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Abstract: The World Energy Council has consistently formulated useful policies and ranked countries
in term of their performances in environmental sustainability, energy equity, and energy security.
In a novel approach, and possibly in one of the most unique studies in the World Energy Trilemma
literature, the current study examines the interaction of energy efficiency and economic growth of
several top-performing economies (Austria, Denmark, France, Finland, Germany, New Zealand,
Sweden, Switzerland, and the United Kingdom) in respect to environmental sustainability, energy
equity, and energy security. Importantly, while affirming the inappropriateness of the linear econo-
metric approach, the study utilized the newly developed quantile-on-quantile approach to examine
the dataset for the period 1990Q1 to 2018Q4. As such, the result largely indicates a significant and
positive effect of economic growth toward the energy efficiency across the quantiles for the examined
countries (Austria, Denmark, France, Finland, Germany, New Zealand, Sweden, Switzerland, and the
United Kingdom). On the other hand, energy efficiency also impacts economic growth in most parts
of the quantiles in the examined countries. However, the results show weak and negative interaction
in the lower quantiles (average of 0.1–0.3) only for Denmark, Germany, and New Zealand, while the
results further reveal weak and negative interaction in the middle quantile (average 0.4–0.6) for France,
Finland, and Sweden. Importantly, this study presents useful economic-related policy inferences from
the aspects of energy efficiency, energy security, energy equity, and environmental sustainability.

Keywords: economic growth; energy efficiency; energy trilemma; quantile-on-quantile

JEL Classification: O5; Q4; Q56

1. Introduction

Economic growth has remained a pertinent desire of most nations, as it is potentially
causing an increasing global energy demand. Consequently, the global target of reducing
global warming by reducing energy consumption proves difficult to achieve. However,
where growth occurs simultaneously with development, an increase in economic activities
can occur without an increase in energy use, which implies less emission of carbon while
more energy is conserved. This can be achieved through advanced production methods and
technical efficiency, whereby the least possible amount of energy is employed in producing
a unit of output [1–3]. Therefore, energy efficiency is considered to be a precondition for
expanding economic activity with the least cost [4,5].

Earlier, studies established the link between energy efficiency and the economy based
on factors other than the qualities of their energy policies [5–9]. For instance, while the
study by [7], was based on regional analysis, refs. [10,11] assessed large energy consumers,
refs. [5,12,13] based this relationship on the criteria of income levels, while [8,14] Lin and
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based this relationship on the quality of economic growth. In this study, we argue that
policy that pursues the energy transition is a bedrock of energy efficiency for economic
development. The call for sustainable energy by the World Energy Council emphasizes the
three dimensions of energy equity, energy security, and the environmental sustainability of
energy systems for a successful energy transition [15].

According to the [16], the three aspects of energy policies, captioned as the energy
trilemma, present competing priorities to policymakers. First, there is a compelling need
to develop an energy system that produces the least environmental cost in both energy
use and the energy production process. Secondly, another policy posits the need to ensure
an uninterrupted energy supply and its affordability. Finally, a policy addresses the
need to optimize the primary energy resources, provide reliable and sustainable energy
infrastructure at minimum cost, and minimize the cost of usage in the production of the
maximum possible amount of goods. Thus, the attainment of energy transition success as
measured by the Energy Trilemma Index has implications for the economy of successful
countries in this quest [17]. In recent times, there have been studies on the aspects of the
policies [18–24]. The existing studies did not point out the significance of energy efficiency
to the economic growth of countries with outstanding performance, see also [25,26].

Given the indication of improved energy efficiency in countries that have remarkable
performance in the Energy Trilemma Index, it is apparent that the attainment of energy
efficiency is technically possible if there is a synergy between the three dimensions of the
energy trilemma [26]. Refs. [17,26] underscored the need to learn from such countries so
that other countries can pursue a more coherent energy policy for economic development.
Furthermore, the energy trilemma has become an essential component of contemporary
economic development [14]. The establishment of the link between economic growth
and energy efficiency should be based on the exceptional characteristics of energy policy
and systems. It is on this premise that this study aims to find out how energy efficiency
enhances economic development within this context. This research, therefore, reveals this
relationship in the economies that are successful in the three dimensions of the energy
trilemma scores.

Given the background of the energy trilemma information alongside the macroeco-
nomic goal for steady economic growth of the aforementioned countries, it is worthwhile
to explore the relationships between the countries’ energy efficiency and economic growth,
as in Figure 1. This study’s objective is designed to assess the interaction of energy ef-
ficiency with the GDP of each of these countries. Since energy efficiency and economic
growth are both inherent in the Sustainable Development Goals (SDGs), we evaluate the
energy efficiency goal among the targets of energy policy and the relationship this has
with the macroeconomic goal of economic growth. Moreover, the energy trilemma issues
are interwoven, such that energy efficiency policy enhances energy security and reduces
the environmental costs of energy use [10,27,28]. The energy trilemma, as documented
in the World Energy Council report, implements an annual Energy Trilemma Index to
rank countries (for instance, Austria, Denmark, France, Finland, Germany, Luxembourg,
New Zealand, Sweden, Switzerland, and the United Kingdom in the 2019 energy trilemma)
according to energy equity, energy security, and environmental sustainability performances.
With that year’s ranking, Norway scored the highest in energy security, Sweden had the
highest score in energy equity, while Canada ranked first in environmental sustainability.
The ability of these countries to balance their trilemma according to their needs earned
them the top ten positions, which could be a reference point for other countries in respect
to energy transition.

