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Abstract: Under the influence of economic globalization, the internationalization trend of energy
security issues has become increasingly prominent. This paper adopts the natural discontinuity
grading method to classify the energy security status of 102 countries into five categories: Best, Better,
Good, Poor and Worse types; reveals the dynamic evolution characteristics and main formation
mechanisms of world energy security; and puts forward the game focus of future energy geopolitics.
The results show that: (1) during 19952019, global energy security presents local turbulence and
an overall “J” shaped trend; (2) the global energy security pattern coincides with the international
geopolitical order. The countries with the “Best” energy security are found in Western Europe and
North America while the countries with “Poor” or “Worse” energy security are located in Asia and
the less developed regions of Africa; (3) the main reason why developed economies have better
energy security is due to their high energy use efficiency, while developing countries lag behind
mainly because of their lower innovation capacity, lower productivity and lower disposable income;
and (4) the global energy security landscape is expected to be affected by the changing US-China
relationship, coercive energy transition and the uncertainty of the political environment.

Keywords: energy security; dynamic evolution; geopolitical game

1. Introduction

As an essential factor in economic and social development, energy has profoundly
affected geopolitical stability [1]. Since the 1970s, abundant hydrocarbon resources have
led to many energy-related wars, political and economic conflicts and global financial
crises, which have exacerbated the instability of energy prices [2,3]. In recent years, energy
security has become a serious public issue, thus receiving the most international attention
in research and policy [4]. In addition to rapidly rising global populism, unilateralism and
protectionism are gradually breaking the rules of international market competition and
reshaping geopolitical patterns, further challenging economic globalization, changing the
global energy security pattern and affecting the governance system significantly. Moreover,
geopolitics will play a crucial role in determining whether countries with relatively low
energy self-sufficiency have access to energy commodities [5]. Undoubtedly, energy security,
as a political weapon, will contribute more to economic growth and social welfare [5,6].
Given the volatile nature of the international political scene and the close link between
supply and demand in the energy market, it is essential to study global energy security
and how it is changing. This will allow us to better understand energy diplomacy and
global governance.

In geopolitics and energy geography, mitigating resource or energy security concerns
have become a top priority. The cognitive boundaries and connotations of the conception
of “energy security” have been broadened and deepened by researchers and policymak-
ers, yet remain inconsistent. In the early 1970s, the International Energy Agency (IEA)
posed the concept of energy security as “uninterrupted energy supply at affordable prices”
in response to the impact of the oil crises on the security of crude oil supply. In subsequent
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studies, the security of energy supply has been extensively used as the most critical aspect
of energy security. For instance, as defined by Bohi et al. [7] and Bielecki [8], “energy
security” refers to the security level of capacity of a national or regional energy system
to adequately supply energy at reasonable and acceptable prices. According to the Asia
Pacific Energy Research Center (APERC), energy security refers to the ability of the econ-
omy to ensure that energy can be obtained sustainably and promptly and that the level of
energy prices does not interfere with the average economic performance of the economy.
Based on the aforementioned concepts, APERC put forward the 4A conception of energy
security, namely availability, acceptability, accessibility and affordability [9]. With the
increasingly catastrophic consequences of extreme climate events and the growing concerns
about global warming and air pollution [10-13], it has been widely acknowledged that
the nexus between environmental sustainability and energy consumption is important.
For example, considering the importance of sustainable energy use, many scholars have
incorporated it into the framework of energy security assessment [14-17]. In addition,
great progress has been made in making the concept of “energy security” more people-
oriented and social and the levels of energy services and economy and technology have
become the new dimensions of energy security. Lesbirel [18] and Vivoda [19] pointed
out the crucial role of the national energy service level in energy security. However, it is
worth noting that energy security reflects the balance of local energy supply and demand
and involves underlying games of political relations evolution and development rights.
It follows that the conceptual scope of “energy security” has gradually extended to the
field of geopolitics, forming a scientific proposition covering global economic and social
development and political and diplomatic relationship. For instance, based on the study of
Vivoda [19], Sovacool [20] extended the conception of energy security from 20 dimensions.
Wang et al. [21,22] also estimated the regional energy security level in terms of three aspects:
energy supply-transmission security, energy use security and social stability. Diversifi-
cation plays a key role in determining energy availability and security. Meanwhile, the
infrastructure related to energy conversion and transmission is essential to stabilize the
energy supply and promote economic security [23-26].

In the past, scholars often put forward energy security assessment frameworks when
studying the issues related to energy security. For instance, based on 25 indicators from
three dimensions, Martchamadol et al. [27] proposed a comprehensive energy security
performance indicator (AESPI) to estimate the energy security level in Thailand. Based on
ten indicators from four dimensions, Sovacool et al. [28] built an energy security evaluation
framework to assess the long-term changes of energy security performance (ESP) of the
United States and 22 European Union (EU) countries. Furthermore, Sovacool et al. [29]
enlarged the dimensions and indicators to 5 and 20, respectively and conducted an em-
pirical study of 18 countries. Stavisky et al. [3] constructed an assessment framework of
energy security consisting of six dimensions and 28 indicators and evaluated the energy
security status for 49 European countries. Using the functional data analysis method,
Bamisile et al. [30] analyzed the dynamic evolution of the Chinese energy security index,
which consists of four dimensions and 12 indicators. These studies show that apparent
disparities in establishing energy security dimensions exist among studies and the selection
of indicators corresponding to each dimension also differs substantially. Apparently, the
availability of data and the differentiated conception and dimension associated with energy
security can significantly impact the selection of energy security indicators. Indicators com-
monly used in existing literature include energy consumption per capita, energy intensity,
energy self-sufficiency, electricity prices, electricity supply, carbon intensity, CO, emissions
per capita and CO, emissions [31]. In addition, some studies have introduced specific
indicators to take into account the special characteristics of the research objects. In different
studies, indicators are usually assigned to different dimensions. For example, “energy
intensity”, as one of the most commonly used indicators, has been assigned to different
dimensions such as economy [25], technology and efficiency [32,33], energy demand [34,35]
and security of supply [36].
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Energy security research can broadly be divided into two areas: studies that look at the
issue from a spatial perspective and studies that examine it from a temporal perspective. In
terms of spatial studies, most of them have merely focused on a single country [37-39], coun-
tries in specific regions [28], economic organizations [40,41], neighboring countries [25,42]
and island countries [43,44], failing to provide abundant evidence from a global perspec-
tive. In terms of temporal studies, the time span in previous studies was usually divided
into single years [27,45], discrete years [22,46] and consecutive years [47] and few have
provided long-term continuous annual analysis. As far as we know, few studies have
assessed the energy security of countries worldwide (i.e., more than 100 countries) for more
than 20 consecutive years. Regarding the methodologies, principal component analysis
(PCA) has been widely utilized to analyze the relationship between variables [48]. PCA
can effectively extract key information from the original data by using a multivariate
technique. Additionally, data envelopment analysis (DEA) has been the mainstream per-
formance assessment method [49]. Similarly, assurance region (AR) methods have also
been widely used to solve the problem of the arbitrary setting of inputs/outputs weights
in the DEA model [18]. Wu et al. [50] have proposed the integrated PCA /DEA-AR method
to estimate the energy security of each country investigated, avoiding the generation of
optimal weights equal to zero. Regarding the weights of the associated indicators, many
scholars have used weighting procedures, such as weighting based on expert opinion.
However, this method has subjective solid arbitrariness. According to Gasser [51], equal
weight assignment is the most popular method, which may be attributed to its simplicity.
However, it is sometimes difficult to capture the critical differences between indicators,
or it may mask the lack of a theoretical basis for weight determination. In recent years, a
growing number of researchers have been establishing more objective weighting methods
based on mathematical knowledge, including the eigenvector method, the weighted least
square method and the entropy weighting method. These methods determine the weights
automatically through mathematical models without considering the subjective preferences
of decision makers [30].

