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ABSTRACT
One of the fundamental challenges on the path to sustainability is the interruption caused by various uncertainties. This study
examines how clean energy technology interacts with sustainability uncertainty across different timescales and frequencies, using
data from March 2013 to March 2025. Wavelet coherence and partial wavelet coherence analyses are used to explore the dynamic
relationships, accounting for the influence of oil futures. The results indicate a dynamic relationship between clean energy technol-
ogy and sustainability uncertainty. While clean technology and sustainability uncertainty moved in opposite directions between
2014 and 2015, there were positive co-movements from 2017 to 2021. Most changes were driven by clean technology and were
evident only in the short term, whereas movements were nearly synchronized in the medium term, with indications of long-term
synchronization. Therefore, sustainability uncertainty may be triggered by the market signal effect, which causes most short-term
disturbances. However, this relationship is not entirely independent of oil futures, especially in the long term. This suggests that a
long-term sustainability path is not independent of oil market dynamics. Consequently, long-term sustainability strategies could
be more effective by leveraging attractive clean technology stock indices to improve sustainable finance.

1 | Introduction

The Sustainable Development Goals are intended to address con-
temporary global challenges more effectively than before. They
encompass economic, environmental, and social dimensions,
each associated with significant uncertainty. Given the urgent
need to accelerate the transition from unsustainable practices to
a more sustainable culture, new policies are being developed, and
existing regulatory guidelines are being revised, tested, or main-
tained. Such changes create uncertainty by causing variations in
sustainability outcomes. Despite all sustainability plans, global
sustainability remains unpredictable due to persistent threats.
These include ongoing climate change challenges resulting from
rising greenhouse gas emissions and increased environmental
vulnerability to economic activities. For example, the IEA (2024)
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reports that population growth has widened the energy access
gap, despite increased access to electricity, resulting in unequal
access to clean energy. This highlights the inadequacy of exist-
ing sustainability plans. Consequently, sustainable development
indicators remain highly uncertain. Diwekar et al. (2021) also
identified uncertainty as a major challenge for sustainability
efforts. Therefore, uncertainties related to any aspect of sus-
tainable development can delay its achievement. It is essential
to adopt more consistent sustainability models to mitigate sys-
temic risks arising from the inability to predict the outcomes of
strategies.

Innovation and technology are critical in the journey towards
achieving sustainability (Vergragt 2006; Coccia 2024). As reliance
on traditional practices declines, countries are increasingly
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FIGURE 1 | Transmission mechanism of green innovation to sustainability uncertainty.

adopting clean technologies to support sustainability. For
example, recognizing that fossil fuel energy consumption is a
major source of greenhouse gas emissions, the Paris Agreement
is committed to reducing the share of carbon-emitting energy
in total energy consumption while increasing the share of clean
energy in the global energy mix. Most advanced countries that
can afford clean energy technologies have transitioned more
rapidly than less advanced countries (Ram et al. 2022). This global
shift is expected to reduce reliance on traditional fossil fuels, mit-
igate environmental degradation, and promote sustainable eco-
nomic growth. This development has two important transmis-
sion mechanisms for sustainability uncertainty: the market sig-
nal effect and the structural change effect. This is illustrated in
Figure 1.

The first transmission mechanism is the market signal, which
shifts investors’ perceptions of clean energy equities (Flam-
mer 2021; Van der Auwera et al. 2023; Jiang and Wang 2025). As
sustainability policies emerge, investors may perceive profitable
opportunities in companies with high sustainability impact.
Rising investment valuations and perceived profitability fuel
optimism and investor confidence. This signal effect leads to
increased capital inflows into the clean technology sector, result-
ing in sustained growth in this sector (Achuo et al. 2025; Ali
et al. 2025). As sustainability policies gain credibility, investors
gain a clearer understanding of transition policies and become
more willing to accept associated risks (Ali et al. 2025). This align-
ment helps investment decisions better reflect sustainability poli-
cies. It improves sustainability conditions and makes them more
predictable, thereby reducing sustainability uncertainty.