In respect to the contribution, this research endeavor is billed to deliver a novel ap-
proach from two perspectives: (1) the study utilizes the annual Energy Trilemma Index
ranking that accounts for the world’s leading economies in terms of environmental sustain-
ability, energy equity, and energy security, and (2) a recently developed quantile-on-quantile
approach by [29] also provides the relationship between the variables of concern, especially
over the entire quantiles, as against a mean-based approach. This is an unusual model in the
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investigation of the energy efficiency–economic growth relationship in the literature. Being
an improvement over the traditional quantile regression (QR) model, the QQ approach
has the capacity to incorporate the fundamentals of QR and nonparametric estimation
research. It provides a more detailed assessment of the relationships, as it reveals how the
quantiles of energy efficiency influence the quantiles of economic growth and vice versa.
As a result, the method appears to transform the quantile of one parameter into another,
and the results are able to provide answers to the question: What is the nexus of energy
efficiency and economic growth at each quantile? The study concludes that the findings
include a comprehensive representation of the linkage of the dimension of energy efficiency
and economic growth that is not feasible using traditional approaches. An evaluation of
these countries in their admirable energy sustainability status also provides useful and
exemplary results in policy making. Lessons therein are practicable and able to motivate
the countries across the globe to pursue energy-saving goals, seeing that economies can
transition to cleaner production with a minimal energy cost even as they pursue economic
development. This is made possible by developing a coherent energy policy where energy
demand is reduced, thereby reducing the impact of energy use on the environment and
increasing the chance of energy access for all through energy conservation.

Energies 2023, 16, x FOR PEER REVIEW 3 of 22 
 

 

ranking that accounts for the world’s leading economies in terms of environmental 
sustainability, energy equity, and energy security, and (2) a recently developed quantile-
on-quantile approach by [29] also provides the relationship between the variables of 
concern, especially over the entire quantiles, as against a mean-based approach. This is an 
unusual model in the investigation of the energy efficiency–economic growth relationship 
in the literature. Being an improvement over the traditional quantile regression (QR) 
model, the QQ approach has the capacity to incorporate the fundamentals of QR and 
nonparametric estimation research. It provides a more detailed assessment of the 
relationships, as it reveals how the quantiles of energy efficiency influence the quantiles 
of economic growth and vice versa. As a result, the method appears to transform the 
quantile of one parameter into another, and the results are able to provide answers to the 
question: What is the nexus of energy efficiency and economic growth at each quantile? 
The study concludes that the findings include a comprehensive representation of the 
linkage of the dimension of energy efficiency and economic growth that is not feasible 
using traditional approaches. An evaluation of these countries in their admirable energy 
sustainability status also provides useful and exemplary results in policy making. Lessons 
therein are practicable and able to motivate the countries across the globe to pursue 
energy-saving goals, seeing that economies can transition to cleaner production with a 
minimal energy cost even as they pursue economic development. This is made possible 
by developing a coherent energy policy where energy demand is reduced, thereby 
reducing the impact of energy use on the environment and increasing the chance of energy 
access for all through energy conservation.  

The structure of the manuscript is of a specific order. Related theoretical and 
empirical studies are discussed in Section 2, while Section 3 presents the methodology of 
the study. In Sections 4–6, the employed dataset, results of the estimation approaches, and 
conclusion insights are all presented, respectively.  

 
Figure 1. The interaction of energy efficiency and economic growth amidst the energy trilemma. 
Source: Authors’ computation. 

2. Literature Review 
In this section, the theoretical background and relevant empirical literature are 

detailed in separate subsections.  

2.1. Theoretical Background 

Figure 1. The interaction of energy efficiency and economic growth amidst the energy trilemma.
Source: Authors’ computation.

The structure of the manuscript is of a specific order. Related theoretical and empirical
studies are discussed in Section 2, while Section 3 presents the methodology of the study. In
Sections 4 and 5, the employed dataset, results of the estimation approaches, and conclusion
insights are all presented, respectively.

2. Literature Review

In this section, the theoretical background and relevant empirical literature are detailed
in separate subsections.