Based on previous literature, some conclusions can be drawn. (1) Extensive use of
energy supply, use, economic and environmental dimensions have allowed for a com-
prehensive evaluation of energy security performance among countries; (2) spatially, the
focus of these studies is on how energy security affects individual countries, economic
organizations and specific regions.; temporally, the sample period is discontinuous and
rarely spans more than 20 years [52]. (3) Subjective weight assignment is the most popular
method [20,53], while more objective weight assignment methods need to be continuously
explored. There are still substantial future opportunities to develop assessment methods
and select relevant dimensions and indicators. When it comes to establishing assessment
models for energy security, researchers have mostly relied on principal component analy-
sis [39,54,55]. This means that new research methods for assessing energy security need to
be constantly explored.

This study contributes to relevant literature along three dimensions. First, the previous
studies associated with global energy security assessment mainly focused on the situation
in a single period, failing to reflect the changing trend and global challenges of energy
security. Hence, we constructed a comprehensive regional energy security index and used
the entropy method to measure the level of energy security for 102 countries from 1995-2019.
Second, a limited number of past studies have looked at energy security from a worldwide
perspective. This study used functional data analysis to comprehensively and intuitively
analyze the potential changes in energy security from a dynamic perspective. Through
the functional processing of discrete energy security data, we analyzed the difference in
energy security level among different regions. Third, affected by resource endowments,
there are apparent disparities in the energy security status of different countries. In order
to circumvent the potential bias in results associated with using non-parametric estimation
methods, this study employed the kernel density estimation method to analyze the spatial
variation and dynamic evolution of the distribution. It captures the distribution of each
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dimensional index, thus suggesting the variability of each energy security dimension.
Therefore, it is well placed to explore the mechanisms driving the evolution of energy
security patterns across 102 countries worldwide.

This study aims to estimate the energy security status of 102 countries comprehensively
and systematically. First, we adopt a functionalized data analysis method to form dynamic
continuous curves from discrete data. Compared with discrete data analysis methods, the
FDA focuses on the analysis of curved data without assuming any particular distribution
of the data, which is rarely used in existing studies. Then, by using the Jenks natural
discontinuity grading method, this study classified the 102 countries into five categories
to reduce the subjectivity effect in classification. Finally, this study uses the method of
kernel density estimation to assess the variability of each energy security dimension, which
has the advantage of not assuming that the data follows any particular distribution. This
research framework yields interesting results and deepens the understanding of global
energy security.

The rest of the paper is organized as follows. Section 2 details the data and method-
ology. Section 3 presents the dynamic evolutionary process of energy security. Section 4
analyzes the disparities of global and regional energy security and Section 5 summarizes
the conclusions and discusses policy implications.

2. Methodology and Data
2.1. Entropy Weight Method

In previous studies, the commonly used evaluation methods such as the Delphi
method [56] and the fuzzy comprehensive evaluation method [57] often have relatively
high subjective ingredients. Compared with those methods, the entropy weighting method
based on the information entropy of indicators can fully use the specific relationship
between the difference between the indexes and that of the information contained in the
original data. By adjusting and correcting the objective weights of the indexes according to
the variability of the indexes, it further ensures the maximum utilization of the original
data and minimizes the influence of subjective factors as much as possible. The dispersion
degree of index data represents the difference between individuals or the difference in
the effective value of information, further quantitatively determining the final weight of
evaluation indicators. On the whole, the entropy weighting method can maximize the
utilization of the original data information. Therefore, the entropy weight method is used
to calculate the energy security index of 102 countries, as follows.

Step 1 The initial data matrix X consisting of m evaluation objects and #n evaluation
indexes is standardized using the polarization transformation method.

For positive indicators in which a larger value is better, such as the industrialization level.

o Xl‘]‘ — min (x,-j)

M

77 max (xij) — min(x;)
For negative indicators in which a smaller value is better, such as electricity per capita.

, max (xjj) — xj

= 2
Yij max (x;j) — min(x;;) @
Step 2 Calculate the proportion y;;.
X
Vi=—="+,j=12,...,n ©)

m
Yo Xij
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Step 3 Calculate the information entropy e;.

m
ej = —kZ%yijlnyij,]' =12,...,n 4)
1=
where k = ﬁ is a non-negative constant and 0 < e < 1, specifically, when

vij = 0,y;lny;; = 0.
Step 4 Calculate the difference coefficient d;.

djzl—e]-,jzl,Z,...,n (5)

Step 5 Calculate the weight.

d] 1—6]' , 12 (6)
w; = = ,J=12,...,n
/ Z?:1 dj n—Z}Ll €j

Step 6 Calculate the energy security index (ESI) value in scenario.

n
ESLi =Y yijwj,i=1,2,...,m ()
j=1

2.2. Smoothing of Discrete Data

As a statistical technique, functional data analysis (FDA) has been widely applied
to the collection of functional data. In contrast to traditional statistics, which usually use
numbers or vectors, the FDA utilizes curves or graphs as data units. This means that the
FDA can be used to conduct analysis based on the curvilinear form. Many multivariate
statistical methods can be applied directly to the functional data, but the FDA can explain
more information about the observed function, formulated as follows.

