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Abstract

:

This paper proposes methodological approaches to assessing the impact of renewable energy and energy efficiency development on emerging economies’ energy security. It is suggested to supplement the current methodology for assessing energy security with the decoupling index of the renewable energy financial burden on the state budget, the energy efficiency decoupling index, the households’ energy poverty indicator, the index of capacity development for balancing electricity generation volumes, and the energy fluctuations indicator. These indices provide a comprehensive assessment of energy security under the latest challenges. Thus, the COVID-19 pandemic in the Ukrainian energy sector led to the “green and coal paradox”, when the government decided to keep green electricity generation but limit nuclear generation. It required increased flexible capacities (thermal generation) and led to a rise in electricity prices and environmental pollution. Forecasting energy fluctuations with Butterworth filters allows minimizing the risks of maximum peak loads on the grid and timely prevention of emergencies. The energy fluctuations within the 20% range guarantee energy security and optimal energy companies’ operation. It is proposed to smooth out energy consumption fluctuations through green energy development, smart grids formation, energy efficiency improvements, and energy capacities balancing to ensure energy and economic sustainability.
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1. Introduction


Being the basis for national economies’ operation, the energy sector is one of the biggest environmental polluters. Considering the current ecological threats and the global community’s focus on the Sustainable Development Goals implementation [1], the issues of the energy transition to the use of environmentally friendly renewable energy sources (RES) [2,3,4,5], and the energy-efficient technologies [6,7,8] currently present real challenge.



The promotion of the green energy sector has many ecological (reducing environmental pollution), social (increasing energy services’ availability), and political benefits (declining dependence on fossil fuels). However, today, most renewable energy (RE) technologies are immature. Consequently, the cost of green power is higher than the cost of traditional energy. It causes the non-competitiveness of RE technologies in the market. Therefore, countries that develop green energy have to provide state support. However, sometimes, economic support schemes may be ineffective and even harmful in the face of the latest global and local challenges, particularly the COVID-19 pandemic. The paradoxical result of this impact is the weakening of energy sustainability and security, coupled with increasing environmental pollution.



According to the Energy Trilemma, defined by the World Energy Council, the key elements of sustainable energy development are closely related to energy security, energy equity, and environmental sustainability [9]. On the one hand, the gradual transition to the RE era increases energy availability for nations and countries, positively affecting energy security and environmental sustainability [10,11]. On the other hand, it creates new threats primarily to energy security, which are associated with RE technologies’ imperfection, their high capital cost, and the consequential need for state support and following price distortions in the energy market. In addition, RE development may cause overloading of the existing energy infrastructure, threatening rolling blackouts for energy consumers and escalating the need for infrastructure expansion and reconstruction.



In particular, the fragility of the balance between traditional and green power capacities was demonstrated by the spring 2020 crisis in the Ukrainian power industry due to the introduction of stringent COVID-19 quarantine restrictions. These conditions forced the state to limit the generation of cheap electricity by nuclear power plants in favor of expensive green electricity (because the government guaranteed its purchases). Additionally, relatively costly electricity from thermal power plants was supported (due to greater flexibility of their capacities than nuclear power plants) [12,13]. This situation has disrupted all components of the energy trilemma since access to energy has been deteriorated due to rising energy prices and energy security reduction. In addition, environmental sustainability has been worsened due to the use of thermal instead of nuclear power plants.



The green energy deployment and the growing RES share in Ukraine’s electricity mix change the installed energy capacities distribution, electricity generation structure, and related financial flows. High feed-in tariffs guaranteed by the state stimulates active development of RE power plants with rising green electricity generation, which is mandatory for government procurement [10]. As the Ukrainian Government has not identified special sources of feed-in tariffs’ funding, the RE share’s growth boosts weighted average electricity prices in the country. Due to this, the financial burden on consumers is constantly growing. The state currently restrains it by forming the deficit at the State Company “Guaranteed Buyer”, which at the end of 2020 amounted to 24.6 billion UAH [14]. For instance, in 2017, 1.5% of the green energy share in the total electricity mix provided 7.5% of the price burden on the domestic electricity market [15]. In 2020, the share of electricity from RES in Ukraine increased to 8%, which is 26% of the electricity market’s money turnover [16]. It is evident that such a situation may lead to a payment collapse in the energy system, threatens the country’s energy security, and needs to adjust the feed-in tariffs.



In addition, the prerequisite for the reduction of feed-in tariffs is the steady trends of cheapening RES technologies, which are observed in global and local markets. In particular, in 2010–2019, the electricity generation costs for solar photovoltaic and onshore wind farms dropped by 82% and 39%, respectively. Moreover, the electricity costs for more than 50% of the RE capacities commissioned in 2019 were lower than for fossil fuel power plants [17].



Reducing the cost of generating green electricity is reflected in the gradual decline in government financial support for the RE sector. According to [18], a gradual decrease is provided for the feed-in tariff coefficients, which form the prices for electricity from RES. For example, the feed-in tariff coefficient for electricity generated by solar power plants, whose installed capacity exceeds 10 MW, has decreased 1.7 times compared to 2013. For wind energy generated by power plants with a capacity of more than 2 MW, the feed-in tariff coefficient has decreased by 1.3 times for the same period. Bioenergy technologies demonstrate a slower rate of decline in the generation cost. Therefore, their feed-in tariff coefficient has decreased by 1.1 times compared to 2013 [19].



Due to growing competitiveness, wind energy is becoming an economically attractive solution for the national economy’s decarbonization, aligning short-term economic needs with long-term sustainable development goals. However, wind power plants’ dynamic deployment faces problems of the infrastructure improvement for green electricity storage and transportation. It requires significant investment for the effective integration of green energy facilities with the United Energy System of Ukraine (UESU). Another issue is the lack of the UESU’s flexible capacities, which has become noticeable against the background of dynamic RE development, on the one hand, and the reduction in energy consumption caused by the COVID-19 pandemic, on the other hand. According to the system operator NEC “Ukrenergo”, 1.6 GW of energy storage capacity in 2021, 1.8 GW in 2025, and 2 GW in 2030 are required for effective RES integration into the UESU and its safe operation [20].



