
flow and the possibility of its balancing, and support for the creation of a cash reserve for
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making payments at the end of the period [50]. The alignment of cash flows is aimed at
smoothing their volumes in the context of individual intervals of the time period under
consideration. The use of this assessment method makes it possible to eliminate the impact
of seasonal and cyclical fluctuations on the cash flow creation, optimize the average cash
balance, and increase liquidity indicators [51,52].

However, from the perspective of the applied challenges of our time, the issues
of theoretical and methodological substantiation of enterprise cash flow planning and
management are still found in the scientific and practical literature. The present paper
aims to eliminate this gap in science by improving methodological tools for modeling and
managing the cash flows of power supply companies. The purpose of the research is to
assess the effectiveness of cash flow management of power supply companies in the CIS
(Commonwealth of Independent States) countries in the context of planning and control by
projecting their long-term values. To achieve this goal, the following research tasks have
been set:

• To deepen the conceptual foundations of planning and control of the cash flow
of enterprises;

• To reveal the methodological basis for cash flow planning and control;
• To analyze cash flows from operating, investing, and financial activities of power

supply companies;
• To identify the analytical possibilities of using financial ratios to assess the cash flows

of enterprises; and
• To develop an econometric model of balancing the cash flows of power supply com-

panies and to forecast them.

At the same time, the study formulated the following mutually exclusive hypotheses:

Hypotheses 0 (H0). The level of synchronization of cash flows does not depend on the level of
financial stability and balance of power supply companies;

Hypotheses 1 (H1). The level of financial stability and equilibrium of power supply enterprises
largely depends on the level of synchronization and uniformity of cash flows.

3. Materials and Methods

In order to effectively analyze the cash flow from the operating activities of power
supply companies, the study takes into account the fact that cash flow planning and
forecasting processes should also be considered. Therefore, in the conceptual model of cash
flow planning, it is assumed that it is feasible to start the process of planning cash flows
from operating activities along with the development of a long-term forecast of operating
cash flow for the period of 5 years: up to 2025. In order to make a long-term forecast on
operating cash flow, the capabilities of Microsoft Excel were used. Operating cash flow
forecasting differs from planning—it is a guideline of probabilistic nature. The Microsoft
Excel “Forecast” function made it possible to predict the values of operating cash inflows
and outflows of power supply companies for the next 5 years with the help of a linear
approximation based on the data on their actual volumes for the period of 2015–2019.
The projected values of the volume of cash flow from operating activities of power supply
companies calculated in the study can be used as long-term indicators in the process of
cash flow planning.

The planned volume of net cash flow from operating activities (OCFnet(p)) is deter-
mined by the formula:

OCFnet(p) = OCFin(p) − OCFout(p), (1)

where OCFin(p) is the planned volume of operating cash inflow; OCFout(p) is the planned
volume of operating cash outflow.

The planned volume of cash inflow from operating activities is determined by the formula:

OCFin(p) = EEp + AEp + Ip + Dp + TFp + TEp + OEp, (2)
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where EEp is projected revenue from electricity supplies; AEp is projected revenue from
advance payments; Ip is the planned volume of cash inflow from bank interest; Dp is the
planned volume of cash inflow from debtors; TFp is the planned amount of cash inflow
from target financing; TEp is the projected tax and obligatory payment refund; OEp is the
planned volume of other cash inflows from operating activities.

The planned volume of cash outflow from operating activities is determined by
the formula:

OCFout(p) = EPp + APp + Sp + TPp + OPp, (3)

where EPp is projected payments for the purchase of electricity; APp is the planned volume
of advance payments by the power supply company; Sp is the planned volume of em-
ployee payments; TPp is the planned amount of tax, fee, and other mandatory payments;
OPp is the planned amount of other payments for operating activities.

The planned cash inflow from electricity supplies is determined as follows:

EEp =
n

∑
i=1

Qi × ti(plan) × Ki(plan) (4)

where Qi is the planned volume of supply to the ith consumer of electricity; ti(plan) is the
average electricity rate for the ith consumer in the planning period; and Ki(plan) is the
planned payment ratio of the ith consumer. The planned payments for the purchase of
electricity are determined as follows:

EEp = Qp × tp(plan) × Kp(plan) (5)

where Qp is the total volume of electricity purchase in the planning period; tp(plan) is
the planned weighted average electricity price in the planning period; and Kp(plan) is the
planned payment coefficient.

The proposed methodology for determining the planned volume of net cash flow from
operating activities of power supply companies (OCFnet(p)) takes into account the impact
of key factors that determine operating cash flows. The planned volumes of advance
payments determine the cash flows that will come from consumers in the planning period
to pay for future electricity supplies. They are determined on the basis of contractual
conditions between the supplier and the consumer of electricity. To plan cash flows from
operating activities of power supply companies, it is necessary to determine the volumes
of advance payments in the planning period. The planned volume of cash inflows from
debtors is determined on the basis of the analysis of the claims work with debtors to
make them pay off penalties for the late electricity bill payment. The planned volume of
cash inflow from the current account interest rate is determined based on the balance of
available funds and the interest rate. The planned volume of income from target financing
is determined on the basis of the analysis of state programs providing for the provision of
preferences to certain groups of electricity consumers.

In addition to the volume of supplies (purchase) of electricity and the weighted
average electricity supply (purchase) price, the methodology for planning cash flows from
operating activities includes payment ratios for each individual electricity consumer (Ki)
and the power supply company itself. On the one hand, they reflect the level of settlement
discipline of electricity consumers (and the power supply company itself), and on the
other hand, they determine the real volumes of cash inflows and outflows in the process
of operating activities of power supply companies. We assume that the coefficients of
consumer and power supply company payments can be effective tools for the efficient
management of cash flows from the operating activities of power supply companies.
We propose to calculate the coefficient of electricity consumer payments (Ki) as the ratio of
the amount of money that has been paid (in case of the actual payment coefficient) or will
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be paid (in case of the planned payment coefficient) for the electricity consumed to the cost
of the electricity supply. It is calculated as follows:

Ki =
OCFin(i)

Ei
, (6)

where OCFin(i) is the amount of money that has been received (or will be received) from
the ith consumer; and Ei is the cost of electricity supplied to the ith consumer. From the
perspective of cash inflow, the most favorable value of this coefficient is >1. It describes
a situation when the consumer has no debt for the consumed electricity, but there are
advance payments for future electricity supplies. In the context of the confidentiality of
information on the settlements of individual consumers on the basis of the data found in
the financial statements of power supply companies, a consolidated modification of the
consumer payment coefficient is proposed. It can be defined as the ratio of cash inflows
from the sales of products (goods, services), from buyers and customers, to the cash inflow
from the sales of products over the period under study.

The starting point of the operating cash inflow management
(

OCFin(i)

)
of power sup-

ply companies is the calculation of the actual value of the coefficient Ki( f act). Monitoring of
the actual value of the payment coefficient of the ith consumer is based on the value of
the coefficient of payments Ki( f act) ≥ 1, as well as the actual value of the coefficient of
payments of the ith consumer along with the planned one Ki( f act) ≥ Ki(plan). Further-
more, the identification of the type of consumer considering the value of the payment ratio
has been performed. The value of the coefficient shows whether the consumer is a debtor
(<1) or a customer that pays in advance (>1). At the same time, the identification of the type
of consumer is an important task of the management of operational cash flows of power
supply companies, as the use of specific methods and tools for planning and managing
cash flows is required to manage cash inflows from each group of electricity consumers.
The next stage in the management of the operational cash inflow of power supply com-
panies is the comparison of the actual value of the payment ratio with its projected value.
When the actual value of the payment ratio exceeds the planned one, the projected volume
of the cash flow of the power supply companies is adjusted upward. When the actual value
of the payment ratio is lower than the planned one, the projected volume of cash inflow
from operating activities decreases.

The Microsoft Excel Forecast function is used to forecast cash flows; it projects the
value of cash inflows and outflows based on their current values. Thus, based on the
financial statements of power supply companies for the period of 2015–2019 and the use
of Microsoft Excel Linest and Forecast functions, linear regression equations for the net
cash flow, cash inflow, and outflow of power supply companies have been constructed.
As a result, the following model has been obtained:

TCFin(i) = aTCFin + bTCFin × ti (7)

TCFout(i) = aTCFout + bTCFout × ti (8)

TCFnet(i) = aTCFnet + bTCFnet × ti (9)

where TCFin(i), TCFout(i), TCFnet(i) represent the value of the total cash inflow, cash out-
flow, and net cash flow in the i-th period; aTCFin, aTCFout, aTCFnet represent the con-
stant parameters of the regression model of the total cash inflow, cash outflow, and net
cash flow; bTCFin, bTCFout, bTCFnet represent the regression coefficients of the total cash
inflow, cash outflow, and net cash flow; and ti represents the numerical order of the period
from 1 (2015) to 5 (2019), which are actual values, while if ti = 6 (2020) or 7, 8, etc., then they
are planned values. Based on the use of the Microsoft Excel “Linest” function and the data
on the cash inflows, cash outflows, and net cash flows of power supply companies for the
period of 2015–2019, the following values of the regression coefficients and constant param-
eters of the linear regression model of cash flows were obtained. The constructed linear
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regression models can be used to calculate the projected value of the cash inflow, cash out-
flow, and net cash flow of power supply companies for subsequent periods. Based on the
proposed models, the values of the cash inflow, cash outflow, and net cash flow of power
supply companies for 2025 (ti = 11) were calculated [53,54].

The study is based on the data provided by 12 power supply companies operating
in the CIS member countries. The main criterion for the selection of companies was
the CIS membership of the country in which they are located, the period of operation
over 5 years, and the availability of the required financial information in the context of
cash flows. The research sample included Azerenerji JSC (Azerbaijan), Electric Networks of
Armenia CJSC (Armenia), Telasi JSC (Georgia), ADEC JSC (Kazakhstan), NES Kyrgyzstan
JSC (Kyrgyzstan), Belenergo SPA (Belarus), ERES SUE (Moldova), Rosseti PJSC (Rus-
sian Federation), Pamirenergy PJSC (Tajikistan), Turkmenenergo (Turkmenistan), Kyiven-
ergo PJSC (Ukraine), and Karakalpak enterprise of territorial power grids (Uzbekistan).

4. Results

The level of settlement discipline of the consumers of each enterprise under consider-
ation is different. This is evidenced by the indicators of the consolidated ratio of consumer
payments shown in Figure 1.

Figure 1. The consolidated ratio of consumer payments in 2019. Source: own development.

The coefficient is <1 for seven out of 12 enterprises and it is >1 for the remaining five
enterprises. Thus, in 2019, seven out of 12 surveyed enterprises had problems related to
settlement discipline.

In order to reflect the generalized trends that are inherent in the structural ratios of
cash flows, Figure 2 shows the average coefficients of the share of operating, financial,
and investing cash flows in the total cash inflow and outflow of power supply companies
in 2015–2019.

As for the average structural financial ratios, which reflect the specifics of the for-
mation of the total cash outflow of power supply companies in 2015–2019, it should be
noted that the structural proportions inherent in the cash flow are also preserved here.
Thus, for the majority of power supply companies over the period of 2015–2019, the ba-
sis of all payments was the cash outflow from operating activities. The highest average
share of the operating cash outflow in the total cash flow can be observed in the follow-
ing power supply companies: Azerenerji JSC, ADEC JSC, ERES State Unitary Enterprise,
Turkmenenergo SEC, and Kyivenergo PJSC. At the same time, the average share of invest-
ing and financing cash outflows in the total cash flow is the greatest in Belenergo SPA,
NES Kyrgyzstan JSC, and Telasi JSC.
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Figure 2. Average values of the coefficients of the share of cash outflows of power supply companies. Source: own development.

In order to determine the uniformity of cash inflows (cash flow) of power supply
companies for the period of 2015–2019, the average value of the cash flow (CFin (av)),
its standard deviation (σCFin), and the coefficient of variation (CVCFin) were assessed
(Figure 3). The average deviation of the cash inflow reflects the range of fluctuations in the
cash flow of power supply companies in 2015–2019.

Figure 3. Indicators of the level of uniformity of the cash flow of the power supply companies
under consideration. Source: own development.

On the one hand, the absolute value of the root-mean-square deviation depends on the
uniformity of cash inflows over the studied period, and on the other hand, it depends on
the size of the power supply company. Taking into account the above, it is rather difficult
to assess the cash flow variance on the basis of the absolute value of the standard deviation.
Therefore, the coefficient of variation is a fairly informative relative indicator that allows
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comparing the variation in the cash flow of various power supply companies. Figure 3
shows that NES Kyrgyzstan JSC, ERES SUE (54%) and Kyivenergo PJSC (52%) are typically
characterized by high cash flow variance. These enterprises have the most volatile level
of cash flow. At the same time, there are power supply companies with a stable cash
flow level. These are ADEC JSC (32%), Rosseti PJSC (32%), Turkmenenergo SEC (34%),
and KETPG JSC (34%). The rest of the power supply companies have an average level of
cash flow uniformity, and the coefficient of cash flow variance ranges from 35 to 45%.

Another important component of the study of the uniformity of cash flows is the
assessment of the uniformity of cash outflows of power supply companies over the period
of 2015–2019, which is shown in Figure 4.

Figure 4. Indicators of the level of uniformity of the cash outflow of the power supply companies
under consideration. Source: own development.

The obtained indicators (Figure 4) demonstrate that over the period under study,
the volume of the cash outflow of power supply companies varies significantly. This is
evidenced by the value of the standard deviation of the cash outflow and the coefficient
of variation, which preserve the change in the variation of the cash inflow uniformity.
In general, the values of the coefficients of variation of the cash outflow of power supply
companies reflect the same trends as the values of the coefficients of variation of the cash
flow of power supply companies. From the perspective of solvency, it is quite important to
assess the uniformity of the net cash flow of the company, which is the basis for increasing
cleared funds in the company account.

In order to project the volumes of cash inflow, cash outflow, and net cash flows of
power supply companies under consideration for subsequent periods, namely until 2025,
linear regression models were proposed. In particular, subsequent values can be projected
on their basis. Thus, ti = 5 for 2019, ti = 6 for 2020, etc., while the values of the regression
coefficients (bTCFin, bTCFout, bTCFnet) and the values of the constant parameters of the
linear regression model (aTCFin, aTCFout, aTCFnet) remain fixed for all subsequent periods
(Table 1).
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Table 1. Projected volumes of the cash inflow, cash outflow, and net cash flows for the studied power supply companies for
2025 (based on linear regression models).

Company
R2

(TCFin)
R2

(TCFout)
TCFin, Thousand

US Dollars
TCFout, Thousand

US Dollars
TCFnet, Thousand

US Dollars

Azerenerji JSC 0.93 0.94 164,590 161,298 3292
Electric Networks of Armenia CJSC 0.91 0.91 478,021 477,065 956

Telasi JSC 0.22 0.22 531,135 531,967 −832
ADEC JSC 0.91 0.92 69,577 68,463 1113

NES Kyrgyzstan JSC 0.85 0.86 149,440 149,231 209
Belenergo SPA 0.92 0.92 651,525 650,645 880

ERES SUE 0.46 0.45 180,369 180,380 −11
Rosseti PJSC 0.93 0.94 1,864,319 1,827,032 37286

Pamirenergy PJSC 0.65 0.66 66,338 65,011 1327
Turkmenenergo SEC 0.56 0.57 116,777 115,598 1179

Kyivenergo PJSC 0.86 0.86 708,179 708,675 −496
KETPG JSC 0.91 0.92 431,700 426,908 4792

Source: own development.

The obtained values of the coefficients of determination (R2) obviously show that the
linear regression quite accurately describes the trajectory of the dynamics of the cash inflow
and outflow of such companies as Azerenerji JSC, Electric Networks of Armenia CJSC,
ADEC JSC, Belenergo SPA, Rosseti PJSC, and KETPG JSC, whose coefficients of determi-
nation exceed 0.9. The coefficient of determination for the other companies has low or
close to zero values, which indicates the low predictive power of linear regression models
for these companies. Linear regression models are quite simple and versatile tools that
allow projecting the values of cash inflow, cash outflow, and net cash flows of enterprises.
However, in modern economic realities, linear relationships are not common.

Therefore, for the purpose of a deeper study, the functional possibilities of explain-
ing the trends that are observed in the cash flows of enterprises were determined, and,
accordingly, polynomial models were used to build their forecasting models as compared
to linear and exponential models, which can more accurately reproduce the cash flow
trends that took place in the previous periods. The level of detail of the models should be
above 0.9 to indicate their high quality. As a result of the simulation of cash flows of power
supply companies for the period of 2015–2019, polynomial multiple regression models
were obtained (Table 2).

Table 2. Polynomial multiple regression models of the cash flow of the power supply companies under consideration.

Company
R2

(TCFin)

Polynomial Multiple
Regression Models of
Cash Inflow, (TCFin)

R2

(TCFout)

Polynomial Multiple
Regression Models of

Cash Outflow, (TCFout)

Azerenerji JSC 0.96 y = 1531 x2 − 1987 x + 2395 0.96 y = 1552 x2 − 2762 x + 2498
Electric Networks of Armenia CJSC 0.77 y = 4136 x2 − 3843 x + 22383 0.78 y = 4116 x2 − 3219 x + 18391

Telasi JSC 0.79 y = 3639x2 − 6591x + 18349 0.81 y = 3713x2 − 5892x + 16396
ADEC JSC 0.94 y = 388 x2 + 1701 x + 6720 0.95 y = 314 x2 + 2474 x + 5729

NES Kyrgyzstan JSC 0.96 y = 1392 x2 − 2122 x + 4768 0.97 y = 1352 x2 − 1648 x + 4287
Belenergo SPA 0.97 y = 6051 x2 − 8739 x + 14933 0.97 y = 5858 x2 − 6832 x + 16498

ERES SUE 0.97 y = 1898 x2 − 5295 x + 9548 0.96 y = 1858 x2 − 472 1x + 8340
Rosseti PJSC 0.97 y = 12859x2 + 24837x + 36786 0.98 y = 13275 x2 + 17314 x + 32894

Pamirenergy PJSC 0.93 y = 794 x2 − 3472 x + 8734 0.93 y = 775x2 − 3105x + 6323
Turkmenenergo SEC 0.18 y = 1105 x2 − 1874 x + 4591 0.19 y = 1048 x2 − 1549 x + 6812

Kyivenergo PJSC 0.91 y = 6951 x2 − 13573 x + 21847 0.91 y = 6634 x2 − 9857 x + 18649
KETPG JSC 0.91 y = 2643 x2 + 8934 x + 11782 0.92 y = 2895x2 + 6205 x + 7892

Source: own development based on the financial statements of power supply companies for the period of 2015–2019.
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This type of regression has only one explanatory variable, which is included in the
regression equations with various degrees (1, 2, 3, 4); based on the maximum magnitude
of the obtained model, regression of the second, third, and fourth order is distinguished.
In the context of this approach, the study assumes that the values of the cash inflow and
outflow of power supply companies are formed under the influence of a large number of
factors for which there is no information. In this case, the future value of the cash flow
does not depend on its actual value. The values of the coefficients of determination of
most obtained polynomial multiple regression models of the cash inflow and outflow of
power supply companies exceed 0.9, which indicates the high possibility of extrapolating
the trends of 2015–2019 to future periods. Table 3 shows that compared to the linear model,
the polynomial one has higher values of the coefficients of determination; in particular, in
most power supply companies, they are >0.95. Another advantage of polynomial models
is the absence of multicollinearity, as different degrees of “x” are linear functions. At the
same time, the regression coefficients included in the model are linear, which makes it
possible to apply the ordinary least squares method. The above indicates that the projected
values of the cash inflow and outflow calculated based on polynomial models fully take
into account the trends that took place in the cash flows of the power supply companies
under consideration over the period of 2015–2019. It is impossible to build a qualitative
polynomial model for Turkmenenergo SEC on the basis of the information for the period
under study. There are also companies whose polynomial models have a lower coefficient
of determination that ranges between 0.77 and 0.9. The projected values of the cash flows
obtained with the help of such models cannot fully reflect the trends that have been formed
in the cash inflow and outflow.

Table 3. Projected values of cash inflow, cash outflow, and net cash flow of the power supply companies under study for
2025 (based on polynomial models).

No. Company
TCFin, Thousand

US Dollars
TCFout, Thousand

US Dollars
TCFnet, Thousand

US Dollars

1 Azerenerji JSC 165,789 159,908 5881

2 Electric Networks of
Armenia CJSC 480,566 481,018 −452

3 Telasi JSC 531,169 530,481 688
4 ADEC JSC 72,379 70,937 1442
5 NES Kyrgyzstan JSC 149,858 149,751 107
6 Belenergo SPA 650,975 650,164 811
7 ERES SUE 180,961 181,227 −266
8 Rosseti PJSC 1,865,932 1,829,623 36,309
9 Pamirenergy PJSC 66,616 65,943 673

10 Turkmenenergo SEC 117,682 116,581 1101
11 Kyivenergo PJSC 713,615 712,936 679
12 KETPG JSC 429,859 426,442 3417

Source: own development.

Table 3 shows the projected values of the cash inflow, cash outflow, and net cash
flows of power supply companies calculated based on the proposed polynomial multiple
regression models. The results obtained can be used as projections that have a rather high
degree of approximation. An important practical result, which is achieved in the process of
projecting the values of cash flows of power supply companies, is the projected value of
the net cash flow. If the projected value of the net cash flow is positive, the surplus cash
flow is expected. When the value of the projected cash outflow is greater than the projected
value of the cash flow, there will be cash flow deficit.

It is expected that most power supply companies will have a small net cash flow deficit,
which in most cases can be covered by cleared funds. However, there are also companies
that will have to look for opportunities to balance cash flows as high cash flow deficit
and surplus are projected. The indicators for calculating the main criteria that allow us to
assess the relationship between the cash inflow and outflow of power supply companies
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are shown in Table 4, which contains the values of the correlation coefficients between the
cash inflow and outflow and operating cash inflow and outflow.

Table 4. The correlation between the cash inflow and outflow of the power supply companies
under consideration.

No. Company p(OCFin/OCFout) p(TCFin/TCFout)

1 Azerenerji JSC 0.9955 0.9932

2 Electric Networks of
Armenia CJSC 0.9772 1.0000

3 Telasi JSC 0.9980 0.9973
4 ADEC JSC 0.9992 0.9999
5 NES Kyrgyzstan JSC 0.9997 0.9999
6 Belenergo SPA 0.9995 0.9983
7 ERES SUE 0.9995 0.9996
8 Rosseti PJSC 0.9999 1.0000
9 Pamirenergy PJSC 0.9987 0.9998

10 Turkmenenergo SEC 0.9992 0.9969
11 Kyivenergo PJSC 0.9983 0.9997
12 KETPG JSC 0.9955 0.9932

Source: own development.

For most companies, the correlation coefficients between operating cash inflows and
outflows, as well as between the total cash inflow and outflow for the period of 2015–2019
range between 0.99 and 1.00. This indicates the synchronicity between cash inflows and
outflows over the period being considered. Slightly lower correlation coefficients between
operating cash inflows and outflows are typically found in Electric Networks of Armenia
CJSC. The projected cash flows based on the polynomial models have obvious discrepancies
in the results. At the same time, two models show that in ERES SUE, there will be deficit
cash flow. Companies such as Electric Networks of Armenia CJSC (according to polynomial
models), Telasi JSC, and Kyivenergo PJSC (according to linear models) are also at risk.
Based on all of the above, it is possible to exclude hypothesis H0 and accept hypothesis H1,
since a significant degree of dependence of the level of financial stability and equilibrium
of power supply enterprises on the level of synchronization and uniformity of their cash
flows has been proven. One should consider that some enterprises are characterized by
a high variation in incoming and outgoing cash flows, while for others, it is relatively
insignificant. This feature makes it possible to identify enterprises according to the criterion
of riskiness of cash flows as more or less risky from the standpoint of synchronization and
uniformity of receipt (or spending) of funds. The weaker synchronicity between the cash
inflow and outflow of these corporations is primarily due to the specifics of their financial
and investment activities and cash flow management policies.

5. Discussion

Operating cash flow management based on the proposed methodological approach
to monitoring, which is based on the calculation of planned and actual indicators of
cash flows and their comparison, should be primarily implemented in the context of
large consumers of electricity, which may include industrial consumers, budgetary and
municipal institutions, and others. This is due to the fact that the operating cash inflow of
power supply companies is most sensitive to the level of payment by the largest electricity
consumers [55,56]. Considering the above, it is proposed to continuously monitor the
payment ratios of the largest electricity consumers in order to control the cash flow from
operating activities. Power supply companies have their own specifics in the use of funds
received from their electricity consumers. It should also be taken into account that the
cash flows from electricity consumers are credited to a special distribution account. In the
absence of overdue debt, all funds from the distribution account are transferred to the
current account of the power supply company. In the presence of overdue debt, a portion
of funds can be credited to the current account, and another portion can be used to repay
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the debt [57,58]. The specified feature of the state regulation of cash flows of power supply
companies should be taken into account when planning and managing cash flows.

Based on the analysis of the operating cash flows of power supply companies over the
period of 2015–2019, it can be asserted that the funds received from electricity consumers
in the form of advance payments have the greatest share in the structure of operating
cash flows. In this regard, the proposed methodology for the cash flow management
and planning is exclusively focused on planning those operating cash flow components,
which together make up more than 90% of its volume [13]. At the same time, the operating
cash outflow of power supply companies depends on the volume of electricity purchased,
average electricity rates, the amount of taxes and duties paid by power supply companies,
and employee benefits [59]. In recent years, the introduction of new techniques has
had the greatest impact on the cost of electricity, which leads to an increase in the cost
of electricity produced by thermal power plants and combined heat and power (CHP)
power stations [60]. Planned cash flow contribution ratios can reflect the planned (target)
structure of cash inflow and outflow of power supply companies [61]. At the same time,
the coefficients of the contribution of cash flow can be tools for controlling cash flows
in the process of comparing their actual values with the planned and industry average
values [24,62]. These properties of financial ratios make them versatile tools for planning
and controlling the cash flows of enterprises.

The approach to long-term forecasting of cash flows developed in the study makes it
possible to determine long-term benchmarks of operating cash flows that can be used in the
process of planning cash flows from operating activities. The methodology for planning
cash flows from the operating activities proposed in this section allows us to determine
the volume of operating cash flow for the planning period. When planning cash flows
from operating activities, the focus should be placed on the factors that most significantly
affect the volume of operating cash flow. These factors include the cost and volume of the
electricity supplied to consumers, the level of energy settlement, and rates. Consideration
of the expected trends in the specified factors is the basis for planning and managing
operating cash flows [56,63]. The proposed methodological approach to the management
of cash flows from the operating activities of power supply companies should be based on
monitoring the payment ratios of both the consumer and the company itself. The ratios
described in the study are effective tools for planning and managing the operating cash
flows of power supply companies [63,64].

A significant advantage of the proposed methodological approach is the fact that
the coefficients of the contribution of operating, investing, and financial cash flows to the
total cash inflow (outflow) can indicate target planned proportions reflecting cash inflow
(outflow) for certain types of activities of power supply companies [60]. In this regard,
on the one hand, they can be used as target structural indicators of the formation of
planned cash inflow and outflow, and on the other hand, they can be effective tools for the
management of planned cash flows.

The limitation of this study is the impossibility of its practical application in other
economic sectors and spheres. This is due to the fact that the ratios of cash flows should be
adjusted in order to fully take into account the specifics of a particular industry or type
of activity. At the same time, the positive aspect is that the contribution coefficients of cash
flows are universal tools for planning and managing cash flows, and their standard values
are individual and should take into account the specifics of the enterprise.

In the future, the study can be expanded in terms of the number of companies,
industries, and geographical boundaries studied. At the same time, industry averages can
be formed to be used as control indicators in the cash flow management and planning.

6. Conclusions

Based on the indicators of the consolidated consumer payment ratio of the power
supply companies under study, it can be argued that the level of settlement discipline
of their consumers varies. In most companies, there are settlement discipline problems.
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The analysis of the average structural financial ratios, which reflect the specifics of the
formation of the total cash inflow and outflow of power supply companies in 2015–2019,
confirmed the preservation of the structural proportions inherent in the cash flow. At the
same time, for the majority of power supply companies, the basis of all payments is the
cash outflow from operating activities.

The uniformity of cash inflows of the power supply companies based on the assess-
ment of the average value of the cash flow, its standard deviation, and the coefficient of
variation made it possible to determine the highest level of cash flow variance in NES
Kyrgyzstan JSC, ERES SUE, and Kyivenergo PJSC. These companies are characterized
by the most volatile level of cash flow. At the same time, a group of companies with
stable cash inflows has been identified: ADEC JSC, Rosseti PJSC, Turkmenenergo SEC,
and KETPG JSC. The uniformity of cash flows based on the assessment of the distribution
of payments in the power supply companies being studied indicates a significant variation
in their cash outflow. In this case, the values of the standard deviation of the cash outflow
and the coefficient of variation preserve the trend of changes in the cash inflow uniformity.
Generally, the values of the coefficients of variation of the cash outflow of power supply
enterprises reflect the same patterns as their cash flow variation coefficients.

Forecasting the volumes of cash inflow, cash outflow, and net cash flows for the power
supply companies under consideration for 2025 based on the obtained coefficients of deter-
mination made it possible to determine the companies (Azerenerji JSC, Electric Networks
of Armenia CJSC, ADEC JSC, Belenergo SPA, Rosseti PJSC, and KETPG JSC) for which
linear regression can fairly accurately describe the trajectory of the cash inflow and out-
flow. However, for the other companies, which make up 50% of the studied enterprises,
the coefficient of determination has low or close to zero values, which indicates the low
predictive power of the linear regression models for these companies.

Based on the polynomial cash flow multiple regression models designed for the
power supply companies under study, the values of the determination coefficients were
determined, which exceed 0.9 for most enterprises. This confirms the strong possibility
to extrapolate the studied trends to future periods. Thus, compared to the linear model,
the polynomial one confirms higher values of the determination coefficients (>0.95) for the
majority of power supply companies.

The projected volumes of cash inflow, cash outflow, and net cash flows of power
supply companies with the application of the described polynomial multiple regression
models have a fairly high degree of approximation. At the same time, most power supply
companies are expected to have a small net cash deficit that can be covered by the available
cash assets. However, there are also companies that will be forced to look for opportuni-
ties to ensure balanced cash flow, as the projected cash deficit and excess cash flow are
quite high. The correlations between operating cash flows and outflows, between total
cash inflow and outflow of the majority of power supply companies, are high and range
between 0.99 and 1. The low level of synchronization between cash inflows and outflows
of the companies under study is associated, first of all, with the specifics of their financial
and investment activities and the cash flow management policy.

Hypothesis H1 was adopted taking into account the proven significant dependence
of power enterprises’ financial stability on the synchronization and uniformity of cash
flows. Since the hypotheses put forward are mutually exclusive, hypothesis H0 was re-
jected. The proposed methodological approach allows identifying enterprises according
to the criterion of cash flow riskiness from the standpoint of cash flow synchronization
and homogeneity.
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M. Innovation Management in Polish

Real Estate Developers in the

Renewable Energy Sources Context.

Energies 2021, 14, 1702. https://

doi.org/10.3390/en14061702

Academic Editors: Álvaro Gutiérrez

and Chi-Ming Lai

Received: 2 February 2021

Accepted: 15 March 2021

Published: 18 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 The Management Faculty, Czestochowa University of Technology, 42-201 Czestochowa, Poland
2 Department of Business Technologies and Entrepreneurship, Vilnius Gediminas Technical

University (Vilnius Tech), Sauletekio 11, 10223 Vilnius, Lithuania
3 General Jonas Zemaitis Military Academy of Lithuania, Silo 5A, 10322 Vilnius, Lithuania
* Correspondence: marcin.sitek@pcz.pl (M.S.); manuela.tvaronaviciene@vilniustech.lt (M.T.)

Abstract: This paper analyses innovative activities, including renewable energy sources (RES) in
the housing market, the motivations for their introduction, effectiveness, benefits, limitations and
management—which are open and current problems of Polish and international sustainable con-
struction. This problem is part of a research gap concerning, among others, the role of developers
and entities responsible for introducing energy innovations into housing construction. The aim of
the paper is to analyse innovations, with particular emphasis on RES, introduced by residential
developers in Poland in the context of global trends. The work is based on the results of surveys
conducted among developers of the primary housing market. The research of 130 questionnaires
received from entities such as multi-storey buildings and multi-family houses in Poland, was carried
out on a nationwide sample using the CATI Computer Assisted Telephone Interview method. The
results of the survey research were summarized by setting research hypotheses, which were verified
using the significance test based on the Laplace normal distribution. The research conducted has
shown that residential developers in Poland point at, among others, competitive pressures, concern
about the quality of products and services offered, increasing market share or satisfaction and increas-
ing customer requirements. This clearly shows that the implementation of innovation is perceived
through the prism of increasing competitiveness. Furthermore, developers operating in the more
competitive markets—nationwide and on the market of the five largest Polish cities, usually larger
companies, showed a greater willingness and even the need to introduce innovation in their activities.
In the study, developers as one of the barriers of introducing innovations, apart from the lack of
adequate support, mainly from public entities in the field of, inter alia, appropriate law favouring
the implementation of innovations and financial support, indicate difficulties of the client’s market
manifested by the lack of knowledge and identification of needs in the field of innovation, and the
lack of willingness to pay a higher price in regard to the product with higher innovation level. In the
paper, the authors recommend developers, among others, to implement in the management process
the identification of possible to implement innovations and the customers’ needs in innovations
with education in the field of possible innovations and its benefits. The article indicates the need to
intensify the implementation of innovations in housing projects in order to increase competitiveness
and to meet the European Union’s requirement regarding the use of renewable energy sources.

Keywords: green building; housing projects management; innovations; sustainable construction;
renewable energy sources; real estate developers

1. Introduction

Continuous processes of intense globalization and accelerated economic growth are
stimulated by increased competitiveness. In the case of the European Union, the main
problem for economic success at a time when global energy markets are changing as a
result of the transition to clean energy is to maintain competitiveness. This is why the
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European Commission presented the Clean Energy for all Europeans package in Brussels
on 30 November 2016 stressing that the transition to clean energy will be the main growth
sector (smart money) in the future [1]. The Clean Energy for all Europeans package is a set
of ambitious requirements whose authors have set themselves the goal of building a better,
more efficient and sustainable energy system for future generations. As tools to achieve
this objective, solutions that are as free-market as possible, thus increasing competition for,
and ensuring efficiency in, the microeconomic sense have been adopted [2–5].

The proposed package of measures has three main objectives: energy efficiency as
a priority, to make the European Union a leader in renewable energy, and to ensure fair
treatment of consumers (European Commission 20192). In 2015, clean energy sources
worldwide attracted investments worth €300 billion. The European Union is well prepared
to use its research, technological development and innovation policies to turn the transition
to clean energy into concrete industrial opportunities. By mobilizing public and private
investments of €177 billion per year from 2021, this package can generate close to 1% of
GDP growth over the next decade and create 900,000 new jobs [6].

The Clean Energy for all Europeans package of legislative proposals addresses issues
of energy efficiency, renewable energy, electricity market structure, the security of energy
supply and governance for the Energy Union. It also addresses actions to accelerate clean
energy innovations and those that will help mitigate the social impact of the transition to
clean energy.

In October 2014, the European Council agreed on a climate and energy policy frame-
work for the EU by 2030, setting an ambitious objective of reducing greenhouse gas
emissions from all sectors of the economy by at least 40% by 2030 (especially CO2). The
Paris Agreement on Climate Change confirms the EU approach. The implementation of
the climate and energy policy framework agreed by the European Council until 2030 is a
priority issue in relation to climate the Paris Agreement and the Energy Union strategy,
one of the priorities of the Juncker’s Commission [7].

In 2015, the Commission proposed to reform the EU Emissions Trading System (EU
ETS), whereas, in summer 2016, it prepared proposals to accelerate the transition to an Eu-
ropean low-emission economy. The package currently presented addresses the remaining
key elements necessary to fully implement the EU’s climate and energy policy framework,
in particular concerning renewable energy and energy efficiency.

Therefore, it can be concluded that renewable energy represents a cost-effective source
of energy that isolates energy markets and consumers from instability, promotes economic,
and stimulates sustainable growth.

As the main problem of economic success for the EU in times of changing the global
energy market is maintaining competitiveness, besides the abovementioned EU programs,
the HORIZON EUROPE 2021–2027 framework program for research and innovation is
becoming the most important (the Next EU Research and Innovation Program 2021–2027,
as a continuation of HORIZON 2020 program) [8]. It is the largest project implemented by
the EU, with a budget of EUR 95.5 billion.

All legislative proposals for the Energy Union presented in 2015 and 2016 are treated
as a priority by the European Parliament and the Council.

Since the construction sector generates as much as half of the waste generated in
the world and buildings consume 40% of the energy produced in EU countries, it is
very important to implement and manage innovation in real estate. In property and asset
management (PAM) innovations plays, nowadays, one of the key roles. PAM can be divided
into three pillars: asset management, property management and facilities management [9].

Activity of housing developers refers to asset management because developers—
investors usually sell flats after the investment is completed, sporadically keep them in
their portfolio for rent. Therefore, their objectives are maximizing value and increasing
returns from property. Innovation will increase the value of property but not necessarily
the rates of return as the innovations will also increase costs—that is why proper man-
agement of the investment project is very important in this case. The framework of the

94



Energies 2021, 14, 1702

management process of the construction process implementing the innovations indicates
the need for identification of external environment variables like location, procurement
form, innovation acceptance of the client, regulation degree and critical variables of the in-
ternal environment like service offer, knowledge strength, cooperative behaviour, financial
strength and time needs [10]. Innovation’s management in construction life cycle starts
from opportunity exploration, where market trends, client insights, technology trends, data
analytics, regulatory and competitor information plays an important role to manage the
pro-jects or the contractors to investigate new innovations. At the front end of innovation
level the project needs are studied, if a new tool, method or technology is identified and
whether the new innovation is suitable, usable, and scalable. Then user experience tests
are carried and whether the project team will be able to sustain using this new innovation
is determined. During the backend design level aspects such as usability, serviceability,
robustness and assembly are considered. At the commercialization level, change and
leadership that are required for continued operational excellence are applied. At the daily
management and project engagement level, training and project team engagement are
important, and reporting and innovation implementation progress monitoring is applied.
The final phase is improvement, where the effects from applying this new innovation is
evaluated and innovation evolvement is investigated [11–15].