Ki
xi(t) = Zcikgok(t),izl,z,...,m (8)
k=1

where {@1(-),..., ¢k, (-) } denotes the set of basic functions and {cy, . .., @i(-)} stands for
the set of corresponding coefficients. In this paper, we assume that ¢y is a B-sample basis
function and cj is the corresponding coefficient. Meanwhile, this paper allows for using
the same basis function in all samples while setting a different number of bases. Then, the
nearest similar coefficients can be estimated by spreading the basic functions. The least
squares method is usually used for estimation.

J K; 2
min{ SSE =) lxi(tj) -Y cikgok(t)] )
k=1

j=1

Then, the sum of squared residuals is penalized using the minimization method with
the following equation.

Ki

J 2
PENSSE(A) =) lxi(t]-) — ) cikge(t) +A/[Dx;"(t)]2dt (10)
j=1 k=1

where A [ [Dx!(t)] 2dt indicates the rough penalty term used to measure the degree of
smoothness of the function x;(t); m refers to the order of the derivative, which is usu-
ally taken as two to satisfy the general problem; A is the smoothing parameter. In the
framework of the basis function, A is a parameter vector whose value can be verified by
cross-validation (CV) or generalized cross-validation (GCV).
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2.3. Nature Discontinuity Point Grading Method

Based on the energy security index of 102 countries derived from the entropy weighting
method, this paper uses the natural discontinuity point grading method to classify the sample
countries into five categories: Best, Better, Good, Poor and Worse types. On the basis of the
inherent natural grouping in the data, the natural discontinuity grading method can identify
the classification intervals, further appropriately grouping similar values and maximizing the
differences among classes. This grouping method divides the data into classes by setting class
boundaries where the differences in data values are relatively large.

Step 1 Calculate the sum of squares of total deviations (SDAM) of each class.

SDAM = Y (X; - X)? 11)

where X = % i Xj, n denotes the number of elements in the array and X; represents the
value of the ellerilent.

Step 2 The sum of squares of total class deviations (SDCM) is calculated for each combina-
tion of ranges in the classification result and the minimum value is denoted as SDCM,;;;,,. The
elements are divided into k classes, so that the classification results can be divided into k sub-
sets, one of which is (Xl,Xz, cee rXi)r (XiJrl, Xi+2/ ooy X]), ceey (Xj+1, Xj+2, ceey Xn). Then,
the sum of squares of total deviations of the first class, SDAM; can be calculated as follows:

SDAM; = SDAM; + SDAM; + ... + SDAM, (12)

Similarly, the classification results can also be divided into other cases of k classes. The
values of SODCM; + ... +SDAM ¢ are calculated sequentially and the minimum value is
chosen as the final end SDCM,,;,,, so that this classification range is the best classification.

Step 3 Perform validation by the goodness of fit and calculate the gradient gvf; of the

class as follows:
SDAM — SDCM,;

i = ""spam

guf; ranges from 1 (perfect fit) to 0 (poor fit), with a higher gradient indicating greater

difference among classes. The gradient value of the classification obtained by the SDCM,,;;,

in step 2 is the largest, implying that the results derived from the natural discontinuity
grading method is desirable.

(13)

2.4. Kernel Density Estimation Method

The kernel density estimation method, being a nonparametric testing method, has had
extensive use in studying the spatial variation and dynamic evolution of distributions. This
method also has the advantage of preventing subjectivity in nonparametric estimations
when choosing functions and guarantees the continuity of the estimated density curves.
First, we apply the above method to estimate the density of the global energy security index
and its three main energy sub-dimensions for 102 countries. Then, we plot the density
curves to identify the main driving mechanisms of the evolution of global energy security
patterns over the past 25 years in a more intuitive and concrete way. The specific model is

as follows.
1 & X — Xx;
f(X)—nh;K< - ) (14)

where 1 represents the number of samples, i denotes the window width and K(-) shows the
kernel function. The frequently used kernel functions include quadratic kernel, Gaussian
kernel and uniform kernel, of which the first two are the most popular. Considering the
relatively small impact of selecting the kernel function, this paper adopts Gaussian kernel.
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K(x) = Lex (_x2> (15)
var P\ 2
The window width is the parameter that will determine how accurate the kernel
density estimation is and how smooth the density map looks. Therefore, determining the
appropriate window width has a direct impact on the results of kernel density estimation.

2.5. Data Collection

In this paper, we used a global dataset for the period from 1995 to 2019 and con-
structed the energy security evaluation index system from four dimensions, namely energy
supply [34,36], energy use [34], energy economic development [32,34] and energy environ-
ment [34,36] (Table 1). The energy supply dimension describes and evaluates the capacity
of the regional energy system to cope with the imbalance of the energy supply-demand
relationship, which contains six indicators: energy self-sufficiency rate [34,36,58], power
generation to energy consumption ratio [21], renewable power generation to total power
generation ratio [3,21], non-fossil fuel consumption ratio [21,58,59], fuel imports to energy
consumption ratio [3] and energy production per capita [34,58]. The energy use dimension
measures regional energy consumption and efficiency. Energy use security assesses the en-
ergy security level from the energy demand perspective. Greater energy demand associated
with higher energy consumption puts a tremendous burden on energy supply. So eight
indicators are chosen for this dimension: electricity intensity [60], energy consumption
per capita [21,58], energy intensity [21,32], electricity consumption per capita [30], energy
consumption elasticity coefficient [36,61], energy population elasticity coefficient [34,61],
energy losses [3] and energization rate [50]. The energy economic development dimension
evaluates the economic development level of a country. The higher the level of economic
development, the stronger the ability to bear energy costs. It can partially offset the adverse
effect of price factors on energy security. This dimension includes six indicators: level of
industrialization [59,61], level of urbanization [31,61], percentage of population growth [61],
GDP per capita [21,30,58], coefficient of elasticity of electricity production [61] and GDP
growth rate [34]. The energy environment dimension evaluates the ability of regional
energy use to impact the environment. So far, coal and oil have dominated the global
energy consumption mix. However, the use of fossil resources has had a negative impact
on the environment. Environmental security has received wide attention from scholars.
This dimension contains four indicators: nitrogen oxide emissions per capita [20], carbon
intensity [30,58], share of particulate emissions [3] and share of clean energy [58,59].