However, investors’ decisions are based on rational behaviour.
Since expectations drive uncertainty, new phases of uncertainty

may emerge if optimism becomes excessive and speculative activ-
ity increases. Portfolio theory suggests that investors are con-
cerned with the risks and returns of their portfolios. Portfolios
may be sufficiently diversified as a risk management strategy
for investors (Markowitz 2008). Different expectations regard-
ing future sustainability dynamics can affect the performance
of clean technology investments. For example, the relationship
between the fossil fuel market and the clean energy technology
market determines how investment capacity will influence sus-
tainability uncertainty (Henriques and Sadorsky 2008; Managi
and Okimoto 2013; Ozkan et al. 2024, 2025). If increased develop-
ment of the fossil fuel market promotes fossil fuel consumption,
climate risk and transition risk will persist, necessitating policy
revision. This positions oil as a mutual determinant of sustain-
ability and clean technology development. This not only gener-
ates market volatility but also creates instabilities in sustainability
indicators and causes capital misallocation among sectors.

The second channel of transmission is the structural channel,
which suggests that sustainability uncertainty decreases with the
deployment of clean technology. Financial development directly
affects clean technology industries, leading to increased fund-
ing for innovation (Shahbaz et al. 2021). Technological progress
necessitates structural adjustment, and conventional production
methods are phased out as new technologies emerge. This trans-
formation improves sustainability fundamentals, such as energy
access, reduced climate risk, and production efficiency, until
these factors stabilise in the long term. The effectiveness of
clean energy technology ultimately shapes institutional policies
and societal norms, resulting in more sustainable structures and
reduced uncertainty (Berrone et al. 2013; Schramade 2017; Ao
et al. 2023). However, new forms of uncertainty may arise during
the transition process through policy reviews, initial coordination
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challenges, regulatory shocks, and policy risks, particularly dur-
ing short-term instabilities. Thus, green innovation may initially
increase uncertainty before reducing it.

Based on these premises, the role of clean technology in enhanc-
ing sustainability performance is widely recognised, but its role in
the stability of sustainability indicators remains unclear. Specifi-
cally, there is limited empirical evidence on how clean technology
investment coordinates with uncertainty related to sustainability.
While previous studies, such as Ahmed et al. (2022), Fang (2023),
Li et al. (2023), and Cao et al. (2025), have examined the
impact of technology on sustainability, they assessed sustainabil-
ity primarily in terms of carbon emissions reduction. Although
environmental issues are critical, this study adopts the view
that sustainability improvement extends beyond environmental
fundamentals such as energy transition, emissions reduction,
climate risk, and resource efficiency. A more policy-relevant
approach requires a holistic measure that incorporates the mul-
tidimensional underlying conditions determining sustainability.
These include production efficiency, investment patterns, policy
consistency, regulatory quality, demographic changes, consump-
tion adjustment, and adaptability. The Environmental, Social,
and Governance (ESG) index is a measure that captures the com-
prehensive scope of sustainability. Given the uncertainty in the
path to sustainability, the development of a sustainability-related
uncertainty index (Ongan et al. 2025) offers a more effec-
tive benchmark for assessing sustainability uncertainty. Ongan
et al. (2025) measured sustainability potential from the perspec-
tive of uncertainty in ESG factors. This index quantifies uncer-
tainty related to sustainability conditions over time so that their
changes can be adequately assessed in relation to technology
development.

To this end, this study’s objective is to investigate how the evo-
lution of sustainability uncertainty is associated with technolog-
ical change. Specifically, the study examines the dynamic rela-
tionship between clean technology investment and sustainabil-
ity uncertainty across time and frequency. This is important
for demonstrating whether clean technology investment aligns
with sustainability policies to promote stability. Furthermore,
the study evaluates the persistence of this relationship under
the influence of the oil market, as clean technology may not
have an independent relationship with sustainability uncertainty
due to changing market conditions and structural factors over
time. Tiwari et al. (2026) established that sustainability-related
uncertainties constitute barriers, particularly when unexpected
interruptions or policy ambiguity occur. To provide more robust
evidence, this relationship is tested using other uncertainty mea-
sures, including economic policy uncertainty, climate policy
uncertainty, and geopolitical risk. Although these are not ade-
quately sustainability-specific, like the sustainability uncertainty
index, which is directly related to green financial markets. This
comparison reveals the unique explanatory power of the sustain-
ability uncertainty index in green finance and directs towards
less ambiguous policies. The general analysis is anchored in the
instabilities in the sustainability system’s performance, such as
transition shocks, policy shocks, environmental shocks, struc-
tural shocks, and volatility in energy markets. This study pro-
vides insight into the need for more active sustainability strategies
through sustainable finance. It directs policy towards ensuring

stability while balancing progress across sustainability systems
through an integrated policy approach.