In the field of property management, and in particular facility management, inno-
vations implemented in the construction phase allow for achieving higher efficiency by
reducing the operating costs of buildings, improving the functionality, the environment
in-side the building, or the impact on the natural environment through the emission of
greenhouse gases or materials used in construction. These elements, especially reducing
the operating costs of buildings, such as the consumption of energy needed to central
heating, water heating, electricity, water consumption or generated waste, increase the
value of the property. The innovations implemented in a building are often, nowadays
confirmed by certificate granted by specially entities, which are an indisputable factor in
increasing the value of real estate. For the most prestigious certifications we can include
LEED (Leadership in Energy and Environmental Design) and BREEAM (Building Research
Establishment’s Environmental Assessment Method).

The aim of the paper is to analyse innovations, with particular emphasis on RES,
introduced by residential developers in Poland in the context of global trends.

The research topics, covered in this paper, include:

1. The assessment of the position regarding the introduction of energy innovation in
housing in the light of benefits and barriers.

2. Analysis of the introduction of innovations in Poland and worldwide in terms of RES.

2. Literature Review

In the case of the construction sector, the implementation of sustainable urban develop-
ment assumptions, especially those concerning housing, is the responsibility of engineers,
managers and research and development entities, focused on the implementation of in-
novations already in the processes of preparing materials for use in construction. In the
case of the real estate market, especially residential real estate, the implementation of the
assumptions of environmental sustainability is the responsibility of real estate developers
and property buyers [16–18].

Green housing development requires a complex approach based on using green or
technologies and on the behaviour of housing market actors. Many governments across the
world introduce requirements or incentives to introduce innovations according to green
housing and especially with energy efficiency. The Chinese government promotes energy
efficiency in the new urban building sector by requiring 50% of new buildings to be green
buildings [19,20]. Moreover, the European Union energy objective 2020 assumed having
20% of the energy consumption acquired from renewable energy sources. That leads to an
increase in sustainability through the introduction of renewable energy innovations [21].
In UK nearly one third of total consumption of energy devoted to the domestic household
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sector, therefore sustainable housing developments have an important part to play in
reducing greenhouse gas emissions and implementation of renewable energy sources
in order to combat climate change [22]. Furthermore, in the perspective of the future
20–30 years the consumption of energy will be continuously increasing because of upward
trends of using primary electric heating or electric cars. That is why the role of governments
in implementation of RES is so important [23–25].

According to Uidhir et al. [26] in Ireland, improving the energy efficiency of residential
flats will play a key role in achieving energy efficiency and GHG emissions reduction targets
in 2020 and then to 2030. More than 80% of residential buildings have an energy efficiency
rating (BER) of C. Ireland’s Climate Action Plan 2019 aims to achieve 500,000 retrofits to
a B2 standard by 2030, including the installation of 400,000 heat pumps. As exposed, the
implementation of RES in residential buildings is becoming a standard, not the innovation.

Introducing the RES could also be an alternative for progressive tariffs. For example,
in Italy and California, they seem to function well; however, they are not easily introduced.
A free social minimum energy supply paid by progressive prices for high-end users can
seem to be unfair. As exposed, the implementation of RES in residential buildings is
becoming a standard, not the innovation [27].

Zhang et al. [28] research is interesting, and it is found that one of the engines of
innovation in the Chinese real estate market is uncertainty. He shows that uncertainty has a
positive impact on firms’ innovation performance, including R&D investment, innovation
level and other innovation outcomes.

Increasing of using RES is also important in the context of the existing trend in housing
exactly growing floor space per capita. Forecasts for the EU increase from 20 m2 in 1960 to
45 m2 until now per person in the UK or 15 m2 in post-war Germany to 45 m2 in 2016 to
over 50 m2 per person until 2030. Increasing of using RES is also important in the context
of the existing trend in housing, exactly growing floor space per capita [29].

Furthermore, trends referring to other than EU countries are the same, e.g., in the
USA, an average is 74 m2/cap. Despite the increasing trend, the EU figures compared with
an average of 18 m2/cap in Shanghai, 20 m2/cap in Japan and 30 m2/cap in Singapore are
relatively high [30]. More floor space needs more energy for heating, cooling, ventilation
and lighting. In this context, a good example is the GAG Immobilien AG (Köln, Germany),
an incorporated housing company owned by the city of Cologne, that decided to withdraw
from the stock market after 60 years of being listed, to do not have to maximize profit but
instead be able to build smaller flats, thus, less energy-consuming ones [31].

Killip et al. ([32]) report that to investigate the process of implementing in investments,
the analysis should be carried out of two markets: the first market of repair, maintenance
and improvement (RMI) of homes, in which energy efficiency is not the most important; and
the second market for deep retrofit, where energy performance is the main objective. The
first RMI market is dominated by small enterprises, especially micro-businesses, working in
local markets. These companies are not profiting maximisers or focused on building energy
performance. In the second market, companies are focused on energy efficiency and are
usually small and medium or large enterprises cooperating at the regional and national mar-
ket. The same situation is in the primary housing market. According to Brown et al. ([33]),
several elements can be distinguished for a successful business/management model for
retrofit, including:

• A value-based on comfort, well-being, health and aesthetics
• Guaranteed energy savings
• Integrated supply chains able to provide a whole-home approach
• A single point of contact for customers
• An integrated low-cost financing model
• Coordination of all these elements

As we can see, energy efficiency is one of those basic elements. Introducing the inno-
vations on the housing market refers not only to the use of homes but, also, nevertheless
important, to resource efficiency in the industrialization of housing production. Industri-
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alized Housing Construction (IHC) has been a strategy to deploy emerging innovations
for resource-efficient housing construction [34,35]. It is important because the building
construction industry alone is estimated to comprise 25% of virgin wood and 40% of raw
stone, gravel and sand globally each year. It is also responsible for 40–50% of the global
output of greenhouse gas [36]. In the process of management and value creation within
IHC, the authors have distinguished subthemes presented in Figure 1, which include,
among others, innovative and industrial materials and operational energy efficiency. It
shows that innovations, including RES, are factors creating value in the real estate market.

Figure 1. Subthemes in the process of management and value creation within IHC. Based on
source: [34].

In relation to management, it should be stated that the core of modern society in
the 21st century [37] (pp. 9–39), is not technology, information, or productivity: it is an
investment managed as an instrument of society, responsible for producing certain results.
In the case of RES, these results include, on the one hand, environmental protection by
reducing gas emissions. On the other hand, they mean a reduction in operating costs of
buildings and total or partial independence from external energy suppliers. A thorough
analysis of management, according to the new quality paradigm, clearly shows that achiev-
ing and maintaining a high level of competitiveness requires continuous restructuring,
including the improvement and introduction of new products or services, the develop-
ment, search, and implementation of new technologies, the improvement of business
management systems, production processes, sales, and marketing [38] (p. 13).
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Therefore, it can be concluded that the basic determinant of global competitiveness in
the 21st century will be the ability to create, share, and use knowledge, including, above
all, generating and implementing innovation [39–41].

In the case of the construction sector, the implementation of sustainable urban develop-
ment assumptions, especially those concerning housing, is the responsibility of engineers,
managers and research and development entities focused on the implementation of in-
novations already in the processes of preparing materials for use in construction. In the
case of the real estate market, especially residential real estate, the implementation of the
assumptions of environmental sustainability is the responsibility of real estate developers
and property buyers.

As presented above, innovations, especially renewable energy sources, play a signifi-
cant role. The RES in the global energy mix is increasing from year to year. According to
the International Renewable Energy Agency (IRENA), there were 2537 GW of renewable
energy installations worldwide at the end of 2019. In 2019 alone, 176 GW of new power
installed in RES was added.

The world’s renewable energy sources are dominated by hydropower with an installed
capacity of 1310.9 GW and wind power with an installed capacity of 622.7 GW.

The latest reports of the International Renewable Energy Agency [42,43] showed that
the structure of RES in the world after 2019 was:

• 2537 GW of renewable energy installations (cumulative power),
• 176 GW was the renewable power added only in 2019,
• 54% accounted for new power installed in Asia in 2019,
• 72% of new generation capacities installed worldwide in 2019 were RES installations,
• the percentage of new wind and solar power in 2019 was 90%.

In Poland, the Institute of Renewable Energy (IEO) has already published the eighth
edition of the report “Photovoltaic Market in Poland 2020” [39]. The report is a complete
summary of the state and trends in the photovoltaic market in Poland.

The photovoltaics market is developing the fastest of all RES sectors in Poland. The
total installed capacity of photovoltaic sources at the end of 2019 was almost 1500 MW, and,
already in May 2020, it exceeded 1950 MW. The largest increase in new power is currently
observed in the micro-installation segment, which illustrates the high activity of individual
and business prosumers. In 2019, Poland achieved an increase in the new power about
0.9 GW and ranked among the top five in the European Union. New PV power installed in
Poland accounted for 5.5% of the EU power growth.

According to the forecast, Poland will maintain its installed capacity growth rate this
year and will be ranked 5th in the European Union. The Institute of Renewable Energy
(IEO) estimates that at the end of 2020, the capacity installed in PV in Poland may reach
2.5 GW. IEO forecasts also indicate that the turnover in the photovoltaic market will increase
this year compared to the previous one by as much as 25% and will exceed 5 billion PLN.

The most recent report by the Agency, containing a detailed overview that shows
where and how much the percentage of renewable energy has increased, reveals that global
RES increased by 7.6% last year. The leader is Asia with the growth accounting for as much
as 54% of total added power. Although the expansion of RES slightly slowed down last
year, the total growth of renewable energy still outpaced the growth of the use of fossil
fuels (2.6 times), continuing the dominance of RES in the energy expansion achieved for
the first time in 2012. Solar and wind energy accounted for 90% of the total renewable
capacity added in 2019 [44,45] (pp. 58–80, 81–131).

Solar energy added 98 GW in 2019, with 60% being new power added in Asia. Nearly
60 GW increased wind power due to growth in China (26 GW) and the USA (9 GW). Both
technologies generated 160 GW of global renewable power in 2019. It should be noted that
wind and solar power, with 623 GW and 586 GW of installed capacity, respectively, cover
almost half of global renewable capacity [44].

Hydropower, bioenergy, geothermal and marine energy showed a slight year-on-year
increase of 12 GW, 6 GW, 700 MW and 500 MW, respectively. In the case of hydropower, an
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exceptionally low growth rate was recorded. The experts explain this situation by the fact
that some large projects did not meet the expected completion dates. Most of the expansion
occurred in China and Brazil, with each country increasing capacity by over 4 GW.

Continuous processes of intense globalization and accelerated economic growth are
stimulated by increased competitiveness. In the case of the European Union, the main
problem for economic success at a time when global energy markets are changing as a
result of the transition to clean energy is to maintain competitiveness. Analysing the above
literature review, it can be concluded that the basic determinant of global competitiveness
in the 21st century will be the ability to create, share, and use knowledge, including, above
all, generating and implementing innovation.

The literature review revealed gaps in the presented research, in particular regarding
the introduction of innovation, including RES, the management of this process, the causes
and barriers to innovation, and the effects of not undertaking innovation in the realities
of housing developers’ activity on the real estate market in Poland. In addition, the
confrontation of the presented international scientific achievements regarding innovation
on the real estate market in the context of renewable energy sources with Polish literature
in this area clearly indicates competitiveness as the main element of the EU economic
development strategy, while there are no reports on the impact of the market on the
demand for this type of construction in the context of Poland.

Problems related to renewable energy sources in the context of real estate and inno-
vation management, as well as the evaluation of the statement of developers regarding
RES in the context of sustainable development, allow formulating hypotheses which, after
verification and confirmation, will summarize the role of innovation and management in
the context of renewable energy sources in Poland [17,45–49].

As the effect of literature review the following hypothesis were proposed:

Hypothesis H1. The innovations introduced by developers into the housing market depend on the
scale/range of their activities;

Hypothesis H2. Lack of innovation by housing developers is caused by the lack of demand for such
construction;

and

Hypothesis H3. Barriers to innovation by housing developers limit their competitiveness.

3. Materials and Methods

Research on innovation among developers of the primary housing market was con-
ducted from 24 to 28 August 2020. The survey was conducted in the form of a survey
on a sample of 130 entities: developers of the primary housing market implementing
multi-family housing investments.

The survey was carried out using the CATI method (telephone survey using an online
questionnaire) on a nationwide sample. The questionnaires were filled and returned from
130 entities, with the number of the entities that built blocks of flats, i.e., multi-storey,
multi-family buildings, estimated as on 13 July 2020 at 324 entities.

The questionnaire consisted of 6 questions of the record, such as company name, its
headquarter, geographic scope of the company’s activity, origin of its capital, internship in
the real estate market and employment and 25 substantive questions.

The survey dealt with innovations among developers of the primary housing market,
where RES were only a small part of this survey. Since the most important characteristics
of RES power are measured as the maximum net capacity of power plants and installations
using RES for electricity generation while the obtained and generally available data reflect
the installed and connected capacity at the end of the calendar year. The data were obtained
from various sources, including a survey and secondary data such as IRENA questionnaires,
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Renewables Global Status Reports, IEO, ERO (Polish Energy Regulatory Office), Statistics
Poland reports, industry association reports and information articles.

Descriptive statistics were used to present the research results. It was found that the
main elements resulting from the implementation of innovations in the primary housing
market are the concept of intelligent sustainable construction, having an impact on energy
management. The basic research method used in the study was a survey. The research
tool used was the original CATI questionnaire a method of collecting information in the
quantitative market and public opinion research). The significance test based on normal
Laplace distribution was chosen to verify these hypotheses [46,47] (pp. 411–470). The data
for the analysis were prepared based on the author’s questionnaire.

The applied method of statistical inference allows in a relatively simple way, based on
the experimental data, to verify the substantive hypothesis on the basis of the probability
calculus. Hypothesis verification methods or significance tests are often used to test
the relationship between variables, e.g., the causality test or the cointegration test or
significance tests as hypothesis verification [50].

4. Results

The research part of the study concerns the analysis of the survey conducted on inno-
vation among the developers of the primary housing market. The analysis of innovative
activity on the housing market is most often carried out in the nearest market environment
using specialized market research and reports and results of analyses prepared and pub-
lished by public and private institutions such as IRENA, IEO reports, URE and Renewable
Global Status Reports. The survey conducted in the paper enabled conclusions to be drawn
on the motivations for introducing innovations in the housing market, types of innovations,
benefits, barriers, support and management of innovations.

The survey concerned the research on innovation in development companies operating
on the primary real estate market. Innovation research among residential construction
companies on the primary market was carried out in August 2020. The survey among
enterprises was conducted using the CATI method. Research using this technique is often
used to develop a company’s strategy or marketing activities. The study was conducted
on a nationwide sample. The research sample consisted of 130 entities, with the general
population constituting (± 5%) 324 entities building multi-storey, multi-family houses
in Poland.

Developers—respondents (presented in Figure 2), representing companies operating
in various geographical areas of the country, i.e., companies operating on the local market—
61 companies; on the voivodeship market—52 companies; on the Polish national market—
14 companies; and in the five largest Polish cities—three companies. Moreover, they
represented companies with different origins of capital: Polish capital—122 companies;
foreign capital—four companies; and mixed capital—four companies.

The presented companies were characterized by different years of operation from
5–9 years, for 10–15 years, to 15–24 years. Among the analysed companies, 65 companies
employ up to 10 employees, 37 companies have employees from 10 to 49, five companies
have employees from 50 to 249, two companies have more than 249 employees while the
remaining companies did not want to disclose the number of employees.

The substantive questions are divided into four blocks—the motives for introducing
innovations to the housing market and their nature, the reasons for cooperation and
support for innovative activities, the effects of introducing innovations and their functional
features, and managing the innovation portfolio.

The surveyed residential developers answered the question of whether they intro-
duced innovations in their operations, giving 31.5% positive answers. Figure 3 graphically
shows the answer to the question.
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Figure 2. Characteristics of the research sample—entities building multi-storey, multi-family houses in Poland.

Figure 3. Do you introduce innovations in your activities in the housing market? (N = 130).

Other developers (68.5%) responded negatively. As can be seen, most of the enterprises
studied do not introduce innovations in their operations, which may negatively affect
their operations in the future. Furthermore, 53.9% of the respondents indicated that
their customers chose conventional construction to implement innovative solutions. As
arguments for not innovating, they mentioned the specificity of the enterprise (50%),

101



Energies 2021, 14, 1702

attachment to conventional construction (37.5%), lack of demand (33.3%), or preferences
for best practices (33.3%).

It is important to analyse the motivations and conditions for introducing innovations
in the housing construction sector.

As regards the motivations for introducing innovations in the activity of a real estate
developer on the housing market, the respondents mentioned fast sales of apartments, cost
reduction, and growing customer requirements. Companies with a voivodeship range
preferred especially customer satisfaction, while for companies with a nationwide range,
the most important motivation was to improve the quality of products (apartments) and
services. Reducing the environmental impact and increasing the company’s market share
are the most important motivations for developers operating in the five largest Polish cities.

While answering the question concerning the types of innovations, the developers
listed technical and technological innovations as the most important (mean 36.25%), fol-
lowed by procedural and organizational (27 %), marketing (23.75%) and financial (13.5%)
innovations. The details of the answers to this question are presented in Table 1.

Table 1. Types of innovations introduced by developers in the housing market.

What Innovations Do You Use?

Local Within the Voivodeship Nationwide The five largest Polish Cities

Process and organizational innovations 29% 27% 27% 25%

Technical and technological innovations 43% 37% 40% 25%

Marketing innovations 23% 27% 20% 25%

Financial innovations 6% 10% 13% 25%

It is technical and technological innovations that determine the directions of develop-
ment for innovations in housing construction, especially related to RES. Their percentage
is on average 36.25% of all technical and technological innovations. However, it is the RES
innovations, regardless of the scope of the company’s activity, that qualify for technical and
technological innovations, which may favour the implementation of RES in the activity of
real estate developers carrying out investment projects.

In the developers’ opinion, the calculation of benefits and barriers determines cooper-
ation with other entities in introducing innovations and also determines the direction of
support for these activities.

The processes associated with innovative activities in the housing market are accom-
panied by a balance of benefits and barriers. When asked about the benefits of introducing
innovations to the housing market, developers ranked them in the following order higher
selling price of apartments, their faster sale, higher quality of apartments in a finishing
stage, and a significant benefit, i.e., maintaining employment, which helps stabilize the
company and guarantees its development.

According to housing developers, the most significant barriers include complicated
legal regulations, lack of sufficient qualifications of employees, lack of financial resources,
time pressure and lack of recognition of market needs for innovation.

When asked about the support needed for investment activity by residential develop-
ers, 50% of the companies answered that there was no need for support. Developers paid
attention to technical support (25%) appreciated by companies implementing investment
projects. They also emphasized financial, equipment and personnel support (25%).

Quite an interesting and varied answer was given by the developers to the question
from the block on the effects of introducing innovations and their functional features.

As a result of introducing innovations in the field of housing construction, developers
mentioned a higher selling price of apartments (33%), their faster sales (16.7%), higher
quality of apartments in the developer standard (16.7%) and an increase in customer
confidence through the company’s image and reducing damage to the environment.
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Innovations as factors influencing the interest in housing construction (functional
features) are, according to developers, its high functionality (28.5%), ease of use of the
installed innovative systems (24.5%), reduction of building operating costs (24%) and the
possibility of expansion and remote access (23%).

Local, provincial and national enterprises most often indicate high functionality,
while only enterprises operating in the largest five Polish cities indicate all of the above-
mentioned features.

In response to the question of whether the problem of innovation management results
from the company’s strategy, 31.7% of the developers answered positively (due to gaining
a leading market position among the competitors). Furthermore, 22% of respondents
also confirmed the role of management in the adopted strategy due to the need to adapt
products to the level offered by the competitors, while 46.2% did not give a clear answer.

For companies, it is important to guarantee their future business activity and continu-
ous development.

While answering the topic of management and corporate strategy, 56.1% of the housing
developers stated that introducing innovations to housing projects leads to difficulties in
terms of managing them. Furthermore, 43.9% of them answered negatively. According
to 100% of the respondents, the company’s development strategy and investment project
management depend on funds, of which 14.3% confirmed the dependence of management
on the type of investment. Of the respondents, 31.7% stated that the introduction of
innovations is an element of the company’s development strategy due to gaining a leading
position on the market among competitors. A total of 14.6% denied this statement, and
31.7% had no opinion. The answers to this question show that management assessed from
the perspective of innovation must change with the company’s development, technology
development, knowledge and competence.

The developers also commented on the environmental benefits of bringing innovations
to the housing market (the answer to this question was given by developers on a scale
from 1 to 6, 6 being the maximum score, and 1 being the minimum score). A table of
environmental benefits and their importance resulting from the introduction of innovations
into the housing market is presented below.

Regardless of the scope of the activities of real estate developers, the environmental
benefits were ranked by the developers by determining the arithmetic mean of each indica-
tion. They ranked the items as follows: water management (5.325), reduced CO2 emissions
(5.25), green technologies and recycled materials (5.2), rational use of RES (5.175), waste
management (4.95) and improving the environment in sustainable buildings (4.85). The
ranking determined based on developers’ statements is surprising, because, in recent years
(2018–2020), Poland has seen a rapid and very dynamic development of renewable energy
sources (RES), with the benefits of using this innovation being disproportionate to the costs
of these installations, although they are spread over time. The answer to this question also
points to climate-friendly innovations.

The analysis of innovation effectiveness is most often performed from the perspective
of the nearest market environment. There is a substantial variation in the assessment of
the effectiveness of the innovations introduced. The most conclusive answers are those
concerning the regional and national market. On the national market, the introduction of
innovations results in a higher selling price of apartments, faster sales and higher quality
of the final product, i.e., apartments in a finishing stage. A quite important factor, in this
case, is the increase in customer confidence and improved corporate image.

The environmental benefits resulting from the introduction of innovations into the
housing market are particularly based on energy efficiency through the rational use of
energy as presented in Table 2. The most frequently chosen assessment of future activity by
local developers is the attitude of maintaining an average level of innovation characteristic
of the market in which developers operate. Real estate developers with a voivodeship
and nationwide scope operating in the largest five Polish cities most often choose the
attitude of conducting as many innovations as possible in their activities, which allows for
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minimization of the risk of bankruptcy and gaining competitive advantage. In terms of
assessing the effectiveness of innovation, the resources involved in innovative activities are
producing the expected results.

Table 2. Environmental benefits connected with bringing innovation to the housing market.

Please Prioritize the Environmental Benefits of Bringing Innovations to the Housing Market?

Local Within the
Voivodeship Nationwide Five Largest

Polish Cities

Energy efficiency through the rational use of energy (use of
renewable energy sources) 5.0 5.4 4.3 6.0

Improvement of the environment in sustainable buildings 4.5 5.1 3.8 6.0

Reducing harmful CO2 emissions 4.8 5.2 5.0 6.0

The use of green technologies and recycled materials 4.6 5.2 5.0 6.0

Effective water economy 4.9 5.1 5.3 6.0

Rational waste management 4.4 4.6 4.8 6.0

Generally, thanks to the effects of introducing innovations in the field of housing
construction, it was possible to achieve a higher selling price of flats, faster sales of flats,
higher quality of the final product, i.e., flats in a finishing stage, and, importantly, to
maintain employment. Furthermore, by introducing innovations in terms of housing
construction, it has been possible to increase customer confidence in the company, improve
the company’s image, and reduce environmental impacts.

Some of the survey questions related to renewable energy are very important for
ecological and economic reasons. Therefore, in order to confirm and summarize the results
of the survey on the implementation of innovations, substantive hypotheses were proposed
for verification.

The significance test based on normal Laplace distribution was chosen to verify these
hypotheses [46,47] (pp. 411–470).

The level of statistical significance in the analysis was set at α = 0.05. If the distribution
of a trait in the population studied is normal, with expected value x0 and standard deviationϬ , and the parameter Ϭ is known, the significance test for x = x0 will be met by first
calculating the sample mean x and the value of the random variable u:

u =
x − x0Ϭ 

√
n, (1)

where n is the sample size;
x0 is the expected value; andϬ is the standard deviation.
It seems that it would be more reasonable to take the weighted arithmetic average

instead of the expected value x0 [50] (pp. 589–595).
Since the weighted average is successfully used to calculate the average value, and all

uncertainties, Xij, are independent. Moreover, the weighted average gives the correct result
only if the weights are independent, i.e., they are not correlated with each other.

For a pre-set level of significance α, the value of uα is read from the table of cumulative
distribution function, i.e., from the table of Laplace function, such that |u| ≥ uα is called
the critical area for this test. If the value:

u =
x − x0Ϭ 

√
n, (2)

is such that |u| ≥ uα, the hypothesis that x = x0 is rejected. Otherwise, there is no reason to
reject the hypothesis.
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The significance test adopted in the paper verifies the hypothesis that certain features
of set A and set B are statistically independent. Using the research tool such as the statistical
method, the author considers the assumed hypotheses, which are calculated using the
formulae reflecting the examination of the normality of statistical distribution.

It is essential to assess the statement of developers regarding renewable energy sources
in the context of sustainable development. Therefore, data for the analysis were prepared
based on the author’s questionnaire. The data and calculations used to confirm the validity
of the hypotheses are presented in Table 3.

Table 3. Empirical data used to verify the hypotheses.

n H1 H2 H3

Local market 15 3 13

Voivodeship market 19 6 13

Polish market 6 13 9

Market of the five largest cities in Poland 1 1 6

x = 10.25
x0 = 12

x = 6
x0 = 7

x = 10.25
x0 = 12

The sample mean was first calculated by x, and a random alternate u value for a given
sample size was calculated secondly. For a predetermined level of significance α, the table
of cumulative distribution function, i.e., the Laplace function table is used to read the value
of u∝ such that: P{�u� ≥ u∝} = α. The u∝ value is called the critical value for this test and
is 1.96.

Since the questions about the specifics of the expected investments, planned imple-
mentations in the future, their positive effects and ecological benefits show that especially
renewable energy innovations such as photovoltaics, heat/energy, solar collectors and
Smart Home technologies (home automation such as heating, lighting, alarms), gates, roller
shutters, ventilation, ingress protection IP cameras (protection level)—a combination of
a camera and a computer-based on energy sources, controlling installations and devices
remotely) are expected by customers; therefore, the hypotheses were related mostly to RES.

Hypothesis H1:
Innovations introduced by developers to the residential market depend on the scale/

scope of their operations. Hypothesis H1 concerns the location of housing markets as local,
provincial, national, and the market of the five largest cities in Poland.Ϭ 2 = −50.68; Ϭ = 7.12; u = −0.50; uα = 1.96

There is a relationship: |u| ≥ u∝ i.e., |− 50| ≥ 1.96, which is untrue, i.e., there are no
grounds to reject the H1 hypothesis.

Hypothesis H2:
The lack of innovation by housing developers is caused by the lack of demand for

such construction. Hypothesis H2 is presented by questions about the strong increase in
housing prices, better quality and higher and faster sales.Ϭ 2 = 17.75; Ϭ = 4.21; u = 0.48; uα = 1.96

There is a relationship: |u| ≥ u∝ i.e., |0.48| ≥ 1.96, which is untrue, i.e., there are no
grounds to reject the H2 hypothesis.

Hypothesis H3:
Barriers to innovation by residential developers limit their competitiveness.
Hypothesis H3 was verified based on the answers of the survey respondents concern-

ing maintaining employment, reducing environmental impact and improving the corporate
image on the global market as well as taking advantage of the opportunities offered by
the common European market. Therefore, it can be concluded that the introduction of
innovations results from the corporate strategy, which is ultimately expected to guarantee
the economic growth of the country.
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Ϭ 2 = 8.69; Ϭ = 2.95; u = 1.19; uα = 1.96
There is a relationship: |u| ≥ u∝ i.e., 1.19 ≥ 1.96, which is untrue, i.e., there are no

grounds to reject the H3 hypothesis.
It can be seen that the verification of the hypotheses summarizing the results of the

survey analysis confirmed their truthfulness for this market. It should be noted that,
despite this fact, there is a good knowledge of the benefits and barriers to innovation in
renewable energy on the real estate market, Poland was only a moderate innovator in the
ranking of innovation systems of the EU Member States in 2020 [51].

5. Discussion

The percentage of energy generated from renewable energy sources remains small in
Poland. The Polish power industry is still dominated by coal. The structure of electricity
production in Poland in 2019 is presented in Table 4.

Table 4. The structure of electricity production in Poland in 2019.

Type Percentage (%)

Utility hard coal-fired power plants 49.25

Utility brown coal-fired power plants 26.14

Wind power plants and other renewable energy sources 9.03

Utility gas-fired power plants 7.62

Industrial power plants 6.41

Utility hydropower plants 1.55
Source: [52].

Table 4 shows that the percentage of utility power plants in electricity generation
in 2019 was 75.39% and renewable energy sources only 9.03%, while the percentage of
utility hydropower plants was 1.55%. The capacity for renewable energy installations
in Poland is almost 9.5 GW. The capacity for renewable energy installations in Poland is
almost 9.5 GW. The largest source of electricity from RES is wind. Photovoltaic sources
increased their percentage from 5% to 7%, according to the ERO publication on the capacity
of individual types of installations based on renewable energy sources, as on 30 June 2020.
During this period, the share of wind energy production in renewable energy is almost 64%,
biomass—16%, water—10%, sun—7.5% and biogas—2.5%. From this, it follows that wind
installations in Poland are the most numerous among the renewable energy sources, and
their number is 1207. The second place is occupied by photovoltaics, with 1104 installations
and water—771, biogas—371 and biomass—62. However, the ERO’s comparison does not
show the rapidly growing number of photovoltaic micro-installations, the owners of which
settle accounts in the discount system or in the system of selling surpluses electricity at
the average price from the wholesale market from the previous quarter. In 2020, the sector
continued to develop very intensively. Home micro installations are currently experiencing
a market boom due to the possibility of obtaining subsidies for the already relatively cheap
PV panels.

RES in relation to multi-family and multi-storey houses can be used in two ways. First
by introducing innovations-RES in heat plants supplying entire districts and even cities.
This way of central heating and water heating is the most popular in Poland—called system
heating. It is convenient for developers because heating costs fall on future owners or
tenants, so the developer is not interested in minimizing them. Second way is to implement
RES directly in buildings by developer. In this case developers should analyse the available
RES and choose the appropriate for the particular project. It can be recommended that in
the case of multi-family and multi-storey buildings, the most effective solution will be a
combination of heat pumps and photovoltaic panels. The use of only photovoltaic panels
is in most cases insufficient due to the need to find a large area for their installation. In
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the case of buildings in large cities, due to the high land prices, the buildings have several
or more storeys to obtain a relatively large number of apartments on a plot of small area.
Initially, the introduction of home wind farms was also discussed, but the change in tax
regulations from 2017 in Poland made this solution unprofitable.

Furthermore, in the context of the Green Deal, which is assumed to eliminate net green-
house gases by 55% by 2030 and no emissions by 2050, RES become of prime importance.
Reaching this target will require action by all sectors of economy, including decarbonizing
the energy sector and ensuring buildings are more energy efficient. Therefore, both heating
plants and developers will have to introduce RES in their activity. The sooner they do it the
better for them because of the experience and efficiency of introducing RES [53].

The research conducted has shown that residential developers in Poland point at,
among others, competitive pressures, concern about the quality of products and services
offered, increasing market share or satisfaction and increasing customer requirements. This
clearly shows that the implementation of innovation is perceived through the prism of
increasing competitiveness.

The conducted research revealed that competition is the basic factor driving the
implementation of innovations among developers. The developers operating in the area of
the five largest Polish cities attach the greatest importance to implementing innovations
in their activities. The area of their activity is characterized by very high competition
related to the possibility of quick sale of flats at a high price. However, in order to attract
customers and be able to achieve high rates of return on investment, developers must offer
a unique and attractive product. Therefore, it is recommended to developers, not only
operating on the market of the five largest cities, to introduce innovations, including RES,
in order to ensure the highest quality of offered apartments. The process of implementing
the RES should, however, be preceded by the study of customer preferences and even
a combination of the study of preferences with the simultaneous process of presenting
possible innovative solutions, which customers are often unaware of, as shown by the
study. The best solution would be the ability to create a specific need among customers for
flats with specific innovative solutions, and even fashion for them. Identification of tools
that can awaken such a need among customers can be a good direction for further research.

One of the ways to make the project more competitive are certificates. In the largest
Polish real estate market, namely in Warsaw, the investment completed in 2019 was pre-
certified under BiodiverCity. It is an international certificate that emphasizes biodiversity
in newly constructed buildings and their surroundings. Thanks to its unique character,
confirmed by the above certificate, the investment achieved very good sales. Therefore,
another recommendation already confirmed by the market is the use of pro-ecological
innovations confirmed by special certificates, which highlight projects by facilitating their
sale and obtaining high rates of return.

Growth of competitiveness through the implementation of innovations, including RES,
is motivated not only by market conditions but also by the assumptions of energy policy
and development strategies of particular governments. It is these top-down regulations
that are the main driving force behind the implementation of RES innovations.

In the study, developers as one of the barriers of introducing innovations, apart from
the lack of adequate support, mainly from public entities in the field of, inter alia, appro-
priate law favouring the implementation of innovations and financial support, indicate
difficulties of the client’s market manifested by the lack of knowledge and identification of
needs in the field of innovation, and the lack of willingness to pay a higher price in regard
to the product with higher innovation level. Of course, developers have no influence on
the legal solution and the implemented facilitations and preferences that the government
should introduce. They can only indicate their preferences and needs in this regard. On
the other hand, they should conduct market research to identify customer needs in relation
to innovation, while informing and educating about the possibilities and advantages of
implementing individual innovations, with particular emphasis on RES. In addition, the
abovementioned barrier, which reflects the higher construction costs of innovative build-
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ings, which in turn results in the higher price of the offered apartments, should be justified
by the limitation of future operating costs and, what is interesting, the uniqueness and
character of the offered apartments. Flats that take into account innovations are currently
rare in Poland, especially in smaller real estate markets, which may distinguish them from
the competition and allow them to achieve high rates of return on sales at higher-than-
average prices. Of course, this forces developers to increase the regime and monitor the
project in accordance with the plan, so that the implementation costs do not increase even
more. This is all the more important for the Polish realities because it has been shown
that the construction costs of buildings taking into account innovations, e.g., heat pumps,
recuperation or photovoltaics, increase on average by 10%, while in countries such as
Germany or Austria only by 2% [54]. Moreover, markets that are more developed and thus
more competitive require the use of innovative solutions, which was also confirmed by the
study. Developers operating nationwide and on the market of the five largest Polish cities,
usually larger companies, showed a greater willingness and even the need to introduce
innovation in their activities.

Taking into account all aspects of innovation in the light of RES from the adoption
and support of the Polish Energy Policy until 2030 by the Polish government (sustainable
consumption of energy from renewable sources), it has become necessary to develop new
management principles ensuring constructive development of management theory and
practice [38].

From the perspective of the research, new management principles should concern:

• Adequate financial management (acquiring sources of financing) to meet the need for
a large amount of capital to carry out innovation;

• Appropriate project management to introduce innovation, strategic management
tailored towards innovation and its introduction and creation in the long-term;

• In the phase of planning the investment appropriate identification of possible to im-
plement innovation with the market survey in the field of determining the customers’
needs in innovations;

• Introducing special tools connecting education in possible innovations and its ben-
efits with simultaneous awakening the need for innovation in the housing among
customers; and

• Increasing the regime in carrying out the project according to the plan because of the
possibility of exceeding the costs related to the implementation of innovation.

Management is a tool to enable the organization to achieve this goal. Therefore, the
main task of management is to meet the customer needs, so it is important to know the value
and potential needs of the company’s customers and adjust the quality of manufactured
products (goods and services) to these needs. It should be noted that in the case of RES,
such a need has not yet been identified by many customers due to the lack of full awareness
of the benefits and, most importantly, future legal guidelines and their consequences
(contained, for example, in the Energy Policy until 2030 for the EU).

In conclusion, it should be clearly emphasized that activities in the field of increasing
innovation and, in particular, energy efficiency through, inter alia, implementation of
RES, driven largely by strategies introduced by national governments or, e.g., the EU,
will change the perception of RES as an innovation. Implemented programs, such as the
program for the modernization of social housing in Ireland presented in the literature
review, are carried out on such a large scale that the use of RES ceases to be an innovation
on the market and is slowly becoming a standard.

6. Conclusions

The analysis of the results of the survey allows for drawing the following conclusions.
First should be mentioned the factors motivating developers to undertake innovative activ-
ities in the real estate market. It has been identified that the most important factors include
concerns for the quality of offered products and services, increased market share, reduc-
tion of environmental impact and pressure from the competitors. It can be observed that
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the above-mentioned, most important factors driving the implementation of innovations
mostly relate to increasing competitiveness. It is true that pressure from the competitors
is in the top 4 factors, but not in the first place, which informs that when analysing the
national situation, innovations are not implemented on a large scale by developers.

On the other hand, the situation in the most developed real estate markets in Poland
has shown that developers operating there most willingly introduce innovations and
believe that introducing innovations is slowly becoming a necessary requirement in their
activities. Additionally, in the context of Polish Energy Policy until 2030 and EU Green Deal,
introducing innovations, especially RES, will become a necessity. Smaller development
companies operating on local markets have shown that they have, so far, largely failed to
introduce innovations and currently maintain their average or minimum level in order to
avoid bankruptcy. For companies of this type, it is recommended to change the strategy in
order to increase the share of innovation in their activities, which will be forced overtime
by both the market (competition) and legal regulations.

According to the implementation of innovations in the field of RES, the conducted
re-search revealed that almost all developers—with local, voivodeship and 5 biggest polish
cities activity, pointed at use of renewable energy sources as the most important innovation
which brings the environmental benefits. Only nationwide developers pointed at effec-
tive water economy as the most important innovations which brings the environmental
benefits. However, this factor partly, also referred to RES because usage of solar panels
enabled heating the water. Therefore, it can be concluded that developers should focus on
implementation of RES in their innovative activity. Furthermore, the future operation cost
limitation will be the best incentive for clients to pay higher price for the flat. Furthermore,
the future operation cost limitation will be the best incentive for clients to pay higher price
for the flat. In the context of high lack of knowledge about innovations and its benefits,
this type of innovation seems to be one of the most important and recognizable.

However, innovation still faces several barriers, which entrepreneurs consider to be
the most important. These include lack of financial resources, complex legal regulations,
the uncertainty of the results of innovative activities, lack of sufficient qualifications, lack
of assessment of market needs for innovation, lack of updated information on available
technology, and rush and time pressure. Nevertheless, the main barriers that should be
emphasized, besides complex and unfriendly legal regulations, which are the greatest
barriers, are a lack of sufficient qualifications, rush and time pressure and poor recognition
of the enterprise’s market needs for innovation. When analysing the above, apart from
changes in the legal framework on which developers have no direct influence, it should be
stated that in order to overcome the barriers to implementing innovations, it is necessary to
transfer knowledge—knowhow—in relation to the implementation of innovations, which
will also minimize the time pressure. When analysing the above, apart from changes in
the legal framework on which developers have no direct influence, it should be stated that
in order to overcome the barriers to implementing innovations, it is necessary to transfer
knowledge—knowhow—in relation to the implementation of innovations, which will also
minimize the time pressure. Moreover, as part of carrying out investment projects, in the
planning phase, developers should identify the possibilities of implementing innovation
along with the resulting benefits and the market needs in this regard.