Table 1. Selected indicators for the dynamic evolution of global energy security in different dimensions.

Dimension Code Indicator Description (Unit) Symbol
ES1 Energy self-sufficiency rate Energy production/Total energy consumption (%) +
ES2 Share of electricity generation Electricity generation/Total energy consumption (%) —
Supply security ES3  Share of renewable energy generation =~ Renewable energy generation/Total electricity generation (%) +
ES4  Share of non-fossil fuel 1-Fossile fuel/Total energy consumption (%) +
ES5 Share of Fuel imports Fuel imports/Total energy consumption (%) -
ES6  Energy production per capita Energy production/Total population (MMBtu/person) +
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Table 1. Cont.

Dimension Code Indicator Description (Unit) Symbol
EU1  Electricity intensity Electricity generation/GDP (kWh/GDP) -
EU2  Energy consumption per capita Energy consumption/Total population (MMBtu/person) -
EU3  Energy intensity Energy consumption/GDP (1000 Btu/GDP) —
Using securit EU4  Electricity per capita Electricity generation/Total population(kWh/person) -
& y EU5  Energy consumption elasticity Factor Energy consumption growth rate/GDP growth rate -
EU6  Energy Population elasticity Factor Energy consumption growth rate/Population growth rate -
EU7  Share of energy depletion Energy depletion/GIN (%) -
EU8  Access to electricity The percentage of the population with access to electricity +
ED1 Industrialization level Industrial value-added /GDP (%) +
ED2  Urbanization level Urban population/Total population (%) +
Fconomic- ED3  Population growth rate A given year’s Population/Previous year’s population-1 -
development ED4  GDP per capita GDP/Total population (USD) +
security ED5 Elect.rl.aty production elasticity Electricity production/GDP growth rate -

coefficient

ED6  GDP growth rate E;AD%Wen year’s GDP -Previous year’s GDP)/Previous year’s +
EE1 NO emissions per capita NO emissions/Total population (Kg/person) -
Environmental EE2 Carbon Inten'sity o COZ. emissions. / C?DP(M’: /GDP) . -
security EE3 Share of particulate emissions damage  Particulate emissions damage/GIN (%) —
EE4  Share of clean energy Renewable energy production/Total energy consumption (%) +

All indicators selected for this study are shown in Table 1. CO, intensity, energy
depletion, particulate damage emissions, percentage of population growth, GDP per capita,
industrialization level, urbanization level, electricity energization rate and NOx emissions
per capita were obtained directly from the World Bank. Other energy-related indicators’
data was retrieved from the energy information administration of the United States. Fossil
energy consumption mainly includes coal, oil and natural gas.

3. Main Results
3.1. Assessment of Global Energy Security

In this section, the energy security index of 102 countries from 1995 to 2019 is measured
quantitatively using the entropy weight method. Then, by using the natural discontinuity
point grading method, the energy security status can further divide into five categories:
Best, Better, Good, Poor and Worse. The distribution of the energy security status is shown
in Figure 1.
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Figure 1. Distribution of energy security status of 102 countries from 1995 to 2019.
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During the sample period, the global energy security landscape has been gradually
optimized (Figure 2). The number of “Best” energy security countries shows a significant
upward trend, whereas that of countries with “Worse” energy security decreases signif-
icantly. From 1995 to 2018, countries with “Best” energy security increased from 4 to 11,
while that of countries with “Better” performance increased from 5 to 18. The number of
countries with “Good” energy security has remained stable. Conversely, the number of
“Worse” and “Poor” types showed a downward trend, falling from 26 and 46 to 14 and
28, respectively. In 2019, threatened by the outbreak of neo-coronavirus pneumonia, the
number of countries with energy security “Best”, “Better” and “Good” types decreased by
2,3 and 7, respectively, while that of countries with “Worse” and “Poor” energy security
increased by 1 and 12, respectively.

50 [ INorth America
[_JEurope
[ JEurasia S
E\makuu
Asia
[_JAfrica °
40 + ]
8
@ 9
30 1 ]
2 6 10
o ] ‘4
G 4
y ] 2 —
220 = s A
E o L o 4
=z 3 4 2 15
2 2 3 [ ]
2 . 4 s 2 -
— & 2 — 3 % 5
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1995 [2018] 2019 | 1995 [2018] 2019 | 1995 |2018] 2019 | 1995 [2018] 2019 | 1995 [2018] 2019

Best Better Good Poor Worse

Figure 2. The dynamic evolution of global energy security.

However, considering the different stages of development, the global energy security
landscape enjoyed overall stability in the last five years of the 20th century, while that in
2010 underwent significant changes. From 1995 to 2010, the number of “Best” and “Better”
energy security countries increased significantly, with the two types increasing from 9 to 17.
Meanwhile, the number of countries with “Worse” and “Poor” energy security decreased
slightly. In conclusion, before 2010, the overall optimization of the global energy security
pattern was not obvious, even showing a trend of local deterioration (Table 2). However,
from 2010 to 2018, along with the implementation of global sustainable development
planning and sustainable governance systems, as well as the long-term low global crude oil
prices, the number of “Best” and “Better” type countries increased, whereas that of “Good”,
“Poor” and “Worse” countries declined significantly. In 2019, the global energy security
situation worsened due to the impact of global neo-coronavirus pneumonia.

Table 2. Changes in the number of different types of energy security globally.