The experience of this crisis, which continues in Ukraine today, proves the need to develop new approaches to assessing and forecasting the level of energy security of the national economy considering its RE promotion and global and local threats. These issues are also relevant to other transitive countries that are developing green energy under the COVID-19 pandemic. Moreover, they can be applied to emerging oil-based economies with ongoing energy transitions such as Azerbaijan [21,22] and Kazakhstan [23] to estimate their energy security changes under world and domestic fluctuations of fossil fuel and renewable energy demand. Therefore, the article’s working hypothesis is that creating and applying new approaches to energy security assessment will allow the timely transformation of the state energy policy in emerging economies. Thus, state energy policy should flexibly respond to changes in global, national, and local environments, supporting sustainable and environmentally friendly energy development.



The remainder of this article is organized as follows. The next part of the Introduction section presents a literature review on national economies’ energy security. It identifies problematic aspects of their assessment, considering the RE development and recent global and local challenges for transitive states. The Section 2 describes the research methodology and stages. Section 3 is devoted to improving methodological approaches for assessing the level of emerging economy’s energy security based on the example of Ukraine. Using the proposed indicators and the Butterworth band-pass filters, the dynamics of fluctuations in electricity consumption and their impact on the country’s energy security are estimated. Section 4 contains conclusions and recommendations for using the results of the study.



Literature Review


Many scientists devoted their research papers to the energy security issues of national economies: for instance, S. Cox et al. (2019) [24], P. Gasser (2020) [25], E. Hache (2018) [26], I. Kapitula and E. Mischuk (2016) [27], S. Kolosok et al. (2021) [28], B. Lin and M. Raza (2020) [29], M. Pereza et al. (2019) [30], A. Porucnik and K. Kulakovskyi (2017) [31], Y. Samusevych et al. (2021) [32], A. Sutrisno et al. (2021) [33], V. Shkola et al. (2021) [34], etc. Others—for example, V. Dergachova and O. Bedik (2014) [35], I. Doronina (2019) [36], V. Lear (2018) [37], I. Mazur (2014) [38], O. Mykoliuk et al. (2018) [39], L. Sineviciene (2017) [40], O. Sukhodolia (2019) [41], and S. Voitko (2013) [42]—studied the RE deployment and its role in ensuring energy security and sustainable development of the energy sector in transition economies.



Currently, scientists have developed conceptual foundations for the national energy policy formation (for example, [37,41,43]), proposed the methodological approaches to assessing the country’s energy security (in particular, [44,45,46]), and improved mechanisms to stimulate the RE deployment, aimed at strengthening energy and environmental security of the country (for instance, [40,47,48]). However, the latest challenges to energy security and RE development related to global (including the COVID-19 pandemic) and local threats have not been studied properly and require further research in their impact on energy security.



For example, P. Gasser [25] analyzes 63 indices quantifying the energy security performance of countries. The author notes that many indicators proposed by researchers lack transparency, particularly in the choice of an indicator set, normalization method, indicator weighting scheme, etc. Therefore, the study offers recommendations for improving the methodological framework for assessing energy security.



J.A. Paravantis and N. Kontoulis [45] study the RE impact on energy security and indicate the positive environmental (reduction of CO2 emissions), economic (decline in energy imports), and political and energy (increasing the country’s independence from foreign energy suppliers) effects. However, the change of the national energy mix might also be related to risk, which G. Prause et al. [49] highlighted in the case of Estonia. Nevertheless, J.A. Paravantis and N. Kontoulis [45] propose assessing the RE role in strengthening energy security through indicators of physical availability (self-sufficiency and energy diversification); technology development (in particular, onshore and offshore wind farms; diffusion of small-scale and consumer RE systems; research (intensity), development, and innovation in the RE field); social accessibility (electrification and energy democracy, which can be improved through the RE deployment); and natural environment (the reduction of CO2 emissions). Despite the complexity of the proposed approach, it does not consider the latest energy security challenges and RE advancement.



M. Radovanovic et al. [46] propose to measure energy security using the energy security index. The latter takes into account environmental and social aspects along with the security of supply. Index calculations for the four economically strongest EU countries (the United Kingdom, France, Germany, and Italy) over 23 years have proved that increasing the RE share in the energy balance can compensate for the growing demand for imports of fossil fuels and enhance energy security.



D. Fang et al. [44] analyze modern methods of energy security assessment in national economies. They offer a synthetic indicator, “sustainable energy security index”, for China, which focuses on the coordinated development of energy, the environment, and the economy. Despite the wide range of sub-indicators included in the calculation, the comprehensive indicator only indirectly considers the impact of RES. However, China is one of the world leaders in green energy development.



E. Hache [26] notes that the transition to RE changes the national energy security priorities. In particular, one should expect structural transformations of national economies, which both import and export fossil fuels due to changes in global demand for traditional energy resources. Dependence on fossil energy will be replaced by dependence on other resources, which will gain strategic importance by developing RE technologies. However, justifying the prerequisites for forming new geopolitics, the author does not offer specific indicators to reflect the considered trends.



In the context of strengthening energy security, T. A. Hamed and L. Bressler [47] note the importance of RE deployment for transitive and developing countries that depend on fossil fuels imports. Using the example of Israel and Jordan, which currently apply feed-in tariffs and auctions for RE projects, the authors analyze RE’s potential environmental, political, and economic benefits and suggest new ways to develop the sector. While analyzing sustainable energy security in Iran, S. Solaymani [43] indicates that RE and energy efficiency play positive roles in ensuring sustainable energy development of the country and reducing its economy’s carbon intensity despite the sufficient reserves of the state’s fossil fuels.



S. L. Cox et al. [24] consider the benefits that RE provides to national energy security. Among them are the diversification of the generation mix, water use reduction, RE modularity and rapid deployment, the possibility of coupling RE with storage, and others. These advantages enable countries and territories to respond quickly and adequately to global and local threats through diversification, decentralization of energy supply and RE storage, and flexible deployment of energy generation systems. S. Kolosok et al. [28] also emphasize the positive RE role in increasing energy security by examining the interaction between green energy and energy efficiency for the EU-28. Instead, analyzing the energy data of 67 economically developed countries, S. Voitko [42] argues that RE does not significantly impact the energy security of economically developed countries. B. Lin and M. Raza [29] estimate 11 energy security indicators for long-run energy supply in Pakistan through 2012–2040. According to the researchers, the positive RE impact on energy security in the form of a primary energy supply reduction will occur when the green energy share increases by 28%. However, the authors ignore the latest threats to energy security that the RE advancement may cause.