From the perspective of the research, change in management principles should con-
cern, among others, adequate financial management (acquiring sources of financing) to
meet the need for a large amount of capital to carry out innovation. Then appropriate
project management to introduce innovation, with emphasis on identification of, in the
phase of planning the investment, possible to implement innovation with the market
sur-vey in the field of determining the customers’ needs. Furthermore, developers should
consider introducing of special tools connecting education about possible to implement
innovations and its benefits with simultaneous awakening the need for such innovation in
the housing among customers. Increasing the regime in carrying out the project according
to the plan because of the possibility of exceeding the costs related to the implementation
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of innovation and strategic management tailored towards innovation and its introduction
and creation in the long-term.

The research problems addressed in this study in the context of data obtained in direct
research, studies and reports for 2020 were fully confirmed to be topical. Therefore, it can
be assumed that they were realized and consistent with global data for the period analysed.

Since the study concerned broadly understood innovations in the activity of housing
developers in Poland, and renewable energy sources of RES were only a small part of
this study, it seems justified to undertake further research to identify the possibilities of
introducing RES in residential development projects, identification of barriers and benefits
resulting from the implementation of RES. Such research seems to be needed in the housing
market, which was indicated by the respondents of the survey, at the same time indicating
the use of RES.
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Abstract: The purpose of this study is to determine the impact of households’ energy autonomy
on a country’s energy independence level, to identify prospects and risks. To assess the economic
efficiency of households’ energy autonomy, the study used a modeling method based on maximizing
the net present value, determining the average notional cost of energy efficiency and the level of
energy independence in 20 countries. Based on the analysis of the volumes of electricity consumption
by households in the studied countries for the period 2000–2018, it was revealed that in developed
and developing countries there is an increase in this indicator. Diagnostics of the investment
attractiveness of the installation and operation of energy systems for households makes it possible to
determine the boundaries of a possible increase in the level of their energy autonomy. The scientific
novelty of the research is represented by the proposed methodological approach, which makes it
possible to assess the level of energy dependence of countries, possible deviations, and an increase
in households’ energy autonomy in relation to the risk limit of energy dependence. The proposed
methodological approach allowed the authors to prove the positive impact of increasing households’
energy autonomy for most developed countries. The most positive effect is characteristic of the
leading countries in fossil energy market.

Keywords: deviation; energy dependence; energy efficiency management; energy saving; cost;
risk limit

1. Introduction

In the modern world, the main factor in the economic development of any country is
energy, the efficiency of which determines the level and rate of improvement in population
welfare [1]. Each country chooses its own way of developing the energy sector, which
depends both on the availability of natural resources (coal, oil, natural gas) and on the level
of well-being of the population. The formation of an energy-efficient model of economic
development of countries is a fundamental problem of the global level, which is of a
systemic nature and significantly determines the key parameters of energy independence.
A reliable and uninterrupted supply of electrical energy is essential for the functioning
of any economy. As the economy grows, the demand for electricity increases in line with
population growth, industrialization, and income [2].

New technologies contribute to the economical use of energy in households, which
leads to greater household independence. Digitalization and automation processes are
bringing smart home systems to interact with power systems. Automated systems for man-
aging energy consumption of a household are considered in the context of the transition to
smart home and a grid based on contractual energy supply and a scenario of variable pay-
ment for electricity [3]. In addition to the development of energy-producing technologies,
it is planned to introduce new energy service technologies based on the concept of “smart”
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power grids [4]. The concept of universal intelligent machines is especially popular to
improve the efficiency of services provided to households in the context of information
management [5]. Along with this, an important direction is to reduce the costs for the
transportation of electricity by optimizing the design of district heating networks [6]. It is
energy that today acts as the initiator of the progress of the world economy and occupies
one of the first places, performing a key function in the economic, political, and social life
of any state [7]. Decentralized energy production offers households significant potential
to support the achievement of climate goals [8]. Therefore, this study is aimed at identi-
fying the benefits and risks for countries with different levels of economic development
and is valuable in the context of determining the possibilities of influencing the level of
households’ energy autonomy in the context of the global energy transition.

Households are both producers and consumers in the energy market. Decentralized
energy production is becoming a subject of increased relevance, but at the same time, it also
signifies an uncertainty in the event of disruptions in the distribution of autonomous energy
systems. Energy supply companies, communities, and small businesses and households
have access to the energy market today. Thus, increasing the level of energy autonomy of
households provides an opportunity for homeowners to function in the energy market.
At the same time, the motivational aspects for both households and a state have not
been sufficiently studied, including their mutual benefits and risks in the event of an
unsuccessful proliferation of autonomous energy systems and the ongoing liberalization
of the energy market. This study aims to fill this gap by examining the mutual effects for
households and a state in relation to their opportunities and threats. All this contributed
to the formation of the goal of this study, which is to determine the impact of households’
energy autonomy on the level of energy independence of a state, to identify prospects
and risks.

The scientific novelty of the research is represented by the proposed methodological
approach, which makes it possible to assess the level of energy dependence of countries,
possible deviations, and an increase in households’ energy autonomy in relation to the risk
limit of energy dependence. This study is based on a methodological approach to modeling
the maximization of net present value, which allows identifying the average notional costs
of energy efficiency and the level of energy independence in the 20 countries studied. This
made it possible to shape their overall dynamics until 2030. Using this methodology, it has
been determined that independent energy systems have clear advantages. Decentralized
energy systems are emerging against the backdrop of the population’s tendency towards
energy consumption, and therefore energy autonomy is the main motive for investing in
local renewable energy sources.

The approach proposed in the study involves the formation of a set of predictive indi-
cators of the impact of households’ energy autonomy on the level of energy independence
of the studied developed and developing countries. The motivation for the study is to de-
termine the equality of opportunities for energy autonomy of households in countries with
different income levels. In the end, government support for household energy autonomy
can be energy efficient, but it can also best benefit higher-income households and thereby
contribute to increasing inequality in society.

To achieve this goal, research tasks were formed, which determined the structure of
this study:

- identifying the possibility of changing the level of energy autonomy of households
and analyzing the volumes of electricity consumption in the studied countries for the
period 2000–2018;

- determination of households’ energy autonomy based on the level of energy savings
in a country and the notional cost of 1% of energy savings for households;

- analysis and comparison of the impact of households’ energy autonomy on the level
of energy saving in the studied countries.
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2. Literature Review

The concept of planning sustainable energy systems is viewed as multi-criteria deci-
sion analysis. However, in most of the previous studies, the impact of energy production
technologies on public and private sectors has been considered separately. Sustainable
planning of energy systems and their components should include both options for pos-
sible influence when making decisions within the framework of a multi-criteria decision
analysis [9].

The use of information intervention to stimulate energy saving of residents is attract-
ing more and more attention. However, the effect of different information content and
intervention strategies remains controversial. In addition, there are not enough studies
that assess (using a field experiment) the effectiveness of individual information inter-
ventions in motivating energy conservation in urban households. Of the four separate
communication strategies, only environmental feedback and cost-benefit feedback had a
significant incentive effect on household energy savings, while the impact of regulatory in-
formation and information on environmental education was negligible. The energy-saving
effect of feedback on environmental contributions was more significant than the effect of
feedback on costs and benefits, regardless of whether individual or joint activities were
implemented, while the energy-saving effect of environmental education information was
negligible [10–12].

It is critical to achieve the carbon emissions reductions set out in the EU 2050 tar-
gets, limiting energy consumption [6]. The transition of households to efficient energy
consumption in the residential sector proved to be quite difficult, while one of the factors
contributing to the regression was determined by human behavior in the field of energy
consumption [13,14]. More traditional methods are being used (information campaigns
and feedback) to stimulate households to change their behavior. However, these measures
tend to be of a short-term nature, as they ignore the underlying causes of such practices [15].
A more efficient solution is a practice-oriented design, where innovative technologies are
created jointly with a user. In addition, the emergence and use of automated technologies
allow practitioners to act independently of a user. However, the success of automation also
depends on understanding the home practice system, the needs and skills of a user who
represents a household [16,17].

Contemporary research examines psychological barriers to reducing energy demand
in the context of introducing energy-efficient technologies in households and discusses
ways to overcome them. At the same time, behavioral approaches to overcoming these
limitations are discussed, namely:

- an emphasis on the public choice of “green” technologies, simplification and opti-
mization of this choice;

- reframing benefits;
- changing the time structure of costs and benefits;
- emphasis on the symbolic attributes of new technologies [18];
- behavior change aimed to reduce energy consumption in households [19].

Depending on the level of income, groups of households can be distinguished that
react differently to fluctuations in energy prices in residential buildings. At the same
time, energy poor households mainly belong to the group of households with the highest
elasticity. Income insecurity does not necessarily mean fuel poverty [20]. At the same
time, fluctuations in the development of energy companies are possible [21], which also
affects the motivation for energy autonomy of households. However, subsidies, which
cover a significant portion of total investment, play a significant role in household energy
decision-making. Depending on their design, support measures can best benefit certain
groups in society and thus can increase inequality. The potential distributional impact of
investment subsidies is determined by a combination of targeted technologies and their
costs, household income, support intensity, subsidy structure constraints, and additional
measures [22].
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For developing countries in the energy sector, electricity is not predominant. Biofuels
and kerosene are the most common fuels used in the daily life of people in developing
countries. The transition from these fuels to more modern forms of energy is already
taking place in the 21st century. The government has a great influence on household
energy consumption, and different governments have different priorities. For example, a
government can subsidize up to 90% of the final electricity for households, thereby signifi-
cantly increasing energy consumption, which has negative consequences for sustainable
development. Effective strategies to reduce energy consumption represent individually
tailored information and feedback from users, as well as a clear statement of goals by
decision makers for both developed and developing countries [23,24].

Although there is a high level of knowledge about reducing energy demand, scattered
information needs to be integrated to develop a combined and inclusive approach to
managing energy demand in households. The knowledge gathered will inform decision
makers who are involved in the design of residential buildings, energy consumption of
households, and planning for sustainable communities to identify activities that can be
implemented in a given locality [25–28].

Households’ green energy production can make a positive contribution to a state’s
energy supply, increasing the environmental friendliness of the energy complex, ensur-
ing the transition to the use of renewable energy sources, and reducing the use of fossil
fuels [29,30]. At the same time, the pace of development of the private renewable energy
sector is not sufficient to make a significant contribution to the achievement of indicators
of national plans and programs [31,32]. The main reasons are doubts about the financial
feasibility of such projects, requiring state support, and insufficient incomes of a coun-
try’s population, which do not allow accumulating funds for investment in renewables,
along with the high cost of credit resources. In this regard, the main direction for further
development of private power plants using renewable energy sources is to strengthen
financial state support for such projects [33]. However, with the development of a re-
newable energy sector, another problem is gradually being identified, which will worsen
over time. Namely, an increase in renewable energy volumes at existing high rates of the
“green” tariff can lead to a gradual increase in electricity prices, since the compensation for
increased “green” tariffs occurs due to an increase in average prices for electricity, obtained
from both traditional and from renewable sources. A situation arises when the growth in
the production of “green” energy is paid for through the mechanism of increased prices
by all energy consumers, and only a few can earn on increased tariffs [34–36]. Further
expansion of a renewable energy sector with relatively high “green” tariffs can lead to
social problems generated by the stratification of the population in terms of income based
on the production of “green” electricity [37–39]. Taking into account the multidirectionality
of modern research and the obtained results of the impact of households’ energy autonomy,
there is a need to develop methods for assessing the efficiency and permissible limits of
households’ energy autonomy in the context of a country’s energy security. Therefore,
this study is aimed at identifying possible threats and benefits of increasing households’
energy autonomy in countries of different levels. For this, the authors have developed a
methodological approach to assessing the impact of households’ energy autonomy on the
level of energy dependence of the studied developed countries.

3. Materials and Methods

To assess the economic efficiency of households’ energy autonomy, the study used
a model that maximizes the net present value and the level of energy independence of
countries. Therefore, for the study, countries were selected that met certain criteria: the level
of GDP per capita, and the second factor was the energy intensity of GDP (Figure 1). These
criteria were the main ones for including countries in the study since energy autonomy
requires a study of the equality of opportunities for households in countries with different
income levels. A key prerequisite for this is that energy autonomy of households can be
supported by a state and be quite effective, but at the same time it can be more beneficial
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for households with higher incomes, which may increase inequality. Besides, countries
representing different regions of the world were included in the sample.

Figure 1. Distribution of the studied countries by groups. Source: generated by the authors.

To determine the level of costs for the transition to autonomous systems in households,
a modeling method was used. Based on the formed investment projects to increase the level
of households’ energy autonomy, an assessment was carried out, and the average notional
cost of 1% of energy savings for the autonomous systems under study was determined.

The modeling is based on the assumption that there is an effective amount of invest-
ment for the use of each autonomous energy system by a household. Based on economet-
ric diagnostics of the obtained results of modeling, the study analyzed the interdepen-
dence of energy saving and energy efficiency of households’ autonomous energy systems,
namely, the corresponding volume of investments. In this case, the following dependence
is assumed:

ϕτ(ΔHSaut) = hsautin
0τ + hsautin

1τ ΔHSaut (1)

where HSaut—the level of energy savings of a household as a result of introducing an
autonomous energy system (%);

τ—investment option index according to autonomous system of using renewable
energy sources, τ = 1.5;

ϕτ(ΔHSaut) —the amount of power generation for the investment option τ;
hsautin

0τ , hsautin
1τ —parameters of the econometric model for the investment option τ on

the implementation of an autonomous energy system.
Based on the proposed methodological approach to the construction of investment

projects for the introduction of autonomous energy systems by households, the authors
determined the expected value of the energy saving volumes function ϕτ(ΔHSaut) of
random variable ΔHSaut with a distribution density f (ΔHSaut). Wherein f (ΔHSaut) has
the following value:

f (ΔHSaut) =
1

σ
√

2π
e−

(ΔHSaut−EVS)2

2σ2 (2)

where EVSres—the expected value of saving a certain energy resource;
σ—the level of its possible mean deviation.
In this case, the expected value for the energy saving function has the form:

ME[ϕτ(ΔHSaut)] =

+∞∫
−∞

ϕτ(ΔHSaut) f (ΔHSaut)dΔHSaut (3)
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Based on the substitution within the integration and replacement of certain mathemat-
ical models, the equation takes the following form:

ME[ϕτ(ΔHSaut)] =
5∫

0

(
hsautin

0τ + hsautin
1τ ΔHSaut

)· 1
σ
√

2π
e−

(ΔHSaut−EVSres)2

2σ2 dΔHSaut

=
hsautin

0τ

σ
√

2π

5∫
0

e−
(ΔHSaut−EVSres)2

2σ2 dΔHSaut

+
hsautin

1τ

σ
√

2π

5∫
0

ΔHSaute
− (ΔHSaut−EVSres)2

2σ2 dΔHSaut

= hsautin
0τ

[
ϕ
(

5−EVSres
σ

)
+ ϕ

(
EVSres

σ

)]
+

hsautin
1τ

σ
√

2π

5∫
0

ΔHSaute
− (ΔHSaut−EVSres)2

2σ2 dΔHSaut

(4)

where ϕ (y)—integral Laplace function taking into account the parameter y.

In order to determine the integral 1
σ
√

2π

∫ 5
0 ΔHSaute

− (ΔHSaut−EVSres)2

2σ2 dΔHSaut it is as-

sumed that x = ΔHSaut−EVSres
σ and x is accepted as a new variable. As a result ΔHSaut =

xσ + EVSres. Wherein dΔHSaut = σdx. By replacing the variables, one can get:

1
σ
√

2π

∫ 5

0
ΔHSaute

− (ΔHSaut−EVSres)2

2σ2 dΔHSaut =
σ

σ
√

2π

∫ (5−EVSres)/σ
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(xσ+ EVSres)e

x2
2 dx =

σ√
2π

∫ (5−EVSres)/σ

−EVSres/σ
xσe

x2
2 dx +

EVSres√
2π

∫ (5−EVSres)/σ

−EVSres/σ
e

x2
2 dx =

σ√
2π
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σ

− EVSres
σ

e
x2
2 d

(
− x2

2

)
+EVSres

[
ϕ

(
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σ

)
+ ϕ

(
EVSres

σ

)]
=

σ√
2π

[
e−

EVSres2

2σ2 −

e−
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2σ2

]
+ EVSres

[
ϕ

(
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σ

)
+ ϕ

(
EVSres

σ

)]
(5)

Thus, the expected value of household energy savings as a result of the introduction
of an autonomous energy system will have the following form:

MEτ = ME [ϕ(ΔHSaut)]

= hsautin
0τ

[
ϕ
(

5−EVSres
σ

)
+ ϕ

(
EVSres

σ

)]
++ hsautin

1τ

{
EVSres

[
ϕ
(

5−EVSres
σ

)]
+ ϕ

(
EVSres

σ

)
+ σ√

2π

(
e−

EVSres2

2σ2 − e−
(5−EVSres)2

2σ2

)} (6)

The proposed methodological approach to assessing the effectiveness of introducing
an autonomous energy system by households allows:

- taking into account energy saving drivers;
- determining directions for increasing energy efficiency;
- promoting favorable investment support for the introduction of autonomous systems,

which are to be implemented in households.

The study took into account autonomous energy supply systems, including all costs.
It is assumed that the average life of the systems is twenty years since income and expenses
during this period remain in the same ratio. Discounted cash flows allow for the overall
expected life of the system. At the same time, the self-consumption rate assumes the
production of electricity by installations that are autonomous in a household, divided by
the total production of electricity by the system.

When predicting the efficiency of investments in autonomous energy systems by
households, it is assumed that maintenance costs can be as low as 1% per year of in-
vestments [40]. In the period up to 2030, it is assumed that there are no tariffs for the
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introduction of new systems and the presence of income, taking into account the market
price for the duration of the entire study period. Based on this, the profitability of the
proposed investment in an autonomous energy system for a household was assessed.

Determining the economic value of introducing an autonomous energy system for a
household involves defining the net present value (NPVhaut) in the studied period i:

NPVhaut =
n

∑
i=1

CFhauti

(1 + d)i −
n

∑
i=0

Invhaut

(1 + d)i (7)

When justifying the economic feasibility of introducing autonomous energy systems
in households, the possible emergence of new technologies was also taken into account.
At the same time, the study took into account a decrease in investments for households’
autonomous systems in the period under review. Taking into account that the assessment
was formed for a long period (20 years), it should be noted that there is some limit of the
proposed methodological approach, namely, the emergence of innovative technologies
in the formation of autonomous energy systems. This could result in a slight bias in the
projected performance indicators in the context of economic benefits.

In order to determine the dependencies between such factors of energy independence
of countries as GDP per capita, the volume of energy production per capita, the volume
of energy imports per capita, regression equations were constructed as single cases of
multiple relationships. Based on the formed dependencies, it is possible to determine the
relationship between the factors under study. The following is the standardized form of
the dependence of energy consumption per capita on indicators of energy resources impact
on a country’s economic development:

tx = 0.68tx1 + 0.14tx2 + 0.04tx3 + 0.81tx4 + 0.35tx5 − 0.18tx6 (8)

where tx1—the volume of energy resources production per capita (tons); tx2– energy re-
sources imports (USD per capita); tx3—energy resources exports (USD per capita); tx4—
energy intensity of GDP (tons per 1000 USD); tx5 —GDP volume (USD per capita); tx6 —the
value of the import quota of energy resources (%).

Based on the integral coefficient of energy dependence, a forecast of indicators of
energy dependence of the studied countries was compiled to assess the effect of an increase
in the level of households’ energy autonomy by 2030. A realistic (the level of autonomy will
increase by 20%), optimistic (the level of autonomy will increase by 30%), and pessimistic
(the level of autonomy will increase by 10%) scenarios were formed. The authors proposed
the methodological approach to assessing the impact of risks of increasing households’
energy autonomy based on such indicators as the probable deviation of the level of a
country’s energy dependence, as well as the determination of risk limits.

The integral coefficient of energy dependence of each of the studied countries is
determined by the Equation:

IED =
√

tx (9)

Deviation of the level of energy dependence (Deved) is determined by the Equation

Deved =

√
n

∑
i=1

(IEDi − Exp(IED)2 × pi (10)

where IEDi—integral coefficient for optimistic, realistic, and pessimistic scenarios;
Exp(IED)—expected total cumulative coefficient of energy dependence of a country;
pi—the probable value of the integral coefficient of a country’s energy dependence

according to the optimistic, realistic, and pessimistic scenarios.
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The expected total integral coefficient of energy dependence of a country is determined
by the Equation:

Exp(IED) =
∞

∑
i=1

IEDi × pi. (11)

The risk limit of the level of energy autonomy of households in a country is determined
by the Equation:

EAHrl =
Deved min

Exp(IED)
(12)

Using the probable deviation of energy dependence and the risk limit, the authors
analyzed the impact of changes in the energy market on changes in the energy security of
the countries under study as a result of households’ energy autonomy. The results were
compared to determine future trends.

The initial data for the assessment given in the proposed methodological approach
are shown in Table 1.

Table 1. Initial data for determining the risk limit of the level of energy autonomy of households.

Country
Energy Saving

Level, %
Notional Cost of 1% of Energy

Saving, USD
IED 10% IED 20% IED 30%

Australia 18 375 0.3039 0.2271 0.2135
Austria 10 474 0.7473 0.6639 0.5238
Belarus 8 736 1.1417 1.0040 0.8367
Brazil 12 525 0.9700 0.6800 0.6540
China 22 562 0.9329 0.7236 0.6587

Denmark 6 358 0.7511 0.6123 0.5498
Germany 12 421 0.7536 0.5283 0.4966

India 15 625 1.0496 0.8062 0.7632
Japan 13 384 0.4508 0.4069 0.3825

Kazakhstan 11 672 0.5476 0.4740 0.4332
Mexico 12 457 0.8768 0.7790 0.6543
Poland 6 598 0.7696 0.5972 0.5185

Portugal 5 589 0.7288 0.6475 0.5287
Romania 16 829 1.0367 0.9117 0.6598

Russia 15 680 0.4907 0.3576 0.3376
Saudi Arabia 21 459 0.4700 0.3786 0.3559

Spain 12 338 0.8269 0.6417 0.5543
Switzerland 7 295 0.5045 0.4554 0.4281

UAE 14 425 0.3701 0.3017 0.2836
USA 22 359 0.3703 0.2694 0.2532

Source: compiled by the authors based on statistical data [41].

4. Results

To study the possibilities of changing the level of energy autonomy of households, the
volumes of their electricity consumption in the studied countries for the period 2000–2018
were determined (Figure 2). It is electricity that is the main energy resource, based on
which a household can increase its energy independence from a state based on renewables,
including solar and wind energy.
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Figure 2. Final electricity consumption by households in the studied countries. Source: developed by the authors based on
data [41].

Throughout the study period, the highest level of electricity consumption by house-
holds was recorded in the United States. It has grown by 22% compared to 2000. The most
pronounced increase in the volume of electricity consumption by households is in China,
where the indicator has increased almost seven times. A significant increase in the level of
consumption is typical for India (about four times), the United Arab Emirates (3.5 times), and
Kazakhstan (about three times). The lowest increase in consumption was recorded in Germany
(6%) and Denmark (4%). In general, in all the studied countries, there is an increase in the
volume of electricity consumption by households, resulting from the development of science
and technology. The indicators do not depend on whether it is a developed or a developing
country. At the same time, in each country, there are certain conditions for the introduction
of the same technologies of renewable sources by households, the cost of equipment, con-
ditions, and terms of operation. Taking into account all these determinants, the investment
attractiveness of the installation and operation of autonomous energy systems for households
has been assessed. The forecast is based on the assumption that 50% of households will gain
energy independence. Based on this, factors for increasing the level of households’ energy
autonomy were determined on the basis of country’s energy saving and the notional cost of
1% of households’ energy saving (Figure 3).
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Figure 3. Motivational benchmarks for increasing state’s and household’s energy autonomy. Source: generated by the authors.

Households’ energy autonomy is the most attractive in the USA, China, and Saudi
Arabia, where a possible increase in the level of energy savings is expected by 21–22%.
Most developed countries are characterized by the prospect of increasing energy savings
above 10%, with the exception of Denmark and Switzerland. This is primarily due to the
fact that Denmark and Switzerland already have a fairly high level of households’ energy
autonomy. Among developing countries, a high level of energy saving is possible in Russia,
India, and Romania. This is due to the effective government policy in recent years to
develop solar energy and to stimulate the introduction of renewable energy technologies in
households. However, despite the prospects for a state, it is necessary to take into account
households’ interests as well. For example, the lowest notional cost of 1% energy savings
for households was recorded in developed countries such as Switzerland, Spain, and
Denmark, which is a consequence of effective government policies in previous years. The
highest notional cost of energy savings for households is found in Romania, Belarus, Russia,
and Kazakhstan. Given the prospect of benefits for Romania, the state should reconsider
its strategic priorities and methods of stimulating household energy independence. In
Belarus, there is a confrontation of state interests with households, expressed in a need for
significant investments from households, which, as a result, affects the payback period and
reduces investment attractiveness. For Russia and Kazakhstan, the main reason for this
situation is the absence of an urgent need to motivate households since there is a priority
of providing fossil energy resources.

Taking into account the opposition of the interests of a state and households, the fore-
cast of energy dependence indicators was modeled (Index of country’s energy dependence—
IED) according to three scenarios, possible deviations (Deved), and the impact of house-
holds’ energy autonomy in relation to the risk limit of energy dependence of the studied
countries (EAHrl) until 2030. At the same time, three scenarios have been formed that
imply an increase in the energy autonomy of households in a country by 10, 20, and 30%
(Figure 4).
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Figure 4. Forecast indicators of the impact of households’ increasing energy autonomy on the level of energy dependence of
the studied developed countries until 2030. Source: generated by the authors.

For most developed countries, there is a positive impact of increased energy autonomy
of households. This is manifested in the fact that in all three scenarios the index of energy
independence is within the risk of possible deviations. Moreover, the lower the index of
energy dependence in comparison with the risk limit, the more effectively households’
autonomy is manifested. The most positive effect in this context is typical for Japan,
Australia, UAE, the USA, and Saudi Arabia. At the same time, one should pay attention to
the paradoxical situation, which consists in the fact that most of these countries are leaders
in the fossil energy market. Although, at first glance, households’ energy autonomy is not a
priority for these states, increasing its level can contribute to the development of additional
energy resources to increase the level of their development. Despite the sufficient level of
energy independence, an increase in households’ energy autonomy for Austria, Germany,
and Spain can lead to an excess of the risk limit and negatively affect the energy efficiency
of countries since they are characterized by a deviation that exceeds the level of risk limit
of energy dependence.

By analogy, the assessment was carried out for developing countries (Figure 5).
The forecasted indicators confirm the effectiveness of expanding the household’s en-

ergy autonomy in Russia, Kazakhstan, and practically in Portugal. This process can ensure
the further development of these countries based on energy savings and the development
of additional energy resources. Russia and Kazakhstan have an advantage in the context of
the availability of fossil energy resources that provide for the needs of households, but at
the same time harm the environment. Energy autonomy of households in these countries
has both economic and sustainable effects. Romania and most other developing countries
can get a positive effect only as a result of a total increase in the energy autonomy of
households up to 30%. For Belarus and India, so far, the energy autonomy of households is
not feasible, since the energy dependence of these countries increases due to a rather high
cost of improving energy efficiency. At the same time, deviations of possible results have
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exorbitant values in relation to the risk limit, which indicates that these countries are not
ready for such a transition.

Figure 5. Forecast indicators of the impact of households’ energy autonomy on the level of energy dependence of the
studied developing countries until 2030. Source: generated by the authors.

For developed countries with a high level of energy independence and developing
countries that own fossil energy resources, it is imperative to increase households’ energy
autonomy, which will mitigate the pressure on the environment. For developing countries,
it is not advisable to prioritize this autonomy, since sufficient conditions have not been
created for its successful and effective implementation.

5. Discussion

The household share is significant in global energy consumption, however, it is difficult
to characterize it since consumer characteristics are determined by several factors, ranging
from geographic location to the behavior of each of the users of a particular residential
building. In addition, it is important to take into account the significant amount of energy
used in this sector due to the use of traditional fuels and the implementation of modern
energy policies [42]. Based on this specificity, the current study is relevant and can serve as
a basis for further developments in this direction.

The advantage of the proposed methodological toolkit is a set of predictive indicators
of the impact of households’ energy autonomy regarding the degree of energy indepen-
dence of the studied developed and developing countries, which made it possible to form
their trend until 2030. This study confirms that while government support for household
autonomy is energy efficient, it provides the greatest benefits to higher income households
and thus contributes to increasing inequality [43]. Subsidies do not help reduce energy
poverty because of the low investment capacity of households in developing countries. To
achieve a more even distribution of benefits when developing policies to increase house-
holds’ energy autonomy, the current situation of low-income households and issues of
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energy availability should be taken into account [22]. Considering that the development
and construction of a functional autonomous intelligent network require deep knowledge,
high costs, and availability of opportunities to use modern technologies, as well as the fact
that the first installations have been produced in highly developed countries, the study
confirms the benefits of households’ energy independence for these countries. Today, a
significant proportion of autonomous energy systems for households in Europe have smart
grid characteristics. Developing countries should use rich practical experience of other
countries for the construction of modern equipment [44].

Based on the study, it is assumed that benefits for a state in the form of load switching
and savings are possible, but taking into account the differences in socio-economic aspects.
That being said, developing a strategy, in turn, can affect the net economic cost of energy
and the total amount of energy that each household consumes [45].

The conducted research indicates that giving additional energy autonomy of house-
holds cannot be achieved solely by legislative and regulatory acts. Instead, it is necessary
to form a motivational mechanism for homeowners towards the material benefits of more
efficient energy use. In order to improve the energy efficiency of one’s home, it is critical
to provide appropriate, helpful guidance. At the same time, state policy at the level of
developed and developing countries must take into account specific cultural and ethnic
circumstances. Therefore, this study can be complemented by a study of the relationship
between cultural values and household energy consumption [46]. Cultural differences are
possible. For example, Japan and European countries show clear cultural differences that
affect household energy consumption [23].

Based on the proposed methodological approach, it was determined that decentralized
energy systems have clear advantages, but one of the main disadvantages is the lack of
economic scale effect. Decentralized energy systems are developing in parallel with the
trend towards the use of energy resources by the population. Energy autonomy is the main
driving force behind investing in local renewable energies, according to many of these
communities [47].

A limitation of the study is a certain degree of averaging of the initial indicators
for assessing the level of energy independence of households since each of them has its
own specifics and can establish different types of autonomous systems, as well as their
integration. At the same time, a household can introduce the newly created autonomous
system earlier than the period suggested in the study. This can affect the final results
of deviations of the obtained indicators [48]. This study can also be expanded towards
identifying potential opportunities for improving the quality of housing maintenance and
modernization to increase the energy autonomy of households. In addition, there is a
need to consider the possibilities of co-production with household participation, including
opportunities for households to revise the parameters of tasks related to research and
project implementation [49].

The results of the study confirm that energy consumption in the residential sector
continues to increase, and there is reason to believe that these dynamics will continue in
the future. In the conditions of the economic crisis, as well as within the framework of
the current policy on environmental protection and energy saving, a significant number
of households are forced to live in conditions of a decrease in income and an increase in
electricity prices. In this regard, an increase in the number of energy-poor households is
expected. In addition to the study, a regression model of panel shutdown can be used
to experimentally diagnose the sensitivity of households to fluctuations in energy prices
due to their flexibility [20]. Therefore, in the long term, this study should be aimed at
identifying the factors that determine the demand for energy in the residential sector,
while special attention is to be paid to the analysis of income distribution and household
vulnerability to the impact of changes in energy prices. The study is relevant in terms of
periodic discussions on energy efficiency and reducing energy dependence.
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6. Conclusions

Based on the assessment and comparison of the volumes of electricity consumption
by households in the studied countries for the period 2000–2018, the highest level of
electricity consumption by households is characteristic of the United States. The highest
rates of increase in electricity consumption by households among the studied countries
were recorded in China, India, the United Arab Emirates, and Kazakhstan. At the same
time, a low level of increase in consumed volumes is typical for Germany and Denmark. In
all the countries studied, both developed and developing, there is an increase in the volume
of electricity consumption by households, as a result of the development of scientific and
technological progress.

Diagnostics of the investment attractiveness of the installation and operation of energy
systems for households makes it possible to determine the boundaries of a possible increase
in the level of their energy autonomy. The most indicative countries of households’ energy
autonomy are the United States, China, and Saudi Arabia. In most developed countries,
there is a prospect of increasing energy savings above 10%. Among developing countries,
a high level of energy saving is possible in Russia, India, and Romania based on effective
government policies. A low level of notional cost of energy savings for households is typical
for Switzerland, Spain, and Denmark. The highest notional cost of energy savings for
households was recorded in Romania, Belarus, Russia, and Kazakhstan. Therefore, states
should reconsider their strategic priorities and methods of stimulating household energy
independence. A conflict of interests between a state and households has been identified,
which manifests itself in the need for significant investment from households, which, as a
result, affects the payback period and reduces the level of investment attractiveness. For
countries rich in fossil fuels, the main reason for this situation is insufficient motivation
of households.

The modeled indicators of a country’s energy dependence for three scenarios, possible
deviations, and determination of households’ energy autonomy in relation to the risk limit
of energy dependence demonstrate the positive impact of households’ energy autonomy
for most developed countries. The most positive effect in this context is characteristic of the
leading countries in the fossil energy market. Despite the absence of a clear political priority
of households’ energy autonomy for these countries, an increase in its level can contribute
to the development of additional energy resources to increase the level of development.
Increasing households’ energy autonomy for Austria, Germany, and Spain may lead to
an excess of the risk limit and negatively affect the energy efficiency of countries. There
is a positive economic and sustainable effect of increasing households’ energy autonomy
in Russia, Kazakhstan, and Portugal. For most developing countries, a positive effect is
possible as a result of a total increase in household energy autonomy up to 30%. In Belarus
and India, household energy autonomy is not sufficiently expedient. The reason for this
is a rather high notional cost of improving energy efficiency, which affects the increase in
the level of energy dependence. On the other hand, the exorbitant deviations of indicators
in relation to the risk limit indicate an insufficient readiness of these countries for the
energy transition.

For countries that have a high level of energy independence, households’ energy auton-
omy is focused on effective sustainable development. An increase in households’ energy au-
tonomy in developing countries at the present stage is possible based on sufficient provision
for its successful and effective implementation without threats to economic development.

The study is valuable in the context of determining the possibilities of influencing
the energy autonomy of households, identifying the benefits and risks of taking measures
in the process of transforming the global energy for countries with different economic
statuses. In the long term, within the framework of this study, it is possible to analyze
the determinants of energy consumption in the housing sector, namely, the significance of
income and the vulnerability of households in relation to changes in energy tariffs.

126



Energies 2021, 14, 2026

Author Contributions: Conceptualization, M.M., P.N. and S.D.; methodology, I.T.; software, M.M.;
validation, M.M., I.T. and S.D.; formal analysis, S.D.; investigation, I.T. and S.D.; resources, S.D.; data
curation, I.T.; writing—original draft preparation, M.M.; writing—review and editing, P.N. and I.T.;
visualization, S.D.; supervision, M.M.; project administration, I.T.; funding acquisition, M.M. and P.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bezpalov, V.V.; Lochan, S.A.; Fedyunin, D.V. The Signs of Economic Disparity in Russia Following the Implosion of the USSR. Vis.
Anthropol. 2020, 33, 116–127. [CrossRef]
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Abstract: This article discusses the current state and trends in the development of the electric power
industry in Kazakhstan. An analysis of the energy supply and energy intensity of Kazakhstan’s GDP
is provided in this paper. The results of the foresight of the risks and opportunities of the energy
industry are described. This study identifies the relationship between the traditional development
of the energy industry and the development of alternative energy sources. In addition, the work
examines the risks and consequences of various trends in the development of national and global
energy. Previous studies have shown that government efforts are insufficient in developing an
alternative energy sector in Kazakhstan. The research results show that there is a need to transform
energy production from traditional sources towards greater efficiency and environmental friendliness,
as well as the active involvement of the business community in the development of an alternative
energy market. This is expected to attract more investments and transfer technologies to maintain
the country’s position in the energy market of the future.

Keywords: energy industry; energy supply; energy intensity; energy efficiency; energy industry
risks; dilemma; development; Kazakhstan

1. Introduction

In 1996, Kazakhstan became one of the first states of the former Soviet Union to
begin reforming the existing energy sector and transition to a market economy. Using the
British and Norwegian electricity markets as models, the government dissolved the existing
vertically integrated state monopoly, splitting it into separate electricity management and
business management companies. Since then, more than 85% of the electricity sector has
been privatized [1]. Although the privatization of Kazakhstan’s energy sector is almost
complete, the sale of regional distribution companies has been slower. Kazakhstan’s
energy sector continues to be under tight government regulation and price controls, and
relations between the Eurasian Natural Resources Corporation and international investors
are unsatisfactory.

Despite the incoming investments and the development of the power grid infras-
tructure, there are still no direct electric connections at a voltage of 500 kW in the three
regions of the Southern Zone and the Western zone with the unified power system of
Kazakhstan. There is also a high degree of wear and tear of the main equipment of power
transmission organizations and regional power grid companies, as well as a significant
number of unattended power grid facilities.

According to the estimates provided by the Ministry of Energy of Kazakhstan, the
average annual growth rate of electricity production in 2020–2025 will be 3% [2]. At the
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same time, consumption is expected to grow by 1.9% per year and increase from 110.1
billion kWh in 2020 to 120.9 billion. kWh in 2025. By 2025, 28% of all electricity production
is expected to come from stations commissioned between 2020 and 2025, which indicates
the need for additional capital investments in this industry. At the same time, 19% of the
stations planned for commissioning will relate to renewable energy sources (RES) [3].

Today, the cost of electricity in Kazakhstan is one of the cheapest in the world [1]. This
situation is related to the fact that energy is produced in coal-fired power plants. A feature
of the use of coal is its cheapness, availability, and storage capability. However, given the
high deterioration of coal-fired power facilities, in the conditions of maintaining a high
energy supply, Kazakhstan faces a difficult choice—to direct its efforts to the modernization
of the coal-fired power industry or to develop renewable energy sources.

The dilemma in determining the directions of the country’s long-term energy devel-
opment lies, not only in the choice between traditional and alternative sources, but also
includes a whole range of problems of an economic, political, and social nature. We can talk
about the complexity of the dilemma, since choosing one of the two opposites is equally
difficult, generates risks, but also opens up certain opportunities.

