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A B S T R A C T

The type and efficiency of energy are crucial for achieving global sustainability goals. To empirically explore this 
relationship and provide valuable insights for various market stakeholders, this study analyzes the connectedness 
between global sustainability and green and dirty energy sources using Time and Frequency Domain Connect
edness Analysis. Global sustainability (GSI), green energy (GEI), and dirty energy (DEI) are represented by the 
Nasdaq Future Global Sustainability Leaders Index, Nasdaq Clean Edge Green Energy Total Return Index, and 
Vanguard Energy Exchange-Traded Fund, respectively. The results show that, on average, 35.61 % of the forecast 
error variance spillovers of GSI can be attributed to green and dirty energy indices. Across all frequencies, GEI 
has a significantly greater influence than DEI in explaining forecast variance spillovers of GSI, as indicated by 
both static and pairwise dynamic directional connectedness analyses. These findings suggest that the relationship 
between global sustainability and green energy remains fragile, driven by short-term market dynamics often 
influenced by speculation and sentiment. Policymakers should implement stronger, more consistent policies to 
foster stable, long-term connections led by the green energy market, incentivizing entrepreneurs to invest in this 
sector and promoting sustainability.

1. Introduction

The United Nations Climate Change Conference (Conference of 
Parties – COP 27) held in Egypt in November 2022 has placed climate 
change and green finance at the center of the discussion on transition 
towards a sustainable economy. The concept refers to the need for 
economic activities to sustain a healthy, clean, just and equitable world. 
Sustainability encompasses three dimensions that form the pillars for all 
policies promoting it: the social, the economic and the environmental 
dimensions [1]. One of the major implications of pursuing sustainable 
economic activities is the need for a transition to low-carbon growth 
through appropriate energy sources, since they are deeply linked with 
global sustainability.

Frequently, sustainability is seen predominantly from an environ
mental perspective. However, the complexity of economic development 
process led to broadening this perspective to encompass several factors 
that shape global sustainability. These include state of the environment, 
the state of the economy, the level of social development of a country, 

the political and institutional setting, technological progress, cultural 
development, etc. These form the drivers of global sustainability. 
Interestingly, each of them is a composite dimension. For instance, the 
state of the economy refers to its ability to grow and fulfill the needs of 
people without depleting resources or damaging the environment. In 
turn, this calls for increased production but also more efficient pro
cesses, responsible production, higher human capital etc. Social devel
opment refers to the need to improve the well-being of individuals and 
communities with calls for a better access to health and to education 
along with a more ethical distribution of wealth. This would lead to the 
eradication of extreme poverty and other forms of deprivation. The 
concern for the environment calls for the need to internalize the external 
effects of production decisions. It calls also for the adoption of cleaner 
technologies, abating pollution and favoring energy efficiency and green 
investments taking into account, natural media including air and water 
quality, biodiversity and climate change. Political and institutional 
settings refer to the actions and policies of governments and other actors 
in promoting or hindering sustainable development. This is what is 
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referred to as the “enabling environment” for global sustainability in the 
development literature. Technological progress refers to the availability 
and use of technologies that can support sustainable development, such 
as renewable energy and sustainable transportation, etc. Finally, cul
tural development designates the values, beliefs and practices of in
dividuals and communities that can promote or hinder sustainable 
development.

Sustainability has been the central themes debated by international 
organizations, leaders and practitioners. Reverting to an economy that 
promotes social justice, equity and the global environment has been 
always a concern for academics. However, these last years witnessed a 
gain of interest for this topic for politicians and the public. This shift in 
focus translates the concern of people for the increasingly perceptible 
effects of global warming on health, nature, climate and the economy. 
The call for a transition to a more sustainable economy has been widely 
echoed by the 2030 Agenda for Sustainable Development adopted by all 
countries members of the United Nations in 2015. At the heart of the 
agenda, there are the UN sustainable development Goals (SDGs). They 
stipulate that poverty eradication and reducing inequality must go in- 
hand with improving access to health and education for all as well as 
promote green growth that addresses climate change and other envi
ronmental concerns. In terms of countries’ green recovery post-COVID- 
19, large disparities are reported. The relevant feature of the recovery 
paths is that those countries already engaged in the transition towards a 
greener economy pre-COVID-19 have been less vulnerable to the 
pandemic. Moreover, they have been more agile and ambitious in 
starting their green recovery [2]. This is the case for France, Sweden and 
Spain, for example. By contrast, Japan, Australia, South Korea and 
Germany are lagging behind in this race for green recovery.

Achieving global sustainability requires addressing them in a holistic 
and integrated approach. Nevertheless, ensuring low-carbon growth is 
the guiding line of all these drivers. At the heart of the low-carbon 
growth approach is the use of green energy sources that do not harm 
the environment and do not diminish natural resources. Examples of 
sustainable energy sources include solar, wind, hydro and geothermal 
power. They do not generate harmful emissions or pollutants or at least 
generate drastically less of them compared to fossil fuel sources such as 
coal, oil and natural gas. A report by the National Renewable Energy 
Laboratory (US Department of Energy) estimates that CO2 emission for 
non-renewable energy sources is multiple times more important than for 
renewable energy. Emission of CO2/kWh is typically <50 g for renew
able energy sources over their lifetime, compared to about 1000 g CO2/ 
kWh for coal and 475 g CO2/kWh for natural gas. More specifically, 
green energy is a concept designating energy types that emanate from 
natural sources (example, sunlight, wind or water). Although it is often 
mixed up with renewable energy, the concept of green energy can be 
slightly different. Actually, it is a broader concept englobing renewable 
energy sources. This implies that not all energy sources are green. For 
example, power generation that entails burning organic material even 
from sustainable sources may be renewable, but it is not necessarily 
green, due to the CO2 produced during the process. The contribution of 
green energy to global sustainability is found to be so important that 
promotion of green energy stands as a goal in its own right among the 
SDGs of the United Nations (Goal 7).

In terms of investments, the transition to green energy has vehicu
lated enormous amounts. For instance, the International Environmental 
Agency (IEA, 2022) estimates the global investment in clean energy 
technologies and efficiency worldwide in 2021 to reach USD 750 billion. 
The tendency is set to continue over the next years with the increasing 
need for more sustainable energy and the falling cost of clean energy 
technologies. IEA’s report (2022) conjecture that through 2030, more 
than USD 50 billion of public funds could be levied for pilot-projects of 
large-scale low-carbon energy technologies to sustain the green transi
tion. The IEA’s report also indicates that although it is still not very clear 
how the public energy R&D spending would evolve following the 
pressure on government budgets post-pandemic, it has been steadily 

increasing until 2020 and the impact of the stimuli whether financial or 
economics as part of governments anti-pandemic policies would boost 
spending R&D spending. The private sector has a leading role in sup
porting public policies regarding clean energy and energy efficiency.