The rest of the study is structured as follows: Section 2 presents
the review of theoretical and empirical literature, Section 3
describes the data and methodology, and Section 4 presents
results and discussion. The conclusion is presented in Section 5.

2 | Literature Review and Hypotheses
Development

The logical relationship that led to associating sustainability
uncertainty with technological advancement has also prompted
an assessment of their relationships in the literature. The litera-
ture highlights various scopes of relationships between sustain-
ability and green technology investment. Hassan et al. (2022)
provided long-run and short-run analyses of how green energy
investment is significantly correlated with environmental qual-
ity in China, using the Markov Switching Equilibrium Correc-
tion Model and Kernel-based Regularized Least Squares. Ahmed
et al. (2021) also used linear and nonlinear ARDL, but found
no sufficient evidence to prove that renewable energy technol-
ogy investment influences emissions. However, a game-theoretic
analysis by Wang et al. (2021) reveals that retailers have a strong
motivation to invest in green technology, but high levels of invest-
ment in supply chains may have a positive effect on environ-
mental sustainability depending on the sensitivity of environ-
mental impact to green technology. A combination of quantile
analyses by Hoque et al. (2025) showed a strong connection
between sustainability and innovative assets. Even though stock
market volatility and financial stress interfered with this connec-
tion, it was strongest during extreme market conditions. Simi-
larly, a TVP-VAR framework by Dogan et al. (2023) showed that
the strong interconnection between global carbon markets and
renewable energy sources was sensitive to oil shocks and even
more sensitive to the COVID-19 pandemic. Although the indiffer-
ence observed by Ahmed et al. (2021) may have been influenced
by the inclusion of economic policy uncertainty, other studies
also highlight the importance of global crises and uncertainty in
sustainability indicators.

Ahmed et al. (2021) highlighted the negative impact of both pos-
itive and negative shocks in economic policy uncertainty on CO2
emissions in the US, showing that negative shocks in economic
policy uncertainty have a dominant effect. Other studies have
also evaluated the asymmetric effects of clean technology on sus-
tainability while accounting for uncertainty. Javed et al. (2023)
included the effects of green technology and economic policy
uncertainty in linear and non-linear ARDL models of carbon
emissions determinants in Italy. Positive shocks in green technol-
ogy reduced CO2 emissions, while negative shocks significantly
increased environmental degradation; however, both positive and
negative shocks to economic policy uncertainty increased envi-
ronmental degradation. Similarly, Ali et al. (2023) examined the
role of economic policy uncertainty, green technological innova-
tion, energy consumption, and other factors on CO2 emissions.
They established that economic policy uncertainty and energy
consumption increase CO2 emissions, while green technological
innovation reduces CO2 emissions. These studies demonstrate
how clean technology development can influence environmental
sustainability in the presence of uncertainty.

Sustainable Development, 2026 3
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Regarding the association between uncertainty and clean tech-
nology investment, Husain et al. (2022) demonstrated an asym-
metric response of green financial investment to climate policy
uncertainty in the US from July 2014 to March 2021 using the
cross-quantilogram approach. Giudici et al. (2022) proposed a
framework for assessing the influence of climate uncertainty and
technological innovation on renewable investments. While cli-
mate uncertainty and technological innovation influenced effec-
tive investment, the competitiveness of technological innovation
may have been affected by the level of investors’ risk aversion.
Peng et al. (2025) also provided robust evidence that digital trans-
formation improves investment efficiency, but this effect weak-
ens under high environmental uncertainty. This line of research
suggests that the strength of green investment can vary with
environment-related uncertainty.

Other key factors determine the relationship between green inno-
vation and uncertainty. Li et al. (2021) found a positive associa-
tion between environmental regulation and green innovation in
China, but the negative impact of economic policy uncertainty
on green innovation limits the strength of this relationship. Sim-
ilarly, Hassan et al. (2022) reported that natural resources and
uncertainty decrease environmental quality in China, while high-
lighting these as key factors in green energy investment. Dou
et al. (2025) used a two-way fixed effects model to show that the
World Uncertainty Index (WUI) negatively affects green technol-
ogy innovation, with a stronger effect in high-income countries
than in low-income countries. However, environmental regula-
tion mediates this negative effect. While uncertainty appears to
delay green innovation by increasing the inconsistency of envi-
ronmental regulation and reducing financial support, environ-
mental challenges may decrease through efficiency and conser-
vation or increase through pollution and resource depletion as
technology advances (Meijer and Hekkert 2013).