The purpose of this study is to identify alternatives for the development of the na-
tional energy sector, based on forecasting the main development trends and assessing
development directions in the long term.

The dilemma of the long-term development of the electric power industry in Kaza-
khstan is also part of ensuring the country’s energy security and part of the broader
concept of national security, which gives rise to additional important aspects in addressing
the problem.

In this regard, representatives of the scientific community note the importance of
the concept of energy security for the development of the country’s energy system [4–6].
Energy security is seen not only as an uninterrupted supply of electricity to enterprises
and end-users [7,8], but also an indicator of environmental safety [9], energy efficiency [10]
and sustainable development [11]. Building an energy system and the features of energy
security of various countries were considered in Kuik et al. [12], Johnson and Boersma [13],
Lei and Xuejun [14], Shiroyama et al. [15]. The prospects for the implementation of projects
of renewable energy sources were also studied in detail [16–18].

Within Kazakhstan, these issues are devoted to works [19,20] that consider the po-
tential for the development of the bioenergy sector and the main political, economic, and
technological problems that impede the large-scale use of renewable energy sources.

The author’s hypothesis assumes that the country cannot abandon the use of tra-
ditional raw materials soon, but should instead focus on improving the efficiency and
environmental friendliness of its use. In the long term, it is necessary to join the transition
to alternative energy, so as not to be technologically behind. In the short term, it is neces-
sary to ensure the maintenance of the level of energy supply based on traditional fuels.
The scientific novelty largely lies in the fact that the combination of the development of a
pragmatic approach to a more efficient and environmentally friendly use of traditional raw
materials, and the promotion of alternative energy production models. These factors will
enable Kazakhstan to accumulate resources for a timely transition to innovative energy
markets and ensure the position of an energy-secure and economically developed country.
The formation of alternative energy in the country should be based on the development
and support of modern technologies and the creation of conditions for the development
of a free energy market, while ensuring adequate guarantees for the population through
appropriate social institutions and mechanisms.

The presented work is based on the study of world experience in researching the
problems of the development of the energy industry and is a continuation of the original
author’s developments in the field of energy in Kazakhstan. We have previously conducted
research on certain issues of energy efficiency of Kazakhstani enterprises [21], in particular,
analysis of losses and inefficient distribution of electricity in Kazakhstan [22,23]. In this
study, we aimed to study the directions of development of the electric power industry in
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Kazakhstan to understand possible alternatives for the development of the industry in the
coming decades. In Section 2, we consider the views of the modern scientific community on
the problems of the development of modern energy, which characterizes the multi-faceted
manifestations of the electric power industry in the socio-economic life of any region and
country. Section 3 is devoted to the research methodology and the description of the initial
data. Section 4 contains an analysis of the results that are discussed in Section 5. Section 6
draws general conclusions and identifies prospects for further research.

2. Literature Review

Studying regional and national energy systems are highly relevant for countries of all
levels of development. The efficiency of the country’s production activities and the quality
of life of households directly depend on the reliability and efficiency of the energy system.
At the geopolitical level, the global energy system is seen as the basis for ensuring national
security, the most important part of which is energy security. Initially, if energy security
was considered because of the functioning of the energy supply chain [4], then later, the
concept of energy security acquired different meanings with a few internal contradictions.
Researchers from various countries come to the conclusion that the concept of energy
security is traditionally used to justify state control over energy and unwillingness to deal
with energy problems at the global level [12,13]. Emphasizing the multidimensionality of
the key concept of energy security, Soysal and Soysai [24] state that energy security is an
“umbrella term” that encompasses many of the issues linking energy, economic growth,
and political power.

Under the auspices of the state, energy security has often meant excessive, inefficient,
and sometimes dangerous production and consumption of energy. Researchers have found
a way to mitigate the various multilevel contradictions in energy security in their need
to develop reliable, continuous, affordable, and environmentally efficient energy services.
Directly studying the impact of energy efficiency on the need to invest in new technologies,
the so-called “avoided power costs” were carried out by York et al. [25], Bilton et al. [26],
York et al. [27], Nguyen and Tran [28], Igaliyeva et al. [29]. Improving energy efficiency
depends on the ultimate equilibrium impact on energy security through demand, price,
investment, and spare capacity in the short- and long-term [4,10,25,30–32].

A few authors focus attention on economic attributes (for example, the amount of
energy required at a reasonable price) [31–36], Yergin [37], Luft et al. [38], Hughes [39],
Mansson et al. [40], consider the cultural, political and economic aspects of energy security.

Comparative analysis shows that the dilemma of energy development in different
regions contains serious contradictions. Considering the evolution of energy policy in East
Asia, Shiroyama et al. [15] suggest that the golden principle of “increasing your energy
self-sufficiency ratio and not depending on external suppliers” cannot be the most suitable
for this region. East Asia, as the region with the highest energy consumption, must strive
to design and build a reliable energy supply in the context of changing production and
consumption patterns reflecting the global power shift. In a study assessing the level of
energy security of 30 countries Du et al. [41] conclude that the level of energy security in
these countries varied significantly during 2001–2012. This is closely related to each coun-
try’s resources, energy technologies and national policies. Therefore, each country needs a
differentiated system of energy policy in accordance with the economic, social, political
and resource situation. In fact, each country faces its own energy dilemma and solves it
based on its own criteria for choosing well-being and independence. The multifaceted
nature of this problem is also revealed in Böhringer and Keller [42], Checchi et al. [43],
Kruyt et al. [44], Mitchell [45], Chester [46], Cherp and Jewell [47], Joskow [48], Chehabed-
dine and Tvaronavičienė [49], Alkhateeb et al. [50], Shumilo et al. [51].

Focusing on the developing countries of the Asian region, one can also see that Cron-
shaw et al. [52]. In the study of energy systems of the countries of the Asia-Pacific region
over 30 years draw conclusions about the growing demand for improving environmental
performance and at the same time improving energy services [52]. Therefore, the long-term
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development of the electric power industry in the regions requires approaches that support
reliable and sustainable energy networks and promote the flexibility and resilience of
energy systems and markets. The focus is on reliability, efficiency, environmental safety
and social acceptability of energy services for end users [7,9].

Consideration of various aspects of the reliability of the energy system leads re-
searchers to the idea of avoiding risks affecting the continuity of energy supplies relative
to demand. Ecofys [4], Jansen and Seebregts [5], Winzer [6], Levèfre [53], Plėta et al. [54]
identify sources of risks associated with energy security. At the same time, the problems
of stability of power systems are considered through the prism of the impact of the ex-
perience of destruction and the perception of risks. Many researchers have focused on
identifying the key threats to a particular energy system. Ecofys [4] defined such categories
as extreme events, inadequate market structures and supply shortages associated with
resource concentration. Winzer [55] identified the types of risks and their sources, associ-
ated risks (threats) with their impact on the energy supply chain, as well as threats, and
also identified those risks that can be predictable, probabilistic, heuristic and unknown.
Mansson et al. [40] and Gracceva and Zeniewski [8] propose a classification of threats to
energy security according to the following criteria: Place in the energy supply chain; time
frame; origin.

Modern research is expanding the focus of attention from the sources of destruction
to the ability to respond to them (that is, the resilience of energy systems). In later concepts,
the emphasis has shifted from the issue of measuring energy security to the characteristics
of the energy system, allowing control and immediate response to risks [56]. Blum and
Legey [56] see energy system vulnerability as a combination of risk exposure and resilience.
At the same time, the differentiation of energy systems makes it possible to better measure
their vulnerability and purposefully orient the policy of long-term development [57–60].

The study of various aspects of the energy system of Kazakhstan has been especially
active over the past five years. In a study by Xiong et al. [61] analyzes the factors affecting
carbon emissions in Kazakhstan in 1992–2014. The results of the analysis showed the
largest amount of carbon emissions associated with the production of energy. This is due
to the high power consumption of energy resources, high energy consumption and low
economic effect of productivity. Kerimra et al. [62] address the problem of unsustainable
household energy use and lack of access to energy infrastructure.

In the study of Kazakh scientists, the complexity of the problems of the development
of domestic energy is noted, so the authors conclude that the energy system of Kazakhstan
requires a significant amount of water resources to cool the power plant, and in the future
these needs will increase [63]. A comprehensive overview of the current energy situation
in Kazakhstan, including fossil energy sources and renewable resources is presented in
the book by Kalyuzhnova et al., showing the possibilities and implications of a global
transition to cleaner energy for Kazakhstan [64] and articles [65–67].

The reviewed publications helped the authors of this article in the development of
original research, assessing the dilemma of the long-term development of the electric power
industry in Kazakhstan.

3. Materials and Methods

The priority, system-forming role of modern energy for the economy and all life
activities have determined the basic theoretical approach to the study of the problems of its
development. We considered the electric power industry not only as a specific industry,
but rather as a unique institution in which development is determined not only and not so
much by technological factors, but primarily by accepted norms and rules. In analyzing
the patterns of choosing the paths for the long-term development of the energy industry,
the authors, based on the institutional approach, since they did not limit themselves to
analyzing economic categories but considered non-economic factors. In particular, the
most important factors are international norms and obligations, to which Kazakhstan joins
and which force it to make a certain choice.
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An important methodological approach is Path Dependency, which assumes that
we cannot consider the choice of an industry development model based only on current
conditions and future opportunities. It is necessary to consider further decisions, depending
on the sequence of past actions, each of which led to a certain result.

The assessment of the state of the energy industry in Kazakhstan is considered based
on systematization of comparative analysis, which allows obtaining a description and
explanation of the similarities and differences in the development of energy industries.

The study used the foresight method, which allows improving decision-making and
managing the choice of technologies, creating alternative directions for future development,
increasing preparedness for unforeseen circumstances and motivating participants to make
and implement decisions to achieve the desired future. Foresight is a system of methods for
expert assessment of strategic directions of socio-economic and innovative development,
identification of technological breakthroughs that can have an impact on the economy and
society in the medium and long term.

In 2020, a “Study of the image of the future and demanded professions in the energy
sector of the Republic of Kazakhstan” was carried out in Kazakhstan [68]. The authors
were part of the development team of the industry foresight methodology and were
directly involved in conducting foresight sessions, interviewing experts, and processing
the results. A total of 136 Industry forecasts expert advice from several leading industry
experts, academics and educators were involved. The interviewed experts are highly
qualified specialists—more than half of them have been working in the industry for more
than 15 years, and another 13% have experience from 10 to 15 years. The average work
experience in the energy industry of the interviewed experts was 13 years, which is optimal
for understanding the current problems and prospects for the development of the industry.
Forecasts made by experts combined knowledge of technological innovations with an
understanding of the specifics of the real situation in the country and in the industry.

Obtaining expert assessments was carried out by the Delphi method—a technology
used to predict and assess development trends. The method consists in structuring the
group communication process aimed at creating the conditions for effective team work on
a complex problem.

The survey of experts by the Delphi method was supplemented by the method of
in-depth interviews with CEOs of KEGOC JSC, Kazakhstan Solar Energy Association,
Burnoye Solar-1 LLP, Kazatomprom National Atomic Company JSC, Kentau Transformer
Plant JSC, professors of Almaty University of Energy and Communications.

In August 2020, foresight sessions of the energy industry stakeholders were also held
in which 56 participant of industry foresight sessions formed forecasts and alternative
scenarios for the development of the energy industry in Kazakhstan. Within the framework
of these sessions, issues of risks and opportunities for the development of the energy
industry in Kazakhstan were also considered.

For a quantitative assessment of risks and opportunities, a map was modeled as an
integrated information-graphic method of nature, which allows the risks to be monitored
based on their classification and ranking, assessment of the likelihood of occurrence and
possible damage, in order to analyze the development of the situation in the industry and
further impact on it. The method of mapping the risks and opportunities for the devel-
opment of the industry applied for its construction makes it possible to comprehensively
consider the totality of the opinions expressed and evaluate them on the basis of quantita-
tive data. The mapping method was applied in stages: Factors (risks or opportunities) are
classified, the strength of their influence and the likelihood of occurrence are determined,
and then the degree of managerial impact is assessed. At the final stage, a map is modeled,
which makes it possible to determine the patterns and priorities of the development of
factors. The resulting map contributes to the adoption of adequate decisions aimed at
compensating risks or realizing opportunities and allows you to display these decisions as
a general management system.
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4. Results

4.1. Analysis of the Current Situation in the Industry

Despite the active progress of Kazakhstan on the path of diversification, energy
resources will remain of primary importance for its economy. At the moment, the oil and
gas sector provide 1/5 of GDP (21.3% in 2018), about 2/3 of total export revenue (70% in
2018) and almost half of the country’s state budget revenues (44% in 2018). The fuel and
energy complex also occupies a leading position in attracting foreign direct investment to
Kazakhstan [69].

Energy has always been the “fuel” for the economy and its importance grows with
the intensification of industrialization. Most of the territory of Kazakhstan is located in
unfavorable climatic conditions, therefore, both enterprises and ordinary people also need
fuel in the literal sense. For the country, the provision of energy directly means ensuring
the living conditions of the population. Also, the task of power engineering is to meet the
needs of the national economy for heat and electric energy and provide an opportunity to
export electricity to the countries of near and far abroad. The energy industry is a set of
systems that convert primary energy: minerals, natural energy, artificial raw materials into
secondary energy: electrical and thermal. The share of the energy sector in the country’s
GDP is 1.6%.

Energy production involves successive stages:

- transportation of resources and energy carriers to generating power plants,
- processing of the energy carrier into secondary energy,
- distribution of energy and its transportation to the end user.

At each stage of production, specific problems accumulate that require a balanced solution.
In 2019, 138 power plants with an installed capacity of 22,936 MW were operating in

Kazakhstan (in 2018—21,902 MW). About 82.7% of all electricity generated in Kazakhstan
is produced at thermal power plants. The country has large reserves of energy resources
(oil, gas, coal, uranium) and is an energy power. The balance of generated energy in
Kazakhstan is as follows: about 70% of electricity is generated from coal, a little more
than 10%—from hydro resources, a little more than 10%—from gas and 5%—from oil. The
current structure reflects the first dilemma of the energy sector—should coal prevail as the
main raw material resource, or is it possible to replace it? Let’s consider in more detail the
state of each energy resource.

Coal-fired power generation is the most widespread in Kazakhstan. The coal industry
and coal generation have historically been and remain an important source of economic
development in many countries around the world. A feature of the use of coal is its
cheapness, availability, and storage capability. According to some data, today the 13 largest
countries in the world, including China, the United States, India, South Africa and others,
account for up to 90% of the world’s electricity generation from coal. In Kazakhstan, the
coal industry is one of the most important resource industries, its contribution to GDP
today is about 1.5%. In 2018, the country produced 113.7 million tons of coal, which is 6.5%
more than in 2017. The main volume of electricity in Kazakhstan is generated by about six
dozen power plants operating on coal (Ekibastuz, Maikubensky, Turgay and Karaganda
basins), gas, and fuel oil.

The high share of coal in energy production is due to the orientation of end consumers
in Kazakhstan precisely to inexpensive coal-fired generation, while gas in the country is
more expensive than coal, although its cost is still low relative to world prices. This makes
it difficult for power plants to switch to gas while maintaining price competitiveness. For
example, the transfer of the thermal power plants in Nur-Sultan from coal to gas increase
the cost of electricity generation by about 50%.

In second place in terms of electricity generation is the hydropower industry in Kaza-
khstan. Economically efficient hydro resources are concentrated mainly in the east (Gorny
Altai) and in the south of the country in the Irtysh, Ili and Syrdarya rivers. The largest hy-
droelectric power stations in the country are: Bukhtarma, Shulba, Ust-Kamenogorsk (on the
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Irtysh River) and Kapchagai (on the Ili River). They provide 10% of the country’s electricity
needs. Kazakhstan plans to increase the use of water resources in the medium term.

Earlier decisions have influenced the current situation in the energy sector of Kaza-
khstan. Despite the presence of significant hydrological resources, preference was given
to raw coal. The use of oil and gas is limited for energy production in the republic due
to the high demand for these resources in the external market. Therefore, when choosing
the path of long-term development, the national energy sector fell into the so-called path
dependence, when the choice of further development depends on previous decisions and
past experience of operating the industry.

The global energy sector is shifting towards renewable energy sources (RES), but
the pace of this process is not fast enough to compensate for the growth of the global
economy and population. The problems of energy saving, and alternative energy sources
are relevant for the Republic of Kazakhstan, the issues of “green” energy have become one
of the strategic directions of the national economy, as a component of energy resources
supplied to the domestic market and as an additional source of income. They form a second
strategic dilemma—can Kazakhstan, when replacing coal energy with an alternative one,
ensure the need for energy and security?

Priority sources are solar power plants, wind farms, small hydro power plants with a
capacity of less than 25 kW, biomass power plants. The country has launched 100-megawatt
solar stations in the Kapchagai region near Almaty, in the city of Saran, Karaganda region,
in the village of Burnoye, Zhambyl region. Today there is a 50-megawatt wind station in
the Zhambyl region, a 45-megawatt station in the city of Ereimentau, and a 42-megawatt
station in the Mangistau region. The first phase of a 100-megawatt wind station has been
commissioned near the capital. Alternative energy power plants are less powerful than
conventional power plants. Renewable energy also brings imbalances to the country’s
energy systems. In Kazakhstan, there is no flexibility in capacities that can quickly provide
or reduce unplanned electricity.

The development of nuclear energy is promising for Kazakhstan, but social acceptance
is an important condition for its development. For nuclear power to arise in any country,
society must accept it. The only nuclear power plant in Kazakhstan was in the city of
Aktau with a fast neutron reactor with a capacity of 350 MW. Nuclear power plants (NPP)
operated in 1973–1999. Currently, nuclear energy is not used in Kazakhstan, even though
the country’s uranium reserves (according to the IAEA) are estimated at 900 thousand
tons. The main deposits are in the south of Kazakhstan (South Kazakhstan region and
Kyzylorda region), in the west of Mangystau, in the north of Kazakhstan (Semizbay field).
The prospect of nuclear power in Kazakhstan raises many doubts, primarily related to
the culture of maintenance, operation, and reliability of equipment. The public has no
confidence that it will be safe and secure. Since the south of Kazakhstan is quite in a
high seismic zone, the construction of nuclear power plants there is unsafe, and in the
northern regions this project is quite feasible. NPP will generate a significant amount of
electricity at an affordable price. Although the construction of a nuclear power plant is not
a cheap option, but later getting electricity from there will be much cheaper than from the
traditional one.

Nuclear, solar, wind, hydropower and even energy from biofuels pose not one
dilemma for the republic, but a whole “bunch of dilemmas” when it is necessary to
make a choice from difficult options and none of them is definitely advantageous.

Infrastructure issues are added to the choice of energy sources. Electric networks
in Kazakhstan consist of substations, switchgears, and power transmission lines with
a voltage from 0.4 kV to 1150 kV. The national electric grid of Kazakhstan provides a
connection between the regions within the country and the energy systems of neighboring
states (Russia, Kyrgyzstan, Uzbekistan). In addition, the national electricity grid transfers
electricity from producers to wholesale consumers. The largest organization that carries
out the transmission of electricity in Kazakhstan is KEGOS JSC. It serves interstate power
lines and transmission lines that provide electricity from power plants with a voltage of
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220 kV or more. The distribution of electricity at the regional level is handled by 21 regional
energy companies and almost 300 small energy transmission organizations. Regional
energy companies transfer energy to retail consumers and provide connections within
the region. Energy transmission organizations also transmit electrical energy through
electrical networks to wholesale and retail consumers or supply organizations. Energy
supply organizations buy electricity from energy-producing companies and resell it to the
final retail consumers.

Previous studies by the authors show that it is in the electric grids that the price of
energy increases, including the administrative burden of a significant corruption compo-
nent [21]. The increase in energy prices from the source of production to the source of
consumption is a serious problem for economic development. As our previous calculations
show [22,23], the costs of heat and electric energy form “cost nodes” of production costs
and generate their growth both in production and in the service sector. Thus, the following
dilemma arises: An increase in energy tariffs ensures the modernization of the industry
but increases the total costs of the economy and worsens the situation of the population. In
Kazakhstan, there are 2.5 thousand heat supply sources providing the production of about
90 million Gcal. The received heat energy is distributed to end users through networks
with a length of 11,357.9 km in two-pipe calculation. From these networks, 27.5% are in a
dilapidated state, 27.9% are in need of replacement. This leads to the fact that the losses
amounted to 16.9% of the total volume of energy supplied to the consumer.

In 2025, it is planned to create a common electricity market of the Eurasian Economic
Union. Kazakhstan’s electric power industry will also have to seriously prepare for this.
In the country’s strategic development plan until 2020, one of the main goals in the
energy sector is the creation of a vertically integrated company with a nuclear fuel cycle.
This means that dozens of specialists will be required in nuclear reactors and power
plants, protection and non-proliferation of nuclear materials, electronics, and automation
of physical installations.

4.2. Energy Supply and Energy Intensity of Kazakhstan

Kazakhstan is one of the top ten energy-rich countries in the world. Energy sup-
ply indicator (the ratio of primary energy production/extraction to the volume of gross
consumption of fuel and energy resources) of Kazakhstan is 228%. The ratio of gross
consumption and production of fuel and energy resources is shown in Figure 1.

Figure 1. Dynamics of gross consumption and production of fuel and energy resources in Kazakhstan in 2019, million tons
of oil equivalent (TOE). Source: compiled by the authors based on data from [69,70].

The gross consumption of fuel and energy resources in 2019 in Kazakhstan was
73 million TOE, and the final energy consumption was 41.6 million TOE. The largest energy
consumption was shown by the industrial sector, the housing sector, and the transport
sector (Figure 2).
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Figure 2. Structure of the main items of final consumption of fuel and energy resources in Kazakhstan
in 2019, million TOE. Source: Compiled by the authors based on data from [69,70].

An indicator of the economic efficiency of consumption of fuel and energy resources
is the indicator of the energy intensity of GDP. It is defined as the ratio of the volume of
gross consumption of fuel and energy resources for all production and non-production
needs in tons of oil equivalent to the value of GDP. The energy intensity of the economy is a
particularly strong indicator of the nature intensity. This is a key indicator that characterizes
the sustainability of the development of both the country as a whole and the energy sector.
This indicator is one of the basic indicators in most systems of sustainability indicators.

According to statistics, with a high energy supply of the economy, the indicator of
energy intensity of GDP in Kazakhstan is one of the highest (Figure 3). This situation
demonstrates a very low efficiency of the economy of Kazakhstan.

Figure 3. Dynamics of energy intensity of Kazakhstan’s GDP in 2011–2019. Source: compiled by the authors based on data
from [70].
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The energy intensity of Kazakhstan’s GDP in comparison with the world average
exceeds 2 times, with the OECD countries-4 times, among the CIS countries is on the
4th place. The strategic plan for the development of the Republic of Kazakhstan until
2025 and the Concept for the transition to a “green economy” set goals to reduce the energy
intensity of the country’s GDP by 25% by 2025 and by 50% by 2050. Another indicator of
the modernization that has begun in recent years is the boom in street lighting at night.
Today, about one third of street lamps in Kazakhstan have been converted to LED lamps.
Annual savings in this segment alone amounted to more than 500 million tenge (about
1 million euros) [69].

The development of energy efficiency in Kazakhstan is regulated by the law “On
Energy Saving and Energy Efficiency Improvement” (adopted in 2012). At the same time,
in 2015, the Ministry of Investment and Development of the Republic of Kazakhstan
developed an energy efficiency map. As part of the implementation of the energy efficiency
map in September 2019, the Institute for the Development of Electric Power and Energy
Saving JSC published the results of an energy audit of the country’s main industrial
enterprises. It turned out that, on average, enterprises can reduce energy consumption
by 10%, and budget organizations—up to 40%. However, the heads of institutions are
not interested in the introduction of energy-efficient technologies due to the long payback
period of such energy projects [71].

One of the tools that stimulate the introduction of energy-efficient technologies in
Kazakhstan is the State Energy Register. State institutions (kindergartens, schools, medical
organizations, theaters) that consume more than 100 tons of conventional fuel per year and
industrial enterprises that consume more than 1500 tons of conventional fuel per year are
added to the register. Organizations that are included in the register are required to conduct
an annual energy audit and follow the auditor’s recommendations for five years, otherwise
they will be fined. But the fines system is designed in such a way that in some cases it is
much cheaper to pay a fine than to invest in energy efficiency. Nevertheless, according
to the Ministry of Industry and Infrastructure Development of Kazakhstan, over 5 years
the share of enterprises implementing the energy efficiency system increased from 9.7% to
41.7%, and the effect of the introduction of energy-saving technologies in Kazakhstan in
2018 amounted to 27 billion tenge (about 54 million euros), and in 2019—28.2 billion tenge
(about 54 million euros) [72].

The main reasons for the high energy intensity of Kazakhstan’s GDP:

- the current structure of the economy with a predominance of energy-intensive types
of industries—extractive industries, mining and metallurgical complex, oil and gas
sector, coal energy.

- climatic conditions when the heating season lasts 9 months in the northern parts of
Kazakhstan. This leads to an energy-spending and energy-consuming heat supply sector.

- the general technological backwardness of many sectors of the economy, which leads
to a high energy intensity of products (in some industries, it exceeds the similar
European indicator by several times).

- relatively low cost of energy prices, which does not encourage many consumers to be
energy-efficient.

- the deterioration of networks and equipment in the housing and communal services,
the associated significant losses, fuel, and energy consumption.

Summarizing the review of energy availability and energy intensity, it should be
noted that increasing the level of energy management remains an important task. Because
whichever of the development alternatives the industry chooses, the indicators of efficiency
of production and energy consumption should be significantly improved.

4.3. Alternative Energy Sources

Despite the still significant role of coal in the energy sector, global challenges are
leading to a reduction in the share of coal generation in the global energy mix. To ensure
sustainable energy development, one of the priorities is the environmental friendliness of
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energy sources. Immediate and complete rejection of the use of coal is not possible. The
latest technological solutions make it possible to ensure coal mining and the operation
of coal stations more environmentally friendly and maneuverable. On this basis, the
development of coal seams becomes “green”, and the operation of modern coal plants is
almost as clean as gas plants: carbon dioxide emissions at such facilities can be reduced or
captured and used effectively.

A large-scale transition from coal to gas in the economy, as well as improving energy
efficiency and further increasing the use of renewable energy sources are the most important
factors that allow Kazakhstan to fully reach the unconditional emission reduction target
(15% of 1990 levels by 2030) under the Paris Agreement.

Another direction in the development of the coal industry is the production of liquid
fuel and various chemical products by hydrogenation, liquefaction, and coal extraction
methods. This is one of the important directions in the coal chemical industry of the future.
In several countries, public and private companies are conducting intensive research into
the production of synthetic liquid fuels from coal. In addition, today it is relevant to study
the issues of obtaining synthetic liquid fuel and humic preparations from Kazakhstani coals,
which will make it possible in the future to bring the processing of local solid hydrocarbon
raw materials closer to a comprehensive one.

According to international experts [73], by 2100 the share of oil and coal in the world
fuel and energy balance will be 2.1%, and 0.9%, respectively, thermonuclear energy will
reach 10% of the market, and more than 25% of all world electricity will be generated by
the sun. There will be a gradual decrease in the use of hydrocarbons and a reorientation to
the production of cleaner energy industries.

In 2009, Kazakhstan passed a law “On the support of renewable energy sources”. The
share of renewable energy sources is still small—just over 10% (including hydropower)
(Figure 4, Table 1) [2,74–76]. But the existing difficulties in its implementation call into
question that by 2050 the share of the use of renewable energy sources in Kazakhstan will
reach 50%.

Figure 4. Dynamics of electricity production in Kazakhstan in 2011–2019, million kWh. Source: compiled by the authors
based on data from [2,74–76].
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Table 1. Structure of production of renewable energy sources in Kazakhstan, thousand kWh.

2011 2012 2013 2014 2015 2016 2017 2018 2019

produced by
hydroelectric 7,883,323.0 7,637,265.9 7,730,762.5 8,262,830.9 9,269,190.4 11,620,763.9 11,210,191.7 10,395,354.1 9,993,658.8

produced by
wind farms 147.0 2665.0 4546.9 13,300.8 131,722.3 274,982.8 339,840.3 460,583.1 707,135.1

produced by
solar power

plants
21 775.8 1268.3 46,171.0 88,403.1 93,038.8 141,311.1 391,229.6

produced using
biogas 200.0 2832.1 4967.1

Source: compiled by the authors based on data from [2,74–76].

The use of biological fuel has a certain reserve. Due to the processing of agricultural
waste, up to 35 billion kWh of electricity and 44 million Gcal. of thermal energy can be
obtained annually. However, apart from a part of hydropower, these resources have not
been widely used until now (Table 1).

The potential of renewable energy resources (hydropower, wind, and solar energy) in
Kazakhstan is quite significant. The Ministry of Energy of Kazakhstan has estimated the
potential of the republic at more than 2.7 trillion. kW, of which:

- wind energy potential—920 billion kWh,
- potential of solar energy—15 billion kWh (1300–1800 kW per 1 sq. m of area per year),
- potential of hydropower—170 billion kWh.

The calculated indicators demonstrate significant potential to enable Kazakhstan to
make the transition from traditional to alternative energy sources. However, the choice
of an alternative path of development is not carried out only based on calculations, it
is accepted and carried out by people. The authors proceed from the assumption that
the decision in the dilemma of long-term development of the electric power industry in
Kazakhstan will be made under the influence of the industry stakeholders and will be
implemented in the overall result. Therefore, it will reflect the common vision of the most
interested and influential participants.

4.4. Industry Risks and Trends

The considered tendencies of the electric power industry in Kazakhstan pose a diffi-
cult choice for the country to modernize the existing production base and improve coal
processing methods or direct its efforts to a more expensive but promising direction for the
development of renewable energy sources.

The authors of the article were directly involved in a series of events to determine
the forecast for the development of the energy industry in Kazakhstan in August 2020.
In particular, the authors were the moderators of the foresight sessions, which allowed
further analysis to be carried out using the original author’s methodology. The Foresight
was attended by 136 experts representing the manufacturing sector of the energy sector of
Kazakhstan, industry science and education. The assessment of the future development
of the industry was an important point in studying the opinion of experts, enabling us
to determine, in a first approximation, the difference and coincidence in the vision of
stakeholders. (Figure 5).

The weighted average assessment of the industry’s prospects on a 10-point scale
was 8.03 points—stable development of the industry. Moreover, the weighted average
assessment of the possibility of an expert’s personal influence on the development of the
industry on a 10-point scale was 5.89 points, i.e., experts assess their influence as average,
and the influence of companies in which experts work—6.75 points, which is slightly higher
than the assessment of personal influence.
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Figure 5. Expert assessment of the future development of the energy industry in Kazakhstan. Source:
compiled by the authors based on the results of the Foresight.

According to experts, the following subjects have the greatest influence on the devel-
opment of the industry (in descending order of the power of influence):

- Government of Kazakhstan,
- line ministry,
- owners and shareholders of energy companies,
- multinational companies,
- resident top managers,
- production personnel of energy companies,
- banks and credit institutions,
- functional management of energy companies,
- local executive authorities,
- universities and colleges.

It is obvious that it these participants not only form the future development agenda of
the industry, but also have the greatest influence on the choice of the development model.
The influence of the state and big business is still decisive, the role of the population and
the public on such an important issue as the future of energy is, unfortunately, small.

All experts showed restrained caution in assessing the prospects for the development
of the industry. Experts consider the development of monitoring and data processing tech-
nologies and new technologies for transmission and distribution of energy as growth zones
for the domestic energy industry. This is where the main investment and management
efforts of the next period should be directed.

Like any production system, the energy sector of Kazakhstan is subject to risks, not
only of a technical and technological nature, but also of an environmental, social and
labor nature. The authors of the article also took part in the development of the foresight
methodology and in the analysis of its results. The experts were asked to assess 12 types of
risks in the energy sector of Kazakhstan (Figure 6).

To further use the views of stakeholders as a basis for making management decisions,
the weighted average probability of each risk and the severity of their consequences was
determined, which made it possible to map the risks of the energy industry in Kazakhstan
(Figure 7). Figure 7 uses the same risk numbering as in Figure 6.
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Figure 6. Expert assessment of the risks of negative development of the electric power industry in Kazakhstan. Source:
compiled by the authors based on the results of the Foresight.

Figure 7. Risk mapping of the energy sector in Kazakhstan. Source: compiled by the authors based
on the results of the Foresight.
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When mapping risks, four zones are distinguished: Unacceptable risk, critical risk,
tolerant risks, acceptable risks. Given that, base on the calculations, the risks were concen-
trated mainly in one zone, the scale of the map was increased by the authors and the zone
of acceptable risks was not shown (it did not include the risks of the energy industry).

As can be seen from the figure, according to experts, there are currently no unaccept-
able risks in the industry. However, there are two risks that require maximum control:
1. Price volatility and 6. Lack of human resources. Eight more risks fall into the critical con-
trol zone. And two risks—8. Working in unknown conditions and operational difficulties
and 9. Competition for confirmed inventory—the experts recognized as tolerant.

The risks selected by the foresight participants reflect not only their expert assessment,
but also the conviction of specialists working in the industry. In every day practice, it is
necessary to confront the noted threats that arise from the risks of the implementation of
a particular development scenario. Therefore, the authors consider it possible to use the
collective opinion of experts to assess the development dilemma. We have built a compar-
ative matrix (Table 2), which allows us to evaluate the alternatives for new construction
and operation of various power generation facilities according to four characteristics. The
points in the table were distributed as follows: 4—the maximum negative assessment for
this characteristic, 1—the minimum negative assessment. The matrix makes it possible
to formalize the foresight experts’ assessments, taking into account the strength of the
influence of each characteristic when choosing the use of energy sources.

Table 2. Matrix for assessing the choice of using energy sources.

Assessment Characteristics Nuclear Power Plants RES Coal Power Plants

Construction cost including equipment manufacturing 4 2 2
Lack of human resources, including the availability of

educational infrastructure on the relevant technologies of the
electric power industry

4 2 1

Electricity price 2 3 1
Environmental impact 4 1 4

Total 14 8 8

Source: compiled by the authors based on the results of the Foresight.

The cost of building a nuclear power plant is the highest compared to renewable
energy sources and coal-fired power plants. In addition, a project for Kazakhstan, requiring
significant investment and the involvement of experienced contractors.

The lack of personnel is also the most typical for the nuclear power industry due to
its absence in the mill. Colleges and universities in Kazakhstan do not train specialists in
nuclear energy. Traditionally, personnel are trained in the specialties of coal energy, and in
the last 5 years, renewable energy sources.

Due to the low price of coal, the stability and availability of technological processes,
the price of coal energy is minimal. The price of nuclear power is slightly higher since it
is necessary to take into account the return-on-investment costs. However, since nuclear
power plants are designed for a long service life and a large volume of electricity production,
the cost of 1 unit of electricity is relatively low. The highest price for renewable energy
sources is associated with high investment costs with unstable electricity production, as
well as the need to maintain shunting capacities.

The assessment of the environmental impact is the highest in the nuclear power
industry due to the catastrophic consequences in case of possible accidents and the need
to dispose of nuclear waste. The maximum assessment in coal power engineering is
associated with both emissions into the atmosphere and disturbance of the landscape and
microclimate during coal mining.

Thus, having calculated the scores for each type of power plant, we see the maximum
negative (risk) potential for nuclear energy and the same values for the assessment of RES
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and coal energy. This result once again confirms the presence of a dilemma in choosing a
further path for the development of Kazakhstan’s energy sector.

The choice of management methods for identified risks directly depends on industry
development trends that are expected soon and on actors and stakeholders, whose influence
is most significant in this sector of the economy of Kazakhstan.

Among the strong and dominant (in total), experts identified the following trends:

- introduction of new technologies for generation, transmission, and distribution of
energy (65% of respondents),

- digitalization, data collection and big data analytics (60% of respondents),
- growth of environmental requirements (51% of respondents).

The rest of the trends have a low dominant influence (less than 50% of respondents),
or rather an indirect influence (Figure 8).

Figure 8. Expert assessment of the impact of major trends on the future of the energy industry in Kazakhstan. Source:
compiled by the authors based on the results of the Foresight.

Experts predict different activity of implementation of the identified trends and the
likelihood of risks. The participation of experts in building the desired future of the industry
depends on how much they themselves position their influence on the development of the
industry, as well as new opportunities for the development of the industry experts see.

As shown by the answers of experts, the main opportunities in the industry in the
future open up primarily in the construction of generating stations in alternative energy (2
in Figure 9) and coal, gas, oil (1 Figure 9).

Further, in the group of dominant influence, there are opportunities (in order of
decreasing probability of occurrence and strength of influence):

6—Significant reduction in energy losses,
7—Significant reduction in personnel due to the introduction of telemetry.
The following opportunities fell into the zone of strong influence with a 50% probabil-

ity of attack (in order of decreasing strength and possibility of influence):
5—Consolidation of companies, optimization of processes and costs.
3—Stabilization of the price market and their stability in the next 5 years,
4—Reduced energy transportation costs.
Considering the almost equal dominant prospects that the experts identified—the

construction of classical power plants (fueled by coal, gas, and oil) and renewable energy
sources, we can state that the dilemma of choosing a development path for experts.

144



Energies 2021, 14, 2374

Figure 9. Expert assessment of opportunities for the development of the electric power industry in
Kazakhstan. Source: compiled by the authors based on the results of the Foresight.

5. Discussion

The existing electric power facilities in Kazakhstan were built in Soviet times and are
quite worn out. They require serious modernization or complete replacement of equipment
that is not produced in Kazakhstan. In this regard, we are witnessing a dilemma facing the
country—where to direct financial resources: Modernize existing predominantly coal-fired
thermal power plants or build renewable energy facilities?

On the one hand, the country has vast coal resources, and thus, low prices for tra-
ditional coal energy. According to the Internet portal GlobalPetrolPrices [77], the cost
of electricity in Kazakhstan for one kWh is $0.04, while the average price in the world
is $0.14. In Belarus, one kWh of electricity costs $0.07, in Georgia $0.06, and in Ukraine
$0.05. Modernization projects for existing coal-fired power generation facilities are an
order of magnitude lower than projects for new construction of renewable energy sources.
Traditional heat producers will resist the invasion of alternative green energy competitors.

On the other hand, the global environmental situation dictates the need for a transition
to green electricity based on renewable energy sources. The Government of Kazakhstan has
set a strategic goal that by 2050, half of the country’s total energy consumption should be
generated by renewable energy sources (RES), using water, wind, sun. Large investments
are required for the construction of renewable energy sources. The unstable position of the
state currency in the world market and an opaque operating environment are a deterrent
for foreign investment in Kazakhstan. Therefore, the main obstacles to the development of
renewable energy sources in Kazakhstan are the lack of access to long-term money and
taxes on imported equipment. It is also necessary to understand that an increase in the
share of renewable energy sources in the energy sector requires a proportional volume of
modern shunting capacities, which is absent in Kazakhstan. In addition, green energy will
increase the tariff burden on end users by 2.5–3 times.