The primary motivation of this study is to uncover both short- and 
long-term connectedness between global sustainability and clean/dirty 
energy sources. To achieve this, we employ frequency-domain 
connectedness measures, which allow for the identification of connec
tions across specific frequencies of interest, unlike traditional time- 
domain methodologies. As noted in Baruník and Křehlík [3], 
short-term cycles in variables correspond to higher frequency bands, 
while long-term patterns emerge in lower frequencies. This distinction is 
crucial, as economic agents, investors, and policymakers often adopt 
strategies tailored to varying time horizons and maturities in their ac
tivities and decisions. Consequently, evidence derived from 
frequency-specific analyses is necessary to address these differing per
spectives. Time-domain connectedness measures (e.g., VAR, Q-VAR, 
TVP-VAR) are limited in that they provide an aggregate measure of 
connectedness, failing to distinguish between short- and long-term dy
namics. In contrast, our study captures both transmitted and received 
spillovers from clean and dirty energy sources to global sustainability by 
decomposing the variability of time series into distinct frequency bands. 
This approach provides nuanced insights into the interconnectedness of 
these factors across varying time scales.

Within this context, the insights generated can provide valuable 
guidance for various market stakeholders, particularly policymakers. 
Achieving SDGs requires a collective effort to adjust carbon emission 
ratios and adopt renewable and green energy sources, necessitating both 
short- and long-term planning. According to the latest UN statistics 
(2024), only 17 % of these goals are on track to be achieved. While the 
net-zero carbon emissions target by 2050 allows for a 25-year timeline, 
the objective of achieving a 45 % reduction in carbon emissions grants 
only a five-year window. These time constraints compel policymakers to 
revise their strategies and implement more efficient and timely actions. 
In this regard, empirical evidence on the varying lengths of cycles in the 
interaction between sustainability and alternative energy sources be
comes increasingly relevant in guiding policymakers. By analyzing the 
connectedness between clean and dirty energy sources and global sus
tainability developments, this study aims to contribute empirical evi
dence that distinguishes short- and long-term dynamics. This approach 
departs from prior studies examining similar questions focusing on time- 
domain methods without accounting for the temporal characteristics of 
the relationship. These studies include Du and Xu [4], Ha et al. [5], 
Rezitis and Ahammad [6], among others. Indeed, these studies use 
time-domain connectedness methods, including VAR, Q-VAR, and 
TVP-VAR, to explore the relationship between energy sources (clean/
dirty) and sustainability (often through economic growth or market 
integration). Nevertheless, they tend to provide aggregate measures of 
connectedness without distinguishing between short-term dynamics and 
long-term trends. This distinction is critical for helping policymakers 
design context-specific and adaptive regulations, particularly during 
recurring market events like economic turbulence or geopolitical crises, 
including local and regional conflicts. By distinguishing the character
istics of connectedness across different time horizons, this study enables 
policymakers to develop tailored, event-oriented measures that are more 
effective in addressing energy-related hazards and advancing global 
sustainability efforts.

In the remainder of the study, we provide a comprehensive literature 
review that highlights prior research on similar questions and identifies 
the existing research gaps. Section three details the methodology, pre
senting the mathematical foundation of time-frequency connectedness 
analysis. Section four introduces the data and presents descriptive sta
tistics to enhance understanding of the variables’ characteristics. Section 
five presents the results of the empirical analysis. In section six, we 
discuss the relationship between energy sources and the sustainability 
framework, emphasizing key theoretical elements and our approach to 
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addressing them. Finally, section seven concludes the study, organized 
into three subsections: empirical findings, policy implications, and 
limitations of the research.

2. Literature review

Sustainability is a multidimensional concept, particularly in the 
context of economics, which is grounded in four key pillars [7–10]. The 
first pillar addresses the relationship between humans and nature, while 
the second emphasizes the orientation towards long-term goals, 
acknowledging a certain degree of uncertainty. The third pillar is 
anchored in the concept of inter-generational justice, encompassing 
fairness between both humans and nature. Finally, the fourth pillar fo
cuses on economic efficiency, striving to maximize well-being while 
minimizing harm and reducing the consumption of natural resources. 
This broad perspective is essential to capture the complexity of sus
tainability in a comprehensive way, though it also introduces ambiguity 
in its operationalization [9]. Despite this conceptual complexity, 
extensive literature has examined sustainability across various domains. 
In finance, the increasing attention to the relationship between sus
tainability and financial instruments has gained prominence, especially 
with the rise of green bonds, which are seen as pivotal in advancing 
sustainability [11–16]. Moreover, early studies such as those by Inderst 
et al. [17] and Eyraud et al. [18] have explored green investments, with 
the former developing methods to measure them and the latter 
analyzing trends and drivers linked to sustainability practices. Research 
has further investigated the role of green commodities [19,20] and 
green equities [21] in promoting sustainable development.

This paper specifically focuses on energy sources. According to the 
International Energy Agency [22], renewable energy usage globally 
increased by 3 % in 2020, driven by a nearly 7 % rise in electricity 
generation from renewable sources, with a 2 % increase in the share of 
renewables in global electricity generation between 2019 and 2020. In 
Europe, the share of renewables in gross final energy consumption 
reached 21.8 % in 2021, a 127 % increase compared to 2004 levels. The 
interdependencies between renewable energy, particularly green en
ergy, and global sustainability are multifaceted. A higher reliance on 
green energy reduces dependency on fossil-based energy sources. 
Studies by Midilli et al. [23] and Bhowmik et al. [24] suggest that green 
energy, with its clean and inexhaustible nature, eases the pressure on 
natural resources and fosters sustainability. However, these studies 
largely rely on theoretical assertions and lack empirical evidence across 
different contexts. Therefore, while green energy contributes to sus
tainable economic development and is sustainable in itself due to its 
environmental neutrality and inexhaustibility, the literature lacks suf
ficient empirical grounding to substantiate these claims.

Khan et al. [25] explore the relationship between renewable energy 
consumption, economic growth, and environmental outcomes, finding 
significant differences in the contributions of green energy and fossil 
fuels. Their results show that unlike dirty energy sources, green energy 
plays a vital role in fostering the connection between economic growth 
and environmental protection. Similarly, Sarkodie et al. [26] demon
strate that green energy-based developments significantly enhance 
environmental sustainability in OECD countries. Chen et al. [27] 
confirm that renewable energy consumption positively impacts eco
nomic growth in non-OECD countries only after a certain threshold of 
renewable energy adoption. In developed countries, however, renew
able energy consumption does not significantly affect economic growth. 
Additional studies by Dogan et al. [28], Madaleno et al. [29], and Ozcan 
et al. [30] emphasize the trade-offs between the economic benefits of 
renewable energy adoption and the ecological costs, highlighting the 
triangular relationship between energy consumption, economic growth, 
and environmental degradation. They argue that a "green economy" is 
essential for facilitating sustainable development. However, Zhironkin 
and Cehlár [31] note that transitioning to a green economy requires 
widespread adoption of green technologies in production and 

consumption, as well as the development of sustainable industries across 
all sectors.