2.1. Theoretical Background

The interaction of energy efficiency with economic growth is drawn from the tradi-
tional theory of production, whereby two or more inputs are combined in the production
process. The use of primary inputs in production is ideal; however, when combined with
some levels of technology, productivity can be increased [30]. Therefore, by increasing
technology, fewer primary inputs will be required for the same level of production. On the
reverse side, economic growth enhances energy efficiency because the energy transition
process depends on technological development. As society faces the need to combat envi-
ronmental pollution by reducing energy consumption, an increasing income motivates the
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need for research and technological development that further enhances increased produc-
tivity with fewer environmental costs [2,5]. At a reduced cost of production, more funds
can be invested in energy conservation policies. In addition, economic factors associated
with economic growth aid the development of technology for energy efficiency, such as
foreign direct investment, trade, economic policies, and degree of economic openness,
which aid technology transfer [31–36].

The choice between energy efficiency and economic growth could sometimes be a
tradeoff [37]. Energy efficiency enhances economic growth, provided it does not crowd
out other non-energy-intensive investments. However, the potential positive effect of
energy efficiency may be reversed, such that output growth drops if there is a crowding
out of nonenergy sectors by overwhelming research and technological innovations in
energy-intensive sectors [38]. If both energy efficiency and economic growth targets are
well-balanced and effectively managed, this relationship would rather be complementary
or mutual than a tradeoff. According to [38], where technological growth is exogenous,
energy efficiency improvement will not affect long-run economic growth. Thus, the pre-
dictability of economic growth depends on country-specific characteristics and the choice
of energy policy.

2.2. Empirical Literature

Preceding studies have considered the two pioneer theses that energy utilization
influences economic growth, and that economic growth leads to the demand for more
energy [39–46]. These and more shreds of evidence tend to shed light on the direction of
energy policy options and whether to adopt energy conservation policies or not, depending
on the established relationship of energy consumption with economic growth [47]. Even
though there has been no unified agreement in extant studies that link economic growth
to pure energy consumption, the Intergovernmental Panel on Climate Change (IPCC) [48]
points out that the energy–economic growth relationship should be considered beyond the
context of pure economic development, and that this should incorporate environmental
sustainability and sustainable growth. Ref. [49] provided evidence that both economic
growth and environmental quality could improve simultaneously due to the transition
to sustainable energy. This suggests that beyond growth, the environment and resource
conservation policies may also benefit from energy use if measures of energy efficiency are
considered. Energy efficiency through efficient utilization of clean energy sources offers
pathways to sustainable economic development [9,50].

In the high- and middle-income countries, a long-run causal relationship exists be-
tween energy efficiency and economic growth [5]. In emerging market economies, energy
efficiency has a long-run positive impact on economic growth, while a one-way causal
impact of energy efficiency on economic growth in the short term is an indication that there
are accompanying features of energy efficiency that help to predict economic growth of the
emerging market economies [6]. For the BRICS economies, energy efficiency and economic
growth mutually interact [8]. Ref. [8] further provide evidence that energy efficiency is vital
for economic growth among the BRICS, with positive effects across all the quantiles in their
analysis. This suggests that one of the dividends of energy efficiency is the remarkable
success of the BRICS economies.

Evidence from individual countries shows that improvement in energy efficiency
increases the GDP of Canada [2], China [10], and India [11]. The model from India showed
one-way causation from economic growth to energy efficiency both in the short and long
run [11]. Energy efficiency also stimulates economic growth in the United States [12].
Ref. [51] used the model of the Cobb–Douglas production function to assess the trends in
energy efficiency and economic activity in the United States, and the result suggests that
improved energy efficiency must be responsible for the observed increase in output per
worker. Ref. [14], the impact of energy efficiency on the quality of economic growth in
China showed nonlinear characteristics and diverse responses of quality growth to energy
efficiency across regions. The Netherlands had an annual aggregate improvement rate of
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about 1.4% in energy efficiency between 1980 and 1995 without a significant structural
change in some sectors over the same period; however, energy-intensive subsectors wit-
nessed significant and faster growth at the same time [52]. There may have been crowding
out of non-energy-intensive sectors, as suggested by [38]. Ref. [53] also found that economic
growth pressure hindered energy efficiency improvement through investment imbalance
and crowding-out effects. Through an input–output analysis, ref. [54] showed how energy
efficiency through quality investment in renewable energy sources improves economic
growth in Italy by its positive contribution to occupational performance. Ref. [37] proved
that energy efficiency improves economic growth by its positive contribution to total factor
productivity in manufacturing. Earlier, ref. [3] confirmed that energy efficiency is higher in
countries with higher total factor productivity. This is a reflection of more efficient use of
inputs in production which, in due course, result in economic growth.