Since the issues of long-term development of the electric power industry are closely
related to the energy security policy, we consider it expedient to consider the choice of a
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development model with the provision of an appropriate level of energy security for the
country (Table 3). The authors rely on the international classification of energy security,
depending on the period of the forecast assessment [24].

Table 3. Methodological approaches to solving the dilemma.

Period Energy Security Choice Dilemma

short associated with the risks of power outages

Social approach—ensuring the preservation of moderate costs of
energy costs for the population and enterprises, especially during the
period of coming out of the pandemic lockdown and overcoming the

crisis generated by them

mid-term uninterrupted, reliable, sufficient power
supply ranging from years to decades

A pragmatic approach—a transition to effective energy management,
reduction of harmful effects on the environment, accumulation of

funds and their investment in alternative sources, gradual integration
into the global energy system

long term ensures the availability of energy sources in
the future

An innovative approach is to ensure such a share of innovative
(alternative) energy, which will allow the country to fully participate

in global economic and energy cooperation and ensure high
efficiency in the production and use of energy

Source: compiled by the authors based on the source [24] and their own developments.

It should also be noted that the problem of choosing an energy model affects the
interests of various territories and groups of society in the republic, which are contradictory
in nature and content. The authors previously considered regional features in the study
of energy management problems and noted the difference in its effectiveness both by
region and by industry [21–23]. The works of Kazakh authors also note the need to
differentiate approaches to energy management, models of energy systems are proposed
with a breakdown by subnational regions, types of buildings and urban/rural areas, which
in their opinion, will increase the energy security of households [59]. The various choices in
the way electricity is developed in the republic, combined with significant social obligations,
reduce the importance of rational factors, especially in the short term.

The authors consider that a controversial position about the need to introduce a ban
on the use of coal and move to cleaner alternatives for generating energy in the shortest
possible time. The dilemma of choosing the long-term development of the electric power
industry in Kazakhstan should be solved using different approaches for solutions of
different implementation periods.

6. Conclusions (Prospects for the Development of the Industry)

It is necessary to consider the directions of development of the energy industry in
Kazakhstan from different time perspectives. Soon, the development of environmentally
friendly and efficient technologies for the processing of fossil fuels (oil, coal, gas) based
on steam-gas plants and methods of deep processing of coal, is of greatest relevance. At
the same time, fossil fuel will remain a priority energy source. It should provide an exit
for the economy from the crisis generated by the need for a lockdown and ensure the
accumulation of investments for the transition to alternative energy sources.

In the future, there will be an active introduction of renewable energy sources and the
development of effective methods for converting and storing energy, including fuel cells.
These technologies have already begun to be implemented, but a radical change in the
structure of the world energy because of the displacement of coal and its replacement by
carbon-free sources will come after 2050. Nuclear energy plays a key role, in combination
with solar energy, hydropower, and environmentally friendly biofuels. Although it is
nuclear energy, which has indisputable economic advantages for Kazakhstan, may be not
chosen for political and social factors.

In conclusion, it should be noted that modern energy is already in the process of digital
transformation. Digital technologies are actively penetrating the energy sector, making it
possible to analyze and manage the production, transportation, and consumption of energy
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more efficiently. As a result, technological innovations shape the future of the energy sector
and form the basis for economic and social choice.

The staffing dilemma remained outside the scope of this study. The issues of staffing
the electric power industry in Kazakhstan are important, but require separate consideration,
which will be presented in subsequent publications of the authors.
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18. Creţan, R.; Vesalon, L. The Political Economy of Hydropower in the Communist Space: Iron Gates Revisited. J. Econ. Hum. Geogr.

2017, 108, 688–701. [CrossRef]
19. Karatayev, M.; Hall, S.; Kalyuzhnova, Y.; Clarke, M.L. Renewable energy technology uptake in Kazakhstan: Policy drivers and

barriers in a transitional economy. Renew. Sustain. Energy Rev. 2016, 66, 120–136. [CrossRef]
20. Koshim, A.; Karatayev, M.; Clarke, M.L.; Nock, W. Spatial assessment of the distribution and potential of bioenergy resources in

Kazakhstan. Adv. Geosci. 2018, 45, 217–225. [CrossRef]
21. Petrenko, Y.; Denisov, I.; Koshebayeva, G.; Biryukov, V. Energy Efficiency of Kazakhstan Enterprises: Unexpected Findings.

Energies 2020, 13, 1055. [CrossRef]
22. Velinov, E.; Petrenko, Y.; Vechkinzova, E.; Denisov, I.; Siguencia, L.; Gródek-Szostak, Z. “Leaky Bucket” of Kazakhstan’s Power

Grid: Losses and Ineffcient Distribution of Electric Power. Energies 2020, 13, 2947. [CrossRef]
23. Petrenko, Y.; Vechkinzova, E.; Antonov, V. Transition from the industrial clusters to the smart specialization of the regions in

Kazakhstan. Insights Reg. Dev. 2019, 1, 118–128. [CrossRef]

147



Energies 2021, 14, 2374

24. Soysal, O.A.; Soysal, H.S. Energy for Sustainable Society: From Resources to Users; John Wiley & Sons: Hoboken, NJ, USA, 2020; p.
526, Online ISBN 9781119561330, Print ISBN 9781119561309. [CrossRef]

25. York, D.; Kushler, M. Exploring the Relationship Between Demand Response and Energy Efficiency: A Review of Experience and Discussion
of Key Issues; Report Number U052; American Council for an Energy-Efficient Economy: Washington, DC, USA, 2005.

26. Bilton, M.; Ebeanu, N.C.; Woolf, M.; Djapic, P.; Wilcox, M.; Strbac, G. Impact of Low Voltage Connected Low Carbon Technologies on
Network Utilization; Report B4 for the “Low Carbon London” LCNF Project; Imperial College: London, UK, 2014.

27. York, D.; Kushler, M.; Witte, P. Examining the peak demand impacts of energy efficiency. Manag. Q. 2007, 48, 2–15.
28. Nguyen, V.P.; Tran, T.K. Explicating Energy Saving Intention from the Prospect of Small Medium Enterprises. Entrep. Sustain.

Issues 2020, 8, 716–734. [CrossRef]
29. Igaliyeva, L.; Niyazbekova, S.H.S.; Serikova, M.; Kenzhegaliyeva, Z.; Mussirov, G.; Zueva, A.; Tyurina, Y.; Maisigova, L. Towards

environmental security via energy efficiency: A case study. Entrep. Sustain. Issues 2020, 7, 3488–3499. [CrossRef]
30. CEER. Advice on Ensuring Market and Regulatory Arrangements help deliver Demand-Side Flexibility; Ref: C14-SDE-40-03; Council of

European Energy Regulators: Brussels, Belgium, 2014.
31. Torriti, J.; Hassan, M.G.; Leach, M. Demand response experience in Europe: Policies, programmes and implementation. Energy

2010, 35, 1575–1583. [CrossRef]
32. Tolstolesova, L.L.; Yumanova, N.; Mazikova, E.; Glukhikh, I.; Vorobieva, M. Sustainability issues of territorial power systems in

market conditions. Entrep. Sustain. Issues 2019, 7, 263–277. [CrossRef]
33. Sarma, U.; Karnitis, G.; Zuters, J.; Karnitis, E. District heating networks: Enhancement of the efficiency. Insights Reg. Dev. 2019, 1,

200–213. [CrossRef]
34. Rogalev, A.; Komarov, I.; Kindra, V.; Zlyvk, O. Entrepreneurial assessment of sustainable development technologies for power

energy sector. Enterp. Sustain. Issues 2018, 6, 429–445. [CrossRef]
35. NREL. Chapter 10: Peak Demand and Time-Differentiated Energy Savings Cross-Cutting Protocols, The Uniform Methods Project: Methods for

Determining Energy Efficiency Savings for Specific Measures (Frank Stern, Navigant Consulting); Subcontract Report NREL/SR-7A30-53827;
2013. Available online: https://www.energy.gov/sites/prod/files/2013/05/f0/53827-10.pdf (accessed on 21 April 2021).

36. Le Coq, C.; Paltseva, E. Measuring the Security of External Energy Supply in the European Union (22 May 2009). Energy Policy
2009, 37, 4474–4481. [CrossRef]

37. Yergin, D. Energy Security in the 1990s. Foreign. Aff. 1988, 67, 110–132. [CrossRef]
38. Luft, G.; Korin, A.; Gupta, E. Energy security and climate change: A tenuous Link. In The Routledge Handbook of Energy Security;

Sovacool, B.K., Ed.; Routledge: New York, NY, USA, 2011; pp. 43–55.
39. Hughes, L. A generic framework for the description and analysis of energy security in an energy system. Energy Policy 2012, 42,

221–231. [CrossRef]
40. Mansson, A.; Johansson, B.; Nilsson, L.J. Assessing energy security: An overview of commonly used methodologies. Energy 2014,

73, 1–14. [CrossRef]
41. Du, H.B.; Chen, Z.N.; Brown, M.A.; Yin, Y.Y.; Zuo, J.; Chai, L.H. How secure are national energy systems: A dynamic assessment

approach. Ecol. Indic. 2020, 108, 105666. [CrossRef]
42. Böhringer, C.; Keller, A. Energy Security: An Impact Assessment of the EU Climate and Energy Package; No V-335-11, Working Papers;

Department of Economics, University of Oldenburg: Oldenburg, Germany, 2011. Available online: https://uol.de/f/2/dept/
wire/fachgebiete/vwl/DP_V-335_11.pdf (accessed on 21 April 2021).

43. Checchi, A.; Behrens, A.; Egenhofer, C. Long-Term Energy Security Risks for Europe: A Sector-Specific Approach; CEPS Working Paper
No. 309; Centre for European Policy Studies: Brussels, Belgium, 2009. Available online: https://ssrn.com/abstract=1334620
(accessed on 21 April 2021). [CrossRef]

44. Kruyt, B.; van Vuuren, D.P.; de Vries, H.J.M.; Groenenberg, H. Indicators for energy security. Energy Policy 2009, 37, 2166–2181.
[CrossRef]

45. Mitchell, J.V. Renewing Energy Security. Royal Institute of International Affairs. 2002. Available online: https://www.
chathamhouse.org/sites/default/files/public/Research/Energy,%20Environment%20and%20Development/renewing_
energy_security_mitchell_july_2002.pdf (accessed on 21 April 2021).

46. Chester, L. Conceptualising energy security and making explicit its polysemic nature. Energy Policy 2010, 38, 887–895. [CrossRef]
47. Cherp, A.; Jewell, J. The concept of energy security: Beyont the four As. Energy Policy 2014, 75, 415–421. [CrossRef]
48. Joskow, P. The U.S. Energy Sector: Prospects and Challenges, 1972–2009. Dialogue 2009, 17, 7–11.
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Abstract: Energy transitions are transforming energy systems around the globe. Such a shift has
caused the power system to become a critical piece of infrastructure for the economic development
of every nation on the planet. Therefore, guaranteeing its security is crucial, not only for energy
purposes but also as a part of a national security strategy. This paper presents a multidimensional
index developed to assess energy security of electrical systems in the long term. This tool, named the
Power System Security Index (PSIx), which has been previously used for the evaluation of a country
in two different time frames, is applied to evaluate the member countries of the Latin American
Energy Organization, located within the Latin America and the Caribbean region, to measure its
performance on energy security. Mixed results were obtained from the analysis, with clear top
performers in the region such as Argentina, while there are others with broad areas of opportunity,
as is the case of Haiti.

Keywords: energy security; energy transitions; Latin America; power system; sustainability

1. Introduction

Energy transitions are motivated, as stated by [1], by global efforts to efficiently in-
crease competitiveness while respecting the environment and guaranteeing energy supply.
The transitions are changing the way energy is produced, consumed, stored, and trans-
mitted, not only by boosting the presence of renewable energy technologies but also by
improving the system’s flexibility through innovative infrastructure solutions, at the same
time that enhancing energy productivity has become a state priority worldwide [2,3]. This
new paradigm also presents new challenges, the security of energy supply being an utmost
important matter for the efficient functioning of modern economies [4].

Despite its importance and its wide presence in different national energy strategies,
the concept of energy security is highly context-dependent and, consequently, differs sig-
nificantly from one policymaker to another [5], requiring different authorities to determine
their own approach to the concept for creating solutions for the procurement of energy
supply in their respective populations. With the objective of maintaining uniformity of the
concept and for the development of the present paper, the definition proposed by [6] has
been taken on board, i.e., energy security is understood as the sustainable supply of energy.

Latin America is an energy-rich region, not only in fossil-fuel reservoirs, but also in
renewable energy potential. At the same time, some nations in the region do not possess
strong economies, requiring them to undermine their electricity systems, independently
of their possession—or lack—of fuels basins. Due to this diversity of circumstance, it is
pertinent to evaluate how policies of different countries in the region are translated into
improvements to energy security in their respective power systems.
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As stated by [7], to be analytically helpful, a measure for evaluating energy security
must be quantifiable. One instrument to do this is composed indexes, which are useful
to identify benchmark performances and trends, focusing on particular issues and, by
those means, setting policy priorities [8]. In the present document, the composed index
developed by [9], named Power System Security Index (PSIx), is applied for the evaluation
of different countries in the Latin America and Caribbean region. The developed tool
consists of a multidimensional index aimed at evaluating policies regarding energy security
in the power sector. Nevertheless, the instrument has been applied to one single country in
different time frameworks. The path that every country in the region has determined for
transitioning to a sustainable energy system is different, making it pertinent to analyze how
each country is positioned in its own transition. The PSIx, which, as shown in Figure 1,
has been constructed based on the framework of energy transitions, offers a common
framework to evaluate development.

Figure 1. PSIx Approach [9].

The novelty of this paper lies in the application of the developed methodology, based
on the PSIx, consisting of the evaluation of energy security policies of multifold economies
in a given time frame, as Figure 1 shows, and its further use for the assessment of the
case of Latin America. The suitability of the multidimensional index will be evaluated
by executing a statistical analysis of different countries’ development, as well as their
comparison and ranking, according to their performance on achieving energy security in
their respective power systems.

To achieve the abovementioned objectives, the present paper is organized into five
sections. Section 2 describes the composed index. The third one describes mathematical
model. In Section 4, the outcomes of the composed index application are presented and
discussed. Finally, the respective conclusions are presented in Section 5.

2. PSIx

The dimensions included in the PSIx for the characterization of energy security are
availability, infrastructure, economy, environment, governance, and research, development,
and innovation (R + D + i). Each one of these six dimensions possesses multifold indicators
grouped, in turn, into different categories. How the index is structured is presented
in Figure 2, in which dimensions, categories, and indicators are shown, each of them
possessing an alphanumeric code for easing its identification throughout the document.
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Figure 2. PSIx structure. Reprinted from ref. [9].
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The dimension of availability (A) is directly related to energy independence [10]. It
evaluates the geological presence of energy resources within a determined area, as well as
the degree of their replacement by alternative energy resources [11,12]. The dimension also
evaluates the diversification of energy technologies and sources for fulfilling the energy
needs of a specific region.

The infrastructure dimension (I), also known as accessibility [4,13], evaluates the
ability to access energy resources to provide a stable and uninterrupted supply of electrical
energy, i.e., the reliability of the power system.

The economy dimension (EC), also called affordability, measures energy prices as well
as their volatility, since, as stated by [14], these two factors have a great influence on the
overall economy, as well as on industrial competitivity and trade balance.

The indicators of the environmental dimension (EN) aim to measure the repercussions
of energy-generation technologies on the environment, so that they do not represent a
menace for sustainable development. Climate change has acquired a very high importance
for energy policymakers during the current century, particularly greenhouse gas (GHG)
emissions emitted into the atmosphere, as proxy measures of the pollution of human
activities. This tendency has been translated into strict restrictions to conventional en-
ergy technologies, which has spurred several countries to transform their power systems
towards more sustainable models.

Governments are responsible entities for effectively planning infrastructure devel-
opment to ensure long-term energy security [15]. They also pledge to establish lasting
relationships with other countries, so it is possible to assure energy supplies in a politically
stable scenario. On their part, there are also the competent bodies for creating an attractive
environment for attracting investments, which are lifeblood of the energy system [16].

Finally, research, development, and innovation (R + D + i) play a central role for the
enhancement of energy security, since they improve the capacity to adapt and respond
to disruption challenges through innovation [10]. The R + D + i dimension (R) has the
aim of, as proposed by [17], assessing new technologies in the energy field, as well as the
development of intellectual capital as a factor to assess risks on energy security.

The respective formulas and objectives of each indicator are summarized in Table A1
of Appendix A, while the corresponding description and units of formulas are presented
in Table A2.

The source from which data was obtained for its analysis is the Latin America and the
Caribbean Energy Information System, developed by the Latin America and the Caribbean
Energy Organization [18], and the chosen year is the last one with a complete dataset,
namely 2018.

3. Mathematical Model

The mathematical model consists of the imputation of missing data, normalization, a
multivariate analysis, weighting, and aggregation. Although most of the model has been
originally developed for the study of different economies and presented in this paper, the
normalization process used here is the same as the one proposed by [9].

3.1. Imputation of Missing Data

Some economies, particularly the smallest ones, have not provided complete datasets
on energy information, either to international entities or through their own responsible
authorities, which is translated into missing values for the indicators within the com-
posed index. Therefore, it is necessary to complete these values by means of a suitable
analytical method.

As defined by [19], missing data are unobservable values, which, if observed, would
have a meaningful implication in the analysis. According to [20], there are three types of
missing values depending on their predictability of non-appearance in the studied dataset,
i.e., missing completely at random (MCAR), missing at random (MAR), and not missing
at random (NMAR). MCAR values are independent of the variable of interest or any
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other observed variable; MAR values are independent of the variable of interest, but other
variables in the dataset condition their missingness; and NMAR values are dependent on
the missing data.

The indicators containing missing values are I1.2, I3.1, I3.3, EC2.4, EC3.3, EC3.6, EC3.7,
G2.1, R1.1, R1.2, and R2.1. Two indicators possess NMAR values, since the availability of
data is scarce for every country, not only those gathered by international institutions, but
also those collected by each responsible national entity. These indicators are I3.1 and I3.3.
It is inferred that these values are unavailable in most cases due to, precisely, the scarcity
of data. Moreover, these indicators are relatively new compared to the rest of them, and
policies of the covered countries do not consider them as priorities yet. Therefore, their
measurement at national level is, in most cases, rather low or nonexistent.

For the NMAR values present in the index, an implicit modeling method has been
selected for completing the corresponding datasets, i.e., hot deck imputation. This method
is used to impute missing values within a data matrix by using available values from
the same matrix with similar figures [21]. The countries are considered to have a similar
behavior in the deployment of power-to-x and distributed generation installations. For
these two specific indicators, in the case of missing values, they are set to zero, considering,
therefore, that the measured value is negligible for its study.

The rest of the indicators with missing values correspond, in general, to small
economies, particularly to those in the Caribbean. To achieve a more reliable imputa-
tion, the countries of the index have been divided into four categories, depending on the
size of their economies and their geographical locations, with the purpose of considering
them more equal in energy terms. These categories are:

A. Big continental economies: Argentina, Brazil, Chile, Colombia, Mexico, and Peru
B. Small continental economies: Bolivia, Ecuador, Guatemala, Paraguay, Uruguay, and

Venezuela
C. Caribbean and the Guianas: Barbados, Cuba, Grenada, Guyana, Haiti, Jamaica,

Dominican Republic, Suriname, and Trinidad and Tobago
D. Central America: Belize, Costa Rica, El Salvador, Honduras, Nicaragua, and Panama

To impute the missing values of indicators, an explicit method, based on a formal
statistical model, was selected, specifically the unconditional mean imputation method.
This approach consists of the substitution of missing values by means of the sample series.
Consequently, such a procedure leads to estimates similar to those found by weighting,
provided the sampling weights are constant within weighting classes [19].

3.2. Multivariate Analysis

With the objective of assessing the underlying structure of the gathered data, a mul-
tivariate analysis was conducted. This approach is also helpful for assigning weights to
the indicators, a crucial step for, according to [22], determining their influence within the
index, as well as their trade-off values.

Among the different methodological techniques present in the literature, a data-driven
approach was selected, since it depends entirely on the data themselves. A factorial analysis
approach, specifically the principal component analysis, was chosen, since this statistical
approximation allows the determination of interrelations among a great number of vari-
ables, at the same time as also allowing an explanation of their behavior in terms of their
subjacent common dimensions [23]. For conducting the statistical analysis, Minitab® soft-
ware was used (Minitab® and all other trademarks and logos for the Company’s products
and services are the exclusive property of Minitab, LLC. All other marks referenced remain
the property of their respective owners. See minitab.com for more information).

The treated variables have been considered initially neither dependent nor indepen-
dent from each other. Therefore and, according to [24], an interdependency study can
be executed. As the methodology dictates, the statistical study must cover all the vari-
ables simultaneously, so an underlying structure can be identified for the whole set of
indicators. For performing the principal components analysis, a covariance matrix of the
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data was employed, containing 44 indicators for the 27 analyzed countries within the
composed index.

For analyzing the correlations of the indicators, an item analysis was performed, and
the most significant values of the resulting correlation matrix is shown in Table 1. The
matrix confirms the existence of a subjacent structure among the gathered data. In the
table the most significant correlations among the variables, those equal to or above 0.70,
are highlighted.

Table 1. Correlation matrix showing the most significant correlations among variables.

A1.3 A2.1 A3.2 I1.1 I1.3 I2.2 I3.1 I3.3 I3.4 EN1.1 EN2.1 G1.1 G1.3 G2.1 R1.1

A2.2 0.16 0.97
A3.3 0.00 0.11 1.00
I1.3 0.24 0.03 0.20 0.83
I2.3 0.03 0.13 0.00 0.69 0.73 0.10
I3.3 0.53 0.07 0.28 −0.04 0.12 −0.01 0.82

EC1.1 −0.21 −0.22 −0.18 −0.76 −0.63 −0.12 −0.19 −0.15 −0.24
EN1.1 0.06 0.51 0.45 0.11 0.20 0.76 −0.15 −0.12 0.75
EN1.2 0.20 0.33 0.45 0.11 0.12 0.70 −0.07 −0.01 0.64 0.90
EN2.2 −0.04 0.33 0.44 −0.16 0.02 0.45 −0.05 0.02 0.64 0.75 0.71
G1.3 0.14 0.07 −0.09 0.36 0.41 0.03 0.04 0.01 0.05 0.15 −0.20 0.78
G2.1 0.30 0.23 0.02 0.51 0.63 0.19 0.16 0.14 0.25 0.29 −0.13 0.76 0.80
G2.2 0.02 0.21 0.16 0.41 0.45 0.13 0.02 0.06 0.30 0.24 0.04 0.69 0.79 0.87
R1.1 0.78 0.17 0.00 0.09 0.21 0.15 0.47 0.56 0.05 0.09 −0.04 0.30 0.38 0.53
R1.2 0.74 0.14 0.08 0.06 0.19 0.16 0.64 0.72 0.10 0.09 −0.01 0.28 0.30 0.43 0.95

With the purpose of evaluating the internal consistency of the analyzed data, the
Cronbach’s alpha parameter was employed and, since its value overpasses the benchmark
of 0.7, specifically 0.7347, it is considered that the analyzed data measures the same
characteristic, namely energy security in the power system, in the case of the present study.

To determine the principal components of the data, the methodology proposed by [25]
has been followed, in which the correlation matrix serves as the basis for such purpose. A
principal component is defined as

z = A′x∗ (1)

where A consists of columns formed by the eigenvectors of the correlation matrix, while x∗
is composed by the arrangement of standardized variables. The objective of this approach
is to identify the principal components of the standardize version of x∗ with regard to x,
where x∗ possesses the jth element xj/σ1/2

jj , j = 1, 2, . . . , p, xj is the jth element of x, and
σjj is the variance of xj. Therefore, the covariance matrix for x∗ is the correlation matrix for
x, and the principal components of x∗ are determined by Equation (1).

For the selection of the factors to be considered to be relevant for a further analysis,
and which give rise to the determination of principal components, an a priori criterion has
been chosen, i.e., it will be considered that those factors that contribute for explaining 90%
of the variance of the data are those that will be kept.

After the execution of the principal component analysis, the variance values of the
principal components with a considerable influence were obtained and they are shown in
Table 2. They are 10 of the total sample of 44 values, which explain 91.2% of the variance of
the dataset:
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Table 2. Values of the factors of the covariance matrix.

Factor Eigenvalue Proportion Accumulated

1 0.54515 0.277 0.277
2 0.37498 0.191 0.468
3 0.18972 0.097 0.565
4 0.17292 0.088 0.653
5 0.14021 0.071 0.724
6 0.11698 0.06 0.783
7 0.08296 0.042 0.826
8 0.07199 0.037 0.862
9 0.0537 0.027 0.889

10 0.04414 0.022 0.912

The scree plot of the total number of factors vs. their corresponding eigenvalues in
a descending order, as shown in Figure 3. The considerable high value of the first two
components can be observed, while from the 15th value the curve presents practically a
flat behavior.

Figure 3. Data scree plot.

The first two principal components, named PC1 and PC2 and which account for 46.8%
of the total variance in the data, are presented in Table 3, jointly with the PSIx variables
and the corresponding factorial loads or eigenvectors. The load values higher than 0.25 are
highlighted, as they are considered significant for each component.

Table 3. Eigenvectors for the first two principal components.

Variable PC1 PC2 Variable PC1 PC2 Variable PC1 PC2 Variable PC1 PC2

A1.1 0.27 0.44 I1.2 −0.13 0.16 EC2.2 0.04 −0.03 EN1.2 −0.28 0.16
A1.2 0.29 0.36 I1.3 −0.01 0.08 EC2.3 0.01 −0.01 EN2.1 0.00 0.00
A1.3 0.08 0.46 I2.1 −0.05 −0.04 EC2.4 −0.06 0.11 EN2.2 −0.07 0.03
A2.1 −0.15 0.12 I2.2 −0.12 0.07 EC3.1 0.00 0.00 G1.1 0.04 0.05
A2.2 −0.15 0.11 I2.3 0.00 0.05 EC3.2 0.03 0.04 G1.2 0.02 −0.12
A3.1 0.04 −0.01 I3.1 0.00 0.00 EC3.3 0.01 0.06 G1.3 −0.03 0.03
A3.2 −0.32 0.09 I3.2 0.29 0.43 EC3.4 0.02 −0.11 G2.1 −0.01 0.04
A3.3 −0.24 0.07 I3.3 0.00 0.00 EC3.5 0.07 0.02 G2.2 −0.04 0.02
A4.1 0.03 −0.01 I3.4 −0.52 0.27 EC3.6 0.00 0.00 R1.1 0.01 0.05
A4.2 −0.09 0.04 EC1.1 0.05 −0.07 EC3.7 0.00 0.00 R1.2 0.00 0.05
I1.1 −0.01 0.04 EC2.1 0.02 −0.07 EN1.1 −0.38 0.18 R2.1 0.00 0.00
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To picture these results graphically, Figure 4 shows the loading plot of the data:

Figure 4. Loading plot for the first two principal components.

PC1 has a large positive influence of loads coming from variables belonging to the
availability dimension, particularly A1.1 and A1.2, which measure reserves-to-production
ratios of oil and gas fuels, respectively. Therefore, it can be inferred that this component is
an indicator related the availability of energy sources. By contrast, indicators I3.4 of inter-
national electrical interconnections and availability indicators related to the diversification
of sources have a strong negative load in the component. It can be deduced that the larger
the ratio of production of fossil fuels compared to the reserves, the lower the diversification
of other sources of energy. PC2 has a considerable load of values corresponding to the
infrastructure dimension, jointly with other availability indicators.

3.3. Weighting and Aggregation
3.3.1. Weighting

Despite the fact that the relative importance of different indicators for sustainable
energy development vary from country to country, depending on country-specific con-
ditions, national energy priorities, sustainability development criteria and their inherent
objectives [26], it is necessary to establish a groundwork that assigns weights as importance
coefficients to the indicators of the PSIx, so that the analyzed countries can be evaluated,
compared, and ranked within a common framework.

A data-driven approach has been determined for assigning weights to the PSIx indi-
cators. For that aim, the outcomes obtained through the principal component analysis in
Section 3.2 are highly advantageous, since they offer a statistical approach for comparing
the variables of the index and, since a large amount of data is being analyzed, the risk of
double-weighting the indicators of the index is avoided [27].

From the correlation matrix, also presented in Section 3.2, new intermediate com-
posites have been obtained by selecting the indicator with the highest correlation to each
significant factor, whose value is expressed by:

w̃j = arg max
i

(
a2

ij

∑m
k=1 a2

ik

)
(2)

In which:
j = 1, . . . , m: index indicators
i: analyzed country
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aij: factor load for country i of j indicator
Therefore, the weight of each jth variable is obtained as follows:

wj =

w̃j

(
∑m

k=1 a2
ik

∑
m−q
j=1 ∑m

k=1 a2
ik

)
∑m

j=1 w̃j

(
∑m

k=1 a2
ik

∑
m−q
j=1 ∑m

k=1 a2
ik

) (3)

In which q is the last significant factor to be considered for the analysis according to
the scope described in Section 3. Table 4 shows the weights assigned to each indicator of
the index according to the described methodology. As a result of such procedure, several
indicators lack a significant value, with only 18 variables being considered to be significant.
Furthermore, from the original six dimensions of the index, only three are of statistical
interest, which are availability, infrastructure, and economy, summarizing a weight of 0.24,
0.44, and 0.32, respectively.

Table 4. Weights assigned to each indicator.

Dimension Variable
Domain
Weight

Weight of the
Respective Factor

Weight Score
(ωi)

Resulting Weight
(Σωi = 1)

Dimension Weight
(Σωi = 1)

Availability

A1.1 0.1247 0.0040 0.0005 0.0024

0.24
A1.2 0.3407 0.0370 0.0126 0.0604
A1.3 0.2108 0.0910 0.0192 0.0918
A3.1 0.1339 0.0020 0.0003 0.0013
A3.2 0.2381 0.0710 0.0169 0.0809

Infrastructure

I2.1 0.1902 0.0010 0.0002 0.0009

0.44
I2.3 0.2634 0.0010 0.0003 0.0013
I3.2 0.1964 0.0220 0.0043 0.0207

I3.4
0.2664 0.2770

0.0874 0.41870.2277 0.0600

Economy

EC1.1 0.1822 0.0170 0.0031 0.0148

0.32

EC2.1 0.2477 0.0710 0.0176 0.0842
EC2.2 0.3906 0.0420 0.0164 0.0786
EC2.3 0.2854 0.0080 0.0023 0.0109
EC2.4 0.2246 0.0270 0.0061 0.0290

EC3.2
0.1747 0.0050

0.0009 0.00440.0180 0.0030
EC3.3 0.5825 0.0170 0.0099 0.0474
EC3.4 0.3893 0.0200 0.0078 0.0373
EC3.5 0.5186 0.0060 0.0031 0.0149

3.3.2. Aggregation

Although it is true that according to the impossibility theorem of [28], there does
not exist a perfect aggregation method, it is necessary design a frame that fits the needs
of the desired scope for the PSIx application. In this process, the use of rules implying
additive or multiplicative principles, i.e., linear or geometric aggregation methods, could be
possible. Even though the use of any of these techniques implies that weights become able
to be substituted by themselves, meaning that a poor development on one variable might
be compensated by an over-standing development in another one. The compensability
property leads linear and geometric aggregation methods to minimize the importance of
the associated indicators. Therefore, the use of a method is necessary which does not allow
or restrain compensability according to the scope of the built index.

As stated by [24,29], for weights to be construed as importance coefficients, a non-
compensatory framework must be adopted in the aggregation process. The non-compensatory
multi-criteria approach (MCA) is the selected method, since it restrains compensability by
setting arrangements between two or more legitimate goals.
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The elasticity of substitution between indicators j and j′, understood, according to [22],
as how much one variable has to give up of one achievement to get an extra unit of a
second indicator while keeping the level of energy security, is expressed by:

δjj′ =
1

(1 − β)
(4)

From this expression, it is noticeable that the smaller the value of β, the smaller the
allowed substitutability between indicators. Depending on if the values correspond to the
same dimension or not, the value of β is considered distinctly in the aggregation process.
For intra-dimensional indicators, the value assigned to β is set to 1, therefore δ → ∞ ,
meaning that all the indicators of one particular dimension are completely substitutable
with each other. On the other hand, it is desired that the possibility of substitutions among
indicators of different dimensions is zero, so β is set to −∞ and the elasticity of substitution
δ is null.

With the purpose of assigning scores to each dimension, the following one-digit
classification has been stablished:

The score on each dimension is determined by evaluating the development of each
individual country. Since there is no interdimensional substitutability, there will be a grade
for each relevant dimension within the index.

4. Results and Discussion

The results obtained from the analysis are, as could be expected from a region with
such diversity of countries in energy terms, quite divergent.

From Section 3, and with most of the variance in the data gathered, the score plot,
shown in Figure 5, allows the clustering of the analyzed countries depending on their
results. It can be observed that all the big economies in the continent, Group A according
to the classification presented in Section 3.1, are located in the upper part of the graph,
deducing, therefore, according to the principal components defined in Section 3.3, that
their infrastructure is more developed than other countries, compared, for instance, with
the case of the Caribbean countries and the Guianas. Central American countries can be
easily grouped due to their close location in the plot; therefore, their energy security can be
considered to be very alike. The plot shows that the geographical location of the covered
countries does have a strong influence on the development of their power systems, as
well as the size of the respective economies. The first of the characteristics, geographical
location, plays a central role in determining the energy security of countries with a similar
level of economic development, which is consistent with the geological basins of fuels and
similar renewable energy potential.

The score of each country is determined by the multiplication of the performance on
each dimension multiplied by its respective weight, as indicated in Table 5. The resulting
outcomes from the evaluation of countries in Latin America and the Caribbean region are
summarized in Table 6, where the results of each dimension are shown, as well as the
overall score of the index.
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Figure 5. Score plot of the first two components.

Table 5. Dimensions grading system.

Performance Grade

X > 90 1
80 ≤ X < 90 2
70 ≤ X < 80 3
60 ≤ X < 70 4
50 ≤ X < 60 5
40 ≤ X < 50 6
30 ≤ X < 40 7
20 ≤ X < 30 8
10 ≤ X < 20 9

X < 10 0

Table 6. Resulting scores of the composed index for countries of Latin American and the Caribbean.

A I EC Score A I EC Score

1st Argentina 3 1 0 0.67 15th Mexico 5 5 0 0.40
2nd Ecuador 7 1 0 0.58 16th Venezuela 4 7 0 0.33
3rd Costa Rica 8 1 8 0.55 17th Peru 8 8 8 0.24
4th El Salvador 7 1 0 0.54 18th Brazil 5 0 0 0.24

5th Paraguay 7 1 0 0.54 19th Trinidad and
Tobago 8 0 8 0.15

6th Colombia 7 1 0 0.54 20th Cuba 8 0 8 0.15
7th Panama 0 1 8 0.50 21st Barbados 0 0 8 0.13
8th Nicaragua 0 1 0 0.49 22nd Grenada 0 0 8 0.07
9th Bolivia 8 2 0 0.49 23rd Guyana 0 0 8 0.07

10th Uruguay 0 1 0 0.48 24th Suriname 0 0 0 0.06

11th Honduras 0 1 0 0.47 25th Dominican
Republic 0 0 0 0.04

12th Guatemala 0 1 0 0.47 26th Jamaica 0 0 0 0.04
13th Chile 6 4 8 0.45 27th Haiti 0 0 0 0.03
14th Belize 0 1 0 0.44

It can be observed that the countries within the region have mixed values in their
energy security performance. The country with the highest overall score is Argentina,
mainly due to its performance on infrastructure and availability dimensions, even though it
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does not have an outstanding development in the economic dimension. Indeed, the country
has very important reserves of fossil fuels, it has a noticeable energy self-sufficiency, and
its electrical interconnections provide an important flexibility capacity to the Argentinean
power system. On the other hand, Haiti is the country with more areas of improvement,
being weak in all the three evaluated dimensions; the Caribbean country has no fossil-fuel
reserves in its territory, has a feeble energy infrastructure and possesses a fragile and
inefficient economy.

By dimension, most of the studied countries have an improvable behavior in avail-
ability, with Venezuela, Argentina, Brazil, and Mexico being the countries best positioned,
in this order. In infrastructure, the gap among countries with relatively good energy in-
frastructure and those lacking it is deep, with Argentina, Colombia, Ecuador, Paraguay,
Uruguay, and the Central American nations as the best performers in this dimension.
No country has shown outstanding performance in the economic dimension; most have
mediocre behavior. Barbados, Chile, Costa Rica, Cuba, Grenada, Guyana, Panama, Peru,
and Trinidad and Tobago are the countries that performed the best in this dimension.

The results show a picture of the current situation of the region. As the path towards
an energy transition of every country is defined by each nation state, also each state is
also in charge of determining the priority dimension or dimensions it wants to focus on.
Notwithstanding, the most efficient way to do it, at least mathematically and as explained
in Section 3.3, is to improve the areas in which the country scores the lowest. Nevertheless,
no one single dimension nor indicator should be considered to be completely irrelevant,
since on they all, as a whole, rely on the possibility of succeeding in achieving a secure and
sustainable energy system.

5. Conclusions

Energy transitions are reshaping the global energy system, causing electricity to
occupy a predominant role in modern infrastructure. This new paradigm also represents
new challenges, and, among them, guaranteeing energy security of the power system has
become a priority for policymakers. The path that each nation adopts in this line depends
on its own needs, interests, and possibilities; therefore, a single approach on energy security
does not exist, but instead a series of divergent strategies.

Latin America and the Caribbean is a very diverse region in energy terms, in which
countries range from possessing the largest crude oil reserves in the world to extensive
energy poverty; therefore, the analysis of its strategies on how efficient it is for procuring
energy security is of outstanding usefulness for the enhancement of power systems on
the continent.

The PSIx was conceived as a tool for policymakers for issuing strategies focused on
reaching sustainable development through energy security enhancement. The tool offers
the possibility to assess energy security in the power system using a multidimensional
approach, covering availability, infrastructure, economy, environment, government, and
R + D + i spheres. Through the analysis of elements, the internal uniformity of the index
has been verified, asserting that the tool measures the same characteristics, i.e., the energy
security performance of a nation. The composed index constitutes, therefore, a comprehen-
sive frame in which strategies addressed to enhance energy security in the power system
can be evaluated, according to their effectiveness for achieving that purpose. Through
the study, it is confirmed that the PSIx is useful not only for tracking the development
of a single country regarding its energy security, but it is also suitable for the study of
multifold economies.