Another key focus in energy-related literature is the impact of energy 
transition, often measured through the carbon footprint of various ac
tivities and its implications for sustainability. This relationship is often 
framed within the theoretical concept of the Environmental Kuznets 
Curve (EKC), which suggests that economic growth initially leads to 
environmental degradation but, after a certain threshold, results in 
improved environmental quality [32]. Some studies, such as Hassan 
et al., explore the potential for the EKC to operate in reverse, arguing 
that while economic growth may exacerbate environmental issues 
initially, sustainable practices and green growth can eventually reverse 
the negative trend in both developed and developing economies. Addi
tionally, the intensity and shape of the relationship between energy 
transition and sustainability are influenced by catalyst factors, including 
financial regulation and policy stringency. Meo & Adebayo [33] and 
Meo et al. [33] explore how stringent regulatory frameworks can lead to 
long-term emissions reductions through investments in low-carbon 
technologies, highlighting the critical role of regulatory environments 
and energy uncertainties in shaping emissions outcomes.

Empirical studies have extensively examined the factors driving CO2 
emissions across different sectors and regions, with a particular focus on 
the dynamic and asymmetric nature of emissions. In China, sectoral CO2 
emissions have been analyzed in-depth, considering the time-varying 
relationships between economic growth and emissions. Fatima et al. 
[34] use advanced econometric techniques to study these dynamics, 
emphasizing the need for emission reduction strategies that account for 
sectoral differences. Similarly, research by Meo et al. [35] investigates 
the impact of temperature fluctuations on environmental degradation in 
Pakistan, finding that rising temperatures exacerbate CO2 emissions. 
Bridgman et al. [36] also highlight the role of temperature fluctuations 
in pollutant concentrations in the Czech Republic. Moreover, factors 
such as rural population growth, energy consumption, and economic 
growth are identified as key drivers of CO2 emissions across regions. 
Shaari et al. [37] explore these interrelationships in developing econo
mies, identifying energy consumption as the most significant driver, 
especially in rural areas with lagging energy efficiency practices. Simi
larly, Bekhet and Othman [38] examine the effects of urbanization, 
energy consumption, and economic growth on CO2 emissions in 
Malaysia, finding that urbanization influences emissions in two distinct 
stages. Despite these insights, a significant gap exists regarding the 
effectiveness of green finance and technology adoption in reducing 
emissions. Afshan et al. [39] argue that green finance and stringent 
policies are essential for advancing sustainability, although their 
quantile-ARDL estimation suggests the benefits may differ based on 
levels of economic development. Some studies, however, contend that 
the impact of green technologies and finance may not be immediate, 
particularly in rapidly industrializing countries like China, where the 
transition to sustainability is hindered by competing priorities. Addi
tionally, while much of the research has focused on the relationship 
between CO2 emissions and economic growth, there is limited empirical 
work comparing the drivers of emissions across different regions. This 
discrepancy is evident in the contrasting findings when comparing 
developing and developed countries, where the EKC is commonly 
observed in developed economies, yet its applicability to developing 
nations remains contested due to ongoing structural changes.

Previous studies often overlook the distinction between short-term 
market-driven effects and long-term structural impacts, limiting their 
relevance for policymakers. To address this gap, our study employs a 
time-frequency connectedness approach, offering a deeper understand
ing of how green energy influences sustainability across different 
timescales. While extensive literature exists on sustainability and energy 
sources, research exploring the direct link between them remains rela
tively scarce. In conclusion, although the body of work on the rela
tionship between clean and dirty energy sources and sustainability is 
substantial, it remains fragmented. Frameworks like the EKC offer 
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valuable insights into potential sustainability pathways, yet empirical 
findings vary considerably depending on regional context, policy 
frameworks, and economic structures. The contrasting results regarding 
the roles of green finance and energy use highlight the need for further 
investigation, especially into the cyclical relationships influenced by 
both short- and long-term dynamics. Addressing these gaps will provide 
stronger empirical foundations, enabling policymakers and academics to 
develop more effective sustainability strategies and emission reduction 
policies.

3. Methodology: time-frequency domain connectedness analysis

This study employs a Time-Frequency Domain Connectedness 
Model, as proposed by Chatziantoniou et al. [40] - which is based on 
Barunik and Krehlik [3]- to investigate the dynamic interactions be
tween clean/dirty energy sources and global sustainability. This model 
is a significant extension of traditional time-domain connectedness 
measures, as it captures the interconnectedness of variables across both 
time and frequency bands (e.g., high-frequency, low-frequency), 
providing a richer understanding of the interactions. Moreover, it allows 
for time-varying connectedness, capturing the evolving nature of re
lationships between variables over time. Among its key features, the 
model decomposes the total connectedness into components associated 
with different time-frequency bands, enhancing the interpretation of the 
results. Overall, the model offers a more granular analysis of short-term 
and long-term spillovers.

This econometric approach has been effectively applied to study the 
interplay between sustainability and different markets. Among recent 
contributions to the topic, we find Rehman et al. [41] for the global 
energy market, Jiang et al. [42] for geopolitical risks and carbon mar
kets, Su and Zhao [43] for clean energy and technology, Suleman et al. 
for sustainability markets, Wu et al. [44] for carbon and energy markets 
and Gao et al. [45] in the context of tourism market in relation to the 
energy market. Likewise, Jiang and Chen [46] employ the model to 
provide evidence of heterogeneous frequency horizons across carbon, 
traditional and new energy, and material markets.

The model starts with a vector autoregressive (VAR) model for the 
n-dimensional time series yt =

(
y1t ,y2t,…,y1n

)
. The VAR model is given 

by: 

yt = A1yt− 1 + A2yt− 2 + ⋯ + Apyt− p + ϵt (1) 

Where yt is an n × 1 vector of endogenous variables, A1, A2, …,

Ap are the autoregressive coefficient matrices, and ϵt is an n ×1 vector 
of error terms.

In order to compute the connectedness measures, we derive the 
variance decomposition using the VAR model. For that, we define the 
variance decomposition from variable j to variable i over horizon H: 

θH
ij =

∑H
h=1

(
eʹ

iΦh
∑

ej
)2

∑H
h=1

(
éiΦh

∑
Φʹ

hej
) (2) 

where Φh is the moving average coefficient matrix from the VAR rep
resentation. The matrix Σ is the variance-covariance matrix of the error 
terms; and ei, ej are selection vectors. Eq. (2) is the basis for connect
edness measures.