V. Dergachova and O. Bedik [35] point to a significant decline in the cost of green electricity generation globally in recent years, making the energy market and green energy projects more attractive for investment despite weakening state support. However, one must be aware that RE investments’ economic performance still strongly depends on the reference price of fossil fuel, as E.O. Olaniyi and G. Prause [50] pointed out. The authors note that it is necessary to choose a diversified strategy of a country’s energy development regarding state energy security without concentrating on any type of energy—either RE or fossil fuels. Instead, O. Mykoliuk et al. [39] emphasize the need for priority RE development to overcome Ukraine’s energy dependence and the related economic crisis.



O. Sukhodolia [41] explores new challenges and threats to energy security associated with the proliferation of warfare hybrid methods and energy as a weapon to achieve political goals. He notes that political decisions that run counter to the economic logic of energy development often threaten the energy security of countries with energy shortages. Therefore, the author proposes considering indicators of technically reliable, safe, and cost-effective operation of energy supply systems, energy use efficiency, and environmental acceptability of energy impact when assessing the level of energy security in emerging economies.



Y. Samusevych et al. [32] point to the need to consider the impact of economic and environmental factors on modern energy security. They note that green investments contribute to RE development, which improves environmental quality and national energy security.



V. Lear [37] studies the global transition trends to smart grid technologies and RE development to improve energy security. Using PEST analysis, the author identifies the political, economic, technological, social, and environmental determinants of national energy security, considering such modern types of threats as cyber-attacks, political and armed conflicts, and human-made disasters.



During 2020–2021, many research publications examined the influence of the COVID-19 pandemic on the energy industry and countries’ energy security—for example [51,52,53]. Scientists offer scenarios for further development of national energy sectors [54,55,56] and highlight the RE role in these processes [55,57,58]. However, most papers ignore the integral impact of RE, energy fluctuations, and energy efficiency dynamics on the countries’ energy security under the COVID-19 pandemic crisis and local threats caused by the new realities for emerging economies.



When assessing energy security, it is necessary to consider the economy’s carbon intensity, CO2 emissions in heat and electricity generation processes, energy efficiency, the shares of electricity generated from fossil fuels, alternative and nuclear energy, combustible renewables and waste, etc. A lack of adequate methodological tools for assessing recent challenges and energy security trends reduces the effectiveness of national anti-crisis energy policies in transitive states. Bridging this gap will help implement anti-crisis measures in the energy sector by comprehensively estimating current threats and ensuring energy and environmental sustainability.



Therefore, the research aims to develop a methodology for assessing the energy security level of the emerging economy considering the RE advancement and increasing energy efficiency of production and consumption under the impact of global (including the COVID-19 pandemic) and local threats.



The objectives of the study are as follows:




	
To determine the influence of global (including the COVID-19 pandemic) and local threats on the RE deployment and energy efficiency of production and consumption;



	
To develop a methodology for assessing the influence of the RE and energy efficiency dynamics, energy tariffs, and energy fluctuations caused by the COVID-19 pandemic on the energy security level of the transitive economy (in the example of Ukraine);



	
To estimate the energy security level of the Ukrainian economy under the energy fluctuations’ impact caused by the lockdown of 2020 and provide recommendations for energy policy improvement.








The choice of Ukraine as a study object is due to the following considerations. Currently, this country is actively fostering green energy. Like most emerging and developing states, it faces problems ensuring balanced deployment of RE capacities and assessing their impact on energy security. In addition, lockdowns related to the global COVID-19 pandemic are creating new requirements for the national energy sector, including significant fluctuations in energy demand, its redistribution among consumers, and optimizing the structure of energy capacities. Recent challenges raise the issue of improving approaches to energy security assessment and forecasting. Given the similar problems that other transitive countries face worldwide while developing a green energy sector, recommendations for improving the methodology will be useful for application in Ukraine and far beyond it.





2. Materials and Methods


In this study, energy security assessment in the conditions of global and local challenges is performed within three-stage methodology. At the first stage, using comparative analysis, we considered the main impacts of the global COVID-19 crisis on the development of RE and the energy efficiency market. The identification of impacts makes it possible to reveal factors that weaken national energy security.



At the second stage, based on relevant guidelines for calculating Ukraine’s economic security level and factors identified at the first stage, the need to involve additional indicators in the methodology for measuring energy security is justified. These indicators reflect the impact of modern challenges on energy security and are based on innovative approaches proposed by the authors.



Overall, we offered five additional indices to include in the assessment of the country’s energy security level. Three of them are new: (1) the decoupling index of the renewable energy financial burden on the state budget, (2) the energy efficiency decoupling index, and (3) the indicator of households’ energy poverty. The methodology for their calculation is described below in this section. Two indicators from the list (the index of capacity development for balancing the electricity generation volumes in the United Energy System of Ukraine and the indicator of energy fluctuations) are used in energy and economic research but not for estimating energy security within the Ukrainian normative documents. Their application is considered in the Results section.



At the third stage, using economic and mathematical modeling methods, namely, the Butterworth filters, the proposed approach is tested to assess the impact of energy fluctuations in Ukraine’s electricity consumption on the country’s energy security. The research data includes information about energy consumption by various sectors of the Ukrainian economy, presented on the website of NEC “Ukrenergo” [59]. The study period covers the pre-crisis 2018–2019 and the crisis period of 2020. Based on the analysis of energy fluctuations, appropriate recommendations for energy policy were formed to counter the impact of global and local threats on the energy security of Ukraine.