Three of the six dimensions are of statistical relevance, i.e., availability, infrastructure,
and economy. It is pertinent to notice that this does not mean that the rest of the dimensions
are not important for energy security, but that variance of data among countries is explained
mostly by those dimensions considered statistically significant.

The evaluated countries, as expected, perform very distinctly in the relevant di-
mensions of the index. Countries that possess considerable fuel reservoirs have higher
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evaluation results in the energy availability dimension. There exists a wide division be-
tween countries with an adequate electrical infrastructure and those that lack one, mainly
due to the existence of international interconnections and the presence of gas-fueled power
plants, which, additionally, are measures that greatly enhance the flexibility of the electrical
network. No country presents distinguished results on the economic dimension. On
the contrary, they all have rather lackluster performance. The country with the highest
overall score is Argentina, with 0.67 points, followed by Ecuador and Paraguay with
0.58 and 0.54 points, respectively. The first two countries, Argentina and Ecuador, have
important fossil-fuel reservoirs, while Paraguay is a net electricity exporter thanks to its
large hydropower plants. These three countries are very well interconnected with their
neighbors, and Ecuador and Paraguay have experienced important improvements to their
economies lately.

The developed multidimensional index constitutes a tool addressed to help policymak-
ers to assess energy security strategies in the power system. Through its application in the
case of Latin America and the Caribbean, and after the subsequent statistical analysis, it can
be confirmed that this tool can, by means of the betterment of energy security, help national
systems to reach sustainable development. Future work shall include the application of the
index to other regions at a supranational level to assess the suitability of policies aimed to
improve energy security, as well as the incorporation of more indicators aimed to achieve a
sustainable energy system.
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Appendix A

Table A1. Formulas and objectives of indicators [9].

ID Formula Objective ID Formula Objective

A1.1 A1.1 = ra
sa

Maximize EC2.2 EC2.2 = xe
GDP Minimize

A1.2 A1.2 = rb
sb

Maximize EC2.3 EC2.3 = ce
eu

Minimize
A1.3 A1.3 = rc

sc
Maximize EC2.4 EC2.4 = xe−xe−1

GDP Minimize
A2.1 A2.1 = −∑

i
(pi ln pi) Maximize EC3.1 EC3.1 = ec

GDP Minimize

A2.2 A2.2 = −∑
i
(qi ln qi) Maximize EC3.2 EC3.2 = ec,1

GDP1
Minimize

A3.1 A3.1 = ez
ey

Minimize EC3.3 EC3.3 = ec,2
GDP2

Minimize
A3.2 A3.2 = −∑

k
(rk ln rk) Maximize EC3.4 EC3.4 = ec,3

GDP3
Minimize

A3.3 A3.3 = −∑
i

(
c3,i pi ln pi

)
Maximize EC3.5 EC3.5 = ec,4

pl Minimize

A4.1 A4.1 =
egen,p,s

egen
Maximize EC3.6 EC3.6 = ec,5

vh Minimize
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Table A1. Cont.

ID Formula Objective ID Formula Objective

A4.2 A4.2 =
egen,p,w

egen
Maximize EC3.7 EC3.6 = ec,o

GDPo
Minimize

I1.1 I1.1 = P
Dpeak

Maximize EN1.1 EN1.1 = er
ep

Maximize

I1.2 I1.2 = Ptrans
Dpeak

Maximize EN1.2 EN1.2 = Pr
P Maximize

I1.3 I1.3 =
ple
pl

Maximize EN2.1 EN2.1 = GHG
pl Minimize

I2.1 I2.1 =
egen, f

egen, f ,max
Maximize EN2.2 EN2.2 = GHG

GDP Minimize

I2.2 I2.2 =
egen,r

egen,r,max
Maximize G1.1 Direct value Maximize

I2.3 I2.3 = el
ec

Maximize G1.2 Direct value Maximize
I3.1 I3.1 =

Spump
P Maximize G1.3 Direct value Maximize

I3.2 I3.2 = PtX
P Maximize G2.1 Direct value Maximize

I3.3 I3.3 =
Pgas

P Maximize G2.2 Direct value Maximize
I3.4 I3.4 = Pdis

P Maximize R1.1 Direct value Maximize
I3.5 I3.5 = Lint

P Maximize R1.2 Direct value Maximize
EC1.1 EC1.1 = ec

TPES Maximize R2.1 Direct value Maximize
EC2.1 EC2.1 = xe

pl Minimize

EC3.5 consists of a proxy measure; household energy intensity is considered to be domestic electrical consumption per capita.

Table A2. PSIx variables [9].

Variable Description Units Variable Description Units

ra Crude oil reserves b el
Electricity supplied to the

power lines kWh

sa Crude oil production b ec Electricity consumption kWh
rb Natural gas reserves cu m PtX Power-to-X installed capacity MW

sb Natural gas production cu m Pgas
Installed capacity of gas-fired

power plants MW

rc Coal reserves ton Pdist
Installed capacity of distributed

generation facilities MW

sc Coal production ton Lint International interconnections MW

pi

Share of energy source i in the
total electricity

generation matrix
- TPES Total primary energy supply MWh

qi
Share of energy source i in the
total installed capacity matrix - xe Electrical energy expenditures USD

ez Net imported electricity kWh GDP Gross domestic product USD

ey Net consumed electricity kWh ec,1
Electricity consumption by

industrial activities kWh

rk
Share of electrical energy
imported from k region % GDP1

Gross domestic product of
industrial activities USD

c3
Correction factor for pi,

political stability - ec,2
Electricity consumption by

agricultural activities kWh

egen Total electricity generation kWh GDP2
Gross domestic consumption of

agricultural activities USD

egen,p,s
Potential for power generation

from solar sources MW ec,3
Electricity consumption by

service/commercial activities kWh

egen,p,w
Potential for power generation

from wind sources MW GDP3
Gross domestic product of

service/commercial activities USD

P Power generation capacity MW ec,4
Household electricity

consumption kWh

Dpeak Peak demand MW ec,5
Electricity consumption by

transport kWh

pl Total population people vh Number of vehicles -

ple
Population with access

to electricity people ec,o
Electricity consumption by

other activities kWh
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Table A2. Cont.

Variable Description Units Variable Description Units

egen, f
Produced electricity from

fossil-fuel-based installations kWh GDPo
Gross domestic product of

other activities USD

egen, f ,max

Maximum possible produced
electricity from

fossil-fuel-based installations
kWh ce Cost of electricity USD/kWh

egen,r
Produced electricity from

renewable energy installations kWh eu Electrical energy unit kWh

egen,r,max

Maximum possible produced
electricity from renewable

energy installations
kWh er

Electricity produced by
renewable sources kWh

Spump Pumped-storage capacity MW ep Electricity production kWh

egen,max Maximum generation energy kWh Pr
Installed capacity of renewable

energy facilities MW

Ptrans Transformers power MW GHG Greenhouse gases emissions ton
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Abstract: The strong interdependency between economic growth and conventional energy con-
sumption have led to significant environmental impact, especially with respect to greenhouse gas
emissions. Conventional energy-intensive industries release increasing quantities every year, which
has prompted global leaders to consider new approaches based on sustainable consumption. The
main purpose of this research is to propose a new energy index that accounts for the complexity
and interdependences between the research variables. The methodology is based on Principal Com-
ponent Analysis (PCA) and combines the key components determined into a score that allows for
both temporal and cross-country comparisons. All data analyses were performed using IBM SPSS
Statistics 25™. The main findings show that most countries improved their economic performance
since 2014, but the speed of the improvement varies a lot from one country to another. The final
score determined reflects the complex changes taking place in each country and the efficiency of the
governmental measures for sustainable economic growth based on low energy consumption and low
environmental pollution.

Keywords: economic growth; energy efficiency; pollution; renewable energy

1. Introduction

Economic growth and modern life are inconceivable without electricity, and most
of the last century’s discoveries would not have been possible without electricity. The
European Union (EU) aims to give up using coal entirely by 2050 but will need significant
help from European banks, which still finance 26% of all coal-fired power plants in the
world [1]. Many Western European countries (including Italy and Spain) target total coal
abandonment by 2030, while Germany (where coal still supplies 40% of energy needs)
plans to reach this target by 2038 [2]. However, there still is a long road to full transition,
with only 38 of Europe’s 287 active coal-fired power plants (EU-27, plus the Balkans and
Turkey) being officially planned to shut down in the foreseeable future. This represents a
capacity reduction of only 18,162 megawatts out of a total of 179,157 MW [3].

Eastern and Central European countries rely largely on coal in their electricity pro-
duction and fear that an unconsolidated transition to other forms of energy production
could have a negative impact on their economic growth. Visegrad countries have been
experiencing challenging situations, as the economies of Czechia, Hungary, Poland and
Slovakia are more dependent on coal than Western European economies [4,5]. Poland
plans to build three new coal-fired power plants, representing an increase in capacity of
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about 5000 megawatts—by far the most significant increase in EU countries [6]. Hungary,
Romania and Bulgaria are also looking into increasing coal-based energy output rather
than reducing it, albeit to a lesser extent than the four countries previously mentioned [7].
The effects on the environment and population health are major [8]. Emissions from coal-
fired power plants in Europe contribute significantly to the share of diseases caused by
environmental pollution. The latest published data show that the impact in the European
Union amounts to over 18 thousand premature deaths, approximately 8.6 thousand new
cases of chronic bronchitis and over 4 million working days lost annually [9].

The economic costs of the impact of coal-fired power plants on energy in Europe
are estimated at around €43.1 billion a year. According to The European Environmental
Agency, in 2018, approximately 379 thousand premature deaths were attributable to air
pollution in the 27 EU Member States and the United Kingdom [10]. These costs are mainly
associated with respiratory and cardiovascular diseases, the most important groups of
chronic diseases in Europe. Together, coal-fired power plants in Poland, Romania and
Germany are responsible for more than half of the health effects. Other important effects
are attributed to coal burning in Bulgaria, Czechia, France, Greece, Serbia, Turkey and the
United Kingdom [11]. It is well known that the use of coal for energy production is one of
the major obstacles to reducing emissions. Currently, energy consumption is constantly
on the rise, and stagnation, let alone regression, is hardly likely in the foreseeable future.
Sustainable development concepts should be integrated in targets for economic develop-
ment, energy productivity and monitoring of energy consumption [12,13]. Increasing the
wealth of a state that does not account for more efficient use of energy in order to protect
and conserve natural resources and the environment is neither sustainable nor conceivable
anymore. One of the fastest and most effective ways to boost organizational performance
improvement with respect to social and environmental protection [14–17] is to act upon
energy efficiency [18,19].

For a long time, it was considered that there is an intrinsic link between economic
growth, energy production and consumption and pollution. The main opportunities for en-
ergy savings in the future will come from the optimal selection of production processes [20]
and a reduction or even removal of wastes from the system [21]. That is, economic growth
can only be achieved by assuming a higher consumption and production of energy and
implicitly greater pollution of the planet. During the last decade, decoupling between
energy production and consumption, pollution by greenhouse gas emissions and economic
growth was observed globally and attributed to increases in energy productivity [22].
Very recent analyses conducted by the International Energy Agency (AIE) show that CO2
emissions have stagnated globally for the second year in a row, while the global economy
has grown by more than 3% [23]. Preliminary AIE data suggest that electricity generated
from renewable energy played a crucial role, accounting for about 90% of total new energy
generated in 2015–2019. This new decoupling trend is found in 21 states that have managed
to reduce greenhouse gas emissions while increasing gross domestic product. Of those
countries, 16 are EU Member States [24].

To achieve this independence between economic growth and negative environmental
impact, various countries have several measures, ranging from carbon taxation to increased
investment in renewable energy sources and technologies, and even shifts from emission-
intensive industry to more environmentally friendly approaches [25]. In Europe, the
transition to a low-carbon economy would require an additional investment of €270 billion
or 1.5% of the EU’s annual GDP over the next four decades [26]. A simultaneous analysis
of GDP per capita, energy productivity, energy consumption and pollution reflects the
decoupling between economic growth and energy consumption.

In this context, the present study aims at contributing to answering the question
regarding the interdependences between economic growth, energy consumption and
pollution in the EU countries by proposing a new index to measure progress towards more
sustainable economic growth. To this aim, we chose a series of variables that focus on
energy productivity, private and industrial energy consumption, the share of renewable
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energy in total energy consumption and population exposure to pollutants that pose health
risks [27–30]. The results of this research are relevant both theoretically, because a new
indicator that reflects the interdependencies between the selected variables was designed,
and from a practical point of view, because it can contribute to the development of viable
and sustainable economic development strategies in European countries.

2. Literature Review

Economic growth results from the interaction of production factors, namely the pro-
ductive activities of private economic agents. Various models for economic growth, its
determinants and its measures were identified in the literature [31]. As the expression of
an economy’s capacity to produce goods and services [32], economic growth is measured
based on the increase in real Gross Domestic Product (GDP) [33] and is dependent on
production dynamics, inflation and unemployment as main drivers of economic cycles [34].
These alternative periods are called booms and recessions, respectively. The 21st century
sees a more rapid succession between periods of growth and recessions, the most notable
being the global financial crisis [35], the debt crisis and, more recently, the COVID-19
crisis [36]. An economic cycle represents the fluctuation of a country’s economic activity,
characterized by an increase in aggregate economic indicators followed by a decrease [37].

As a continuous process, economic growth has greatly benefited from the last three
industrial revolutions [38], which has led to further and more rapid growth, producing a
virtuous economic circle [39]. Several studies have found that the quality of the business
environment [40,41] and the services sector [42,43] play an important role in the economic
growth of a state. Besides the focus on the productive capacity of an economy, the concept
of economic growth encompasses citizens’ quality of life, particularly for those actively
contributing to it [44].

Recent research [45] has shown that the increase in energy demand is decoupling from
economic growth, as a result of the reduction in energy intensity required for the same
unit of GDP, with doubling of the economic indicator being accompanied by only a 14%
increase in energy consumption by 2050 according to the Global Energy Perspective report
published in 2019 [46]. The main driver of these trends is the decrease in energy intensity
of the economic processes, which compensates for the increase in population consumption
triggered by higher incomes. According to the same report, more efficiently used energy
contributes to a slowdown in the growth of energy demand.

It is estimated that the importance of renewable energy resources will increase globally
enough to cover more than half of the electricity generation capacity by 2035 [47] and by
2050, together with nuclear production, will account for 34% of energy produced. Based
on these projections, the methodology we propose also includes the share of renewable
energy in gross final energy consumption.

Although ambient air quality in Europe has improved in recent years, air pollution
continues to pose a major threat to public health. The European Environment Agency [48]
(EEA) estimates that 80–90% of Europe’s urban population is currently exposed to higher
concentrations of suspended dust and ozone than the values recommended by the World
Health Organization [49]. The process of producing electricity begins inside the power
plant, where the conversion of primary energy into electricity takes place by burning
fossil fuels or renewable resources, coal, natural gas and hydroelectric or wind energy and
generating a water vapor, used to operate a turbine connected to the generator, which
drives the generator (alternating current).

Biomass energy (bioenergy) is stored chemical energy and includes any solid, liquid
or gaseous fuel or any electricity or useful chemical, derived from organic matter, either
directly from plants or indirectly from industrial waste derived from plants, commercial
and urban waste or agricultural and forestry residues. During the conversion processes,
such as burning, biomass releases energy, usually in the form of heat, and carbon is re-
oxidized to CO2 to replace that consumed while the plant has grown (using biomass for
energy is a reverse process of photosynthesis).
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Coal-based energy production further contributes to the already poor air quality in
Europe caused by the transport sector, industrial processes, residential heating systems and
agriculture. Coal power plants emit significant amounts of suspended dust, sulfur dioxide
and nitrogen oxides—the latter indirectly contributing to ozone depletion [50]. Of these,
the most worrying for health are particulate matter (PM2.5) and ozone. Since pollutants can
travel long distances, including across borders, the entire European population is affected
by air pollution caused by the use of coal. Following several decades of reduction in coal
use for energy production, the trend is once again on the rise. Coal is still an important
source of energy in Europe, covering about a quarter of electricity production. About 50
new coal-fired power plants are planned. However, the continued use of coal also has a
price that decision-makers are very unaware of the unpaid health bill. This health bill is
paid by citizens, national health insurance budgets and the economy in general, due to
productivity losses.

There is a significant amount of evidence on how these air pollutants affect the lungs
and heart; the literature on the topic traces their impact to chronic respiratory diseases,
such as chronic bronchitis, emphysema and lung cancer, and cardiovascular diseases
such as myocardial infarction, congestive heart failure, ischemic heart disease and cardiac
arrhythmias. Acute effects include respiratory symptoms, such as chest pain and cough, as
well as violent asthma attacks. Children, the elderly and other patients are more susceptible
to these effects. Recent studies show that air pollution can lead to low birth weight and
premature birth due to exposure during pregnancy. Of particular concern is the high
emissions of mercury from coal-fired power plants, because mercury can affect children’s
cognitive development and cause irreversible damage to the vital organs of the child.
Coal-fired power plants are the most important source of mercury pollution in Europe,
and the EU is starting to focus on technical options to reduce these emissions under a new
United Nations treaty [51].

Although coal-fired power plants are responsible for only a small part of the total am-
bient air pollution, they are the most important source of industrial air pollutants. A large
coal-fired power plant emits several thousand tons of hazardous air pollutants annually
and has an average lifespan of at least 40 years. The construction of new coal-fired power
plants would mean that hazardous emissions and their effects on health would be main-
tained for many years. It would also cancel out the short-term reduction in air pollution in
other sectors. In order to highlight the negative impact of pollution on population health,
the following two specific variables were integrated into our dataset: pollution, grime or
other environmental problems and exposure to air pollution by particulate matter.

Among fossil fuel sources, the only one that will increase by 2035 will be the share of
natural gas, which will also cap after this time horizon. The additional natural gas-fired
electricity generation capacity will amount to 675 GW by 2035, which three times the
installed capacity of Organization for Economic Cooperation and Development (OECD)
member countries in Europe. Demand for oil will peak at 108 million barrels per day by
2030, after which it will “drop substantially” [52].

The chemical industry will account for more than half of the increase in oil demand
over the next 15 years, after which time the contribution of this sector will decrease as a
result of the reduction in demand for plastics and growing recycling efforts. The strongest
decline in oil demand will be in electricity generation and transportation. Electric vehicle
sales will exceed the 100 million mark by 2035 and are expected to become a cheaper
alternative in five to 10 years [53]. It is estimated that by 2022, the costs of autonomous
energy generation and storage will be similar to the cost of purchasing energy from a
supplier, according to a new study by Ernst and Young [54]. The study also shows that in
all markets, by 2025, electric vehicles (EVs) will reach parity with traditional vehicles with
internal combustion in terms of costs and performance.

The level of electricity consumption from conventional sources will be greatly im-
pacted by changing consumer preferences for renewable energy. In turn, this preference
would be facilitated by making this type of energy available at prices comparable to con-
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ventional energy and the development of infrastructure that makes consumption of energy
from renewable sources convenient [55,56]. Based on current trends in research and devel-
opment, as well as implementation of newly found technology in the renewable energy
sector, it is estimated that in Europe and Oceania, renewable energy will account for about
50% of energy demand by 2050 [57].

Many European countries have already begun to change their energy-based business
models [58] in response to legislative and regulatory pressures aiming at increased uptake
of renewable resources and ambitious carbon footprint reduction targets. Forecasts show
that in the next decade, the revenues of the traditional utility companies will decrease
significantly [59–63]. This change is determined on the one hand by changes in business
models [64] that integrate modern information technologies and opt for renewable energy
production and on the other hand by private investments in household renewable energy
production with the view to optimize energy costs for the family [65].

This research highlights the above changes in state economies and among the popula-
tion during the period 2014–2019 and shows that, while the interdependencies between
economic growth, energy production and consumption, and pollution in EU countries are
quite strong, the economic development model [66] is seeing significant changes compared
to the previous one [67,68]. Sustainable economic growth has become part of the agenda
for most states worldwide and, while current data do not suggest this at scale, important
shifts are expected in the not-so-distant future [69,70]. Based on the indicator we propose,
the EU states are already transitioning towards a more sustainable and environmentally
friendly economic model, so reaching that goal is mostly a matter of time and consistency
from here onward [71,72].

3. Data and Methods

This section presents the data and pre-processing steps, together with the method-
ology for developing an energy index for Europe. All analysis was performed using
IBM SPSS Statistics 25™(IBM SPSS Statistics for Windows, Version 25.0. IBM Corp;
Armonk, NY, USA).

3.1. Data Source

All data were extracted from Eurostat database and refer to years 2014, 2018 and 2019
for 27 European countries, namely EU-28 (before 2020) without Malta. The rationale behind
the choice of countries was based on data availability, and Malta was eliminated because
it had missing information for most variables of interest. Given that the purpose of the
present study is to propose a new index together with the methodology for computing it,
we only chose three years for which we computed the new index and analyzed the results.
The choice of the three years was made based on the following criteria:

• 2014 was chosen in relation to the 2030 Agenda for Sustainable Development adopted
by the UN General Assembly in 2015, assuming these data were the most recent
available at the time of preparation of the document; therefore, it seemed reasonable
to use it as starting point;

• Data for 2019 comprise the most recent available information for all variables of interest;
• The year 2018 was selected for validation purposes. While 2014 data may also serve

as validation data, five years is a long period in the current fluctuating context so the
proposed methodology was also tested on the closest year to the development sample
for which data were available.

As there were no major disruptions during any of the chosen years, they were consid-
ered stable enough for a comparative analysis and validation of the proposed methodology.

The list of variables chosen, together with their descriptions and sources, is presented
in Table 1 in Appendix A.
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3.2. Data Pre-Processing

The raw data was mostly clean, though there were some missing values to be dealt
with for 2014 and 2019. For the latter year, missing information about energy taxes for
Cyprus and Latvia and the percentage of households exposed to pollution, grime and other
environmental problems were replaced by the values in the previous year (2018).

The 2014 data had a single missing value, namely Exposure to air pollution for
particulate matter less than 2.5 μm for Greece. After analyzing the year-to-year evolution
of the available information both for Greece and for the other countries, the missing
information was replaced with the mean of the values for 2013 and 2015.

Given the largely different countries both in terms of population size and economy,
the following variables were created during the pre-processing stage in order to ensure
cross-country comparability:

• GDP per capita and Energy taxes per capita (both expressed in million Euros) were
derived by dividing GDP and energy taxes, respectively, by population size and
multiplying the result by 1 million to convert it to Euros;

• Industry energy consumption and Services energy consumption (expressed in thou-
sand tons of oil equivalent) were divided by GDP and multiplied by 1000 in order to
express them as tons of oil equivalent consumed per Euro produced;

• Household energy consumption per capita (expressed in kg of oil equivalent per capita)
was also transformed to ton consumed per Euro produced by dividing the original
variable by 1000, multiplying it to the population and dividing the result by GDP, so
that it became comparable with energy consumption from the economic sector.

Following these transformations, all initial variables were discarded and only resulting
variables were used further.

3.3. Index Methodology

The proposed methodology is based on identifying underlying components using
Principal Component Analysis (PCA) and combining them into a score that is then scaled
so that it allows for both temporal and cross-country comparisons. Results were validated
by applying the same methodology to two other years. The remainder of this section will
be dedicated to describing in detail the methodology proposed.

The reason why we chose PCA instead of more widely used methods (like data
envelopment analysis or decomposition analysis) is that it treats all variables as input and
allows accounting for interdependencies between economic and environmental variables,
as opposed to the frequently used methods that only account for the relationship between
each input variable and the outcome.

The first step is to check for data normality, as PCA results are influenced by data
distribution. For variables that were not normally distributed according to the Shapiro–Wilk
test [73]. ln-transformations were applied to normalize them, followed by a new test.

The null hypothesis of the Shapiro–Wilk test is that a sample comes from a normally
distributed population and the statistic is computed as:

W =

(
∑n

i=1 ai·x(i)
)2

∑n
i=1(xi − x)2 (1)

where:

• x(i)—ith smallest number in the sample
• xi—the ith element of the sample
• xi—the sample mean

• ai is given by (a1, . . . , an) =
mT ·V−1

C , with:

� C = ||V−1·m ||
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� m = (m1, . . . , mn)
T—expected values of the order statistics of independent

and identically distributed random variables sampled from the standard
normal distribution

� V—covariance matrix of the normal order statistics

The second step was to check for and analyze the impact of outliers. Natural outliers
explained by a country’s population or economy size should have been eliminated during the
pre-processing stage, and the impact of those causing data to be non-normally distributed
was diminished by the transformation applied to normalize the variables. To ensure a balance
between the need for data quality and processing complexity, the best approach for any
remaining outliers was chosen by comparing the impact of no treatment with the elimination
of the observation(s) with outliers and ln-transformation of the variable.

The third step was to standardize the variables to prevent the disproportionate contri-
bution of a variable measured on a scale that is several orders of magnitude above others.
This step was performed by using the z-score as presented below, and it effectively con-
verted all variables to the same measurement unit, namely number of standard deviations
from the mean:

z − score =
xi − x

σ
(2)

where xi is the ith element, x is the mean and σ is the standard deviation of the sample.
PCA [74] can be used as a dimensionality reduction technique by uncovering the

underlying factors, called components. To be useful, PCA must be applied to data that
contain clusters of correlated variables, so once the data were deemed of satisfactory
quality, the next step was to compute the correlation matrix of the variables. Since data
pre-processing ensured all variables were normally distributed, the Pearson correlation
coefficient was computed for a sample as follows:

rxy =
∑n

i=1(xi − x)(yi − y)√
∑n

i=1(xi − x)2·∑n
i=1(yi − y)2

(3)

where (x, y) is the pair of variables for which the correlation is computed. Each correlation
is then tested for significance.

Given that Pearson’s correlation coefficient is only useful for identifying linear cor-
relations, a scatterplot matrix is also presented along with the results in order to detect
potential non-linear relationships in the data.

The expectation is that PCA will confirm the results indicated by the correlation
analysis and that the clusters of variables that were inter-correlated in the previous analysis
will also be strongly correlated to the same component. Components generated by PCA
are orthogonal (independent) and can be used further to compute the final score for each
country as follows:

f inal score =
k

∑
i=1

ci· fi (4)

where k is the number of components retained based on the PCA and correlation analysis
results, fi are the retained components and

ci =

{ −1, i f higher f actor scores lead to desired outcome
+1, i f lower f actor scores lead to desired outcome

Since the final score is not easily interpretable as such, a rating scale was created using
the following logic (the result is rounded to the nearest integer):

rating =
best case scenario − scorei

best case scenario − worst case scenario
·100 (5)
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The idea is to create best and worst scores for each component and combine them in
a final score the same way as for the actual final scores. These scenarios were then used
for scaling the scores so that the closer the score to 100, the closer the country is to the
best-case scenario. Conversely, the closer the score is to zero, the closer the country is to the
worst-case scenario. The resulting rating can then be used to compare countries or analyze
a country’s progress over time.

The validation of the results was done for two years, namely for 2014 and 2018. To test
the new methodology, the data for each year were passed through the same transformation
pipeline as the 2019 one, namely:

• Logarithmation of the same variables as for 2019;
• Identification and treatment of outliers;
• Standardization using the mean and standard deviation for 2019 to prevent data leakage;
• Determination of components using the 2019 coefficients;
• Calculation of the final score for each country.

In order to test the time consistency of the estimated scores, a correlation matrix was
computed. The expectation was that the correlation would be high and monotonously
decreasing, so that for years further apart, the relationship would be weaker than for closer
years. Nevertheless, all correlation coefficients are expected to be significant and high
(above 0.95).

For creating the best- and worst-case scenarios, the data for 2014 were chosen as they
were likely the most recent available before the adoption of the 2030 Agenda for Sustainable
Development, which includes Sustainable Development Goal 7, focused on energy. Other
scenarios can be easily incorporated into the rating scale as well.

4. Research Results and Discussion

The main goal of the research is to design an energy index based on the correlation
between economic growth, energy consumption and environmental pollution and to apply
it for the states of the European Union.

The final variables resulted from the pre-processing stage, and their descriptive statis-
tics for each year are presented in Table 1. For this research, variables were selected
according to the criterion of relevance and importance for each of the three components
analyzed: economic growth; energy consumption and pollution.

Table 1. Descriptive statistics of the final variables selected for analysis.

Variables Min Max Mean Std. Dev. Skewness Kurtosis

2014

Energy productivity 2.23 14.00 6.97 3.01 0.72 0.17

Renewable energy 4.47 51.82 19.91 11.66 0.93 0.65

Exposure to particulates <2.5 μm 7.40 26.10 14.89 4.84 0.71 0.34

Exposure to particulates <10 μm 13.50 41.20 23.11 6.52 0.85 1.08

Pollution, grime, other 4.50 23.20 13.16 4.78 0.27 −0.13

GDP per capita 5919 90,643 26,569 18,215 1.71 4.55

Energy taxes per capita 146.01 1645.56 518.60 324.94 1.73 4.52

Industry final energy consumption 7.98 61.03 26.20 13.12 0.80 0.42

Services final energy consumption 6.72 25.78 13.02 5.47 0.87 −0.25

Household final energy consumption 9.31 52.63 27.74 14.91 0.66 −1.28

2018

Energy productivity 2.41 18.58 7.54 3.63 1.35 2.34

Renewable energy 7.34 54.65 21.59 11.71 1.11 0.93
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Table 1. Cont.

Variables Min Max Mean Std. Dev. Skewness Kurtosis

Exposure to particulates <2.5 μm 6.20 24.30 13.80 4.77 0.25 −0.55

Exposure to particulates <10 μm 11.50 33.80 22.27 6.30 0.21 −0.56

Pollution, grime, other 6.30 24.80 12.79 4.53 0.66 0.43

GDP per capita 7959 99,755 30,894 20,375 1.69 3.84

Energy taxes per capita 191.62 1562.81 571.66 293.16 1.48 3.77

Industry final energy consumption 7.00 48.66 22.87 11.50 0.70 −0.07

Services final energy consumption 5.27 21.94 11.90 4.30 0.69 −0.11

Household final energy consumption 8.24 44.41 23.95 11.55 0.54 −1.21

2019

Energy productivity 2.52 19.64 7.80 3.76 1.54 2.96

Renewable energy 7.05 56.39 22.52 11.94 1.12 1.06

Exposure to particulates <2.5 μm 4.80 19.60 12.06 3.74 0.00 0.04

Exposure to particulates <10 μm 10.20 30.90 20.23 5.59 0.11 −0.51

Pollution, grime, other 5.90 25.20 12.82 4.40 0.73 1.10

GDP per capita 8748 103,465 32,115 21,077 1.74 4.00

Energy taxes per capita 227.10 1654.18 587.46 295.82 1.77 5.41

Industry final energy consumption 6.44 45.34 21.39 10.53 0.64 −0.10

Services final energy consumption 4.95 20.71 11.19 3.88 0.68 0.05

Household final energy consumption 7.19 41.34 22.63 10.35 0.39 −1.20

Energy productivity—Eur/kg of oil equivalent; Renewable energy—% gross final energy consumption; Exposure to particulates
<2.5 μm—μg/m3; Exposure to particulates <10 μm—μg/m3; Pollution, grime, other—% of households exposed; GDP per capita—Eur;
Energy taxes per capita—Eur; Industry final energy consumption—ton/Eur; Services final energy consumption—ton/Eur; Household final
energy consumption—ton/Eur. Source: authors’ computation.

The variables in Table 1 were selected on the basis of studies in the literature and their
importance and relevance in the current economic and social context. Over the last decade,
major changes have taken place in energy, economic and environmental policies at the EU
and Member State level. Thus, the EU states aim to have economic growth in the future,
both in industry and in services, but with low consumption of traditional energy, more
renewable energy and less pollution. From this perspective, the variables were selected.
They are important for achieving the research objective, namely, the elaboration of an
energy index. This index reflects the interdependencies between the selected variables and
facilitates the comparison of the EU countries that have different energy, economic and
environmental policies during the analyzed period. Through the proposed variables and
the new index, the EU states are compared and several particularities were discovered. The
main research variables and their relevance for this research are explained below.

Energy productivity was selected for measuring the economic benefit received from
each unit of energy used both for economic growth and householders. Renewable energy
has been integrated into research for two reasons: first, because it is a priority for the
EU countries in their business model based on green energy as a main source of energy
consumers, both from the industry and services and for households, and second, because
renewable energy significantly reduces environmental pollution.

Industry final energy consumption, services final energy consumption and household
final energy consumption were selected because they are the main energy consumers with
a direct impact on economic growth and pollution in Europe. This issue is analyzed with
the following three variables: Exposure to particulates <2.5 μm, Exposure to particulates
<10 μm and Pollution, grime, other. Through these selected variables, a comparative
analysis of the level of pollution in each country was developed. These reflect the degree of
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pollution generated by the main energy consumers in the EU countries during the analyzed
period.

The novelty in this research consists in its focus on the interdependencies between
these selected variables, which are compared and analyzed using the PCA and the new
energy index, created to measure the influences of selected variables in different EU
countries during the analyzed period.

The Shapiro–Wilk normality test (Table 2) indicated that five variables were not
normally distributed, so a ln-transformation was applied, and the result has been re-tested.
The second test confirmed the normality of the distribution.

Table 2. Results of the Shapiro–Wilk test.

Initial Variables Statistic df Sig.

Energy productivity 0.872 27 0.003

Renewable energy 0.912 27 0.025

Exposure to particulates<2.5 μm 0.969 27 0.587

Exposure to particulates<10 μm 0.971 27 0.64

Pollution, grime, other 0.958 27 0.338

GDP per capita 0.838 27 0.001

Energy taxes per capita 0.853 27 0.001

Industry final energy consumption 0.948 27 0.196

Services final energy consumption 0.956 27 0.302

Household final energy consumption 0.919 27 0.037

Transformed variables

Energy productivity (ln) 0.978 27 0.809

Renewable energy (ln) 0.989 27 0.987

GDP per capita (ln) 0.977 27 0.793

Energy taxes per capita (ln) 0.967 27 0.516

Household final energy consumption (ln) 0.944 27 0.152
Variables in bold are not normally distributed (Sig. < 0.05). Source: authors’ computation.

As expected, outliers are not present in most of the normally distributed variables.
Since the methodology is developed on 2019 data, unusual values were checked only for
that year’s data.

The variable regarding the percentage of households exposed to pollution, grime and
other environmental problems registered an outlier for Germany. The following three
approaches were chosen for testing and for dealing with the presence of this extreme value,
namely:

• Removing Germany from the sample: despite having a reduced number of observa-
tions in the sample, elimination of Germany because of the outlier might be a valid
choice if the resulting reduction in variability compensates for the smaller sample;

• Applying ln-transformation on the variable: this approach results in less variability in
the data as the very large values are reduced more than the small ones, but being the
most complex of the three, assessing its impact and contribution in is recommended
subsequent analysis;

• Not changing anything: this approach is appropriate in a small sample if the treatment
of the outlier proves to be too resource-expensive compared to the benefit obtained or
if it causes results to worsen due to diminishing the sample.

Subsequent analysis will be performed with all three versions of the variable until the
impact can be assessed and the best approach chosen.
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All normally distributed variables were standardized using the means and standard
deviations for 2019 (Table 3), to prevent information leakage from the other years. Per-
forming this step is the best practice for any analysis and compulsory for datasets where
variables are measured on very different scales.

Table 3. Standardization values: means and standard deviations for transformed variables, 2019.

Variables Mean Std. Deviation

Energy productivity (ln) 1.96 0.44

Renewable energy (ln) 2.99 0.52

GDP per capita (ln) 10.20 0.60

Energy taxes per capita (ln) 6.27 0.47

Household final energy consumption (ln) 3.01 0.49

Pollution, grime, other (ln) 2.49 0.35

Pollution, grime, other 12.82 4.40

Pollution, grime, other (w/mis) 12.34 3.70

Exposure to particulates <2.5 μm 12.06 3.74

Exposure to particulates <10 μm 20.23 5.59

Industry final energy consumption 21.39 10.53

Services final energy consumption 11.19 3.88
Source: authors’ computation.

Following the standardization step, all variables are normally distributed and mea-
sured on the same scale, namely in standard deviations around their respective means.
Next, the Pearson correlation matrix was computed and tested (Table 4).

Table 4. Correlation matrix—Pearson coefficient.

EP RE GDP ET HH PLN P PM * 2.5 10 IND SRV

EP

RE −0.167 1 −0.223 −0.174 0.356 −0.276 −0.231 −0.245 −0.282 −0.238 0.291

GDP 0.818 −0.223 1 0.883 −0.86 −0.129 −0.092 −0.212 −0.647 −0.666 −0.581

ET 0.643 −0.174 0.883 1 −0.709 −0.013 0.005 −0.035 −0.571 −0.531 −0.529

HH −0.838 0.356 −0.86 −0.709 1 0.075 0.056 0.122 0.462 0.445 0.668

PLN −0.195 −0.276 −0.129 −0.013 0.075 1 0.975 0.985 0.199 0.146 0.031

P −0.131 −0.231 −0.092 0.005 0.056 0.975 1 1 0.163 0.126 -0.022

PM * −0.258 −0.245 −0.212 −0.035 0.122 0.985 1 1 0.239 0.256 0.041

2.5 −0.427 −0.282 −0.647 −0.571 0.462 0.199 0.163 0.239 1 0.896 0.313

10 −0.445 −0.238 −0.666 −0.531 0.445 0.146 0.126 0.256 0.896 1 0.211

IND −0.784 0.291 −0.581 −0.529 0.668 0.031 −0.022 0.041 0.313 0.211 1

SRV −0.875 0.204 −0.752 −0.534 0.783 0.065 0.029 0.154 0.371 0.457 0.622

* computed based on data for 26 countries; bold—significant at 0.05 level. EP—Energy productivity; RE—Renewable energy; GDP—GDP
per capita; ET—Energy taxes per capita; HH—Household final energy consumption; PLN—Pollution, grime, other (ln); P—Pollution,
grime, other; PM—Pollution, grime, other (with missing); 2.5—Exposure to particulates <2.5 μm; 10—Exposure to particulates <10 μm;
IND—Industry final energy consumption; SRV—Services final energy consumption. Source: authors’ computation.

For ease of interpretation, the coef ficients were color-coded such that an intense
color indicates a strong correlation, blue color shows direct correlations and red color
highlights inverse relationships between variables. The matrix shows that there are clusters
of inter-correlated variables, which means the dataset is suitable for PCA.
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Since Pearson’s correlation coefficient only shows linear correlations, a scatterplot
matrix was plotted to assess the linearity of the variable pairs. The closer the shape of the
dots in each square is to a line, the stronger the linear the relationship is. The resulting
plot confirms that where the correlation coefficient is high, the shape formed by the dots
resembles a line, thus validating the conclusion based on the correlation matrix. Figure
1 contains bivariate analysis that involves measuring the degree of association of the
variables considered in terms of direction, intensity and statistical significance. This figure
shows how the researched variables are associated in terms of direction, intensity and
statistical significance. The bivariate correlation presented refers to the analysis of the
correlations between the twelve variables considered, designated as X and Y, mainly for
determining the empirical relationship they have.