Next, we define the directional connectedness measures as follows: 

Ci →j =
θH

ij
∑n

k=1θH
ik

(3) 

Cj→i =
θH

ji
∑n

k=1θH
ki

(4) 

Cnet
i = Ci →j + Cj→i (5) 

Eqs. (3) to (5) demonstrate, respectively, the directional 

connectedness from all other variables to variable i. from variable i to 
others, and the net directional connectedness for variable i. To analyze 
connectedness across different time horizons, we use the spectral density 
matrix S(d) at frequency d: 

S(d) = lim
T→∞

∑T

t=1
ytyʹ

t exp(− idt) (7) 

Then, the model decomposes the total variance-covariance matrix of 
the series into components that correspond to different time-frequency 
bands d. The connectedness between variables at frequency d is 
defined as: 

Cij(d) =
∑n

k=1|Granger − causality matrix elementik(d)|2
∑n

k=1
∑n

m=1|Granger − causality matrix elementkm(d)|2
(8) 

where Cij(d) measures the connectedness between variable i and j at 
frequency d and the Granger-causality matrix elements represent the 
directional influence between variables in the frequency domain.

The total connectedness across all frequencies at time t is the sum of 
the connectedness across different frequency bands d: 

Cij(t) =
∑D

d=1

Cij(d, t) (9) 

where D is the total number of frequency bands. The total connectedness 
Cij can be decomposed into contributions from different time-frequency 
bands (d): 

Cij(d) = Cij(dlow) + Cij(dmedium) + Cij
(
dhigh

)
(10) 

which we denote as: 

Cij(d) = Clow
ij + Cmedium

ij + Chigh
ij (11) 

where Clow
ij , Cmedium

ij and Chigh
ij represent the connectedness from low, 

medium, and high-frequency components, respectively.

4. Data

To examine the connectedness between green and dirty energy 
sources and global sustainability performance, we utilize three indices in 
our empirical analysis: The Nasdaq (n.a., a,b) Future Global Sustain
ability Leaders Index (GSI), Nasdaq Clean Edge Green Energy Total 
Return Index (GEI) and Vanguard Energy Exchange-Traded Fund (DEI) 
which are used to proxy Global Sustainability Index (GEI), Green Energy 
Index (GEI) and Dirty Energy Index (DEI), respectively. These proxies for 
global sustainability are widely used in the literature due to their broad 
coverage and comprehensive nature ([43,47–49], etc.). Their combined 
use allows for a more nuanced analysis of the complex relationship 
between sustainability and alternative energy sources. These indices are 
constructed using equity market data, and as highlighted in the litera
ture, their reliance on stock prices enables them to capture market dy
namics and shifts related to energy sector developments [50–52]. 
Moreover, since these indices are composed of stocks that specifically 
reflect energy market trends within the broader framework of sustai
nability—including environmental, social, and governance consider
ations as well as clean and dirty energy transitions—they serve as 
reliable barometers of market dynamics in this domain.

The analysis period is from 25.11.2016 to 17.11.2022. The first 
index, GSI, is introduced by Nasdaq aims to track stock price perfor
mance of firms which are considered as climate leaders. The criteria 
imposed in eligibility of the companies are as follows: having minimum 
two billion dollars of market capitalization, being recognized by the 
Responsible Investment Committee as a “climate leader” and passing 
particular restrictions to eliminate companies which are either directly 
or considerably exposed to fossil fuel market developments. The index 
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initiated in 2016 and possesses a base value of 1000. The second index, 
GEI, tracks the price performance of selected clean energy companies. 
Those businesses have operations mainly in manufacturing and devel
oping clean energy technologies and hold the standards of “Clean Edge”. 
The index was introduced in 2006 and has a first data point of 250. 
Finally, the last index, DEI, is a product of investment advisor company 
Vanguard Group, Inc. and displays the performance of shares in the 
energy sector that mainly operates in oil, natural gas and coal. The index 
depicts the performance of its constituents since 28.02.2013. Empirical 
analyses are conducted through E-views and R.

Table 1 populates the results of descriptive statistics. As seen, 
approximately each return series has an average return of zero. Median 
values also depict a similar image. According to the standard deviation 
statistics, GEI and DEI variables display a similar extent of fluctuations. 
Their variability is almost twice larger than GSI variability. As shown by 
skewness and kurtosis statistics, each series demonstrates departures 
from normal distribution. Negative values in skewness test statistic 
indicate that the frequency of above-mean returns is greater than below- 
mean returns in each variable. The greater kurtosis statistics than the 
reference number of three reveals that return series incorporate fat tails, 
namely, possess high probabilities for less likely expected events. The 
departures from normal distribution are confirmed by the statistically 
significant Jarque-Bera test results. Finally, to check the stationarity of 
the variables we employ ERS test of Stock et al. [53]. Results show that 
all variables are stationary in their levels as the test statistics suggest 
rejecting the null hypothesis of possessing unit root.

Fig. 1 demonstrates the price and return series of the variables. As 
seen, GSI and GEI variables follow similar price developments across the 
years. We observe a comparable reaction to the global pandemic which 
emerged in [55]. Both indices illustrate a plunge in this period. How
ever, a quick recovery occurs this plummet. On the other hand, these 
indices decouple toward the end of 2020 and divergence is maximized in 
Q3–2021. While GSI reach its historical high, GEI test its support levels 
of 1000 just before its new rally. When it comes to DEI, its pattern is 
quite different than the path followed by the other two indices. While 
the index experiences a sharp decline during the pandemic, subsequent 
years illustrate mostly a steady climb compared to other variables. We 
observe these reactions also in return series. The extent of fluctuations in 
returns is considerably larger during the pandemic period. These vari
ations keep sustaining in following years in GEI variable. Other two 
variables, GSI and DEI, show relatively smaller uncertainties in returns, 
except for the case occurred in DEI at the end of 2020.

5. Empirical analysis

Green energy is an essential component in achieving the goals for 
sustainable development. Since by their nature dirty energy sources 
have already a finite lifespan and harmful impacts on nature, the 
climate-resilient energies have become the interest of governments and 
academia. Thus, policies imposed in the transition from dirty energy to 
green sources have a great importance for the future of human beings 
and all stakeholders. To that end, in this study, we seek evidence 
regarding the current status of return spillovers between energy sources 
and global sustainability. By providing evidence, we aim to reveal the 
extent of interactions that may vary across the years and events occurred 
in global economy and society such as pandemic and financial 

turbulence.
The preferences of investors might be impactful on their investment 

horizon and frequencies enable us to consider this notion. To examine 
the transmission mechanism of spillovers through a virtue of frequency, 
here we employ time-frequency connectedness methodology of Barunik 
and Krehlik [3] and Chatziantoniou et al. [40]. Barunik and Krehlik [3] 
show that lower frequencies incorporate higher sensitivity to shocks; 
thus, we decompose the components of the system and split the 
connectedness analysis into three parts. This approach allows us to 
gauge the financial connectedness at any frequency band of interest. The 
time-frequency connectedness analysis results are presented in Table 2. 
The results are estimated through a VAR model that has an optimal lag 
length of two days, 200 days of window size and 100 days forecast ho
rizon. In analysis, the first model presents the total dynamic connect
edness. Frequency bands one, two and three roughly correspond to one 
to five days, five to thirty days and thirty days to infinity, respectively. In 
results, we mainly focus on spillovers received by GSI from other two 
variables.