2.1. Improving the Methodology for Assessing the Impact of RE on the Energy Security Level


Ukraine’s energy security level is officially determined according to the methodical recommendations for calculating the country’s economic security level [14]. Following this document, the integral index includes 10 indicators, namely:




	
The share of domestic sources in the fuel and energy balance of the state, %;



	
The import dependence on the dominant resource in the total primary energy supply, %;



	
The share of fuel imports from one country (company) in the total import volume, %;



	
Depreciation of fixed assets in energy sector, %;



	
The ratio of investments in energy enterprises to gross domestic product (GDP), %;



	
Energy intensity of GDP, kg of oil equivalent/USD;



	
Natural gas reserves, months of consumption;



	
Stocks of coal, months of consumption;



	
The share of RES in the total primary energy supply, %;



	
The share of losses during energy transportation and distribution, %.








Analysis of these indicators points to a need to update and supplement the list because such factors as the RE development, the energy efficiency dynamics, electricity tariffs, and energy fluctuations have become critical in the context of recent global and local threats.



2.1.1. Impact of RE Development on Energy Security


Given the recent problems of Ukraine’s energy and economic development, in our opinion, the list of indicators that determine the country’s energy security level should be supplemented by a relative parameter, which reflects the growing RE financial burden on end-users and the state budget due to the feed-in tariffs’ use. This indicator should also consider the countertrend of reducing the RE technologies cost, which creates the preconditions for cutting feed-in tariffs. Therefore, it is proposed to use a modified index of decoupling the RE financial burden on the state budget (Decoupling IndexFL) [60,61], which is calculated as the ratio of the change rate of the weighted average feed-in tariff (EUR/MWh) for all RE technologies used in the country (  Δ  I  F I T    ) to the change rate of the weighted average cost of these RE technologies (  Δ  I  R E c o s t    , EUR/MWh):


  D e c o u p l i n g   I n d e  x    F L   =   Δ  I  F I T     Δ  I  R E c o s t     .  



(1)







The use of the euro to calculate the rates of indicators included in the decoupling index is due to the fixation of the feed-in tariff in Ukraine in euros to avoid the negative impact of fluctuations in the hryvnia exchange rate. This measure protects green electricity producers from inflationary risks and guarantees a stable income from RE-generating capacities.



Decoupling IndexFL can be calculated both for all RE technologies on the market and for individual RE technology. In the first case, the indicator will generally show the efficiency/inefficiency of the state pricing policy in the RE market. The second case will demonstrate the efficiency/inefficiency of the state pricing policy for a particular RE technology.



The further away from the unit in modulus is the value of the Decoupling IndexFL, the more significant the difference (divergence) between the change rate of feed-in tariffs and the change rate of the RE technology cost reduction. It indicates the ineffectiveness of government policy in the field of RE and energy security. The convergence of   Δ  I  F I T     and   Δ  I  R E c o s t     or the decoupling index value close to the unit indicates growing compliance of feed-in tariffs with the RE actual cost. It helps optimize the RE financial burden on the state budget and reduce national energy security threats.




2.1.2. Impact of Energy Efficiency of Production and Consumption on Energy Security


Another essential factor determining the countries’ energy security and affecting the RE development is the energy efficiency of production and consumption. Green energy technologies contribute to the growth of national economies’ energy efficiency, replacing traditional fossil fuels and decarbonizing economic systems. Thus, it is possible to state the dual connection between energy efficiency and RES and their collective impact on energy security.



Traditionally, the energy efficiency impact is measured by the GDP energy intensity indicator, which for Ukraine is 2–3 times higher than those of the developed countries and neighboring states. Despite the gradual decrease in the energy intensity of the national economy (more than 2.5 times during 1997–2019, according to [62]), Ukraine’s GDP energy intensity amounted to 0.232 kg of oil equivalent/USD (PPP 2015) in 2019. Its value exceeded similar indicators in Poland by 2.73 times (0.085 kg of oil equivalent/USD), Germany by 3.27 times (0.071 kg of oil equivalent/USD)), and the Czech Republic by 2.15 times (0.108 kg of oil equivalent/USD).



The GDP energy intensity, which is part of the energy security indicators in the methodical recommendations, is a cost parameter and does not assess the divergence of energy consumption and economic results concerning the impact on energy security. In modern conditions of fossil fuel depletion, it is insufficient to reduce the GDP energy intensity or increase the energy efficiency of production and consumption. It is essential to minimize the absolute volume of energy resources in economic turnover, thus creating a sustainable development basis. We propose to add energy efficiency decoupling index (Decoupling IndexEE), which is calculated as the ratio of the economic growth change rate (GDP, USD) (  Δ  I  G D P    ) to the energy consumption change rate (kg of oil equivalent) (  Δ  I  E C    ):


  D e c o u p l i n g   I n d e  x    E E   =   Δ  I  G D P     Δ  I  E C     .  



(2)







This indicator’s application allows assessing the dynamic effectiveness of energy-efficient measures in the national economy regarding the changes in the economic structure and its impact on energy efficiency and energy security. The further away from the unit in modulus is the value of Decoupling IndexEE, the greater the divergence between the economic growth and the energy consumption change rates, i.e., the effect of decoupling is observed. The latter can be positive if Decoupling IndexEE > 1, while:




	
  Δ  I  G D P   > Δ  I  E C    ,   Δ  I  G D P   > 1   and   Δ  I  EC   < 1   means economic growth with declining energy consumption;



	
  Δ  I  G D P   > 1   and   Δ  I  EC   = 1   means economic growth with constant volumes of energy consumption;



	
  Δ  I  G D P   = 1   and   Δ  I  EC   < 1   means energy consumption reduction in the absence of economic growth.








The negative effect of decoupling is observed in other cases in terms of progress in energy efficiency, economic development, or energy security. In the above three points, an increase in production and consumption’s energy efficiency is achieved, contributing to energy security strengthening. However, the best option is the first one (economic growth with decreased energy consumption), which ensures the national economy’s sustainable development.