Changes Changes

Type 1995 2000 2010 2018 2019 from from ff;‘;“%elsg
1995~2000 2010~2018
Best 4 3 6 11 9 -1 3 -2
Better 5 6 11 18 15 1 7 -3
Good 21 16 18 30 23 -5 12 -7
Poor 46 38 33 28 40 -8 -5 12
Worse 26 39 34 14 15 13 -20 1
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3.2. Evolution of Global Energy Security

The discrete energy security scores are functionalized to analyze the potential dynamic
evolution of energy security. As shown in Figure 3, the level of energy security varies across
countries during the sample period, varying from 0.1 and 0.3 in most countries. Obviously,
the energy security levels of countries have changed a lot. In recent years, the overall level
of energy security has improved and Norway ranks first globally. Figure 4 shows the mean
value function curve of global energy security, which roughly reflects the general trend of
global energy security. As shown in Figure 4, global energy security is divided into seven
stages from 1995 to 2019, which is consistent with the global macroeconomic development
and energy market changes. From 1995 to 1996, global energy security had improved after
the end of the Gulf War. From 1997 to 1998, the Asian financial crisis led to an overall
decline in global energy security. From 1999 to 2000, energy security continued to improve.
From 2001 to 2004, global crude oil prices rose and global energy security declined again.
From 2005 to 2006, energy security continued to improve. From 2007 to 2009, the global
financial crisis broke out, leading to a decline in global energy security. After 2010, countries
became more environmentally conscious and energy security continued to improve. On the
whole, global energy security presents local turbulence and an overall “J” shaped trend.

0.4 0.5

ESI
0.3

0.2

0.1

1995 2000 2005 2010 2015

Figure 3. Function curve of global energy security.
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3.3. Robustness Tests and Heterogeneity Analysis

The key to constructing a composite index lies in the weights and aggregations of
the indicators to form the final results. A clear understanding of DESI(t)’s strengths can
be had by contrasting it with other commonly used weighting and aggregation methods.
This section uses an approach of deleting indicators, focusing on how the uncertainty in
quantifying indicator scores can be filtered through the structure of the composite index
to filter out this structure, thus ensuring that the synthetic assessment results are sound.
As a result, this section no longer contains population growth rate, share of renewable
energy generation and GDP growth rate. The remaining 21 indicators were re-weighted
and aggregated (Figure 5). As shown in Figure 5, both curves can effectively capture the
worst-case scenario of global energy security around 1995 to 2010 and predict a decline by
2019 due to the impact of the global epidemic. Meanwhile, both curves showed a significant
upward trend, indicating that the evaluation results and fluctuation of the two curves are
essentially consistent.

0.172

—— ESl robustness
— ESI

The functional mean of ESI
0.166  0.168  0.170

0.164

0.162

0.160

T T T T
1995 2000 2005 2010 2015

Year

Figure 5. ESI curves for Global corresponding to two methods.

Based on the data of net energy import, this study divides global countries into energy
importers and energy exporters. The former includes 68 importing countries with positive
net energy imports, while the latter includes 34 exporting countries with negative net
energy imports. As shown in Figure 6, during the sample period, the energy security of
importing countries has shown an increasing trend, whereas that of exporting countries
has shown a decreasing trend. However, compared with importing countries, exporting
countries consistently have higher levels of energy security. Countries with large fossil
fuel resources tend to export energy, while their economies are largely based on mineral
resources and heavy industry. They often have high pollution emissions, low industrial
energy use efficiency and high greenhouse gas emissions. These countries are also prone to
geopolitical conflicts and economic turmoil. In fact, since the 1990s, the global energy crisis
has been associated with these hydrocarbon-rich countries. It makes sense, therefore, that
the energy security index for exporting countries is gradually declining. Conversely, energy
importers are concentrated in countries with advanced economies. These country’s strong
political and economic foundation creates an ideal environment for developing energy
systems and increasing energy security. Meanwhile, these countries continue to strengthen
their leadership and organizational position in the global governance system and develop
clean energy through a range of programs. Therefore, the energy security index of energy
importing countries shows an upward trend.
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Figure 6. Trends in energy security indices for energy importing and exporting economics.

3.4. Evolution of Regional Energy Security

This section dynamically evaluates the energy security levels of 102 countries from
1995 to 2019 and analyzes its evolution process, showing that the global energy security
pattern largely coincides with the international geopolitical order.

(1) The “Best” countries are concentrated in Western Europe and the economically
developed regions of North America. Despite the fact that energy resources are not very
plentiful, economic globalization has spurred developed countries in Western Europe to
obtain energy from Russia and the Middle East through the use of strategic energy reserves
and energy diplomacy, so as to maintain a stable energy supply. Additionally, Western
European countries improved their levels of national energy use security by strengthening
their leadership and organizational position in the global governance system and adopting
a series of “climate and energy plans” to vigorously promote clean energy development and
greenhouse gas emission reduction campaigns. Specifically, the number of “Best” countries
in Western Europe increased from one in 1995 to four in 2019, making it a concentrated
area of “Best” energy security countries (Figure 7b). Unlike the performance of the energy
systems of the European economies, the energy-rich United States and Canada have a high
level of energy supply security, whereas the environmental sustainability of energy use
is relatively low due to the rapid development of their fossil industries in recent years
(Figure 7a). Since 1995, along with their low fossil energy reserves, both countries have
shown a relatively small decrease in the energy supply security index, while their energy
use security index has shown an increase due to the energy transition and development of
a low carbon economy. Overall, their security level is still significantly lower than the EU
economies. However, the stable political environment and strong economic support have
created even more favorable conditions for them to improve energy security level and their
energy systems.
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Figure 7. “Best” regional energy security system performance in four dimensions.

(2) The countries with “Better” energy security are mainly located in central Europe,
Latin America, central Africa and Asian high-income countries. The formation and devel-
opment of global energy markets have, to some extent, reduced the dependence of regional
energy security on local resources. The economic globalization since 1995 has resulted in a
shift of “Better” countries with advanced productivity to Central and Eastern European
countries in the “second tier” of the European Union, high-income countries in East Asia
and energy-rich countries with energy resources. In 1995, the five safer countries were
concentrated in the fossil energy-rich Middle East and Southeast Asia and in Latin America,
where the level of hydropower development is high (Figure 8a). In these countries, the
ratio of the index of Energy Supply Security to that of Energy Use Security has fluctuated
wildly, ranging from 2.5 to 11.5 and reflecting a significant gap between energy supply
and demand. However, with the progress of global energy development technology and a
deeper understanding of climate change and low-carbon economy, global countries have
performed better in the energy security use index. The data from 2019 shows that the
15 energy-secure countries had a significantly lower ratio of energy supply to demand,
from 1.2 to 6.5 (Figure 8b). This indicates that the issue had been resolved to a certain extent.
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Figure 8. Energy supply index to use index ratio.
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After the dramatic changes in Eastern Europe, Bulgaria, Poland, Lithuania and other
Eastern European countries joined the EU and undertook the outward transfer of the
manufacturing industries of Western Europe, relying on their relatively cheap labor and
relaxed production environment. With rapidly changing economic patterns, these countries
have gradually improved their energy use efficiency and environmental sustainability and
have witnessed the continued growth of the index of each energy security dimension during
the sample period (Figure 9a). However, limited by the domestic economic level, innovation
capacity and institutional mechanisms, the energy security supply index and economic
development index are significantly lower than those of the developed EU economies.
In 2019, Africa had four countries with “Better” energy security. Despite their backward
economy, some African countries have accelerated their industrial restructuring in recent
years and made full use of abundant natural resources and per capita energy consumption
far below the level of developed countries, making their environment security index higher
than other countries. In addition to this, the energy security usage index and economic
technology index are both increasing as energy demand rises. Although the overall energy
security index fluctuates, the overall total index value is consistently higher (Figure 9b).
For example, Angola exports 50% of its annual oil production to China, making it one of
the top ten countries that export oil into China.