The results indicate that in the first group, the lowest and highest 
own-variance share spillovers are observed in GEI (60.75 %) and DEI 
(72.00 %), respectively. Short-term own variance spillovers appear to 
dominate these total values. For instance, for the DEI, frequency bands 
one, two and three possess the following values 59.07 %, 10.89 % and 
2.04 %, respectively. Likewise, for the GSI, of 64.39 %, 55.55 % stem 
from shorter components in frequency bands. Therefore, GEI and DEI 
account for 35.61 % of the forecast error variance spillovers of GSI. The 
contribution of GEI (25.2/10.41=2.42 in total spillovers) appears to be 
as twice as greater than that of DEI in every frequency band. Thus, from 
averaged dynamic connectedness analysis results we conclude that 
although green and dirty energy sources impacts are relatively weak, 
spillovers transmitted to GSI from GEI are considerably greater than that 
of DEI. This result can be considered as an encouraging and motivating 
finding for the policy makers to promote green energy initiatives.

Fig. 2 displays dynamic total connectedness in respective frequency 
bands across the years. As the results indicate, total connectedness 
reaches its record high in emergence of the pandemic in [55], the 
COVID-19 crisis slowed down the global economy, resulting in a 
decrease of global CO2 emissions by about 5 % [56]. As a result of 
lockdowns and reduced economic activity, global demand for energy 
decreased considerably [55]. In spite of this, it must be noted that this 
reduction of CO2 emissions was accompanied by enormous economic 
losses worldwide [57]. It is evident that short-term components become 
more pronounced than their long-term counterpart over the analysis 
period. During 2021, the index has a smooth downward trend and de
clines up to 10 %. Unlike the steep rise due to the COVID-19, in 2022 the 
total connectedness gains momentum and starts climbing. The 
Russian-Ukraine war may account for this increase in total connected
ness. In the global energy market, Russia is considered the 
second-largest producer of oil and the largest producer of natural gas. 
Due to its vital role in global energy markets, Russia’s economy plays a 
major role in global energy markets. As a result, any changes in Russian 
energy policies, production policies, export policies, as well as geopo
litical events can have an impact on energy prices.

In Fig. 3, we present the net pairwise dynamic directional connect
edness. In discussing the findings, we use the zero line as a reference 
point. The values above this line indicate that the first variable in each 

Table 1 
Descriptive statistics.

Mean Median Std. Dev. Skewness Kurtosis Jarque-Bera ERS

GSI 0.0006 0.0011 0.0113 − 0.5393 15.868 10,833* − 18.0*
GEI 0.0009 0.0013 0.0222 − 0.4063 8.5570 2049* − 18.0*
DEI 0.0002 0.0000 0.0212 − 0.8650 17.252 13,388* − 16.0*

* denotes significance at the 1 % level. GSI: Global Sustainability Index, GEI: Green Energy Index, DEI: Dirty Energy Index, ERS: Elliott, Rothenberg, and Stock [54] 
Unit Root Test.
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pair is the transmitter of the return spillovers. Likewise, points below 
zero line illustrates the variable which is receiver of return spillovers. 
Accordingly, results depict that GEI is a net transmitter of spillovers to 
GSI especially in total and frequency band one. Unlike this persistent 
pattern, we observe varying interactions between GSI and DEI across the 
years in each frequency band utilized. Q4–2017 – Q3–2018 and [55] – 
Q1–2021 show pronounced and persistent spillovers from DEI to GSI 
predominantly in total and frequency band one.

When it comes to the last pair, GEI and DEI, it is evident that GEI 
illustrates a dominance on DEI. Across the years GEI becomes mostly a 
net transmitter of returns in all components, except for impersistent and 
temporal spillovers received from DEI during 2021. Results attained in 
time-varying domain reveal the stronger and more persistent impact of 
GEI on GSI than that of DEI. This influence is also can be monitored 
through the network structure of the averaged spillovers as demon
strated below. The GEI appears to be source of spillovers both in total 

Fig. 1. Price and return series of the variables.

Table 2 
Averaged time-frequency connectedness analysis.

GSI GEI DEI FROM GSI GEI DEI FROM

Total GSI 64.39 25.2 10.41 35.61 FB1 GSI 55.55 21.84 9.13 30.97
GEI 23.34 60.75 15.91 39.25 GEI 19.52 49.9 13.72 33.24
DEI 10.10 17.90 72.00 28.00 DEI 8.75 14.62 59.07 23.37
TO 33.44 43.1 26.33 102.9 TO 28.26 36.46 22.85 87.58
Net − 2.17 3.84 − 1.68 51.43 Net − 2.71 3.23 − 0.52 43.79
​ GSI GEI DEI FROM ​ GSI GEI DEI FROM

FB 2 GSI 7.46 2.82 1.08 3.9 FB3 GSI 1.37 0.53 0.21 0.74
GEI 3.22 9.11 1.85 5.07 GEI 0.61 1.73 0.35 0.95
DEI 1.15 2.77 10.89 3.91 DEI 0.21 0.51 2.04 0.72
TO 4.36 5.59 2.92 12.88 TO 0.82 1.05 0.55 2.42
Net 0.46 0.52 − 0.99 6.44 Net 0.08 0.09 − 0.17 1.21

FB: Frequency Band. The frequency bands d_1 (3.142 ~ 0.628), d_2 (0.628 ~ 0.105) and d_3 (0.105 ~ 0) corresponds to one to five days, five to thirty days and thirty 
days to infinity, respectively.

Fig. 2. Dynamic total connectedness.
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and short-term component. In both cases it propagates the spillovers to 
GSI and DEI. Only in frequency bands two and three this finding is 
partially violated and GSI turns into net transmitter of spillovers to GEI 
with a low intensity. The dominance of GEI is a promising finding both 
for policy makers and all stakeholders as it represents the overall de
velopments and performance of green energy sector.