2.1.3. The Impact of Energy Poverty on Energy Security


Electricity tariffs for consumers are an essential indicator that affects energy security while advancing RE and promoting energy efficiency. On the one hand, tariffs must cover all reasonable costs of energy generators and provide a normal profit to ensure energy security. On the other hand, they should be financially acceptable to consumers. The cost-covering condition is usually met by setting economically reasonable energy prices or subsidizing part of these costs by the state due to social prices. However, the financial burden acceptability requirement is often violated, causing energy poverty. The latter means “the inability to secure a socially and materially necessitated level of energy services in the home” [63] and is traditionally associated with households. To a certain extent, this phenomenon can also be characteristic of non-energy enterprises, particularly small and medium-sized businesses. Due to the increase in energy tariffs, the companies are forced to cut wages and other expenditures to free up funds to pay for energy costs, thereby losing and striving, by all means, to maintain competitive advantages.



The energy poverty level can be estimated as a percentage of households’ expenditures for utilities. European and international organizations set this figure at 10% [64]. For Ukraine, the share of household expenditures on housing, water, electricity, gas, and other fuels was 14.6% in 2019, compared to 9.2% in 2010 and 11.7% in 2015. This indicator was below 10% annually in 2010–2014, while in 2015–2019, it consistently exceeded the 10% barrier (with a peak value of 17% in 2017) [65]. Given that purely energy expenditures account for about 80–85% of household utilities in the last 5 years, it is possible to state the Ukrainian population’s energy poverty. This type of poverty is closely linked to low-income households that are unable to pay their utility bills, high energy tariffs, low energy efficiency, and the inability to increase the latter due to low incomes and high energy prices.



Thus, the energy poverty of households significantly affects the state energy and economic security. It is worth including in the list of energy security indicators. The relevant index is calculated by the formula:


   k  u e   =   E x  p  u t i l     I n  c  h h     × 100 % ,  



(3)




where kue is the households’ energy poverty indicator (percentage of households’ expenditures for utilities, %); Exputil is households’ energy (utility) expenditures in a certain period, UAH; and Inchh is the total household income in the same period, UAH.



Exceeding the actual energy poverty threshold of 10% means an increase in energy and economic insecurity. Fluctuations of the indicator within 10% demonstrate a satisfactory security level. In addition to energy tariffs, the households’ energy poverty index indirectly considers subsidies, the solvency of the population, and the effectiveness of energy-efficient measures in the housing stock.



The above-mentioned indicators (including two indicators considered in the Results section) should be taken into account when calculating the national economy’s energy security level regarding the same algorithm used for the existing ten indicators. According to sections IV–VII of the methodical recommendations, this procedure consists of: (1) the formation of an indicators’ set; (2) the identification of their characteristic values; (3) their standardization and the weight coefficients calculation; (4) the determination of the integral energy and economic security indices. To summarize, it is an improved methodology for assessing the country’s energy security that considers the impact of the RE development, energy efficiency changes, energy price factors, energy fluctuations, and balancing energy capacities.






3. Results


3.1. COVID-19 Pandemic Crisis as a Factor Influencing RE Development and Energy Efficiency of the World’s and Ukraine’s Economies


The COVID-19 pandemic has become a global determinant in developing the world economy in 2020 and has had a significant negative impact on both global and domestic RE markets. Due to quarantine restrictions, key international exhibitions in the RE field (in particular, Cisolar, Energy Transition Europe—Climate Action in London, Berlin Energy Transition, and Solarex Istanbul), through which potential buyers learned about innovative solutions in green energy were canceled [66]. Companies engaged in the equipment production for the RE sector (for example, Siemens Gamesa, Vestas, and Nordex) suffered significant losses, as measures aimed at curbing the COVID-19 pandemic led to disruptions in the production and supply chain of equipment and components for RE facilities [67].



Since the COVID-19 global influence was complex, it affected national green energy industries through different related spheres such as employment, investment, state financial support and price changes, import–export balances, etc. For example, Visegrad countries experienced severe declines in economic activities and instability of financial markets caused by the ongoing pandemic [68,69] that impeded RE deployment.



One of the consequences of the quarantine restrictions caused by the COVID-19 pandemic for the Ukrainian energy market was a decrease in domestic electricity demand. The decline in consumption was observed for most consumer groups, except for the transport sector, agriculture, and the population. Thus, for the 12 months of 2020, electricity consumption amounted to 146,438.9 million kWh, which is 3798.2 million kWh (2.5%) less than for the corresponding period of 2019 [70]. The decrease in electricity exports brought an additional problem, as quarantine measures had reduced electricity demand in importing countries, namely, Hungary, Romania, Poland, and Belarus. Thus, for the 12 months of 2020, the electricity export amounted to 4754 million kWh, which was 26.5% less than for the 12 months of 2019 [70]. The above necessitated a reduction in electricity generation. Given the priority of RE development, the national government decided not to reduce the green electricity generation but instead limit nuclear generation by shutting down several nuclear power plants’ power units. Thus, in 2020, the latter generated 76,202.5 million kWh compared to 6800.2 million kWh in 2019. The reduction amounted to 8.2%. At the same time, the generation of electricity from RES for 12 months of 2020 amounted to 10,862.1 million kWh, which is 5319.9 million kWh, or 96% more than in 2019 [70]. The addition of significant green electricity volumes to the UESU has created two key challenges. The first is associated with an increase in the weighted average electricity price. Since cheap nuclear generation was replaced by expensive electricity from RES, it caused a rise in electricity prices for the population and industry. The second issue refers to balancing the UESU since the addition of significant green electricity volumes requires an increase in flexible capacities, particularly in thermal power plants. It led to the emergence of the so-called “green and coal paradox,” when an increase in the volume of electricity from renewables causes a rise in the share of environmentally unfriendly thermal generation in the total energy balance.



Another consequence of the COVID-19 crisis for the Ukrainian energy market was the indefinite delay in the launch of the green auction mechanism, which was supposed to start initially no later than October 2019, then in April 2020, but has not yet started working. This mechanism involves establishing annual governmental quotas to support the RE development for the next 5 years based on the assessment of the conformity (sufficiency) of generating capacities in the UESU [70]. Considering the further RE advancement and its effective integration into the UESU, the mechanism of green auctions is of utmost importance. It helps control the growth of the green energy share in the country’s energy mix and regulates the RE structure by prioritizing flexible RE technologies (for example, small hydroelectric power plants). Thus, introducing the green auctions’ mechanism will partially solve the green and coal paradox by stimulating the flexible RE capacity deployment while reducing traditional flexible generation’s negative environmental impact. In addition to the advantages of power maneuvering, the cost of generating electricity by hydropower is much lower than by solar and wind power, positively affecting the formation of a low weighted average electricity price.