Figure 1. Bivariate relationship between variables in the dataset. Source: authors’ computation.
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Through bivariate correlation, the association and causality between them were tested.
This analysis was used to see if the variables were related to each other and to measure
how the investigated variables change together at the same time. The purpose of the
bivariate analysis was to examine several relationships between several variables simul-
taneously. The bivariate correlation helped to understand the correlations between the
researched variables.

Outlier impact was assessed during the PCA transformation stage. To this end, seven
approaches were tested, and their were results evaluated based on sample adequacy,
percentage of variance explained and number of components. The differences between the
various approaches are given by the type of outlier treatment and variables included in the
input data (Table 5).

Table 5. Approaches tested for PCA transformation.

Approach
Sample

Adequacy
Variance

Explained
Number of

Components
Pollution,

Grime, Other
Observations

1 0.733 72.506 2 original

2 0.733 75.162 2 original without Renewable energy

3 0.728 73.036 2 without outlier

4 0.767 75.683 2 without outlier without Renewable energy

5 0.729 82.793 3 ln-transformed

6 0.764 75.178 2 ln-transformed without Renewable energy

7 0.789 83.897 2 none without Renewable energy

Source: authors’ computation.

The fifth approach was selected as being the best one because it performed best among
those including all variables of interest in the analysis, and the resulting components
make economic sense (Table 6). The last approach was also considered, due to the high
percentage of explained variance, but it was discarded in the end because the renewable
energy variable was correlated with the resulting energy efficiency component (r = 0.404,
p = 0.037), but not strongly enough to bring a significant contribution to it.

Table 6. Correlations between components and input variables based on PCA results.

Variables

Final Choice Second Best Choice

Energy
Efficiency

Pollution

Renewable
Energy and

Environmental
Impact

Energy
Efficiency

Pollution

Z: Energy productivity (ln) −0.917 - - −0.922 -

Z: Household final energy consumption (ln) 0.892 - - 0.861 -

Z: Services final energy consumption 0.841 - - 0.852 -

Z: Industry final energy consumption 0.829 - - 0.848 -

Z: GDP per capita (ln) −0.799 - - −0.747 -

Z: Energy taxes per capita (ln) −0.658 - - −0.627 -

Z: Exposure to particulates <10 μm - 0.910 - - 0.941

Z: Exposure to particulates <2.5 μm - 0.905 - - 0.931

Z: Pollution, grime, other (ln) - - 0.922 - -

Z: Renewable energy (ln) - - −0.537 - -

Source: authors’ computation.
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It can be seen that including the two variables in the last component changes the
correlation coefficients to some extent, but both the strength and the direction remain the
same.

Three variables have inverse correlation with the energy efficiency component; thus,
improvements in the respective areas will lead to lower values for the energy efficiency
score. What is more, all three are the ln-transformed versions, which means increases in
the original values, will lead to exponential decreases in the component score. Conversely,
energy consumption by type of consumer is directly correlated to the component, thus
lower consumption also leads to lower values on the factor, and exponentially so for
household consumption. This suggests that:

• The smaller the value for this component, the better the performance of the respective
country;

• The biggest impact can be achieved by increasing energy productivity and reducing
household energy consumption;

• While the focus on energy consumption of industry and services may be beneficial
due to the scale effect, the inertia is high in both cases, so measures taken in this
direction, while having a non-negligible impact, are less effective than the for the first
two components;

• The medium correlation between the component and energy taxes suggests that
regulatory measures in this regard are bound to be less effective.

For the pollution component, the relationship it has with the variables defining it is
straightforward, the less the population is exposed to fine particle matter, the lower the
component value.

The last component shows that reducing pollution would have a great environmental
impact, and increasing the share of renewable energy in gross final energy consumption
can contribute to this. Both variables have exponential impact. Similar to the previous com-
ponent, in the case of this component lower values are indicative of better performance [75].
The estimated coefficient matrix (Table 7) was used to compute the values for each country
and year. Given that all components have the same relationship with the final score, the
latter was obtained by adding the three components.

Table 7. Component Score Coefficient Matrix.

Variables
Energy

Efficiency
Pollution

Renewable
Energy and

Environmental
Impact

Z: Energy productivity (ln) −0.246 0.098 −0.183

Z: Household final energy consumption (ln) 0.209 −0.029 −0.027

Z: Services final energy consumption 0.213 −0.062 0.074

Z: Industry final energy consumption 0.246 −0.16 0.074

Z: GDP per capita −0.127 −0.135 0.069

Z: Energy taxes per capita −0.074 −0.182 0.191

Z: Exposure to particulates <10 μm −0.106 0.433 −0.074

Z: Exposure to particulates <2.5 μm −0.099 0.42 −0.026

Z: Pollution, grime, other (ln) 0.116 −0.177 0.814

Z: Renewable energy (ln) 0.191 −0.249 −0.346

Source: authors’ computation.

The best- and worst-case scenarios for 2014 were selected for creating the rating scale.
These scenarios are based on the smallest and largest values for each component. According
to the results presented so far, smaller values represent a better situation, so the minimum
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values for each component were added together to obtain the best-case scenario. Similarly,
the maximum values were summed up to obtain the worst-case scenario. The results are
presented in Table 8 below.

Table 8. Original values for countries contributing to the best- and worst-case scenarios of the rating scale.

Variables
Best Case Worst Case

Component
Value Country Value Country

Energy productivity 10.506 Luxembourg 2.226 Bulgaria

Energy efficiency

Household final energy consumption 9.31 Luxembourg 50.68 Bulgaria

Services final energy consumption 7.24 Luxembourg 23.13 Bulgaria

Industry final energy consumption 13.19 Luxembourg 61.03 Bulgaria

GDP per capita 90,643 Luxembourg 5919 Bulgaria

Energy taxes per capita 1645.56 Luxembourg 61.03 Bulgaria

Exposure to particulates <10 μm 13.7 Finland 35.1 Poland
Pollution

Exposure to particulates <2.5 μm 8.4 Finland 26.1 Poland

Pollution, grime, other 5.7 Croatia 15.4 Luxembourg Renewable energy and
environmental impactRenewable energy 27.8 Croatia 4.5 Luxembourg

Source: authors’ computation.

The final scores were rescaled from 0 to 100 such that the worst case is 0 and the best
case is 100. The closer the new values are to 100, the smaller the gap between them and the
best-case scenario. The resulting rating can then be used to compare countries or analyze a
country’s progress over time.

For validating the results obtained for 2019 the analysis was replicated for 2018 and
2014 by taking the data through the same steps as for 2019, namely ln-transformation,
standardization, estimation of components based on the Score Matrix (Table 7), and scaling
using the same best- and worst-case scenarios. As expected, the correlations for each pair
of years are high (above 0.95) and monotonously decreasing (the strongest correlation is
between 2019 and 2018 and weakest between 2019 and 2014).

To further illustrate the use of the proposed index, a small analysis of the three years
is presented. The final scores were computed for each country and year and ordered from
largest to smallest based on 2019 values (Table 9). One thing to note is that the majority of
the countries improved their performance since 2014. Furthermore, the rankings indicate
much variation, with very few countries maintaining their relative position. This suggests
that the improvement speed varies greatly from one country to another. While the proposed
index cannot keep track of the individual evolutions for each variable, the resulting final
score reflects the complex changes taking place and the variety of national legislations.

Interestingly, if compared either to the best-performing country for a particular year or
to the best-case scenario (100 points), the results suggest a trend towards homogenization,
particularly visible at the bottom of the ranking (large values in Figure 2). What this
means is that while distances between best-performing countries remained relatively
stable, countries that occupy the last positions in the ranking made significant progress
towards the best-case scenario despite remaining in the last positions.

Figure 2 reflects the distance between the best-performing European country (left) and
the best-case scenario (right). Thus, an interesting and useful comparison can be made by
referring to the country with the best performance and the best-case scenario.

Going into more detail about improvements, the highest-achiever countries were
mostly Eastern European, with top 10 being dominated by former communist states
(Figure 3). Despite constantly being at the bottom of the ranking, Bulgaria made the biggest
progress among considered countries. Starting from a score of 12, the closest any of the

181



Energies 2021, 14, 2577

countries was to the worst-case scenario in any of the years, the country’s performance
went up to 29 points in 2019.

Table 9. Final scores and resulting country rankings, sorted by 2019 values.

Countries
Final Score Country Rank

2019 2018 2014 2019 2018 2014

Sweden 81 81 75 1.5 1 3

Ireland 81 79 78 1.5 2 1

Denmark 78 76 76 3 3 2

Finland 68 67 63 4 4 6

Austria 67 65 64 5 5 4.5

Spain 62 60 59 6 6 7

Estonia 61 58 46 7 9 13

United
Kingdom 60 59 64 8 7.5 4.5

Luxembourg 58 59 53 9.5 7.5 10

Portugal 58 57 54 9.5 10 9

France 57 56 57 11.5 11 8

Cyprus 57 53 45 11.5 13 15

Croatia 56 50 52 13 14.5 11

Italy 55 54 46 14 12 13

Netherlands 54 50 46 15 14.5 13

Germany 50 47 44 17 17 16

Belgium 50 48 43 17 16 18

Slovakia 50 44 37 17 19 21.5

Slovenia 48 43 43 19 20 18

Czechia 47 40 32 20 22.5 23

Lithuania 45 46 43 21 18 18

Romania 44 39 37 22 24 21.5

Latvia 43 38 31 23 25 24

Greece 42 42 40 24 21 20

Hungary 41 40 29 25 22.5 25

Poland 35 27 27 26 26 26

Bulgaria 29 24 12 27 27 27

Number of countries that, compared to previous year *, scored/ranked:

Higher 23 21 25 10 11 10

Lower 2 3 1 10 13 14

Same 2 3 1 7 3 3
* values in the 2014 columns reflect comparisons between 2019 and 2014. Source: authors’ computation.
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Figure 2. Distance from best-performing country of the year and best-case scenario. Source: authors’ computation.
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Figure 3. Overall changes in country scores in 2019 compared to 2014. Source: authors’ computation.

What is more, it got closer to the second-last country in the sample, Poland, reducing
the distance from 15 points to only 6. Another remarkable improvement is registered by
Estonia, with a 15-point improvement that also translated into moving six positions ahead
in the ranking, from 13th place (tied with Italy and Netherlands) in 2014 to the seventh
country in the top. No less notable of an improvement was also made by Czechia, also
15 points, which started as fifth from the bottom and moved up three positions by 2019. At
the other end of the spectrum, UK’s context seems to have worsened, both in absolute and
in relative terms, having dropped from fourth position (tied with Austria) to eighth, with a
score decreasing by 4 points in 2019 compared to 2014.

Between the most recent two years analyzed, the top 10 seem to be populated mostly
by the same countries, but in different positions (Figure 4). The biggest progress in
terms of score was registered by Poland, but this did not translate into a higher ranking
position. On the other hand, Czechia, Slovakia and Latvia went up two positions the list in
2018 compared to 2019. Estonia, Hungary and Italy exited the top 10 and were replaced by
Croatia, Romania and Slovenia, all of which also moved up two positions in the ranking.
Despite the medium-low change in score registered by Estonia, the country also moved up
two positions, into seventh place.
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Figure 4. Changes in country score in 2019 compared to 2018. Source: authors’ computation.

The two figures above suggest shifts in the evolutions of the countries considered. In
the case of some countries, an important part of the progress registered over the entire
period (Figure 3) happened during the last year (Figure 4), which is indicative of intensi-
fying the efforts towards a cleaner and more environmentally friendly economy. Among
countries at the bottom of the list in 2019 that show significant improvements are Poland,
Romania, Latvia and Bulgaria. Notable progress was also made by some of the larger
economies of the EU, for example, Germany, Netherlands and Spain. Given the initial
status and size of economy, while the progress registered by the latter countries is smaller
in absolute terms, the impact on the environment is large enough to matter.

Limitation and Future Research

The instrument proposed is useful and reliably shows interdependencies between
economic perspective and environmental impact. To be able to show the usefulness of
the index, the year 2014 was chosen as base for determining the best- and worst-case
scenarios. The choice made was by highlighting that the information was most likely the
latest available when UN’s Sustainable Development Goal 7 was adopted together with the
2030 Agenda. This being said, different scaling scenarios can be applied, like, for example,
using 2014 data to determine the worst-case scenario and target values for the indicators in
the index as the best-case scenarios. This way, the instrument can be used for measuring
countries’ progress towards the set goals. The drawback to this approach is that the target
values needed must be set to each of the 10 variables included in the index calculation
methodology, which requires a relatively thorough analysis, especially at multi-state level.

A future study starting from current results would be to analyze COVID-19 and
subsequent data to verify if the results still hold true [76,77]. As the period up to 2019
inclusively was relatively stable, data for 2020 are very likely impacted by worldwide
lockdowns and economic activity disruption. For this reason, new analysis is recommended
on newer data and comparisons with results presented in this research paper.

5. Conclusions

As efforts are made globally to reduce pollution, the proposed methodology can
represent a valuable instrument for tracking country progress by taking into account the
complexity and interconnections between the impacts economic and private activities have
on the environment.

The main contribution of the present study is the energy index proposed for tracking
countries’ progress in time and in comparison with other countries. Its novelty consists
in the fact that it accounts for complex interdependencies between variables rather than
analyzing them in pairs of input–outcome variables. The three components identified,
energy efficiency, pollution, and renewable energy and environmental impact, while
independent from each other, capture the complex relationships between economic growth,
energy productivity and consumption, pollution and efforts towards a more sustainable
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economic growth [78]. The index incorporates the three dimensions targeted by the EC,
namely reducing greenhouse gas emissions, increasing share of renewable energy in
consumption and improving energy efficiency and combines them into an instrument that
is easy to use both for cross-country comparisons, and for time series analysis.

The research was performed in two main directions, namely on a correlative analysis
of the variables considered within the three components and on a comparative analysis of
them in the states included in the research. During the pre-processing stage, the following
variables were created in order to ensure cross-country comparability: GDP per capita and
energy taxes per capita, industry energy consumption and services energy consumption,
and household energy consumption per capita. These were grouped into three compo-
nents: energy efficiency, pollution and renewable energy and environmental impact. The
components were combined into a score that was then scaled two allow for both temporal
and cross-country comparisons. In order to prevent a disproportionate contribution of the
states, the research variables were standardized by using the z-score. The Shapiro–Wilk
normality test indicated that five variables were not normally distributed. Another result
was related to the Pearson correlation matrix. The matrix shows that there are clusters
of inter-correlated variables, which means the dataset is suitable. Bivariate relationship
between variables in the dataset shows that all existing relationships in the data are linear.

A notable result is that the biggest impact in terms of energy efficiency can be obtained
by increasing energy productivity, coupled with lower of more efficient consumption in
households. Since industrial change is slower to achieve and legislative pressure does not
seem to have significant impact, it follows that incentivizing more responsible household
consumption could be the most lucrative direction to begin with. In parallel, investments in
renewable energy production, both at the national and at the household level, would lead
to faster decrease of pollution since they would allow for smaller demand of traditional
energy production.

The results of the research can be used by the EU governments to adapt their economic,
energy and environmental policies by developing a renewable energy business model that
ensures sustainable economic growth and low environmental pollution in Europe [79].
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Appendix A

Table 1. Data definitions and sources.

Indicator Source

Energy productivity Available online: https://ec.europa.eu/eurostat/databrowser/view/
T2020_RD310/default/table (accessed on 15 March 2021)

Final energy consumption in households per capita Available online: https://ec.europa.eu/eurostat/databrowser/view/
SDG_07_20/default/table (accessed on 15 March 2021)

Final energy consumption in industry
Available online: https:

//ec.europa.eu/eurostat/databrowser/view/TEN00129/default/table
(accessed on 15 March 2021)

Final energy consumption in services
Available online: https:

//ec.europa.eu/eurostat/databrowser/view/TEN00128/default/table
(accessed on 15 March 2021)

Share of renewable energy in gross final energy
consumption

Available online: https://ec.europa.eu/eurostat/databrowser/view/
T2020_RD330/default/table (accessed on 15 March 2021)

GDP
Available online: https://ec.europa.eu/eurostat/databrowser/view/

NAMA_10_GDP$DEFAULTVIEW/default/table (accessed on
15 March 2021)

Energy taxes Available online: https://ec.europa.eu/eurostat/databrowser/
product/view/ENV_AC_TAXIND2 (accessed on 15 March 2021)

Exposure to air pollution by particulate matter Available online: https://ec.europa.eu/eurostat/databrowser/view/
SDG_11_50/default/table (accessed on 15 March 2021)

Population on 1 January
Available online: https://ec.europa.eu/eurostat/databrowser/view/

DEMO_PJAN$DEFAULTVIEW/default/table (accessed on
15 March 2021)

Pollution, grime or other environmental problems -
EU-SILC survey

Available online: Available online: https:
//ec.europa.eu/eurostat/databrowser/product/page/ILC_MDDW02

(accessed on 15 March 2021)

Number of private households
Available online: https://ec.europa.eu/eurostat/databrowser/view/

LFST_HHNHWHTC$DEFAULTVIEW/default/table (accessed on
15 March 2021)
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Abstract: The article deals with the problem of adaptation of the Russian oil and gas company
(Novatek, Russia) to the rapidly changing external environment, the avalanche of data from com-
petitors, and the need to filter important information for business development and the prosperity
of the industry as a whole. The approach is based on the system of integrated software monitoring
of key business processes at the enterprise developed by the authors—from the formation of the
idea of a new product to its implementation to paying customers. The scientific novelty lies in the
use of an optimization model that allows for minimizing the maximum losses of the investor at all
levels of decision-making, from the distribution of capital between companies, to the optimization of
internal reserves to increase the competitiveness of the company. The toolkit is a minimax model
that allows you to redistribute the shares of investor influence at the portfolio level, and then within
the business processes of each company selected by investors, in order to achieve the optimal solu-
tion in accordance with the selected estimated indicators. Application of the well-known portfolio
investment models of Markowitz, Tobin, Sharp, etc. is not possible due to the lack of necessary data
on the basis of which the probabilistic parameters involved in the model are estimated. Even if we
get them, it is necessary to take into account the level of correlation influence of the technological
process in the composition of each subsystem, which is unacceptable for the data used, as it leads to
a strong increase in errors. Using minimax and a systematic approach allows you to minimize such
errors by choosing a balanced concentration of distributed assets for both the investor and the buyer.
To this end, a three-way analysis of the company’s development was carried out and a technology
for comprehensive improvement of the company’s activities was developed in the following areas:
the company’s rating in the industry, financial condition, and interaction with counterparties using
merchandising technologies. Tools for optimal image zoning at the Novatek site using the minimax
approximation criterion have been developed. The technology provides a procedure for creating a
comfortable mode of image perception based on high-tech visualization of merchandising, zoning of
the screen area, and a mathematical approach that allows you to develop a calculation algorithm.

Keywords: oil and gas industry; investments; rating; competitiveness; financial analysis; risk;
profitability; merchandising technologies
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1. Introduction

The distribution of investments in the oil and gas sector is particularly relevant. This
is due to the huge capital involved in this industry. A competent resource-saving strategy
can be achieved only by applying a comprehensive analysis of internal and external
business development prospects. The least researched and most popular problems lie
in the application of optimization models in visual marketing solutions based on online
technologies (attracting customers for each company of interest), as well as portfolio
structuring. This problem is an important and urgent task of investment analysis [1–3].
However, for the oil and gas sector, the initial indicators are not enough, and a serious
modification is needed based on important criteria of fundamental analytics. Turning to
the history of the issue of investment analysis and modeling, it should be noted that the
first model for optimizing the capital distributed among the investor’s assets was proposed
by [4]. Currently, many approaches based on the solution of the Markowitz problem and
its development allow us to achieve an optimal share structure of investments distributed
among several investment entities. However, despite the high accuracy of forecasting by
statistical indicators, in practice, models of this kind are little used, since their application
requires a wide array of constantly updated statistical information about the dynamics of
profitability, which is necessary for the construction (evaluation of real coefficients) of the
covariance matrix [5,6]. In addition, the work is based on the specifics of key models for
analyzing the external environment of an industrial enterprise, such as strategic matrix
models or the business models of A. Osterwalder and I. Pinier [7].

With modern high-tech business projects and high-speed decision-making systems, the
use of traditional investment portfolio optimization models is associated with difficulties
associated with obtaining quantitative risk estimates used in the model [8]. In particular,
it is not possible to form the covariance matrix of returns on capital invested in business
projects required for the Markowitz model, since the development of each high-tech project
in an enterprise requires some time and a set of resources mobilized at this enterprise.
Therefore, such a process is almost impossible to perform in real time.

In view of the above, the current direction of research is the development of a proce-
dure for the shared distribution of investments between high-tech projects, based on the
revision of the set of quantitative indicators of the model and the use of new mathematical
methods and models. Such a construction is advisable to perform in a hierarchical mode,
and the minimax model makes it possible to expand the range of indicators used and
consider the requirements of the investor for various criteria of financial analysis.

The difficulties faced by industrial entities include significant changes in the business
environment and the influence of its factors on the results of their activities. Today, the
business environment of oil and gas companies is subject to a high degree of volatility (risk,
volatility). With the advent of new technologies of the digital economy, the company’s
website has become the most important area of activity. Activity, therefore, the optimization
of merchandising technology (“optimal display of goods on the showcase”) has moved into
the sphere of optimizing the company’s website in terms of improving the technological
profile of virtual ideas about the specifics of the company’s work [9].

One of the objectives of the article is to develop economic and mathematical tools to
justify the modernization of an oil and gas company from a technological point of view.

Research hypothesis: A comprehensive toolkit for improving market position, increas-
ing profitability, and making Novatek more attractive to investment: the main mechanism
in a short period is the visual presentation of their services based on high-tech digital
technologies, in the average (from one month to two years) period, the revision of the
capital structure in favor of increasing equity capital, and reducing the borrowed capital to
the maximum allowable limits (without reducing the total amount of borrowed and equity
capital) has a stronger effect.

In a long (more than two years) period, one should be guided by the integral rating of
Novatek among other industries.
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In this context, it is obvious that Russian industrial entities must engage in thorough
research, both practical and theoretical.

The issue of timely response to changes is especially acute. At the same time, it
is necessary to pay attention to the fact that the concept of adaptation and the system
that implements it in the practice is new and little studied, since their experience in the
market is not long. In this context, it is obvious that the issues of adaptation of domestic
industrial enterprises to changes in the business environment require in-depth research
both in theoretical and practical terms.

In real-world practice, the adaptation of industrial entities to changes in the external
environment involves the introduction of certain changes in the internal systems and
processes of business entities in order to ensure that their functioning corresponds to the
state of the business environment and, ultimately, to achieve efficiency in general. This is
realized by accelerating the release of new, high-quality, competitive products, replacing
physically and morally obsolete fixed assets, taking into account the latest achievements of
science and technology, and introducing energy and resource-saving technologies into the
production process [10–12].

A mature, well-build change management process, tailored for the organization, is
required if an industrial entity expects to be successful in modernizing their internal
processes and procedures.

The concept of adaptation is quite broad and dialectically related to many socio-
economic spheres, as a result of which it has a wide meaning and is the subject of indepen-
dent research.

The view of adaptation as an adaptation is the most common, characterizes its very
essence and can be used in any field of science. However, according to the author, such a
definition and understanding is most acceptable when it comes to general issues, without
going into the essence of the problem.

We can also note a more structured, complex approach to the interpretation of the
concept of “adaptation”, which is understood as the mechanism of economic and social
adjustments that allow the system to maintain (change) the direction and pace of devel-
opment regardless of the influence of external factors [13–15]. It seems that this approach
should be used in the case when the enterprise is able to develop the very mechanism of
economic and social adjustments and in the event that the influence of external factors is
not significant and does not threaten the existence of the enterprise itself.

Organizational and managerial contour structurally consists of objects, subjects, and
tasks. At the same time, we consider it necessary to pay attention to the fact that this
circuit should be designed and created on the basis of the theory and practice of project
management. All possible organizational structures, according to this theory, are based
on the division of labor—vertical (functionally-administrative) and horizontal (project-
oriented) [16–19].

The basic principles of adaptation include: complexity, consistency, economic, and
environmental feasibility [20–22].

The establishment of resource constraints precedes the implementation of the adapta-
tion system and its corresponding mechanisms in the economic activity of the enterprise.
The last elements of the algorithm for the formation of the adaptation system are control
over its implementation and assessment of the effectiveness of the measures taken.

The identification of the key elements of the adaptation system and the formalization
of the algorithm for its formation make it possible to implement a holistic and systematic
approach to its construction and structuring. J. Shaughnessy notes that “in order to
understand how the system performs its function, it is necessary to know how all its
elements are interconnected with each other and how it is connected with a system that
forms its external environment” [23].
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2. Literature Foundations

2.1. Management Decision-Making System

The scheme of strategic development of a large industrial enterprise considered as an
open stationary socio-economic system, and the action of the mechanisms of its adaptation
to the disturbances of the business environment is shown in Figure 1.

 

Figure 1. Scheme of strategic development and adaptation of the enterprise to changes in the business
environment (Bifurcation-restructuring). Where: S1—the initial state of the industrial holding as an
open stationary system; S2, S3, Sn, Sm—the state of the holding after the application of adaptation
mechanisms and tools; MDMS—is a management decision making system.

Let us analyze the circuit shown in Figure 1 in more detail. A large enterprise, which
is an open stationary system, is in its initial state (S1) under the influence of external and
internal environmental factors. Based on the available indicators (characteristics of the S1
system), the management makes a strategic decision on further development and applies
the appropriate adaptation mechanisms.

As a result of the implementation of transformational evolutionary adaptation mecha-
nisms, the S1 system adapts to changes in the external environment, while maintaining its
fundamental (significant) distinctive signs (integrity), or is transformed into a new state
S2, S3, Sn, or Sm, which provides for the nature of changes, in which an open stationary
system loses its initial fundamental characteristic features and passes into a new qualitative
state, while maintaining a hereditary connection with the previous state.

An important point in the process of using transformational adaptation mechanisms
is a clear understanding of the level of socio-economic development of an enterprise
for the correct determination of the bifurcation point, which is critical. A. Kusakina
and E. Skiperskaya argue that at this point the system becomes unstable with respect to
fluctuations and uncertainty of further development arises: the system remains unstable
and it collapses or acquires a new, higher level of order. [24,25]
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Let us now consider in more detail the specific practical aspects of adapting domestic
industrial holdings to the dynamic changes of the modern business environment, which is
under the strong influence and pressure of the accelerating digital transformation.

Thus, the hypothesis of the study, subject to mathematical justification, will be con-
firmed. Namely, MDMS (management decision making system) as a comprehensive toolkit
for solving the problem of reducing the competitiveness, profitability, and investment
attractiveness of Novatek consists in the competent distribution of leverage from the initial
state (S1) in the short and long period:

The main mechanism in a short period is the visual presentation of their services based
on high-tech digital technologies (Sm, Sm−1, . . . , S3), in the average (from one month to
two years) period, the revision of the capital structure in favor of increasing equity capital,
and reducing the borrowed capital to the maximum allowable limits (without reducing the
total amount of borrowed and equity capital) has a stronger effect (S3, S2, S1) [26,27].

2.2. Expert Opinion on the Rating of an Industry Enterprise

Tables 1 and 2 show the average results of expert assessments of the influence of the
factors of the modern business environment on the activities of PJSC NOVATEK.

Table 1. Analysis of the influence of macroenvironmental factors on the activities of PJSC “NOVATEK”.

Factors Factor Weight
Impact Assessment

(Maximum—10 Points)
Weighted Score

Economic 0.2 3 0.7
Scientific and technical 0.2 6 0.8

Legal 0.1 6 0.6
Social 0.1 6 0.6

Political 0.1 5 0.5
Technological 0.1 7 0.7

Cultural 0.05 5 0.3
Demographic 0.05 5 0.3

Natural 0.05 5 0.4
International 0.05 5 0.5

Together 1.00 - 5.4

Table 2. Analysis of the influence of microenvironment factors on the activities of PJSC “NOVATEK”.

Factors Factor Weight
Impact Assessment

(Maximum—10 Points)
Weighted Score

Supplies 0.3 7 0.9
Clients 0.3 6 1.6

Competitors 0.2 5 1.0
Mediators 0.1 5 0.4

Contact audiences 0.1 5 0.3
Together 1 - 4.2

That is, the general influence of macroenvironmental factors has a negative impact (5.4
points out of 10 possible) on the functioning and development prospects of an industrial
holding. This can be explained by economic turbulence, the complexity of the legal
framework, and the unstable international situation. At the same time, special attention
should be paid to the fact that the digital divide between the industrial sectors of Russia
and the leading countries of the world, the obsolescence of equipment and technology, as
well as the obvious delay in the introduction of breakthrough innovations have a significant
negative impact.

The cumulative influence of microenvironment factors is also negative, although the
situation is somewhat better compared to the influence of macroenvironmental factors (4.2
points out of 10 possible).
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At the next stage of the study, we will analyze the compliance of the goals set as
priorities by PJSC NOVATEK with the current business conditions. The assessment will
be carried out using the SMART Russia toolkit. It seems expedient to analyze the initial
system of the holding’s goals by the main levels of strategic management: corporate
strategy, business strategy, functional strategy, and operational strategy (Table 3).

Table 3. Results of SMART-assessment of the goals of PJSC NOVATEK, maximum assessment—10 points.

Direction of
Assessment

S (Specific)
Uniqueness

M (Measurable)
Possibility of
Measurement

A (Appropriate)
Relevance

P (Realistic)
Realistic

T (Time Bound)
Limitation on Time

Corporate strategy 8 4 8 7 10
Business strategy 9 6 7 6 10

Functional strategy 7 8 9 9 8
Operational

strategy 9 8 6 8 10

The results of evaluating the system of goals of PJSC NOVATEK by the main levels of
strategic management indicate a fairly high level of its balance. High marks according to
the criterion “Time constraints” reflect the understanding of the holding’s management
of the need to determine the planning horizons in the process of formulating goals. Low
scores on the criterion “measurable” indicate the qualitative nature of the goals, which
cannot always be assessed using a system of quantitative indicators.

However, since assessments of the impact of exogenous changes showed negative results,
it is advisable for the holding to adapt its functioning program and development strategy in
accordance with the dynamics of the business environment and digital transformations.

The realities of today clearly indicate that the intensification of business activities of
economic entities, especially in foreign markets, presupposes an increase in the degree of
their openness and interaction with partners. The complication, versatility, and complexity
of such interaction illustrates of the expediency and effectiveness of the network approach
in the process of PJSC NOVATEK’s adaptation to the dynamics of the external environment.

2.3. Marketing Strategy of the Enterprise: Network Technologies

In fact, the network approach is a response to the challenges, including changes in
the operating environment of enterprises and their expectations in an uncertain economic
space saturated with threats and information while undergoing significant transformations
in the digital age. In fact, the network approach provides for the use of one of the types of
horizontal integration, which will maximize the attraction of available resources; mastering
innovations; and build up competencies, competitive advantages, innovation, produc-
tion, information, and intellectual potential within the framework of a single multipolar
information and communication space [28,29].

The logic of the network approach includes: decentralization, synergy, community,
free access, maximization of innovation, multidimensional space, lack of discontinuity,
ratio of technologies, and expansion of the space of innovative opportunities [30].

Among the most significant advantages of the network approach are: highlight
increased organizational ability, more efficient use of resources and digital opportunities,
expanding the horizon of tools and mechanisms that allow solving complex business
problems, and improving the quality of services and the complexity of services and services
for consumers.

According to the author, the use of the network approach of PJSC NOVATEK, which
should replace linear interactions, will contribute to the formation of an additional source
of value creation for the holding, since it will:
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- Initiate design and production with a priority on optimal functionality;
- Intensify technological and product innovations by obtaining new previously dis-

jointed data about the external environment and a better understanding of production
processes, supplier capabilities and consumer needs.

The high potential of the network approach is confirmed by the successful functioning
of a number of well-known global corporations, for example, Apple, Intel, Samsung, Exxon
Mobil, Procter and Gamble, Tata Motors Ltd., Shougang Steel, etc. At the same time,
according to experts, the greatest opportunities when using the network approach open
up to reduce the time of the research and production cycle (from the development of new
products to its introduction to the market) (by 20–50%), reduce equipment downtime (by
30–50%), reducing the cost of maintenance of machines and mechanisms (by 10–40%), and
the cost of maintaining inventories (by 20–50%), thus increasing labor productivity by
automating its mental component (by 45–55%) [31].

It is obvious that the introduction of a network approach into the activities of PJSC
NOVATEK as a tool for adapting its systems to the business environment should be
reflected at the strategic and tactical levels.

The strategic nature provides for the solution of development tasks in dynamic market
conditions over a long time period, and the issue of restructuring structures and systems in
accordance with the current market conditions in the short and medium term. Of course,
the tactical aspect of adaptation should be addressed regarding the strategic directions of
the holding’s development in the market environment.

According to the authors, when drawing up a strategic adaptation plan for PJSC
NOVATEK based on a network approach and considering digital transformation, it is
necessary to solve several fundamental technological issues:

- Expedite business and production processes via automation and virtualization;
- Ensure the transparency, maturity and reliability of organizational processes at all

levels. This will require a distributed architecture for analytics and industrial internet
of things solutions;

- Improve production speeds, product quality and reduce operational expenses.

At the same time, information security is a key element of any digital transformation,
especially industrial holdings that have unique production processes, flow charts, and
other intellectual property at their disposal. If information protection issues are not given
due attention, the business entity may lose all potential benefits.

Organizations should prepare for a significant shift in ideology, business process, and com-
munication strategy when introducing new technology to internal and external stakeholders.

During the first stage of digital transformation of PJSC NOVATEK’s organizational
mechanisms, the following actions will be required:

- Introduce unified programs for use in various departments;
- Unify operational processes in the corporate center and at production units;
- Carry out a pilot implementation of certain digital control technologies.

The next stage of the holding’s adaptation to digital transformations should be the
development of organizational processes in all structural divisions. A fast, unified, secure,
and comfortable shared information exchange system is essential to drive innovation,
especially for agile decision-making, flexibility and operational efficiency. At this stage,
these key areas of adaptation of organizational mechanisms are considered:

- Technological automation of business processes;
- Automation of business communications;
- Deep development of IT infrastructure;
- Introduction of a budgeting system and unified electronic document management;
- Providing offices and divisions of the holding with modern IT tools and mechanisms,

new communication channels, networks, data centers, and servers;
- Transition to cloud server space.
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PJSC NOVATEK is actively engaged with global business partners. Protective mea-
sures must be taken to ensure the holding remains competitive in the domestic market in
addition to the global market.

Table 4 presents the key aspects of the impact of integration processes on the activities
of PJSC NOVATEK.

Table 4. Positive and negative aspects of the impact of integration on the international markets of PJSC NOVATEK.

Positive Consequences Negative Consequences

Removal of trade restrictions Increase in production costs due to rising raw material prices
and environmental costs

Increased presence in the global market due to the
strengthening of integration processes. Expansion of presence in

the EU market through further integration of capacities

Increased competition in the domestic market due to increased
imports of foreign products

Investment attractiveness, receipt of cheaper financial resources The problem of product certification in accordance with
European and world standards

Modernization of production facilities Disagreements in quality systems

The opportunities and threats indicated in Table 4 make it possible to highlight the
following areas of PJSC NOVATEK’s adaptation:

1. Harmonization of the quality system to world standards;
2. Implementation of modern environmental protection systems;
3. Product certification;
4. Regulation of production in accordance with the demand in the world market;
5. Creation of a positive image;
6. Development of an improved model of product entry to world markets.

Taking into account the fact that today the Fourth Industrial Revolution, which was
named Industry 4.0, is taking place in the world, it seems appropriate to pay attention to
the mechanisms and directions of adaptation of industrial holdings in Russia, in particular
PJSC NOVATEK, to radical changes in industry.

Industry 4.0 “indicates the transition to the 4, 5 and 6 technological order, within
which both high technologies and computerized approaches to the optimal solution of the
problem are developing”. Due to the gradual decline in the cost of these technologies, they
are becoming available, that is, they are increasingly used by industry and business, which
ultimately affects existing business models or even creates new business formats.

In this context, it seems that the process of increasing the adaptability of energy
holdings should include four key vectors.

1. Replacement and modernization of equipment. To increase the flexibility of pro-
duction, industrial holdings need to have universal equipment that will allow switching
from the production of one product to another on existing production lines. However, it
should be noted that the cost of such equipment is an order of magnitude higher than that
of narrow-profile machines and mechanisms, and given the economy mode and limited
budgetary funds, as well as investor investments, it is obvious that holding companies
will have to cover these costs at their own expense. Therefore, it is necessary to carefully
analyze the feasibility of purchasing universal equipment in each specific case, for example,
such equipment will be advisable in the automotive industry, where the parameters of the
goods need to be changed quite often to meet the requirements of consumers. Domestic
machine-building holdings have the nature of mass production; therefore, additional costs
for such equipment will be justified, and in such industries as the production of missiles, it
is more expedient to have highly specialized equipment, since products are manufactured
using technologies that have not changed for many years.

2. Implementation of new solutions for the organization of world-class production. It
should be noted that a key characteristic of Industry 4.0 is Horizontal and Vertical System
Integration. Modern information and communication tools and technologies make it
possible to combine and integrate all its subdivisions into a single information space within
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one enterprise, within one supply chain of all its participants, etc. However, in domestic
practice, even subdivisions of one enterprise do not always work in a single information
system, not to mention the horizontal structures of individual economic units. Industry 4.0
technologies make it possible to combine various structures, enterprises, and participants
in the value chain and the division of labor into a single information circuit. In addition,
the existing rigid hierarchical system of access to information at enterprises or between
enterprises in the conditions of Industry 4.0 will be destroyed: objects connected to the
industrial Internet of things will be able to receive any information they need directly,
regardless of their information level and position in the production hierarchy.

3. Adaptation of personnel to working conditions in conditions of uncertainty, contin-
uous technological updates, increasing the amount of information, and new breakthrough
technologies generated by Industry 4.0. When introducing innovative work systems, it
will be necessary not only to train workers on how to use new equipment and use network
forms of interaction, but also to pay attention to the psychological aspect of work. The
average age of those employed in the industrial sector in Russia is 55 years, which means
that changes in work will create a strong psychological stress and cause a resistant reaction,
which will significantly reduce the efficiency of activities, because the main driving factor
in the implementation of any plan is the employees. Special attention should be paid to
the psychological aspects of personnel adaptation; therefore, the management of domes-
tic industrial holdings should consider the costs of personnel adaptation and, above all,
workers at production sites.