6. Discussion

The extent to which global sustainability is connected to relevant 
market parameters plays a crucial role in shaping future policies and 
assessing the effectiveness of those already in place. Within this 
framework, one of the most critical components is the energy sector. 
Energy is not only vital for global sustainability, but it also drives in
ternational relations and economic development, and has the potential 
to exacerbate geopolitical risks. As a result, policymakers, investors, 
academics, and entrepreneurs closely monitor its interactions with other 
economic and political indicators. For example, Uçan et al. [58], Chen 

et al. [59], Rezitis, and Ahammad, [6], Dritsaki and Dristaki [60], 
Apergis and Payne [61] provide compelling evidence of energy’s influ
ence on economic growth. Similarly, Qin and Zhang [62], Apergis, N., & 
Fahmy, H. (2024), Qin et al. [55] highlight the significant connection 
between energy sources and political tensions and risks at the domestic, 
regional, and global levels. While economic and political events are of 
immense importance to countries and societies, the welfare of future 
generations warrants particular attention. In this context, this study 
provides valuable evidence regarding both the frequency and 
time-domain interactions between energy sources and global sustain
ability. Šević et al. [63] also examined the relationship between sus
tainability indices and clean energy. However, their approach primarily 
emphasizes a static, aggregate perspective, potentially overlooking the 
frequency-specific dynamics that our time-frequency connectedness 
methodology captures. Our results align with existing literature, offering 
new insights from a different perspective. For example, the evidence 
presented by Du and Xu [4], Ha et al. [5], and Rezitis and Ahammad [6] 
focus on the time domain, while our findings are based on both time and 

Fig. 3. Net pairwise dynamic directional connectedness.
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frequency domains. This distinction allows us to provide valuable in
sights for both short- and long-term horizons, informing investment 
decisions and policy applications across different time frames. For 
instance, significant, stable, and long-term interactions between green 
energy sources and global sustainability would indicate the potential 
leading and governing role of green energy in driving global sustain
ability, further encouraging efforts toward this transition, as suggested 
by the theory (see [24,61,64–66]). Moreover, uncovering the cyclical 
patterns in both the short and long run allows for more flexible strategy 
adjustments, as strategic planning objectives can differ across time ho
rizons. For instance, the European Commission has set climate change 
objectives for 2030 through Horizon Europe, while the EU’s long-term 
goals, as outlined in the Paris Agreement, aim for a climate-neutral 
continent by 2050. Our study indicates that the policies introduced so 
far may lack the robustness necessary to achieve these ambitious goals. 
The connectedness between green energy sources and global sustain
ability appears volatile, often influenced by daily market developments, 
speculative information, and noise traders. We present the empirical 
findings that support this conclusion in the following section. Addi
tionally, we offer meaningful implications for various market stake
holders, urging them to consider these insights in their decision-making 
processes.

7. Conclusion

7.1. Empirical findings

Green energy, such as solar energy, wind power and hydropower, is 
one of the drivers of sustainable development, a subset of renewable 
energy sources and alternative to their conventional or dirty counter
parts, namely, coal, gas, and oil. As green energy is mostly naturally 
replenished, it does not necessitate operations that harm the ecosystem 
through drilling and mining. Recent international protocols and raised 
awareness of green energy have dramatically decreased the carbon 
footprint in many countries and made significant contributions to the 
progress of global sustainability.

Considering these developments, in this study, we aim to make 
empirical contributions regarding the role of green energy to global 
sustainability by comparing its influence with its dirty counterpart. To 

that end, we employ three indices that represent developments in global 
sustainability (The Nasdaq Future Global Sustainability Leaders Index, 
GSI), green energy (Nasdaq Clean Edge Green Energy Total Return 
Index, GEI) and dirty energy (Vanguard Energy Exchange-Traded Fund, 
DEI). In empirical analysis we utilized time-frequency connectedness 
analysis that allows us to examine the spillovers among the variables 
across time and frequency bands of interest. We executed the analysis for 
three frequency bands; roughly corresponds to one to five days, five to 
thirty days and finally thirty days to infinity Fig. 4

The results indicate that the GSI accounts for 64.39 % of its own 
variance, while the GEI and DEI account for 60.75 % and 72.00 %, 
respectively. This means that 35.61 % of the forecast error variance 
spillovers of GSI can be accounted for by green and dirty economy 
indices. Regarding the selected frequency bands, we see that short-term 
own-variance spillovers appear to be governing total spillovers. We 
found that of 64.39 %, 55.55 % stem from the shortest-term component 
in GSI variable. The role of the green economy index appears to be 
significantly greater than dirty economy index. The coefficients for GEI 
and DEI are found as 25.20 % and 10.41 % in the total connectedness, 
respectively. This ratio does not change in short- and long-term com
ponents and under each frequency band the return spillovers from GEI to 
GSI seem approximately two times greater than that of DEI. When it 
comes to the pairwise spillovers, in all frequency bands we witness the 
dominance of GEI on GSI. Over the years GEI becomes the net trans
mitter of returns to the GSI and short-term component plays an active 
role in this interaction. On the other hand, DEI shows an inconsistent 
pattern by generating varying spillovers in their extent and duration. 
The return spillovers from GEI to GSI occur pronounced and persistent in 
the periods of Q4–2017 – Q3–2018, [55] – Q1–2021 and Q1-Q4 of 2022.

7.2. Policy implications

Our findings suggest that the connectedness between global sus
tainability and clean/dirty energy sources is primarily associated with 
higher frequencies, which correspond to short-term spillovers. The 
characteristics of high and low frequencies are linked to investor hori
zons, with short-term horizons relating to high frequencies and long- 
term horizons to low frequencies. The high-frequency effects indicate 
that spillovers from green energy sources to global sustainability are 

Fig. 4. Network structure of spillovers.
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more closely tied to speculative price movements, rather than long-term 
fundamental economic trends. Although we identify more significant 
interactions between clean energy sources and global sustainability, 
their dependence on short-term market fluctuations signals a greater 
presence of speculative behavior. This finding highlights an unhealthy 
connectedness between global sustainability and green energy. Despite 
global efforts to coordinate on climate change and carbon emissions, it 
appears that policymakers need to implement more robust measures to 
create a more stable, long-term relationship between these variables, 
one driven by fundamental economic indicators rather than short-term 
speculation. Encouraging investments in renewable energy, offering 
incentives such as tax advantages, and promoting initiatives within this 
framework could help foster a more stable relationship in the eyes of the 
public and investors. These measures would likely contribute to a 
steadier and more established connection between the variables. 
Considering investor sentiment in financial markets, it is clear that the 
current progress is insufficient to establish lasting, robust relationships. 
This cannot be achieved through equity market regulations alone. 
Therefore, policymakers may need to introduce more ambitious and 
transformative initiatives to guide and influence investor sentiment in 
the financial markets.