Other consequences of the COVID-19 pandemic impact on the RE market include:




	
The reduction of feed-in tariffs (by 7.5% for wind power plants and 15% for solar power plants in 2020) is due to the crisis of payments for the feed-in tariff caused by the significant RE share increase in the total energy mix. It is predicted that this measure will provide savings of about 6 billion UAH annually until the end of the installed feed-in tariff period in 2029 [71]. However, it will worsen the investment climate in the RE sector;



	
Delay in the supply of equipment and components for the RE facilities construction from China and other countries, which makes it impossible to provide timely commissioning of new RE plants [67];



	
Reduction in the number of credit programs for financing green energy projects and a likely increase in interest rates on loans due to the higher risk of investing in the Ukrainian economy during the COVID-19 pandemic [72];



	
Potential loss of 20–30% qualified workers in the labor market, and the outflow of specialists into the working industries, as well as the forced layoff of workers [72,73];



	
Suspension of licensing procedures, issuance of permits, and administrative services have reduced business activity in the RE sector during the quarantine period.








Thus, the COVID-19 pandemic significantly affects RE in Ukraine, primarily through the lack of regulation of the green electricity share growth in the total energy mix and the slowing down of all business processes and the banking system’s activity in providing new loans.



The situation is similar for the market of energy-efficient goods and services. A slowdown in business activity, delays in the supply of energy-efficient equipment from China, uncertainty about the future investments and legal guarantees, a decrease in enterprises’ income—all this leads to postponing large-scale energy-efficient projects until better times. Such trends have a negative impact on the development of the domestic energy efficiency market and the dynamics of economic agents’ energy efficiency indicators.



In addition to the lack of enterprises’ funding for energy efficiency measures and the energy poverty of households, an important reason for the deterioration in the national economy’s energy efficiency is the economic crisis caused by the lockdown.



The mentioned trends in the development of green energy and energy efficiency of production and consumption processes negatively affect the Ukrainian economy’s energy security. However, it is difficult to quantify their impact due to the imperfection of the current methodology for calculating the energy security level. It does not fully reflect the risks posed by the advancement of RE and energy efficiency, price distortions in the energy market, etc., under the local and global threats. For that reason, it is needed to consider indicators that take into account the capacity of energy balancing between “brown” and “green” energies as well as energy demand fluctuations.




3.2. The Impact of Energy Balancing on Energy Security


One of the critical indicators influencing the country’s energy security is the UESU’s stable operation. The peculiarity of UESU is the excess of basic (nuclear power plants) and the deficit of flexible capacities (thermal, hydro, and hydro-accumulating power plants). Recently, these problems have been exacerbated by the commissioning of a significant number of solar and wind power plants (Table 1).



The data in Table 1 show that in 2020, the solar power plants installed capacity growth was 6.8 times greater in comparison with 2017, and wind power plants were 3.4 times greater compared to the same period. The generation of electricity by solar and wind energy facilities is unstable and difficult to predict, as it depends on the time of year, weather patterns, etc. [78,79,80]. In turn, it requires the commissioning of additional high-flexible capacities, the modernization of power grids, and new methods of accounting for a large number of green energy producers to ensure efficient adding electricity generated from RES to the UESU [80,81,82].



In recent years, the above problem has intensified and escalated into an energy crisis in 2020. The rapid increase in the RE share in the absence of domestic electricity demand and limited export opportunities due to the COVID-19 quarantine measures and the predominance of basic nuclear generation have created operational safety challenges for the UESU [20]. To ensure the UESU’s effective balancing, the government decided to disconnect some power units of Ukrainian nuclear power plants. It resulted in substantial growth of the weighted average cost of electricity and electricity tariffs for final consumers.



The unsustainable operation of the UESU significantly threatens Ukraine’s energy security. That is why the indicator of capacity development to balance electricity generation, which counts flexible generating facilities and energy storage capacities, should be included in assessing the integrated indicator of energy security.



The index of capacity development for balancing the UESU can be calculated as follows:


   I b  =       ∑     G  P  m i   + A C     ∑     G  C i    ,  



(4)




where Ib is the capacity development index for balancing the UESU; GPmi is the installed capacity of the i-th type of flexible energy-generating facilities, MW; AC is the installed capacity of energy storage facilities, MW; and GCi is the installed capacity of the i-th type of energy-generating facilities, MW.



The above index reaches its optimal value at figures close to unity. It ensures the maximum level of energy capacity development for balancing the UESU, which positively affects the country’s energy security level.



Today, the UESU balancing should consider the priorities of the national economy’s decarbonization. Ukraine is one of the biggest polluters of CO2 due to burning fossil fuels [83]. The energy sector ranks first in terms of emissions among other national economy sectors (about 76% of total emissions in recent years). Ukraine aims to reduce emissions of carbon dioxide by 40% compared to 1990 levels by 2030 in the framework of the Paris Climate Agreement [84]. Given this, the UESU balancing with flexible power plants that use fossil fuels is the least appropriate. In addition, the putting into operation of new flexible power plants on fossil fuels is economically ineffective, as today, the cost of electricity production by the most mature RE technologies is already lower than that of brown energy [18].



Deployment of power storage capacity is a promising solution to the problem of balancing the UESU. To date, no energy storage facilities have been introduced in Ukraine; the system operator NEC “Ukrenergo” only plans to implement the first projects with a total installed capacity of 220 MW [85]. In the future, for the extensive deployment of energy storage systems, appropriate state support, particularly the introduction of motivational tools within existing or new mechanisms to intensify the RES advancement, will be needed



In addition to the flexible and energy storage capacities used for balancing the UESU, many other measures can be applied. The main measures are:




	
Connecting the UESU to the European ENTSO-E with permission for import of electricity;



	
Introduction of demand management mechanisms and creation of opportunities for consumers to take an active part in electricity-balancing processes;



	
Deployment of distributed energy facilities based on RES. For example, many geographically spaced small rooftop solar and wind power plants will reduce electricity production unevenness over time and increase the flexibility of power grids [86].