An analysis of 11 European Union countries shows that both economic growth and
investments drive higher energy efficiency [7]. There is more proof that energy efficiency
improves with more economic growth activities. It is driven by industries [55], technologi-
cal growth [28,56,57], public finance and capital investment in efficient technologies [58,59],
as well as investment in research and development [33]. The response of energy efficiency
to economic growth could depend on the level of income. In that respect, ref. [13] analyzed
how both lower- and middle-income economies respond differently to energy intensity as
an indicator of energy efficiency. For upper middle-income economies, economic growth
has a negative impact on energy efficiency, but for lower middle-income countries, eco-
nomic growth has a positive impact on energy efficiency. This implies that as countries
reach for higher levels of income, the relationship between economic growth and energy
efficiency becomes negative. On the contrary, ref. [60] analyzed energy efficiencies with the
total-factor energy efficiency index, which includes energy inputs, and the result revealed
that energy efficiency declines at initial stages of per capita income but improves at the
latter stages, resulting in a U-shape relation. Ref. [33] showed that energy efficiency in
China is driven by income gains, but in more industrialized regions. Their results have no
indications that energy efficiency responds to the economy of less industrialized regions.

While there have been group- and country-level analyses of energy efficiency and
economic growth relationships, the literature is yet to show the energy efficiency–economic
growth relationship in the countries that have recorded huge successes in energy tran-
sition. Ref. [26] earlier showed the importance of energy efficiency in renewable energy
development in this group of countries. Among the 12 best-performing countries in the
2021 energy trilemma reports, energy efficiency, among other factors, positively drives
renewable energy development, while economic growth plays a significant role in their
sustainable energy development [26]. These countries should draw more significant atten-
tion in empirical studies based on the qualities of their energy policies which have yielded
desirable results. According to [49], energy transition is significant in the determination of
sustainable economic development. This study now examines the role of energy efficiency
in the economic growth of these countries which are considered successful in the energy
transition. Establishing this link within this context is an assessment of this type of energy
policy tool for productive efficiency, which has not been provided in the literature. This
study followed the 2019 Energy Trilemma Index, which is an assessment of selected top
10 countries that are considered the most energy-efficient countries. The analysis of the
link between energy efficiency and economic growth in these countries is based on this
assessment for more reliable inferences about the energy policy.

It is noteworthy that addressing the issues in the energy trilemma does not follow
the same course in all countries; thus, it does not produce the same results. A comprehen-
sive assessment of energy performance of the top 10 countries in the 2015 World Energy
Council’s Energy Trilemma Index by [61] suggests that countries address the conflicting
energy issues according to their preferences among the trio. For instance, while [62] con-
sidered that Iceland, Greece, New Zeeland, and Norway performed well in balancing the
trilemma, Ireland, the UK, and the USA were considered to have underperformed in this
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regard. In the same vein, out of 20 countries assessed, ref. [25] considered Australia, China,
Japan, Saudi Arabia, and Poland to be the most energy-efficient countries, while Mexico,
Indonesia, Russia, and Brazil were the least in terms of energy efficiency. For this reason,
each country has been distinctly assessed in this study, and the uniqueness of the changing
interaction between their economic growth and energy efficiency across different quantiles
was observed. Thus, the asymmetric and spatial properties of the relationships over time
are being observed through the unusual quantile-on-quantile (QQ) estimation technique.

3. Data and Methodology

This part will present the description (regarding the source of dataset and statistical
properties) of the dataset and the estimation approaches that have been employed.

3.1. Data

The present research assesses the dimension of interaction of economic expansion and
efficient use of energy among the top Energy Trilemma Index countries (Austria, Denmark,
France, Finland, Germany, New Zealand, Sweden, Switzerland, and the United Kingdom).
In doing so, and by excluding Luxembourg due to data restriction, the study uses gross
domestic product and energy efficiency. The study uses quarterly data spanning between
1990Q1 and 2018Q4. The descriptive statistics are depicted in Table 1, and the outcomes
of the Jarque–Bera probability revealed that the majority of the series did not conform
to normal distribution, which illustrates that using linear techniques to examine this
relationship will yield misleading results. Furthermore, we conducted a nonlinearity test
among the series using the non-linearity test [63], otherwise known as BDS) proposed
in [63]. The outcomes of the BDS test are presented in Table 2. Based on the outcomes
of the BDS test, we failed to reject the null hypothesis of nonlinearity. The outcomes of
Jarque–Bera probability and BDS confirm that the linear techniques cannot be utilized
in this empirical analysis. Thus, we utilized the quantile-on-quantile (QQ) regression to
catch the interconnection between efficiency of energy and GDP. In the existence of data
nonlinearity and nonnormality, quantile regression is the most effective approach that has
provided robust estimates while making simple data distribution assumptions. Thus, the
current study utilizes the quantile-on-quantile (QQ) method illustrated by [29] to assess
the asymmetric interconnection between economic growth (GDP) and energy efficiency
(EF) in Austria, Denmark, France, Finland, Germany, New Zealand, Sweden, Switzerland,
and the United Kingdom. As an advantage, it is believed that the QQ technique combines
both the nonparametric and quantile regression methods to capture the asymmetric and
spatial properties of the framework over time.

Table 1. Descriptive statistics.