Our findings in the time-domain further support the arguments 
presented above. Considering equity markets as barometers of economic 
developments and investor sentiment, which vary depending on market 
efficiency, the increased connectedness of variables during periods of 
market turbulence suggests potential weaknesses in the alignment of 
goals between green energy utilization and global sustainability. This 
relationship appears to be highly sensitive to market developments and 
struggles to maintain a stable, long-term equilibrium. Our results show 
that both during the COVID-19 pandemic and the Russia-Ukraine war, 
global sustainability and green energy indices reacted sharply to market 
events, with spillovers spiking—particularly at higher fre
quencies—indicating a fragile, market-phase-dependent connectedness. 
This reinforces concerns about the insufficiency of global coordination 
and effort. The [67] statistics, showing a success rate of only 17 % in 
achieving the 2030 SDGs, align with this observation. Furthermore, the 
U.S. withdrawal from the Paris Climate Agreement in 2025 under the 
Trump administration may have exacerbated the negative dynamics 
between green energy and global sustainability. Policymakers should 
focus on creating more binding agreements and fostering collaborations 
between states, independent of individual political preferences. Such an 
approach could help establish more predictable market conditions, 
which are essential for entrepreneurs in estimating cash flows and 
budgeting for projects. This, in turn, could drive positive developments 
in green and renewable energy sources, contributing to global 
sustainability.

7.3. Limitations

As discussed, this study aims to provide evidence from different time 
horizons (frequency domains) through spillover analysis. Future 
research could expand on this by incorporating frequency-domain cau
sality analysis at various lag levels to explore the predictive power of 
lead-lag relationships between variables. This approach would provide 
valuable insights for investors in identifying leading variables in price 
developments across different time horizons. Due to data limitations, 
our study focuses on global-scale evidence and does not offer findings 
from a regional perspective. This limitation could be addressed by uti
lizing regional indices once they become available. Such region-specific 
findings could help policymakers design tailored measures for 
sustainability-related developments in different geographic contexts.
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[10] T. Waas, J. Hugé, A. Verbruggen, T. Wright, Sustainable development: a bird’s eye 
view, Sustainability 3 (10) (2011) 1637–1661.

[11] E. Agliardi, R. Agliardi, Financing environmentally-sustainable projects with green 
bonds, Environ. Dev. Econ. 24 (6) (2019) 608–623.

[12] U.S. Bhutta, A. Tariq, M. Farrukh, A. Raza, M.K. Iqbal, Green bonds for sustainable 
development: review of literature on development and impact of green bonds, 
Technol. Forecast. Soc. Change 175 (2022) 121378.

[13] Y. Chen, Z.J. Zhao, The rise of green bonds for sustainable finance: global standards 
and issues with the expanding Chinese market, Curr. Opin. Environ. Sustain. 52 
(2021) 54–57.

[14] A. Maltais, B. Nykvist, Understanding the role of green bonds in advancing 
sustainability, J. Sustain. Finan. Investm. (2020) 1–20.

[15] E. Teti, I. Baraglia, M. Dallocchio, G. Mariani, The green bonds: empirical evidence 
and implications for sustainability, J. Clean. Prod. 366 (2022) 132784.

[16] C. Tolliver, A.R. Keeley, S. Managi, Green bonds for the Paris agreement and 
sustainable development goals, Environ. Res. Lett. 14 (6) (2019) 064009.

[17] G. Inderst, C. Kaminker, F. Stewart, Defining and Meas. Green Invest. (2012).
[18] L. Eyraud, B. Clements, A. Wane, Green investment: trends and determinants, 

Energy Policy 60 (2013) 852–865.
[19] R. Khalfaoui, S.B. Jabeur, B. Dogan, The spillover effects and connectedness among 

green commodities, Bitcoins, and US stock markets: evidence from the quantile 
VAR network, J. Environ. Manage. 306 (2022) 114493.

[20] M.A. Naeem, O.B. Adekoya, J.A. Oliyide, Asymmetric spillovers between green 
bonds and commodities, J. Clean. Prod. 314 (2021) 128100.

[21] O. Cepni, R. Demirer, L. Rognone, Hedging climate risks with green assets, Econ. 
Lett. 212 (2022) 110312.

S. Gunay et al.                                                                                                                                                                                                                                  Sustainable Futures 10 (2025) 101012 

9 

http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0044
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0044
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0007
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0007
https://doi.org/10.3390/su16219164
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0064
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0064
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0064
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0006
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0006
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0008
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0008
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0066
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0066
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0081
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0081
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0049
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0049
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0075
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0075
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0076
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0076
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0038
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0028
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0028
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0055
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0055
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0015
http://refhub.elsevier.com/S2666-1888(25)00576-3/sbref0015


[22] IEA (2021), Global Energy Rev. 2021, Int. Environ. Agency, Paris https://www.iea. 
org/reports/global-energy-review-2021.

[23] A. Midilli, I. Dincer, M. Ay, Green energy strategies for sustainable development, 
Energy Policy 34 (18) (2006) 3623–3633.

[24] C. Bhowmik, S. Bhowmik, A. Ray, K.M. Pandey, Optimal green energy planning for 
sustainable development: a review, Renew. Sustain. Energy Rev. 71 (2017) 
796–813.

[25] S.A.R. Khan, D.I. Godil, M.U. Quddoos, Z. Yu, M.H. Akhtar, Z. Liang, Investigating 
the nexus between energy, economic growth, and environmental quality: a road 
map for the sustainable development, Sustain. Dev. 29 (5) (2021) 835–846.

[26] S.A. Sarkodie, A.N. Ajmi, F.F. Adedoyin, P.A. Owusu, Econometrics of 
anthropogenic emissions, green energy-based innovations, and energy intensity 
across OECD countries, Sustainability 13 (8) (2021) 4118.

[27] S. Chen, P. Liu, Z. Li, Low carbon transition pathway of power sector with high 
penetration of renewable energy, Renewable Sust. Energ. Rev. 130 (2020) 109985.

[28] E. Dogan, T. Luni, M.T. Majeed, P. Tzeremes, The nexus between global carbon and 
renewable energy sources: a step towards sustainability, J. Clean. Prod. 416 (2023) 
137927.

[29] M. Madaleno, D. Taskin, E. Dogan, P. Tzeremes, A dynamic connectedness analysis 
between rare earth prices and renewable energy, Resour. Policy. 85 (2023) 
103888.

[30] B. Ozcan, P.G. Tzeremes, N.G. Tzeremes, Energy consumption, economic growth 
and environmental degradation in OECD countries, Econ. Model. 84 (2020) 
203–213.

[31] S. Zhironkin, M. Cehlár, Green economy and sustainable development: the outlook, 
Energies (Basel) 15 (3) (2022) 1167.

[32] T.M. Selden, D. Song, Environmental quality and development: is there a Kuznets 
curve for air pollution emissions? J. Environ. Econ. Manage. 27 (2) (1994) 
147–162.