3.3. Influence of Energy Fluctuations on Energy Security


To determine the required volumes of the UESU’s balancing capacities, it is advisable to monitor the indicator of energy fluctuations, reflecting the peak load on the energy grid and significantly affecting the country’s energy security. Smoothing of energy fluctuations provides more stable and reliable functioning of UESU and avoidance of power outages. Forecasting energy fluctuations based on the relevant indicator allows minimizing the risks of maximum peak loads on the grid and timely prevention of emergencies in the UESU. Even though the indicators of capacity development for balancing electricity generation in the UESU and energy fluctuations are interdependent, it is expedient to include them both in the list of energy security indicators. This will help to affect the energy security level by using these two levers simultaneously.



Therefore, the indicator of energy fluctuations can be determined by the formula:


    ∑  t T   [    (  x t  −  τ t  )  2  + λ   ( (  τ  t + 1   −  τ t  ) + (  τ t  −  τ  t − 1   ) )  2   ]  ,  



(5)




where xt is the actual value of the electricity consumption/generation in the time period t; τt, τt + 1, τt − 1 are trend values of electricity consumption/generation indicator in the time period, respectively, t, (t + 1), (t − 1); λ is the value of the band-pass filter parameter for smoothing fluctuations; and T is the number of studied time periods.



The criterion for evaluating the considered indicator regarding energy security is the range of fluctuations in its values within 20%. This guarantees the optimal mode of energy-generating companies’ operation with their energy equipment’s economic load when the maximum efficiency of energy equipment use is achieved. Sometimes, short-term operation of units with a load 10–20% above their nominal capacity at lower efficiency is possible [87]. The mode is called stationary if the power equipment stably operates with the design load at the main parameters’ nominal values or when these parameters change within acceptable limits. To ensure the operation of the equipment in stationary mode, we have introduced a permissible range of energy fluctuations of 20%.



Deviation from the trend (fluctuations) zt = xt − τt is a cyclical component of business cycles that form the basis of many economic studies. In our case, economic band-pass filters smooth out the trend component and leave high-frequency components from the structure of the economic time series. The smoothing of the second difference of fluctuations occurs due to the parameter λ. The λ value should be established by researchers depending on the time properties of the series. Based on empirical studies, the standard value of the parameter λ is 1600 for quarterly data, 6.25—for annual data, and 129,600—for monthly data [88,89].



D. Pollock [90] argues that conventional linear filters (for example, the Hodrick–Prescott filter) are not flexible enough to be used in real conditions if there are gaps in the upward or downward trends in economic dynamics. These contradictions can be solved by using a rational wave filter known in the physical and mathematical sciences as a digital Butterworth filter. It is more flexible and accurately marks both the frequencies that must remain and those that must be smoothed. Any economic and social indicators are dynamic phenomena with the trend and cyclical components or deviations from the trend with variable volatility and amplitude.



Considering energy security, linear band-pass filters can identify the peak consumption values for individual months of the year while separating the cyclical and trend components. In addition, with the help of the band-pass filters, one can design cycles of electricity consumption for individual groups of consumers. These results will be especially relevant when forecasting renewable electricity generation since the latter is cyclical.



Tracking and predicting the fluctuations could help regulate energy production and consumption and prevent energy crises and economic and environmental damage. Based on the identified fluctuations, it is possible to assess the RE development, energy production and consumption efficiency, and their impact on state energy security dynamics.



To identify the nature of changes in energy consumption of Ukraine’s businesses and the population in the crisis of 2020, we studied the dynamics of electricity consumption in 2018–2020. The COVID-19 crisis has transformed the electricity demand. That is why the previous 2 “conditionally prosperous” years were taken for comparison.



Using Ukraine’s monthly electricity consumption data and methodological approaches involving the Butterworth filter [91,92], we considered the energy fluctuations. Figure 1 presents the Coronavirus and quarantine restrictions’ impact on the energy consumption cyclical components in Ukraine.



Figure 1 demonstrates that the volatility of electricity consumption in Ukraine in 2018 was slightly higher than in 2020, where there were minimal deviations from the trend component. As for the structure of net electricity consumption cycles in Ukraine for all consumer groups, the Coronavirus crisis and the introduction of quarantine measures did not affect the cyclical component, except for a decrease in the depth of fluctuations in 2020.



Short-term deviations from the trend caused by an insignificant shock can be reflected in a leading and converging series of economic dynamics. Based on this, incorrect conclusions can be drawn about the existence of a systemic process in the economic cycle structure. Let us analyze the COVID-19 and quarantine restrictions’ influence on the cyclical components of electricity consumption by the household sector of Ukraine (Figure 2).



Figure 2 demonstrates that the volatility of fluctuations in 2020 was almost the same as in the pre-crisis period. However, the quarantine measures strengthening at the end of 2020 caused an increase in the fluctuations of electricity consumption by the population of Ukraine above 25%. It was more than 5% higher than the optimal criterion level of electricity consumption fluctuations. It was due to lower seasonal temperatures and quarantine measures forcing households to consume more electricity at home. Exceeding the permissible level by 5% did not become critical for the UESU, as this phenomenon turned out to be short-lived, and energy-generating companies had sufficient technological reserves to cover this energy need.



However, the electricity consumption divergence in 2020 and previous periods is interesting to consider. The government announced quarantine measures in March 2020. Consequently, the population’s electricity consumption has declined somewhat. However, the previous periods demonstrated increasing energy consumption at the end of March. Two years earlier (2018–2019), June and September showed the cyclical electricity consumption minimum with further growth. In 2020, the cyclical minimum did not differ from the previous periods.



Let us analyze the cyclical component of electricity consumption by the industrial enterprises of Ukraine (Figure 3).



Figure 3 indicates that Ukraine’s industrial enterprises did not show their usual maximum cyclical electricity consumption in March 2020. By contrast, April–May 2020 demonstrated minimal cyclical values of electricity consumption due to quarantine restrictions. Additionally, Figure 3 shows that the cyclical component of the electricity consumption in the industry in 2020 was different from 2018 to 2019.