Countries Mean Maximum Minimum JB (p-Value)

Energy Efficiency

Austria 1.3585 1.92041 0.8597 15.53 (0.00)

Denmark 1.1060 1.7246 −0.3983 135.15 (0.00)

France 1.7583 2.4592 0.7868 12.211 (0.00)

Finland 1.7581 2.338 1.190 8.652 (0.01)

Germany 1.6812 2.43075 1.0704 15.568 (0.00)

New Zealand 1.6101 2.0069 1.3770 13.895 (0.00)

Switzerland 0.0940 0.8108 −0.3570 40.831 (0.00)

Sweden 1.6394 2.0962 1.2568 3.6730 (0.15)

United Kingdom 1.2499 2.5558 −0.0264 12.687 (0.00)
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Table 1. Cont.

Countries Mean Maximum Minimum JB (p-Value)

Economic Growth

Austria 11.544 11.649 11.408 9.539 (0.00)

Denmark 11.476 11.572 11.358 9.274 (0.00)

France 12.380 12.46 12.276 10.937 (0.00)

Finland 11.33 11.43 11.17 13.602 (0.00)

Germany 12.506 12.596 12.399 4.3230 (0.11)

Switzerland 11.100 11.272 10.917 7.2368 (0.02)

Switzerland 11.716 11.834 11.630 9.6334 (0.00)

Sweden 10.602 10.748 10.424 10.570 (0.00)

United Kingdom 12.345 12.461 12.205 9.872 (0.00)
Source: Authors’ computation.

Table 2. Results of the BDS test for nonlinearity.

Country M2 (Prob) M3 (Prob) M4 (Prob) M5 (Prob) M6 (Prob)

Energy Efficiency

Austria 38.50 (0.00) 40.37 (0.00) 42.95 (0.00) 46.97 (0.00) 52.79 (0.00)

Denmark 18.423 (0.00) 19.05 (0.00) 19.84 (0.00) 21.09 (0.00) 22.74 (0.00)

France 44.67 (0.00) 47.04 (0.00) 50.28 (0.00) 55.09 (0.00) 61.70 (0.00)

Finland 47.70 (0.00) 50.34 (0.00) 53.87 (0.00) 59.03 (0.00) 66.16 (0.00)

Germany 40.57 (0.00) 42.69 (0.00) 45.26 (0.00) 49.46 (0.00) 55.50 (0.00)

New Zealand 16.56 (0.00) 16.48 (0.00) 16.61 (0.00) 17.20 (0.00) 18.20 (0.00)

Sweden 39.45 (0.00) 40.61 (0.00) 42.46 (0.00) 45.77 (0.00) 50.71 (0.00)

Switzerland 27.37 (0.00) 28.63 (0.00) 30.39 (0.00) 33.21 (0.00) 37.19 (0.00)

UK 45.14 (0.00) 47.44 (0.00) 50.52 (0.00) 55.21 (0.00) 61.72 (0.00)

Economic Growth

Austria 45.27 (0.00) 48.33 (0.00) 52.30 (0.00) 58.15 (0.00) 66.22 (0.00)

Denmark 35.88 (0.00) 38.29 (0.00) 41.35 (0.00) 45.82 (0.00) 51.95 (0.00)

France 43.45 (0.00) 46.44 (0.00) 50.27 (0.00) 55.85 (0.00) 63.527 (0.00)

Finland 46.11 (0.00) 48.61 (0.00) 52.07 (0.00) 57.47 (0.00) 65.15 (0.00)

Germany 46.11 (0.00) 48.61 (0.00) 52.07 (0.00) 57.47 (0.00) 65.15 (0.00)

New Zealand 49.25 (0.00) 52.41 (0.00) 56.56 (0.00) 62.73 (0.00) 71.31 (0.00)

Sweden 44.46 (0.00) 47.37 (0.00) 51.11 (0.00) 56.65 (0.00) 64.29 (0.00)

Switzerland 51.82 (0.00) 55.16046 59.61 (0.00) 66.27 (0.00) 75.52 (0.00)

United Kingdom 43.32 (0.00) 46.19 (0.00) 49.90 (0.00) 55.36 (0.00) 62.87 (0.00)

EF 45.14 (0.00) 47.44 (0.00) 50.52 (0.00) 55.21 (0.00) 61.72 (0.00)

GDP 43.32 (0.00) 46.19 (0.00) 49.90 (0.00) 55.36 (0.00) 62.87 (0.00)
Source: Authors’ computation.

3.2. Methodology

This section provides a brief description of how this research used the QQ tech-
nique of [29] to evaluate the interaction of economic expansion and efficient use of energy.
Researchers can look into how one indicator’s quantiles affect the quantiles of another indi-
cator using the QQ technique, which is an upgrade of the conventional quantile regression
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(QR) model. The QQ technique uses a combination of QR and nonparametric estimating.
First, traditional QR is used to estimate the impact of independent factors on the various
quantiles of the dependent variable. The phase of the analysis is shown as follows.