[33] M.S. Meo, T.S. Adebayo, Role of financial regulations and climate policy 
uncertainty in reducing CO2 emissions—An application of bootstrap subsample 
rolling-window Granger causality, Clean. Technol. Environ. Policy (2024) 1–17.

[34] T. Fatima, M.Z.A. Karim, M.S. Meo, Sectoral CO2 emissions in China: asymmetric 
and time-varying analysis, J. Environ. Plann. Manage. 64 (4) (2021) 581–610.

[35] M.S. Meo, S.P. Nathaniel, M.M. Khan, Q.A. Nisar, T. Fatima, Does temperature 
contribute to environment degradation? Pakistani experience based on nonlinear 
bounds testing approach, Global Bus. Rev. 24 (3) (2023) 535–549.

[36] H.A. Bridgman, T.D. Davies, T. Jickells, I. Hunova, K. Tovey, K. Bridges, 
V. Surapipith, Air pollution in the Krusne Hory region, Czech Republic during the 
1990s, Atmos. Environ. 36 (2002) 3375–3389.

[37] M.S. Shaari, N.Z. Abidin, A.R. Ridzuan, The impacts of rural population growth, 
energy use and economic growth on CO2 emissions, Int. J.Energy Econ. Policy 11 
(5) (2021) 553–561.

[38] Impact of urbanization growth on Malaysia CO2 emissions: evidence from the 
dynamic relationship, in: H.A. Bekhet, N.S. Othman (Eds.), Impact of urbanization 
growth on Malaysia CO2 emissions: evidence from the dynamic relationship, 
J. Clean. Prod. 154 (2017) 374–388.

[39] S. Afshan, T. Yaqoob, M.S. Meo, B. Hamid, Can green finance, green technologies, 
and environmental policy stringency leverage sustainability in China: evidence 
from quantile-ARDL estimation, Environ. Sci. Pollut. Res. 30 (22) (2023) 
61726–61740.

[40] I. Chatziantoniou, A.H. Elsayed, D. Gabauer, G. Gozgor, Oil price shocks and 
exchange rate dynamics: evidence from decomposed and partial connectedness 
measures for oil importing and exporting economies, Energy Econ. 120 (2022) 
106914, https://doi.org/10.1016/j.eneco.2022.106914.

[41] M.U. Rehman, M.A. Naeem, N. Ahmad, X.V. Vo, Global energy markets 
connectedness: evidence from time–frequency domain, Environ. Sci. Pollut. Res 30 
(12) (2023) 34319–34337.

[42] W. Jiang, J. Jiang, J. Hu, Time-frequency and quantile connectedness among 
geopolitical risks, conventional and clean energy, electricity, and carbon markets, 
Green Low-Carbon Econ. (2025).

[43] X. Su, Y. Zhao, What has the strongest connectedness with clean energy? 
Technology, substitutes, or raw materials, Energy Econ. 128 (2023) 107169.

[44] Y. Wu, W. Ren, Y. Xiong, G. Cao, P. Liang, W. Zeng, Return and volatility 
connectedness among carbon and energy markets based on time-and frequency- 
domain approaches, Front. Environ. Sci. 11 (2024) 1315893.

[45] W. Gao, S. Yang, Higher-order moments spillovers among energy, carbon, and 
tourism markets: time- and frequency-domain evidence, PLoS One 19 (11) (2024) 
e0313002.

[46] W. Jiang, Y. Chen, The time-frequency connectedness among carbon, traditional/ 
new energy and material markets of China in pre-and post-COVID-19 outbreak 
periods, Energy 246 (2022) 123320.

[47] C.L. Chang, Y.P. Ke, Testing price pressure, information, feedback trading, and 
smoothing effects for energy exchange traded funds, Ann. Finan. Econ. 9 (02) 
(2014) 1440006.

[48] R. Dias, N. Teixeira, P. Alexandre, M. Chambino, Exploring the connection between 
clean and dirty energy: implications for the transition to a carbon-resilient 
economy, Energies (Basel) 16 (13) (2023) 4982.

[49] F. Jawadi, N. Jawadi, A.I. Cheffou, A statistical analysis of uncertainty for 
conventional and ethical stock indexes, The Quart. Rev. Econ. Finan. 74 (2019) 
9–17.

[50] R. Benkraiem, A. Lahiani, A. Miloudi, M. Shahbaz, New insights into the US stock 
market reactions to energy price shocks, J. Int. Finan. Markets, Institut. Money 56 
(2018) 169–187.

[51] U. Oberndorfer, Energy prices, volatility, and the stock market: evidence from the 
Eurozone, Energy Policy 37 (12) (2009) 5787–5795.

[52] V. Ulusoy, S. Demiralay, Energy demand and stock market development in OECD 
countries: a panel data analysis, Renew. Sustain. Energy Rev. 71 (2017) 141–149.

[53] J. Stock, G. Elliott, T. Rothenberg, Efficient tests for an autoregressive unit root, 
Econometrica 64 (4) (1996) 813–836, https://doi.org/10.3386/t0130.

[54] Graham Elliott, Thomas J. Rothenberg, James H. Stock, Effic. Tests Autoregress. 
Unit Root (1992).

[55] Y. Qin, K. Hong, J. Chen, Z. Zhang, Asymmetric effects of geopolitical risks on 
energy returns and volatility under different market conditions, Energy Econ. 90 
(2020) 104851.

[56] European Commission. (2022, 10 14). Retrieved from EU Science Hub: https://jo 
int-research-centre.ec.europa.eu/jrc-news/global-co2-emissions-rebound-202 
1-after-temporary-reduction-during-covid19-lockdown-2022-10-14_en.

[57] Z. Liu, P. Ciais, Z. Deng, et al., Near-real-time monitoring of global CO2 emissions 
reveals the effects of the COVID-19 pandemic Nat, Commun, 11 (2020) 5172.

[58] O. Uçan, E. Turgut, A.N. Berkman, The relationship between energy consumption 
and economic growth: panel data analysis by country groups, J. Knowled. Econ. 
(2024) 1–17.

[59] C. Chen, M. Pinar, T. Stengos, Renewable energy consumption and economic 
growth nexus: evidence from a threshold model, Energy policy 139 (2020) 111295.

[60] C. Dritsaki, M. Dritsaki, Causal relationship between energy consumption, 
economic growth and CO2 emissions: a dynamic panel data approach, Int. J. 
Energy Econ. Policy 4 (2) (2014) 125–136.

[61] N. Apergis, J.E. Payne, Energy consumption and economic growth in developing 
countries: a panel data analysis, Energy Econom. 44 (2014) 185–191.

[62] Y. Qin, Z. Zhang, Transmission mechanisms of the effects of geopolitical risk on 
energy returns and volatility, Int. Rev. Financ. Anal. 95 (2024) 103363.
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