To sum up, the COVID-19 crisis has changed the electricity consumption patterns of all consumer groups. The pandemic made energy enterprises adjust their work mode to the new energy demand peaks in terms of energy security. Each COVID-19 wave is projected to raise household electricity consumption and reduce the energy load of industrial enterprises.



Considering forecasting the impact of RE development and energy efficiency of production and consumption on the country’s energy security based on fluctuations, the COVID-19 crisis did not cause technological problems for power generating companies as consumption fluctuations were lower than in the pre-crisis years. The equalization of electricity consumption across all consumer groups due to the COVID-19 crisis has not negatively affected the level of energy security except for balancing different types of energy capacities in the UESU. However, the likelihood of illness among power generating companies’ staff may cause disruptions in energy and economic systems’ operation. Therefore, power-generating enterprises should implement smart-grid technologies to improve the country’s energy security.



Besides, in the further anti-crisis management of the energy sector, it is expedient to consider the recent trends of the electricity generation redistribution in favor of an increase in the renewable energy share. In addition, because of the COVID-19 pandemic, investment in energy-efficient capacities will decrease while worsening the energy, environmental, and economic security of Ukraine. Therefore, the government should adequately respond to these challenges.





4. Conclusions


In 2020, the COVID-19 pandemic significantly changed Ukraine’s economic development priorities, exacerbating energy security issues and forcing the government to reconsider the range of factors that affect it. High feed-in tariffs and a state guarantee to purchase 100% of green energy have turned RE development drivers into a threat to the country’s energy security due to the unbearable financial burden on the state budget. Reducing investment in energy-efficient projects, increasing energy poverty of households, changes in energy fluctuations, and exacerbating issues of balancing energy capacities in the UESU are the current constraints on energy generation and consumption in Ukraine’s economy.



Therefore, it is necessary to develop a methodology for assessing the energy security level of the national economy considering the RE advancement and increasing energy efficiency of production and consumption under the above threats. To this end, we have substantiated proposals to supplement the normative list of energy security indicators with five more indices, namely, by the decoupling index of the RE financial burden on the state budget, the energy efficiency decoupling index, the indicator of households’ energy poverty, the index of capacity development for balancing electricity generation in the UESU, and the indicator of energy fluctuations. The proposed indicators consider the latest security challenges of the national economy. On their basis, it is easier to justify and implement anti-crisis management decisions while responding in a timely and adequate manner to global and local threats.



Along with assessing and tracking the energy security level, it is essential to predict its change based on the volatility of electricity generation and consumption. It is found that energy fluctuations within the range of 20% guarantee energy security and optimal mode of energy-generating companies’ operation when the maximum efficiency of energy equipment use is achieved. In particular, the larger the amplitude gaps are, the more unpredictable the level of electricity consumption is. These research results can be used to forecast changes in the energy and economic security of the emerging economy by analyzing the volatility and amplitude of fluctuations in electricity consumption.



A slowdown in business activity, delays in the supply of energy-efficient equipment from China, uncertainty about the future investments and legal guarantees, a decrease in enterprises’ income—all this leads to postponing large-scale, energy-efficient projects until better times. Considering energy security, linear band-pass filters can identify the peak consumption values for individual months of the year while separating the cyclical and trend components.



When it comes to forecasting energy needs, the COVID-19 crisis is changing the energy consumption patterns. Therefore, energy-generating companies should pay more attention to households’ needs since they will create peak loads. Moreover, there is a possibility that grid congestion may occur in household consumers with an increase in the number of economic lockdowns. To ensure energy and economic security, it is necessary to smooth out fluctuations in energy consumption through RE development, the formation of smart grids, energy efficiency improvements, and energy capacities balancing, which are directions for further research in this area. The implementation of these opportunities will ensure the national economies’ decarbonization and the achievement of other goals for the states’ sustainable development.



The proposed methodological approaches to improving energy security assessment can be used by public authorities that regulate the RE sector in Ukraine to correct the state energy policy taking into account recent challenges. Such authorities are the Ministry of Energy of Ukraine, the State Agency for Energy Efficiency and Energy Saving, and the National Commission for State Regulation of Energy and Public Utilities. In addition, the proposed methodological approaches can be used as a basis for improving the legislation in the RE development field in other emerging countries, which face similar problems.



The limitations of the research are related to the fact that the proposed ratios and indexes are tested based only on one country. The further direction of the study should be focused on making an international comparison of energy security assessment in the conditions of global and local challenges. Additionally, stochastic modeling approaches should be developed to build empirical econometric models for energy security assessment.
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Figure 1. Fluctuations of net electricity consumption in Ukraine in 2018–2020 by all consumer groups (compiled by the authors based on the data [59]). 
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Figure 2. Electricity consumption fluctuations in the household sector of Ukraine in 2018–2020 for all consumer groups (compiled by the authors based on the data [59]). 
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Figure 3. Fluctuations in electricity consumption by industrial enterprises of Ukraine for all consumer groups in 2018–2020 (compiled by the authors based on the data [59]). 






Figure 3. Fluctuations in electricity consumption by industrial enterprises of Ukraine for all consumer groups in 2018–2020 (compiled by the authors based on the data [59]).



[image: Energies 14 05860 g003]







[image: Table] 





Table 1. The installed capacity of power-generating facilities in the UESU in 2017–2020.
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Energy-Generating Facilities in UESU

	
Installed Capacity, MW




	
2017

	
2018

	
2019

	
2020






	
Nuclear power plants

	
13,835

	
13,835

	
13,835

	
13,835




	
Thermal power plants

	
24,565

	
21,842

	
21,842

	
21,842




	
Combined heat and power (CHP) plants

	
5972.3

	
6099.5

	
6097

	
6070




	
Hydro-and hydro-accumulating power plants

	
6228.7

	
6170.2

	
6520

	
6301




	
Solar power plants

	
758.4

	
1388.3

	
4925

	
5154




	
Wind power plants

	
328.4

	
532.8

	
1025

	
1110




	
Biomass power plants

	
96.9

	
97.5

	
170

	
188








Source: [74,75,76,77].
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