First Phase: In the initial phase, the study explored the nonlinearity characteristics of
the series of investigation. In doing so, the BSD test suggested was found suitable.

Second Phase: In the second phase, we used the quantile-on-quantile regression to
capture the effect of the explanatory variable quantiles on the dependent variable quantile.

Third Phase: In the third phase, we evaluated the robustness of the quantile-on-
quantile regression via quantile regression. Furthermore, Figure 2 presents the illustration
of the phase of analysis.
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4. Results and Discussion

This section of the study discusses the nexus of economic expansion and efficient use
of energy. Figure 3 signifies the estimates of quantiles on quantiles.

In the case of Austria, a positive and significant influence of GDP on energy efficiency
is shown in all the grids (0.1–0.9). This impact is constant throughout the qualities of energy
efficiency. Fascinatingly, a lower quantile of economic growth illustrates the maximum
effect on an upsurge in energy efficiency that is positive. These outcomes portray that
at the early stage, the influence of GDP on efficiency of energy is stronger. In summary,
GDP enhances energy efficiency in all quantiles. This observation is valid, considering
that the general government revenue and government spending, especially among the
Organization for Economic Corporation and Development (OECD) member countries, is
highest for some European Union (EU) member states: Sweden, Austria, Belgium, France,
Denmark, Finland, and Norway [64]. It then translates that these countries potentially have
significant resources to finance their respective energy development and energy efficiency
policies. Thus, this is the reason energy efficiency, especially of end-use sectors, reportedly
improved by 30% (with annual average rate of 1.4%) between 1990 and 2016 among the EU-
28 member states according to the European Environment Agency [65]. On the other hand,
the interconnection between economic growth and energy efficiency produces various
outcomes in all quantiles. While investigating the effect of economic growth on energy
efficiency in Austria, we notice a positive and significant influence of energy efficiency on
GDP at low quantiles (0.15–0.25). However, in the middle quantiles (0.3–0.7), the efficiency
of energy impacts economic growth negatively. Additionally, in the high quantiles (0.7–0.9),
energy efficiency influences GDP positively. In summary, efficiency of energy influences
economic growth positively. This observation is not far from the reality that Austria is
among the five EU countries with the highest energy consumption by end-use-per-dwelling
as at 2016 [65]. Specifically, the [65] EEA report opined that energy consumption by end-use-
per-dwelling among the EU member countries is highest in Luxembourg, Finland, Norway,
Belgium, and Austria. Moreover, the report hints that the energy utilization pattern is
reportedly highest for the purpose of space heating, water heating, cooking, and lighting
and electrical appliances.
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For the case of Denmark, at lower quantiles (0.1–0.2), the impact of GDP on energy
efficiency is weak and negative. However, in the middle and high quantiles (0.25–0.95),
the effect of GDP on energy efficiency is positive. This result indicates that an upsurge
in GDP is accompanied by a rise in energy efficiency in the middle and high quantiles.
On the flipside, there is a negative and significant influence of energy efficiency on GDP
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which is persistent in the lower and middle quantile (0.3–0.7), while in the high quantile
(0.7–0.9), the influence of energy efficiency on GDP is positive. This simply means that in the
high quantile, an increase in economic growth increases energy efficiency. To summarize,
these outcomes show that both energy efficiency and economic growth have a negative
and positive impact on each other at different quantiles. Similar to the reason ascribed
for Austria above, the positive and feedback relationship between economic growth and
energy efficiency, especially in the upper quantile, perfectly explains the wealth effect
arising from a country’s recent economic performance.

In the case of France, economic growth influences energy efficiency positively in lower
quantiles (0.1–0.4). However, in the medium quantiles (0.4–0.7), the impact of GDP on
energy efficiency is negative. Nonetheless, in the high quantiles (0.7–0.95), the influence of
economic growth is strong and positive. In summary, in the lower and higher quantiles,
the influence of GDP on energy efficiency is positive and significant. Moving to the other
side, the impact of energy efficiency on economic growth is negative, which implies that an
increase in energy efficiency decreases economic growth in the low and middle quantiles
(0.1–0.7). Nevertheless, in a high quantile (0.7–0.9), the influence of energy efficiency on
GDP is positive.