4. Introduction of research and development. To date, government support in this
area is insufficient. Therefore, industrial holdings are forced to carry out research mainly at
their own expense. In the current situation, it will be expedient only for science-intensive
holdings, for example, manufacturers of spacecraft or heavy engineering products. In
many industrial sectors, advanced research and development is extremely necessary, since
the vast majority of the technologies used are obsolete and do not meet modern market
demands, but conducting fundamental research is too expensive an undertaking, which
also has a very indefinite payback period. One of the ways out in this situation may be
the unification of scientific departments of several holdings to conduct research in which
all participants are interested and can lead to a significant economic effect. In this way,
research costs will be shared among several stakeholders.

A study of high-tech companies—global giants showed that 97% of competitive
failures are associated with insufficient attention to market changes or an inability to
respond to vital information [32,33].

Considering that the amount of information circulating today in the market, in the
environment and internal divisions of modern business entities has increased significantly,
in order for domestic industrial holdings to quickly respond to changes and adapt to
them in time, they must be properly informed. In this case, it becomes necessary to
constantly update the information flow by using special, innovative methods of collecting
and processing information.

It seems that in the process of adapting to a dynamic information environment,
domestic industrial holdings should use the following methods of collecting and analyzing
information.

Scanning the environment is one of the areas of analytical and predictive work,
which is rapidly developing and is widely used in strategic management systems [34,35].
The purpose of the scan is to collect, evaluate and predict the significance to the subject
management of important changes. Scanning is usually carried out in the following areas:

- Economic scanning—research of changes in macro- and microeconomic indicators;
- Industry indicators and competition in it;
- The state of financial markets;
- Technical scanning—the study of scientific and technical progress;
- Fundamental technical and technological innovations;
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- Political scanning—assessment of the political situation at the level of the country,
region;

- Risk assessment of financial investments, etc.

1. When scanning, a variety of tools are used: expert methods, scenarios, comparison,
modeling, morphological, and functional-cost analysis.

2. Monitoring the environment is the constant tracking of current and new information.
For industrial holdings that use strategic management technology, it is advisable to create
a special tracking system. Within the framework of this system, it is possible to conduct
not only regular, but also special observations on critical factors of influence.

3. Forecasting is the formation of an idea of the future state of environmental factors.
This tool is an integral component of the strategic planning process.

3. Results

3.1. Digital Transformation: Site Improvement Solution (S3)

When improving information technologies of high-performance computing in the field
of electronic merchandising, it is necessary to adapt the graphic images on the web page of
the official website of the enterprise to the avalanche-like growth of the flow of information
about the company. In this section, a digital technology is created for transforming the
visual perception of images on the NOVATEK website in the optimal mathematical screen
zoning mode to attract interested parties (partners, investors, and buyers) to the site.

Mathematical method. Consider a minimax model that allows you to optimally place
in different images on the web page of a company website [36–38].

Risk indicators (positive quantitative indicators, monthly click-through rates of im-
ages) will be denoted by V1, . . . ., Vn.

Let, for definiteness, V1< . . . <Vn. We calculate the proportions of the screen area
θ = (θ1, . . . , θn) using the task:

max
i=1,n

Viθi → min
θ∈D

, where D = {θ = (θ1, . . . , θn) ∈ Rn :
n

∑
i=1

θi = 1} (1)

In case (1), it is required to find the portions of the image space on the web page of
the NOVATEK website, allocated for placing illustrations in order to attract the attention
of contractors.

The solution to case (1) is determined by the formulas:

θi = 1/

(
Vi

n

∑
k=1

Vk
−1

)
, i = 1, n. (2)

Computational experiment. The study examined n = 4 positions from the NOVATEK
website, of the following functional groups:

1. MARCOM AWARDS;
2. PETROLEUM ECONOMIST 2019 AWARD;
3. GASTECH 2019 AWARD;
4. “CHANGE MANAGEMENT. VISIONERS“ AWARD.

Risk indicators associated with the lack of interest of clients in the image of each structural
element—ranks, from the best “1” to the most risky “4”, therefore V1 = 1, . . . , V4 = 4. The
calculation of the zoning parameters was carried out according to the formulas (2).

The screen zoning scheme based on the data from Table 5 is shown in Figure 2.
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Table 5. Data for analysis.

5. Ranking Images by Click-Through Rate, V 1 2 3 4

Placement shares by area 48% 24% 16% 12%

Figure 2. Zoning scheme.

Screen zoning layout based on data from Tables 6 and 7 is shown in Figure 3.

Table 6. Screen zoning.

Proportion Formula Meaning

a:b θ1/(θ1 + θ3) : θ3/(θ1 + θ3) 75:25

p:q θ1/(θ1 + θ4) : θ4/(θ1 + θ4) 80:20

s:w θ3/(θ2 + θ3) : θ2/(θ2 + θ3) 40:60

Table 7. Financial analysis of companies (important ratios and ratings).

Company Year

Net Profit,
Thousand

Rubles
(Index D)

Equity
Capital,

Thousand
Rubles

(Index C)

Revenue,
Thousand

Rubles
(Index B)

Assets,
Thousand

Rubles
(Index A)

Debt
Capital,

Thousand
Rubles

Risk
(Debt/Equity,
Financial
Leverage),
Shares (%)

Profitability
(Net Profit
to Equity),
Shares (%)

Place,
1-Leader

(Including
Revenue)

Gazprom 2019 651,124,114 11,334,679,889 4,758,711,459 15,916,355,497 4,581,675,608 40.4% 5.7% 1
Lukoil 2019 405,759,769 957,169,199 444,471,354 2,209,166,567 1,251,997,368 130.8% 42.4% 3

Surgutneftegaz 2019 105,478,643 4,303,834,579 1,555,622,592 4,553,686,428 249,851,849 5.8% 2.5% 2
Novatek 2019 237,224,510 718,557,978 528,544,385 899,787,613 181,229,635 25.2% 33.0% 4

3.2. Company Rating among Oil and Gas Companies (S2)

To build an integral rating, three indicators are used (assets, revenue, equity), after
which the coefficients are analyzed.

Financial leverage ratio equal to the ratio of borrowed capital (the amount of short-
term and long-term borrowings) to the company’s own funds (in the liabilities “capital and
reserves”, the ratio is considered normal to be less than 1), return on equity ratio equal to
the ratio of net profit to equity, and the normal value is more than 0.2.

The results are presented in Table 7.
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Figure 3. Screen zoning layout for images 1, 2, 3, and 4 (descending rank).

3.3. Financial Portfolio by Minimax Approximation Criterion (S1)

In addition to Novatek, companies are considered the best link in the oil and gas
industry according to the rating for the investor.

Step 1. Now risk V is financial leverage, we use the solution to the case (1) to form an
investment portfolio. Portfolio shares θ—the distribution of the investor’s capital between
the companies.

The case is considered (1) and the solution of the case is:

θi = 1/

(
Vi

n

∑
k=1

Vk
−1

)
, i = 1, n.

Step 2. The rate of return characterizes the return on equity. It is believed that the
results of the activities of the enterprise make a profit, therefore η1 > 0, . . . , ηn > 0.
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Let the portfolio profitability be the minimum acceptable for the investor ηp = 1
n

n
∑

i=1
ηi.

The solution is corrected:

θi
∗ = ηiθi/

(
n

∑
k=1

ηkθk

)
, i = 1, n. (3)

If
n
∑

k=1
ηkθk

∗ ≥ ηp = 1
n

n
∑

i=1
ηi, then (3) is the desired solution. If not, the asset with the

minimum return is excluded from the portfolio, and problem (1)–(3) is solved again. The
algorithm is finite, the extreme situation is the presence of the only asset in the portfolio,
the return of which is maximum.

The results are presented in Table 8 and Figure 4.

Table 8. Financial analysis of companies (shares in the portfolio).

Company Year Share of Shares in the Portfolio (by Risk Level) Correction (Profitability)

Gazprom 2019 10.1% 6.5%
Lukoil 2019 3.1% 14.7%

Surgutneftegaz 2019 70.5% 19.2%
Novatek 2019 16.2% 59.6%

TOTAL (average) 2019 100.0% 100.0%

Figure 4. Shares of companies’ shares in the investor’s portfolio.

4. Discussion

The understanding and analysis of adaptation processes make it possible to establish
that the formation of the theory of adaptation is objectively conditioned by changes in
environmental factors that act as determinants and driving forces for the development of
relations between business entities and their environment. During the study of terminolog-
ical apparatus revealed the ambiguity of the interpretation of the concept of “adaptation”
and on this basis, clarified its content. Under the adaptation of an industrial holding to the
modern business environment, the author proposes to understand its ability to determine
goals and means of achieving them with the anticipation of future changes using situa-
tional (adaptive) analysis to enhance competitive advantages and ensure its sustainable
functioning, which implies an analysis of economic, industrial, scientific and technical,
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financial, and social spheres of activity (taking into account industry characteristics). The
structural composition of the adaptation system has also been formalized, which includes:
organizational and managerial contour; means, methods, and tools for the implementation
of adaptation measures, as well as the functions and key principles of their implementation;
management models that allow coordinating the processes of interaction with an unstable
environment; and a mechanism for providing adaptation procedures.

Clarification of these elements of the adaptation system made it possible to implement
an integrated approach to the selection and substantiation of methods for adapting Russian
industrial holdings to changes in the business environment, as well as to highlight the
criteria for choosing a management model during the adaptation period.

There is no doubt that the proper organization of adaptation processes at domestic
industrial holdings requires the formation of an appropriate system and the use of an
adaptive algorithm for its implementation. In the course of the study, the authors have
developed a holistic algorithm for the formation of a system for adapting an industrial
holding to changes in the business environment, which allows for the implementation of
an integrated approach to the implementation and implementation of adaptation measures,
which, in turn, will contribute to improving the efficiency of management, ensuring the
sustainable functioning and development of the holding in long term.

In considering the practical aspects of adapting domestic industrial holdings to
changes in the business environment, special attention was paid to the need to take into
account the dynamics and rapid trends in the development of the digital economy, which
are occurring at an exponential rate, radically changing the essence of business and trans-
forming all sectors of the national economy.

In this context, the authors proposed to use a network approach, which involves the
use of one of the types of horizontal integration, which contributes to the maximum attrac-
tion of available resources, the development of innovations, the building of competencies,
competitive advantages, innovation, production, information, and intellectual potential
within the framework of a single multipolar information and communication space.

Additionally, special emphasis is placed on the need to introduce modern tools for
collecting, analyzing, and processing information, which make it possible to form an
information flow in real time and track the dynamics of disturbances in the internal and
external environment of an industrial holding.

In addition, the expediency and necessity of including in the adaptation system
mechanisms and tools for the formation of digital alternatives for manufactured products
and services, transformation of the organizational architecture of industrial holdings using
modern information, and communication technologies has been substantiated.

5. Conclusions

A marketing system and a quantitative analysis of the strategic change plan within
Novatek were developed. The dynamic factors of the external environment were taken
into account, a digital merchandising technology for the company was developed, and
recommendations on the capital structure were given.

The article deals with a fundamentally new problem: the problem of adapting a large
Russian oil and gas company (Novatek) to a rapidly changing external environment, subject
to an avalanche of data from competitors, and the need to filter important information for
business development as well as the prosperity of the industry as a whole. The authors
have developed a system for adapting data flows using mathematical and graphical tools,
an optimization model, and criteria for selecting risk values to improve the company’s
development and develop a technological solution for complex improvement of activities
in the following areas: the company’s rating in the industry, financial condition, and
work with counterparties using merchandising technologies. Computational experiments
confirming the theoretical basis of the instrumental solution based on software-oriented
technologies are performed.
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Recent events have clearly demonstrated the scientific and practical significance of
research devoted to accelerating the economic development of any country, which is based
on the use of rapidly developing digital platforms [39]. The development of these platforms
poses new challenges not only for business processes, but also for their analysis systems,
including financial ones. Traditional methods of financial analysis no longer correspond
to the changing business environment and require the creation of computer technologies
based on mathematical models.

The computer technology proposed by the authors, based on mathematical models,
will allow the financial analyst to predict the financial condition of the company based on
the analysis of historical information accumulated in the database.

The authors developed a marketing system and conducted a quantitative analysis of
the strategic change plan of Novatek. Dynamic factors of the external environment were
taken into account, digital merchandising technology was developed for the company,
and recommendations on the capital structure were given. The article systematizes the
features of the influence of the main formal and informal socio-economic institutions
on the effectiveness of the formation and implementation of the financial strategy of
modern companies. In addition, the specifics of the key models for analyzing the external
environment of the energy sector, such as strategic matrix models, business models, the
balanced scorecard model, etc., are highlighted. The limitations of the use of such methods
and models of business environment analysis in the practice of financial and economic
activities of modern companies are systematized. The implementation of the proposed
methodological approaches to improving the efficiency of financial strategy development
in the practical activities of the energy holding will allow to identify the state of its external
environment, taking into account the level of influence of turbulence factors; to determine
the type of stability; and to make an informed choice of financial strategy. For further
research, it is proposed to consider algorithms and models that make it possible to form
a system for adapting an energy holding to dynamic environmental disturbances, and to
improve its internal systems and procedures in accordance with market requirements and
consumer requests.

The implementation of the results of the assessment, analysis and forecasting of the
factors of the external and internal environment of the holding company using improved
tools based on the theory of fuzzy sets will increase the validity of management decisions
regarding the choice of financial strategy and will contribute to improving the efficiency of
the holding company as a whole.
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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
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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:

– H1: 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:

ESIi =
1

ESTIi
(1)

where ESIi—Energy Security Index of i-th country; and ESTIi—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.

Country
Household Total

Final
Consumption

Household Final
Renewable

Energy
Consumption

Household
Energy

Independence
Index

Country’s Rank in
the Trilemma
Energy Index

(Energy Security)

Energy Security
Index

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.

Country
Household Total

Final
Consumption

Household Final
Renewable

Energy
Consumption

Household
Energy

Independence
Index

Country’s Rank in
the Trilemma
Energy Index

(Energy Security)

Energy Security
Index

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:

knorm
i =

⎧⎪⎨⎪⎩
ki−kmin

i
kmax

i −kmin
i

, ki → max
ki−kmax

i
kmin

i −kmax
i

, ki → min
(2)

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

kmin
i is the minimum value of the i-th indicator;

kmax
i is the maximum value of the i-th indicator;

knorm
i is the normalized value of the i-th indicator [41].

The Energy Independence Index was calculated using the formula:

SIIi =
√

EI2
i + NEI2

i + TES2
i + RESS2

i + REPS2
i , (3)

where SIIi—Energy Independence Index of i-th country; EIi—normalized value of Energy
intensity per unit of GDP of i-th country; NEIi—normalized value of Net energy imports
of i-th country; TESi—normalized value of Total energy supply per capita of i-th country;
RESSi—normalized value of Energy share from renewable energy sources of i-th country;
and REPSi—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

(SCI) 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:

SCIi =
1

(SCi + LCi + Hi + NEi)/4
(4)

Using this indicator, the social context in this study was determined. The initial data
are given in Table 3.
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Table 2. Initial data for determining the level of energy independence of the studied countries.

Country

Energy
Intensity per
Unit of GDP,

MJ/USD

Net Energy
Imports, Mtoe

Total Energy
Supply (TES)

per Capita,
Toe/Capita

Energy Share
from

Renewable
Energy

Sources, %

Energy
Production to
Consumption

ratio

Energy
Independence

Index

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 2.9 26.72 0.82 1.81
France 2.2 119.5 3.7 11.26 0.51 1.10

Hungary 4.2 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 4.4 10.9 3.2 7.66 0.33 0.71

The United
Kingdom 2.8 66.5 2.6 13.04 0.66 0.88

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 1.5 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.

Country
Social Capital

Rank
Living Conditions

Rank
Health Rank

Natural
Environment Rank

Social Content
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
Kingdom 14 8 23 24 0.052

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.

2. Paired linear regression models were used, which revealed the relationship between
the studied factors: y1 = a1 + b1 × x, y2 = a2 + b2 × x. The variable x was replaced
with the obtained values in the equations.

3. 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%.

4. 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.

5. Assessment based on generated scenarios. Moreover, the share of yESI and yEII for each
scenario is a weighted arithmetic mean. Thus, ESInorm

sci and EIInorm
sci were determined.

6. Determination for each scenario of a weighted sum of energy independence indicators:
ESIws

sci = ESInorm
sci ∗weight, and the weighted sum of energy security indicators were

determined similarly−ESIws
sci = ESInorm

sci ∗weight.
7. Conducting a hierarchical synthesis (HSsci = ESInorm

sci ∗ EIInorm
sci ). 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.

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
countries

Regression 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

Total 9 1,616,781,374,858

Developing
countries

Regression 1 14,177,173,812,816 14,177,173,812,816 47 0.0001
Residue 8 2,389,700,476,144 298,712,559,518

Total 9 16,566,874,288,960

Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%

Developed
countries

Y-intersection
(HFREC) 122,221.9493 57,980.4383 2.1080 0.0681 −11,481.1812 255,925.0799

X (HTFC) 0.1177 0.0156 7.5563 0.0001 0.0817 0.1536

Developing
countries

Y-intersection
(HFREC) −89,978.4280 19,3250.2207 −0.4656 0.6539 −53,5614.2362 355,657.3801

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
(R2 = 0.8771) compared to developing countries (R2 = 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
countries

Regression 1 0.6207 0.6207 22.6179 0.0014
Residue 8 0.2195 0.0274

Total 9 0.8402

Developing
countries

Regression 1 0.0014 0.0014 12.7470 0.0073
Residue 8 0.0009 0.0001

Total 9 0.0024

Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%

Developed
countries

Y-intersection
(ESI) −0.2313 0.1000 −2.3126 0.0495 −0.4619 −0.0007

X (HEII) 1.5888 0.3341 4.7558 0.0014 0.8184 2.3592

Developing
countries

Y-intersection
(ESI) 0.0404 0.0063 6.4158 0.0002 0.0259 0.0549

X (HEII) −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.

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
countries

Regression 1 0.8932 0.8932 27.0745 0.0008
Residue 8 0.2639 0.0330

Total 9 1.1571

Developing
countries

Regression 1 0.1518 0.1518 1.5705 0.2455
Residue 8 0.7734 0.0967

Total 9 0.9252

Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%

Developed
countries

Y-intersection
(EII) 0.5232 0.1097 4.7698 0.0014 0.2702 0.7761

X (HEII) 1.9060 0.3663 5.2033 0.0008 1.0613 2.7507

Developing
countries

Y-intersection
(EII) 1.2573 0.1840 6.8322 0.0001 0.8329 1.6816

X (HEII) −0.4827 0.3852 −1.2532 0.2455 −1.3708 0.4055

Source: the authors’ calculations.

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 R2 = 0.7719. For
developing countries, this dependence is absent, since R2 = 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
countries

Regression 1 0.01024 0.01024 19.18578 0.00235
Residue 8 0.00427 0.00053

Total 9 0.01451

Developing
countries

Regression 1 0.00002 0.00002 1.07689 0.32974
Residue 8 0.00014 0.00002

Total 9 0.00016

Group Factor Coefficients Standard error t-stat p-value Lower 95% Higher 95%

Developed
countries

Y-intersection
(SCI) −0.0028 0.0140 −0.2010 0.8457 −0.0350 0.0294

X (HEII) 0.2041 0.0466 4.3802 0.0023 0.0967 0.3116

Developing
countries

Y-intersection
(SCI) 0.0110 0.0025 4.4565 0.0021 0.0053 0.0110

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 R2 = 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.

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 -

yESI 0.2313 1.5888 -
yEII 0.5232 1.906 -

Scenario modeling x yESI yEII
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

Energy security

Initial (yESI) 0.6770 0.7175 0.7580
Normalized (ESInorm

sci ) 0.3145 0.3333 0.3522
Weighted sum

(ESIws
sci = ESInorm

sci ∗ weight) 1.8871 2.0000 2.1129

Energy dependence

Initial (yEII) 1.0578 1.1064 1.1550
Normalized (EIInorm

sci ) 0.3187 0.3333 0.3480
Weighted sum

(EIIws
sci = EIInorm

sci ∗ weight) 0.0542 0.0567 0.0592

Hierarchical synthesis
(HSsci = ESInorm

sci ∗ EIInorm
sci )

0.1022 0.1133 0.1250

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
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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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16. Tvaronavičienė, M.; Ślusarczyk, B. Energy Transformation Towards Sustainability; Elsevier: Amsterdam, The Netherlands, 2019.

225



Energies 2021, 14, 3407
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Abstract: A model has been developed for the optimization of the share structure of an investment
portfolio in high-tech projects supported by the leaders of the leading industry companies in Russia.
Several indicators (financial leverage, integrated rating of companies, industry rating) were applied
in the decision support system for the shared distribution of investments. High-tech production is
based on innovative technologies for saving resources, the resiliency of systems for transporting
and transferring raw materials and finished products within Russia, so the main income will remain
within the country. It is possible to export high-tech products, rather than raw materials, which
will increase export revenues. Investors will invest in high-tech projects of Russian companies,
taking into account the targeting of investment development. The guarantee is the stable financial
position of the companies and the competitiveness rating. Methods: The authors propose a new
approach that does not contradict modern rating scales, based on a hierarchical rating procedure
and fuzzy logical rules that allow you to build an integral rating in the form of portfolio shares from
the whole. A higher share shows an indicator of the higher investment attractiveness of companies.
The industry rating is obtained based on the principle of the company’s first affiliation to the highest
rating indicator. The final minimax portfolio is based on the initial ratings in a circular convolution
and is then adjusted by industry. A software package has been compiled that allows the testing of
the method of capital allocation between investment projects for the largest companies’ leaders of
high-tech industries in Russia. This software uses the author’s method of multi-stage analysis, the
evaluation of financial coefficients, the integral ranking and the correction of the solution taking
into account the industry attributes. Results: The results are presented with computer-aided design
(CAD) in the form of an algorithmized decision support system (DSS). The CAD system is based on
a hierarchical algorithm, based on the use of a multi-level redistribution of investment shares of high-
tech companies, taking into account the adaptation to the requirements of the return on investment
portfolio. When compiling the portfolio, the minimax optimality criterion is applied, which allows
the stabilization of the risk by purposefully redistributing funds between the companies involved in
the analysis. The authors of the article have compiled an algorithm for the software implementation
of the model. Features of the rating approach: the use of the author’s mathematical apparatus,
which includes a hierarchical analysis of the ranked indicators of the financial and economic activity
of companies, taking into account their priority, and the use of a minimax approach to obtain a
rating assessment of companies, taking into account the industry attributes. Development: The
proposed approach should be used for targeted financing of large industry companies engaged in
the implementation of high-tech projects.

Keywords: optimization; investment; financial portfolio; financial leverage; integral rating; industry
rating; high-tech company; decision-making; minimax
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1. Introduction

The development of high-tech production requires making quick and high-quality
decisions on the share structure of investment capital directed to support innovative
projects of high-tech industries in Russia [1,2] and other countries [3–7]. The investor is
focused on profit; it is the high profit of new projects that can attract him, if he is a competent
specialist and understands that you need to expect stable, not ultra-high returns [8,9]. The
portfolio approach is the most correct, but uses traditional models of portfolio investment.
For example, in the classical problem of Markovitz [10], a number of problems arise, since
it is necessary to determine the covariance matrix of asset returns, which is not possible in
real time. Obtaining approximate data based on the analysis of financial performance over
several years significantly slows down the decision-making process and, in addition, leads
to a distortion of the optimization result. Therefore, the current direction of research is to
improve the technology of portfolio investment of high-tech projects using rating estimates
and parameters of the minimax model.

At the same time, there is the question of obtaining the qualitative parameters of the
model task, according to which the formation of the portfolio will be performed optimally
and will remain stable for a long time, according to the current investment activity (several
months or more).

The authors propose a systematic approach that includes the formation of a portfolio
based on important financial indicators (financial leverage, profitability, etc.), on the one
hand, and company ratings (linear ranks) on the other hand. To select the leading compa-
nies, the author’s approach of the circular convolution of financial indicators into an index
is used. Two problems are solved on the basis of the minimax criterion. As a result, the
correction of the portfolio obtained by the minimum risk problem (financial leverage) is
performed on the basis of using the solution of the problem with a circular convolution
rating. The investor will receive a balanced system of valuation indicators for his portfolio,
which is resistant to noise effects and market news. In principle, it is advisable to revise
the model after receiving new data on the financial statements of companies included in
the investment portfolio (quarterly report, annual report), depending on the depth of the
analytical procedure.

The purpose of the study is to develop a CAD system that contains a methodology and
algorithm for optimizing the structure of the investment portfolio of high-tech companies
based on the minimax criterion.

The tasks of the work are to obtain a CAD structure for high-tech industries (oil and
gas), to obtain a conclusion about the financial condition of companies to be analyzed
based on the assessment of capital structure (financial leverage), to obtain an integral rating
according to the criteria of volume, dynamics and net profit, to obtain the results of solving
two minimax problems and to use the solution of the rating problem as a correction of the
solution of the problem of minimizing financial leverage (the ratio of debt capital to equity)
in the portfolio, to perform program implementations.

The hypothesis of the work: to obtain the optimal structure of the investment portfolio,
it is necessary to create an algorithm for the complex application of two fundamentally
different tasks. In the first, the risk criteria will be financial leverage; in the second, the
integral rating of the company in the industry, the complex use involves a weighting
method based on the results of the risk assessment.

Results: to obtain a CAD-based investment capital structure in the form of a DSS for
investment solutions for high-tech projects.

2. Literature Foundations

In the scientific literature, the definitions of a high-tech industry are almost the same, as
shown in [11–13], and basically all definitions are reduced to understanding the company’s
attitude to high-tech industry [14].
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Some authors have studied high-tech companies [15], taking into account the industry
characteristic [16–22].

The financing of high-tech production in generating cash flow is shown in Refer-
ence [23].

The articles [24–28] show the high volatility of shares of high-tech companies that
have premiums and the presence of high cash flow.

Portfolio investing is an important and sought-after area of portfolio discussions. The
generally accepted terms “do not put all eggs in one basket”, “buy cheaper, sell more
expensive” cannot be used with new technologies.

So, you need to invest in a stable company of a high-industry complex, and it is not
always possible to buy cheaper and sell more expensive; it is advisable to buy shares of
companies quite cheap (from the point of view of technical analysis) and own them, not
sell them, but receive dividends.

The sale is possible, or the company becomes high-risk and low-profit, or the owner
needs money, then you need to look for options for selling at a high price (technical analysis,
author’s risk indicators) [29,30].

Minimax Approach, Model, Methodology

Let m industries be considered for investment purposes, and a certain number of
companies are selected in each industry; in total, n companies are involved in the analysis,
distributed across m industries. Estimates of the financial leverage of companies are
denoted by FL1 > 0, . . . , FLn > 0 (the ratio of debt capital to equity, preferably less).

The integral ranks of companies (hierarchical procedure, author’s approach) are
denoted by IR1 > 0 ≥ IR2 ≥ . . . ≥ IRn > 0 (“1” is the best, “n” is the worst). It is
necessary to determine the investment shares of companies θ = (θ1, . . . , θn).

A prerequisite for model construction is to take into account the priority of industries
to improve the rating of companies using industry-specific adjustments.

Based on the hierarchical analysis of statistical data, an integral rating of companies, V,
is constructed, indexed according to the company number in the list (for the i-th company,
rating, leverage level, Vi).

In order to obtain the recommended investment shares, a mathematical problem with
a non-smooth functional and a linear constraint of the form is used:

max
i=1,n

FLi θ̃i → min
θ̃∈Ω

, Ω = {θ̃ = (θ̃1, . . . , θ̃n) ∈ Rn :
n

∑
i=1

θ̃i = 1}, (1)

the solution of the problem (1) is determined by the formulas (2)

θ̃i =
1

FLi
n
∑

k=1
(FLk)

−1
, i = 1, n. (2)

When taking into account the profitability as an additional constraint, the model (1) is
modified, the set Ω changes to the set

Ωη = {θ̃ = (θ̃1, . . . , θ̃n) ∈ Rn :
n

∑
i=1

θ̃i = 1,
n

∑
i=1

ηi θ̃i =ηp}. (3)

Accordingly, the problem (1) takes the form:

max
i=1,n

FLi θ̃i → min
θ̃∈Ωη

, . (4)

The solution of this problem is described in Reference [31].
If it is impossible to simultaneously maintain the balance of less risk—less profitability,

it is necessary to use the model (1)–(2). Profitability will be taken into account when
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evaluating the ratings of companies at the next stage of data analysis. Profitability is
considered as the ratio of profit to equity (return on equity), so the indicators of profit and
equity are very important.

According to the results of the analysis of the rank of companies, which is based on a
hierarchical analysis of data on their financial and economic activities, the industries are
ranked according to the principle, which is a far-reaching generalization [32–34].

The essence of the method consists of a hierarchy of ranking; in essence, the indicators
of the balance sheet, which are especially important for the investor.

Similar to problem (1), the problem is set:

max
i=1,n

IRi θ̂i → min
θ̂∈Ω

, Ω = {θ̂ = (θ̂1, . . . , θ̂n) ∈ Rn :
n

∑
i=1

θ̂i = 1}, (5)

the solution of the problem (5) is determined by the formulas (6):

θ̂i =
1

IRi
n
∑

k=1
(IRk)

−1
, i = 1, n. (6)

The final indicator for companies is obtained by adjusting the solution of problem (1)
by solving problem (5).

Let
n
∑

i=1
θ̂i · θ̃i = z.

The investment shares of the i-th company are obtained according to the formulas (7):

θi =
θ̂i θ̃i

z
, i = 1, n. (7)

Accounting for the industry principle, Rank 1 is assigned to the industry whose
company has the best rating, then the industries are followed in descending order of the
ratings of the leading companies in the rating, and they are assigned an independent rating
(rank), from the first (1) to the last (numerically equal to the number of analyzed industries).

Let us denote Wk the rank of the k-th industry according to the number of the industry
in the list (by priority). Similar to task (1), for industries, the task is set:

max
i=1,n

Wi
�
θ i → min

θ̂∈Ω
, Ω = {

�
θ = (

�
θ 1, . . . ,

�
θ n) ∈ Rn :

n

∑
i=1

�
θ i = 1}, (8)

the solution of the problem (8) is determined by the formulas (9):

�
θ i =

1

Wi
n
∑

k=1
(Wk)

−1
, i = 1, n. (9)

The final indicator for the companies is obtained by adjusting the solution of problem (7)
by solving problem (8).

Let
n
∑

i=1
θi ·

�
θ i = zz.

The investment shares of the i-th company are obtained according to the formulas (11):

θθi =
θi
�
θ i

zz
, i = 1, n. (10)

This study uses companies in the oil and gas industry, so the calculations are based on
formulas (1–7). The program block contains a three-step procedure.

The common scheme of CAD is shown in Figure 1.
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Figure 1. CAD by scheme of information flows, integrated rating.

The method of circular convolution of large companies. At the first stage, two groups
are identified: the leaders (ABC indicators are above average) and the last (ABC below
average). The remaining companies form a middle group, which is subject to further
ranking according to the principle: from the borders to the center of the circle after the
signal to stop the process is received: the presence of one or two groups of leaders and the
closing ones without the possibility of allocating the middle group.

At the second stage, an integral rating is built. The indicator D is applied, first for all
the leading groups, from 1 to the last, then in the central group according to the results of
the hierarchical analysis, and then for the closing groups from the last to the first (boundary)
(Figure 1).

Programming. Consider the procedure for estimating the parameters of the model (1)–(2)
(Figure 2).
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Figure 2. DSS.

3. Results

In Ref. [35], the following data are obtained (2019, Table 1).
Financial data on oil and gas companies that were used in the article can be found in

Supplementary Materials.
Profitability and risk are unbalanced; for example, for PJSC Novatek, the profitability

is higher than for PJSC Gazprom, and the risk is lower. This does not mean that the
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portfolio should include only PJSC Novatek, as the volume of production and dynamics of
development and market share are important. The undisputed leader is PJSC Gazprom,
which has proved itself over the years among the largest companies in Russia from various
industries with high-tech development (oil and gas, electricity, banks, high-profile trade
sector, metallurgy, telecommunications, etc.). In this analysis, it is necessary to apply the
model (1)–(2), the restrictions are used for integral rankings-ratings of companies (hierarchy
scheme) (Table 2).

Table 1. Financial analysis parameters of companies for rating.

Company,
PJSC

Net Profit,
Thousand

Rubles

Equity
Capital,

Thousand
Rubles

Revenue,
Thousand

Rubles

Assets,
Thousand

Rubles

Debt
Capital,

Thousand
Rubles

Risk
(Debt/Equity,

Financial
Leverage),
Shares (%)

Profitability
(Net Profit to

Equity),
Shares (%)

Gazprom 651,124,114 11,334,679,889 4,758,711,459 15,916,355,497 4,581,675,608 40.40% 5.70%

Lukoil 405,759,769 957,169,199 444,471,354 2,209,166,567 1,251,997,368 130.80% 42.40%

Surgutneftegaz 105,478,643 4,303,834,579 1,555,622,592 4,553,686,428 249,851,849 5.80% 2.50%

Novatek 237,224,510 718,557,978 528,544,385 899,787,613 181,229,635 25.20% 33.00%

Table 2. Solving the problem (1)–(2) for ratings.

Company

Net Profit,
Thousand

Rubles (Index
D)

Equity Capital,
Thousand

Rubles (Index
C)

Revenue,
Thousand

Rubles (Index
B)

Assets,
Thousand

Rubles (Index
A)

Place,
1—Leader
(Including
Revenue)

The Company’s
Share in The
Portfolio by

Rating Position

Gazprom 651,124,114 11,334,679,889 4,758,711,459 15,916,355,497 1 48%

Lukoil 405,759,769 957,169,199 444,471,354 2,209,166,567 3 16%

Surgutneftegaz 105,478,643 4,303,834,579 1,555,622,592 4,553,686,428 2 24%

Novatek 237,224,510 718,557,978 528,544,385 899,787,613 4 12%

The industry analysis in the group of the 20 largest Russian companies for the selected
companies is presented in Table 3.

Table 3. Industry rating in the group of leaders of the 20 Russian companies.

Company Rating (C, A) Rating (C, A, B)

PJSC Gazprom 3 1
PJSC Lukoil 4 3

PJSC Surgutneftegaz 15 15
PJSC Novatek 6 6

The investment shares were estimated for the company indicators, taking into account
the formulas (6)–(7). The results are shown in Figure 3.

The estimation of the investment shares, taking into account the formulas (9)–(10) for
model (8), is shown in Figure 4.
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Figure 3. Optimal capital by model (6)–(7).

Figure 4. Optimal capital by model (8)–(9).

4. Discussion

Due to the undoubted leadership in the industry principle (among all companies in
high-tech industries in Russia), Gazprom is in the first place. According to the author’s
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method of ranking companies, only in 2016 did PJSC Gazprom lose to PJSC Sberbank,
which introduced online technologies and convenient services, but in 2017 it again took
first place. PJSC Surgutneftegaz and PJSC Novatek should use their industry competitive
advantages to develop high-tech production, and not to compete with a leading company.

The goal of development is to balance and properly compete for resources through
high-tech processing and environmentally friendly (with minimization and competent
disposal of raw material waste, which is an important problem for the oil and gas industry
in particular) consumption within the country. The export of raw materials should be
replaced by high-tech exports of more expensive products with the competent processing
of raw materials into a convenient resource for use. Companies should develop by saving
raw materials that are unstructured and dangerous to the health of citizens, and by saving
waste through competent high-tech processing, testing and implementation within the
country, which is the main competitive advantage of the companies under consideration.

5. Conclusions

This paper considers several companies of the oil and gas complex, selected by the
investor on the principle of a comprehensive solution to the problem of high-tech produc-
tion and the sales of products in Russia. Since the purpose of the work is a comprehensive
assessment of the stable development of companies, the profit return on investment goes by
the wayside in comparison with the volume of sales of goods (resource availability), with a
stable level of other indicators. It is Gazprom that comes out on top, and it is necessary
to add high-tech financing for this company in the volume of high-tech products that it
will master and therefore be able to produce a productive report. Projects have faded into
the background, and the rapid implementation of high-tech projects using computerized
CAD systems, in particular DSS in this industry, is coming to the fore. This development
is associated with the subsequent growth of the investment activity of interested actors
from scientifically oriented and practically financially literate citizens and persons making
high-tech decisions on the status and level of the development of structures and industry
complexes that are necessary for the life and high-tech development of Russia.

Supplementary Materials: A document with financial statements of the oil companies considered in
the article, is available on the Internet at https://e-ecolog.ru/buh (accessed on 30 July 2021).
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Nomenclature

The following symbols are used in the article:
DSS Decision Support System;
SAD computer-aided design system;
m number of industries;

n
the number of companies participating in the analysis (from all selected industries
for analysis);

FL
Estimates of financial leverage, that is, the ratio of borrowed capital to equity expressed
in fractions of a unit or as a percentage;

IR
integral ranks of companies (from the best, equal to one) obtained during the
implementation of the author’s algorithm;

Ω
there are many restrictions on the structure of the portfolio (the sum of the shares
is one);
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Ωη

there are many restrictions on the structure of the portfolio (the sum of the shares is one
and the required yield is fixed at the level of ηp, taking into account the returns of the
assets included in the portfolio ηi, i = 1, . . . ,n;

θ̃
vector (with components that make up the investment shares, giving a total of one), for
a problem with risk assessment in terms of financial leverage;

θ̂
vector (with components that make up the investment shares, giving a total of one), for
a problem with an assessment in terms of an integral rating of companies;

θ

vector (with components that make up the investment shares, giving one in total), for
the optimal portfolio structure, correction of the solution of the problem with risk
assessment in terms of financial leverage by solving the problem for risk assessment in
terms of integral rating, the solution of the second problem is the correction coefficients
for optimizing the solution of the first problem;

Wi
industry rank, for further optimization of a portfolio solution containing companies
from several industries;

�
θ

vector (with components that make up the investment shares, giving a total of one), for
a problem with an assessment in terms of an integral rating of industries;

θθ

vector (with components that make up the investment shares, giving one in total), for
the optimal portfolio structure, correction of the solution of the problem with risk
assessment in terms of financial leverage by solving the problem for risk assessment in
terms of integral rating, the solution of the second problem is the correction coefficients
for optimizing the solution of the first problem, as well as taking into account the
correction of the solution for each company taking into account the industry attribute
(solving the problem of optimizing the rating of industry positions in the portfolio), if
there is one industry, then the result coincides with the calculation;

z, zz
intermediate indicators that do not have significant significance in terms of
their interpretation.
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