a.Countries of the new EU after the dramatic changes in Eastern Europe
Energy Economic-development Energy Environment

b.Africa’"
Energy Use Ene

Mean v

205 200 2018 % 2000 205 200 2018 005 2000 s 200 201 s 200 2005 2010
Year Year Year Year

Figure 9. “Better” regional energy security system performance in four dimensions (part 1).

The Latin American region has abundant hydropower resources, with hydroelectric
power generation accounting for approximately 65% of total regional electricity generation,
resulting in a high energy security supply index and usage index (Figure 10a). Between
1995 and 2010, the energy security index decreased steadily as a result of political instability,
economic recession and deteriorating energy development conditions. In addition, the
energy security economic development index is relatively low due to the higher cost of
hydropower and higher average prices of regional electricity. After 2010, the overall energy
security index for the Latin American region increased rapidly. Conversely, relying on
abundant hydrocarbon resources, countries such as the UAE and Saudi Arabia have higher
regional energy availability and lower energy prices, thus resulting in a higher energy
security economic development index (Figure 10b). However, these countries depend
primarily on mineral resource exploitation and heavy industry and have higher energy
consumption and pollution emissions, so their energy security use index is lower than
their supply index and economic development index. Meanwhile, caused by the decreased
energy reserves of each country and the homogenization of energy supply types, these
countries’ energy supply security index has decreased from 0.22 to 0.12 since 1995. The
world’s largest coal exporter, Australia remains a net importer of crude oil and its energy
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security supply index shows a significant downward trend due to its decreasing energy
reserves (Figure 10c). Meanwhile, the energy security index of Australia has increased
significantly since 2005, as the government has made climate change the most important
political issue and actively transformed its economy. In addition, compared with Latin
America and hydrocarbon-rich countries, the energy environment index of Australia has
shown an increasing trend.
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Figure 10. “Better” regional energy security system performance in four dimensions (part 2).

(3) The countries with “Good” energy security are mainly located in the Middle East,
Southeast Europe and East Asia. Restricted by the political environment, economic level
and modernization process, the security of regional energy system in these countries is
facing challenges or undergoing rapid transformation. The Middle East, for example,
has rich hydrocarbon resources, high levels of energy supply and advanced economic
technology, but their economy is largely driven by the petrochemical industry, resulting in
low industrial energy efficiency and high greenhouse gas emissions. Meanwhile, coupled
with the continuous political conflicts and economic turmoil, their energy security use
index, environmental index and economic development index all lag behind the supply
index and the overall energy security index shows a downward trend (Figure 11a).

After the dramatic changes in Eastern Europe, Ukraine, Albania, Turkey and Russia
joined the Black Sea Economic Cooperation (BSE), to some extent, stabilizing energy
markets, diversifying energy structure and stabilizing domestic energy prices. Generally
speaking, the energy security index fluctuates in some years, whereas the energy security
index in all dimensions and the overall energy security indexes shows an increasing trend.
(Figure 11b). In addition, considering the high concentration of fossil energy in Russia and
the strong dependence of other member states on Russia’s energy supply, the potential
threat to the energy supply security of this region is relatively high. Meanwhile, these
countries still retain the economic pattern of the former Soviet Union, which leads to an
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irrational industrial structure, extensive energy use, low penetration of modern renewable
energy technologies and hence a lower overall energy security index than the EU countries.

a.Middle East
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Figure 11. “Good” regional energy security system performance in four dimensions.

Since the 21st century, the rapid rise of emerging East Asian economies, such as China,
Indonesia, Thailand and Malaysia, has led to continuous growth in the energy demand
index and decline in the energy security supply index and environment index. Since 1995,
with rapid economic development, developing countries have actively responded to the
UN Sustainable Development Goals, strengthened energy infrastructure and basic ser-
vices capacity building and vigorously eliminated energy poverty. Therefore, their energy
economy development index has significantly increased (Figure 11c). For example, Indone-
sia’s energy economy development index doubled during the sample period. Meanwhile,
rapidly increasing energy consumption enhanced its dependence on the foreign market,
making the regional energy security supply index appear to show an upward trend. For
example, as the world’s largest energy consumer and greenhouse gas emitter, China’s
dependence degree on oil and natural gas imports reached 70.8% and 43% in 2019.

(4) The countries with “Poor” and “Worse” energy security are concentrated in the
Asian and African regions. In the global economic landscape, due to lagging social pro-
ductivity, a hostile development environment for energy systems, poor infrastructure and
public services, African and South Asian countries have a low level of energy economic
development. In addition, coupled with the single energy supply structure and unsustain-
able energy use, these countries performed poorly in overall efficiency (Figure 12b). Given
the increasing energy demand and insufficient supply, the overall energy security index
did not grow until 2015. However, as the least energy secure region in the world, Africa
contained five at-risk countries in 2019, accounting for one-third of the total number of
“Worse” energy security countries worldwide. With frequent ethnic and religious conflicts,
relatively poor energy resource endowments and backward production capabilities, the en-
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ergy security of countries, including South Asia’s India, Nepal, Pakistan, Sri Lanka, Bhutan,
the Philippines, Myanmar and Cambodia, has been in a dangerous situation for a long
time. On the whole, the energy security composite index fluctuated considerably during
the sample period and current energy security is likely to deteriorate further (Figure 12a).
Since 2010, along with the popularization of electric power facilities, the implementation of
oil and gas energy subsidy policies and the proliferation of distributed renewable energy
technologies, the energy economy and technology level in South Asia has improved signifi-
cantly. For example, Cambodia had an access rate of only 16.22% in 1995, while the access
rate exceeded 84% in 2019, for which the energy economic technology index increased by
more than two times.
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Figure 12. “Poor” and “Worse” regional energy security system performance in five dimensions.