In the case of Finland, economic growth influences energy efficiency positively in the
low quantile (0.1–0.4). Nonetheless, in the middle quantile (0.4–0.7), the economic growth
influences energy efficiency negatively, which implies that an increase in economic growth
leads to a decrease in energy efficiency. Furthermore, in the high quantile (0.7–0–0.95), the
impact of economic growth on energy efficiency is significant and positive. In summary,
the impact of GDP on energy efficiency is positive, signifying that an upsurge in GDP is
accompanied by a rise in energy efficiency. On the other hand, regarding the impact of
energy efficiency on GDP, at quantile (0.1–0.5), the influence of energy efficiency on GDP is
positive. However, in the 0.6 quantile, the influence of energy efficiency on GDP is weak
and negative. Moreover, in the high quantile (0.7–0.95), the impact of energy efficiency on
economic growth is positive. In summary, the influence of energy efficiency on GDP is
positive, which suggests that increases in energy efficiency increase economic growth. As
implied earlier, the narrative of energy efficiency and economic growth nexus for Finland
is not a different scenario from the aforementioned countries. The notable contradiction
vis-à-vis a largely negative middle quantile inference of energy efficiency–economic growth
nexus is best explained because Finland, as the world’s most industrialized northern-
hemisphere country, is a high energy-intensive state, and it is home to extreme cold and a
high standard of living [66].

For the case of Germany, the influence of GDP on efficiency of energy is weak and
negative in the quantiles (0.1–0.15). Nonetheless, at quantiles (0.2–0.95), the influence of
GDP on energy efficiency is positive and significant, with high coefficients. In summary,
an increase in economic growth leads to an upsurge in energy efficiency. In the case of
Germany, the positive influence of GDP on energy efficiency across the quantiles is not
necessarily surprising, given that Germany’s economy is the third largest economy among
the OECD countries [67]. According to the OECD report, Germany’s energy efficiency and
low greenhouse gas (GHG) drive is driven by the country’s renewed target of reducing
primary energy consumption by 50% in 2050. On the flipside, in respect to the impact of
energy efficiency on GDP, there are mixed findings. For instance, in the lower quantiles
(0.1–0.4), the influence of energy efficiency on economic growth is weak and negative.
However, in the middle and high quantiles (0–4–0.95), there is the influence of energy
efficiency on economic growth. In summary, the positive impact of energy efficiency on
GDP is dominant.

In the case of Sweden, GDP impacts energy efficiency positively at quantiles (0.1–0.2).
Furthermore, at quantiles (0.2–0.7), the influence of GDP on energy efficiency is negative,
and in the high quantiles (0.7–0.95), the influence of GDP on energy efficiency is positive.
On the other hand, impact of energy efficiency on economic growth is positive at quantiles
(0.1–0.4). Nevertheless, at quantiles (0.4–0.7), the influence of energy efficiency on GDP
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is negative, which demonstrates that an increase in energy efficiency is accompanied by
a decrease in GDP. Lastly, at high quantiles (0.7–0.95), the impact of energy efficiency on
economic growth is positive. In summary, in the low and high quantiles, energy efficiency
influences GDP positively. In addition to the reasons earlier provided for the EU member
states, the result for Sweden can be linked with the country’s commitment to the energy
efficiency measures for products and buildings for product labeling and for buildings’
energy performance directives [68].

In the case of the United Kingdom, the impact of GDP on energy efficiency is positive in
almost all the quantiles. This suggests that an increase in economic growth is accompanied
by an increase in efficiency of energy. On the other hand, the impact of energy efficiency
on GDP is positive at quantiles (0.1–0.4). Nevertheless, in the middle quantiles (0.4–0.7),
the effect of energy efficiency on GDP is negative, which demonstrates that an increase
in energy efficiency is accompanied by a decrease in economic growth. Lastly, at high
quantiles (0.7–0.95), the impact of energy efficiency on economic growth is positive. In
summary, in the low and high quantiles, the influence of energy efficiency on economic
growth is positive. Although the United Kingdom has ceased to be a member state of
the EU, the success of the country’s energy efficiency and other related aspects is largely
reflected in the current estimation result. Additionally, affirmed in the result is that the
long years of economic strength of the United Kingdom have continued to spur alternative
energy development, thus enhancing the country’s energy efficiency profile.

In the case of New Zealand, the influence of GDP on energy efficiency is negative in
the lower quantiles (0.1–0.4). Nonetheless, at quantiles (0.4–0.95), the influence of GDP on
energy efficiency is positive and significant, with high coefficients. In summary, an upsurge
in GDP leads to an upsurge in energy efficiency in a majority of the quantiles. On the
other hand, in respect to the impact of energy efficiency on GDP at quantiles (0.1–0.85), the
influence of energy efficiency on GDP is positive, while in the 0.95 quantiles, the influence
of energy efficiency on GDP is negative. In summary, the positive influence of efficiency of
energy on GDP is dominant.

In the case of Switzerland, the impact of GDP on energy efficiency is positive in almost
all the quantiles. This suggests that an upsurge in GDP is accompanied by an upsurge in
energy efficiency. On the other side, the impact of energy efficiency on GDP is moderately
positive in all quantiles, although there is evidence of mild negative influence of energy
efficiency on economic growth. In summary, the influence of energy efficiency on economic
growth is positive, which suggests that increases in energy efficiency increase economic
growth. Like the United Kingdom and New Zealand, the non-EU member states with
significant economic prosperity, Switzerland’s energy efficiency performance is largely
associated with the country’s commitment to alternative energy development and its
economic performance.

Robustness Check

The QQ approach is used as an examination that assigns the coefficient of the con-
ventional quantile regression model. It enables the explicit coefficients of the predictor
parameter to be obtained at various quantiles. The quantile regression (QR) model is
based simply on the quantile of economic growth (energy efficiency) on energy efficiency
(economic growth), and the quantile regression coefficients can be separately indexed by σ.
As mentioned above, the QQ approaches take into account the quantile effect of economic
growth (energy efficiency) on the quantile efficiency (economic growth) of the different
values of σ and π. This approach thus affirms the more expansive features of the efficiency
of energy and GDP association related to the quantile regression model. Figure 4 supports
the findings discussed previously in the QQ method. The influence of economic growth on
energy efficiency is positive predominantly at the low, middle, and high quantiles, except
for in Switzerland, for which the influence of economic growth on energy efficiency is
negative in the lower quantiles. The graphs demonstrate that the overall QQ calculation of
the slope coefficients is roughly identical to the QR estimate for all nations of investigation.
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These outcomes further affirm the QQ method. Figure 2 confirms the prior findings of the
present research that the impact of energy efficiency on economic development is positive
across the quantiles of the nations of study. Nevertheless, a negative influence of energy
efficiency on economic growth is observed in the middle quantiles for the United Kingdom,
high quantiles for Finland, middle quantiles for France, and Austria. Furthermore, the out-
comes display the existence of heterogeneity between efficiency and GDP in all countries.
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Unfolding the coefficients’ size, the larger positive effect of GDP on energy efficiency
is established in Austria, the United Kingdom, France, Germany, and Finland, while a
comparable low coefficient is found in New Zealand, Sweden, and Switzerland. The same
explanation grasps when the present research examined the effect of energy efficiency on
GDP. Figure 2 approves the outcomes elucidated previously utilizing the QQ method. The
influence of energy efficiency on GDP is positive, specifically at the low and high quantiles
in all nations except Denmark and Finland. The graphs portray that the average slope
coefficients of the QQ estimate are closely linked to the coefficient of QR for all the nations.
Figure 2 confirms the prior outcomes of this research that demonstrated that the effect of
the energy efficiency on GDP is positive across the quantiles in Sweden, New Zealand,
Switzerland, and Germany. However, the influence of energy efficiency on GDP is negative
mainly in the medium quantiles for United Kingdom and Austria and high quantiles for
Finland and France. Discussing coefficients’ size, the greater effect of energy efficiency on
GDP is established in New Zealand, Finland, Sweden, and Switzerland.

5. Conclusions and Policy

The annual Energy Trilemma Index ranked the world’s economies according to their
performance on environmental sustainability, energy equity, and energy security. Ac-
cordingly, the World Energy Council in 2019 framed Austria, Denmark, France, Finland,
Germany, Luxembourg, New Zealand, Sweden, Switzerland, and the United Kingdom
as the best performing economies in the aspects of environmental sustainability, energy
equity, and energy security. Considering the economic growth and development progress
of the aforementioned countries (except Luxembourg, which was excluded because of
data limitation) and their respective energy utilizations, the current study examined the
relationship between GDP and energy efficiency. Thus, adding to the novelty in the case
selection, the current study employed the quantile-on-quantile approach of [29] by using
the quarterly data for the period of 1990Q1–2018Q4. Consequently, the results largely
revealed a significant and positive influence of economic growth on energy efficiency in the
quantile for the examined countries (Austria, Denmark, France, Finland, Germany, New
Zealand, Sweden, Switzerland, and the United Kingdom). In the reverse circumstance,
energy efficiency influences economic growth in the larger parts of the quantiles in the
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countries. However, a weak and negative interaction is observed in the lower quantile
(average of 0.1–0.3) only for Denmark, Germany, and New Zealand, while a weak and neg-
ative interaction is noticed in the middle quantile (average 0.4–0.6) for France, Finland, and
Sweden. Considering the result of the investigation, there are relevant policy fundamentals
for adoption and implementation.

Policy Insight

The top ten performing countries of the Energy Trilemma Index are dominated by
the EU member states, an indication of the region’s recent energy efficiency achievement.
Taking a clue from the existing EU energy efficiency measures, i.e., the eco-design for
products and buildings directive (2009/125/EC), labeling directive (2017/1369/EU), and
buildings’ energy performance directive (2010/31/EU) [68], the EU and other regional
energy-efficiency measures could be extended to other socioeconomic activities. Partic-
ularly, the domestication of energy efficiency and related directives such as codes and
standards, energy building standards, etc., in these countries and other inclined economies
should be carefully pursued in the framework of environmental sustainability, energy
equity, and energy security. Additionally, the growth path of these economies should be
further geared toward inclusiveness by adopting green- and environmental sustainability-
inclined measures across the sectors of the economy.
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