As high-income Asian countries, Japan, South Korea and Singapore perform less well
on the energy security supply index, resulting from their high foreign energy dependence.
For example, the Fukushima nuclear crisis has gradually increased the proportion of Japan’s
net energy import in total energy consumption from 80% to 94%, indicating that the security
of energy supply has been seriously challenged. Meanwhile, the energy security supply
index decreased from 0.026 in 1995 to 0.023 in 2019. Although Singapore gets more than
90% of its electricity from imported natural gas, the rapid development of solar energy and
the liberalization of the electricity market have significantly improved its energy supply
security. The associated index subsequently increased from 0.003 in 1995 to 0.005 in 2019,
yet the overall energy supply capacity remained low (Figure 12c).



Int. ]. Environ.

Res. Public Health 2022, 19, 14584 18 of 25

4. Exploration of the Driving Mechanism
4.1. Two-Dimensional Kernel Density Estimates for Global Energy Security
Based on the above analysis, this section uses the Kernel density estimation to evaluate

the energy security level of 102 countries from 1995 to 2019 and further plots the Kernel
two-dimensional graphs (Figures 13 and 14).

— sl

w

Nuclear density

~

00 01 02 03 04 05
Energy safety index

Figure 13. Kernel density estimates for the global energy security total index.
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Figure 14. Kernel density distribution in different dimensions of global energy security.

As shown in Figure 13, the global energy security level differs substantially and
does not obey the regular empirical distribution. On the whole, the energy use index,
energy economy index and energy environment index are characterized by unimodal or
multimodal distribution, suggesting obvious gradations of the three major dimensions of
the global energy security level. Among them, the energy use index is characterized by
unimodal distribution and no obvious grading trend appears. However, its peak value
is still low, indicating a low level of development of the energy security use index, with
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a.Energy supply

c.Energy economic-development

a few years in positive development. The energy economic index and energy environ-
ment index have a relatively gentle multi-peak characteristic and a thicker tail than the
normal distribution, namely, the distribution of “wide peak and thick tail”, indicating
the emergence of multipolar differentiation. The global energy security index and energy
supply index generally follow a unimodal distribution, meaning that there is no obvious
multilevel differentiation or heterogeneous groups. However, there is a large unimodal
width, indicating that the indices vary greatly. More years fall into the middle and low
energy security indices. Meanwhile, the peak value of the energy supply index curve is
relatively high, indicating that the global energy supply is gradually improving.

4.2. Three-Dimensional Kernel Density Estimates for Global Energy Security

To a certain extent, regional energy security depends on the stability of the energy sup-
ply system, the balance of energy service facilities, the sustainability of energy consumption
patterns and the superiority of the external environment for energy industry development.
From the spatial perspective, its distribution characteristics are basically consistent with
the international geopolitical pattern. To further explore the driving mechanism of the opti-
mization of the world energy security pattern since 1995, this section analyzes the density
distribution curve of the composite energy security index and other four dimensions from

1995 to 2019 (Figure 15).
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Figure 15. Evolution of energy security index in different dimensions.
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(1) The kernel density estimates of the global energy security supply index are shown
in Figure 15a. On the whole, the kernel density curves of the energy supply index are
characterized by unimodal distribution, suggesting no obvious gradations of global energy
supply. Meanwhile, due to the development of the world energy market and the econo-
mization and intensification of the regional energy systems, the average value of energy
supply security index of global countries is basically stable at about 0.07, showing no large
fluctuations in the energy supply security level. From the spatial curve extension, the
energy security supply index shows a rising peak height and a decreasing peak width and
the right tail of gradually shortens and moves to the left. From the change in the density
distribution curve, the range of energy security supply index of increasingly more countries
is between 0.04 and 0.1 and the number of countries in this range has increased from 39 in
1995 to 56 in 2019, mainly European developed or high-income countries. This also reflects
that developed or high-income countries occupy a favorable position in the global energy
market by virtue of their advantages in the market, system, political environment and dis-
course. In the process of economic globalization, the penetration of external energy markets
has effectively met local energy demand, thus guaranteeing the security and stability of
the regional energy supply. For example, two oil crises in the 1970s prompted advanced
European economies to shift to an energy-saving and low-carbon development model and
to guarantee the steady growth of energy supply through strategic energy reserves and
enhanced energy diplomacy.

(2) The kernel density estimates of the global energy security use index are shown
in Figure 15b. On the whole, the kernel density curves of the energy use index change
gradually from multimodal distribution to unimodal distribution, indicating that the
bifurcation of the energy security use index is gradually disappearing. Regarding the
spatial curve extension, the peak change trend of energy security use index is the same
as that of the supply index. From the change of density distribution curve, the number
of countries with energy use security index greater than 0.028 has also increased from 53
in 1995 to 75 in 2019. Notably, economically developed countries predominate among
these countries. For example, there are 35 EU or OECD countries among the 75 countries
with an energy use security index greater than 0.028 in 2019. The cause lies in the strong
environmental awareness of the countries and they have a long-term focus on energy
efficiency, renewable energy, bioeconomy and natural carbon sinks, carbon capture and
storage, leading to a level of sustainability of energy use significantly ahead of the rest
of the world. Relying on abundant hydro resources and the promotion of hydropower
development technologies, the level of energy use security in Latin America has also
increased significantly, with 13 countries having an energy use security index of 0.028
or higher.

(3) The kernel density estimates of the global energy security economic development
index are shown in Figure 15c. On the whole, the kernel density curves of this index are
characterized by bimodal distribution, while this distribution characteristic is gradually
disappearing. In the last five years of the 20th century, the global Energy Security Eco-
nomic Development Index showed an obvious bimodal distribution, but many countries
undertook industrial upgrading and technological innovation. By 2019, its polarization has
been effectively improved. For example, the number of countries with an energy economic
development index greater than 0.025 has also increased from 53 to 68, mainly located in
the Middle East and Eastern European countries with relatively abundant hydrocarbon re-
sources, as well as Latin American countries with abundant hydropower resources. Due to
the cheaper cost of energy development technology, as well as improved energy infrastruc-
ture and relatively low energy prices, these countries have seen a continuous improvement
in their energy economy and technology levels. From the spatial curve extension of the
kernel density curves, the peak height decreases and the peak width grows wider, reflecting
the widening gap in economic development between countries, and the overall distribution
tends to be dispersed. In the past 25 years, most countries with high energy security
economic development index have concentrated in North America, Europe, the Middle
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East and other developed countries. Owing to the higher levels of industrialization and
urbanization, the energy consumption demand in these countries is high. However, many
countries have actively carried out industrial upgrading, structural upgrading and scientific
and technological innovation, thereby reducing the intensity of energy consumption and
relieving the pressure on energy supply and demand. From the change in the density curve,
the average value of the global energy economic development index increased from 0.034
to 0.044 during the sample period. Attributing to the gradual easing supply and demand,
relatively stable or even decreasing average global energy prices and growing levels of
national economies and residents’ income, the level of energy economy and technology in
developed and emerging economies, which are highly dependent on imported energy, has
been improved. For example, the economic development of countries such as South Korea,
China and Thailand has been significantly improved.

(4) The kernel density estimates of the global energy security environmental index are
shown in Figure 15d. Morphologically, the kernel density curves of this index have obvious
double peaks from 1995 to 2019, indicating a serious polarization of the environmental index
among countries without effect improvement. It can be seen that the energy consumption
of developing countries is lower than that of developed countries due to the lower levels
of industrialization and economic development, thus relatively reducing the emission of
environmental pollutants; on the other hand, it also reflects the high dependence on global
countries on the use of fossil fuels, which is not yet matched by sufficient production of
renewable energy. From the spatial curve extension, the kernel density curve shows a
gradually rising peak height, which indicates that, although the gap in environmental
indices between countries is narrowing, the polarization still exists. From the change of the
density curve, the sustainability and efficiency of energy use receive the most international
attention. The global energy security environmental index shows a decreasing trend, with
its mean value decreasing from 0.04 in 1995 to 0.037 in 2019. Specifically, the number
of countries with energy security environmental index greater than 0.04 has decreased
from 45 to 38.

5. Conclusions and Discussion
5.1. Conclusions

In response to the challenges of climate change, environmental degradation and energy
poverty, the goal of all global countries is to build a new energy system that is clean, low-
carbon and efficient and to accelerate energy transformation and enhance regional energy
security. This paper systematically evaluates the state of energy security for 102 countries
from 1995 to 2019, reveals the evolution of the spatial pattern of world energy security
and main formation mechanisms and puts forward the focus of future energy geopolitical
games. The results are as follows.

(1) On the whole, global energy security shows local turmoil, but the overall energy
security index has a “J” shaped trend. This indicates that global energy security can be
influenced by geopolitics Since the beginning of the 21st century, the global energy security
pattern as a whole has been characterized by optimization. Specifically, the number of “Best”
energy security countries presents an obvious upward trend, whereas that of countries
with “Worse” energy security has decreased significantly. Among them, “Best” countries
have increased from 4 in 1995 to 9 in 2019. However, at different stages of development,
global energy security has shown obvious differences; especially since 2010, the optimizing
trend of the global energy security pattern is more significant.

(2) The level of comprehensive regional development significantly affects the op-
erational efficiency of their energy systems, so the global energy security pattern and
international geopolitical order zoning basically coincide. From the perspective of energy
security state, “Best” countries are concentrated in Western Europe and North America
economically developed regions, “Better” type countries are mainly distributed in Cen-
tral Europe, Latin America and Asian high-income regions. Meanwhile, countries with
“Good” performance are mainly located in the Middle East, Southeast Europe, where the
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energy system is in desperate need of transformation and “Worse” and “Poor” countries
are concentrated in economically underdeveloped Africa and South Asia.

(3) Over the past 25 years, driven by climate-friendly green technologies and sustained
low international oil prices, the developed economies and Latin American countries have
significantly increased their energy security level. However, there is little room for develop-
ing countries to improve their energy security, due to lower innovation capacity, backward
productivity and less disposable income of residents.

(4) The kernel density estimates of the global total energy security index and its di-
mensional indices do not obey traditional empirical distribution. During the sample period,
both the global energy security index and the energy supply index were characterized by
unimodal distribution; this indicates that the energy security levels of all countries in these
two dimensions are not multipolar, but only more dispersed in distribution. The gradual
evolution of the energy security use index from bimodal to unimodal indicates that the
energy security levels of all countries in this dimension have been effectively improved.
However, there are obvious bimodal characteristics of the energy economic development
index and energy environment index, indicating that the global economic level is seriously
differentiated and the ecological environment has not been improved. Meanwhile, against
the background of the rising populism in some countries, the intensification of trade barri-
ers and the strategic contraction of the United States in the Middle East, the future global
energy security pattern will be affected by the impact of China—-US relations, the pressure
on energy transition and the uncertainty of the political environment.

5.2. Discussion

Based on the above conclusions, we summarize the challenges that the future global
energy security landscape may face as follows:

(1) The global energy supply and demand pattern is gradually changing. In the past
decade, due to the rapid rise in oil and gas production brought about by the “shale rev-
olution”, the United States is seeking to regain its place as the world’s energy hegemon.
Meanwhile, the rise of emerging economies in East Asia has shifted the center of gravity of
world energy consumption eastward and China has now become the world’s top energy
demand country. In this context, China and the United States constitute the largest corre-
sponding relationship between supply and demand and the competition and cooperation
between two countries have also become the focus of the change of supply and demand in
the global energy market.

(2) The growth rate of the global economy in 2019 was 2.3%, lower than that in 2018,
suggesting a slowing trend. However, the total energy consumption increased by 1.3% and
consequently energy intensity recorded the smallest decline in the past 10 years. In addition,
the repeated global outbreaks of energy populism and power competition are challenging
the existing rules of multilateral consultation and international order and both the global
energy transition and international cooperation are facing more risks or uncertainties.

(3) The risk to social stability caused by energy transition gradually becomes one of
the important factors affecting regional energy security in terms of energy economy and
technology. Accelerating energy decarbonization is inevitable for all countries in order to
effectively respond to climate change and achieve the UN sustainable development goals.
However, from the experience of developed countries including Europe and the United
States, in the social context of weak economic growth, widening gap between rich and poor
and high debt ratio, the increased economic burden of residential energy consumption
greatly affects the effectiveness of regional energy transition.
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