2.1 | Research Gap

The most notable trend in the literature is the assessment of the
relationship among environmental sustainability, economic pol-
icy uncertainty, and technology. Although studies remain lim-
ited, the uncertainty associated with sustainability policies has
been overlooked. For more stable sustainability policies, these
research gaps raise questions that need to be addressed. First,
the focus of previous related studies can be divided into two cate-
gories. Some have mainly examined the association between sus-
tainability and clean technology investment, while others have
focused on the association between uncertainty and clean tech-
nology investment. This study differs by investigating the link
between uncertainty associated with sustainability and invest-
ment in clean technology. Second, while most studies have
explored how sustainability and uncertainty shape clean energy
markets, this study takes a different approach. It focuses on how
clean energy investment influences sustainability uncertainty
over time. The question posed here is whether clean technology
investment can shape the uncertainty associated with sustain-
ability. This study seeks to determine if the level of uncertainty
encountered in sustainability can diminish as investment in clean
energy technology increases. Third, the literature is silent on the
effects of market interference that may influence the relation-
ship between investment in clean technology and sustainability

uncertainty. This study examines whether the observed relation-
ship is independent of other market influences. To this end, it
employs time-varying wavelet analysis and partial wavelet analy-
sis to address these questions. The following null hypotheses are
tested:

i. H0: There is no significant co-movement between clean
energy technology equities and sustainability uncertainty
across time and frequency.

ii. H0: There is no evidence of significant anti-phase (nega-
tive) co-movement between clean technology equities and
sustainability uncertainty within specific frequency bands.

iii. H0: The association weakens when conditioning on oil
across the specific frequency bands.

The measures of sustainability may differ, but they show simi-
lar patterns of evolution, as they are all sensitive to events and
changing policies over time (Šević et al. 2024). This indicates
interconnectedness among the measures of uncertainty related
to sustainability; thus, their common driver could be the ratio-
nale for sustainability transition. Based on this, the study offers
robust evidence on the effectiveness of green innovation in pro-
moting sustainability. Separate tests assess the co-movement of
clean energy technology with economic policy uncertainty, cli-
mate policy uncertainty, and geopolitical risk, both with and
without the influence of oil futures. While the economic policy
uncertainty index, climate policy uncertainty, and geopolitical
risk index primarily capture economic stability, climate regula-
tions, and external or geopolitical shocks, respectively, they do
not adequately reflect the dynamics related to sustainability tran-
sition. This hinders the development of sustainability-specific
policies. The study provides direct insight into the dynam-
ics of clean technology finance in relation to sustainability
investment.

3 | Theoretical Framework, Data, and
Methodology

3.1 | Theoretical Framework

Economic activities raise concerns for climate change at an
early stage of development. The excessive reliance on traditional
sources of energy at this stage is to increase production, so the
economy grows at the expense of the environment (Grossman
and Krueger 1995). The resultant impact of production scale on
sustainability is known as the scale effect. At the latter stage of
economic growth, structural changes occur, and preferences shift
toward adopting better production techniques, especially as they
now have the capacity to afford more sophisticated, efficient tech-
nologies. This, known as the technique effect, can reduce unsus-
tainable practices (Cole and Elliott 2003; Ahmed et al. 2021).
It, however, depends on other factors, including the stringency
of environmental regulations and resource endowments. The
technique effect drives investment in clean energy technology
and the development of new energy firms. This will, in turn,
increase access to cleaner production technologies and the adop-
tion of more efficient technology. Thus, if sustainability can be
promoted through investment in clean technologies (Koçak and
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Ulucak 2019; Ahmed et al. 2021), then uncertainty associated
with sustainability can decrease.

This framework highlights distinct time–frequency patterns in
the relationship between clean-energy market equities and sus-
tainability uncertainty. As discussed earlier, the market signal
and increased investment flows into clean technology sectors
drive the scale effect. Early-stage growth in this sector reflects
rapid market responses to clean technology developments aris-
ing from optimism. The expansion of cleaner production tech-
niques may initially introduce high volatility and adjustment
pressures in sustainability indicators. This is expected to gener-
ate a short-run, in-phase relationship and high-frequency coher-
ence between sustainability uncertainty and clean technology
equities. In contrast, the technique effect operates through the
structural channel, where the maturity of investment and sus-
tained growth in the clean technology sector lead to technological
transformation and greater stability in sustainability indicators
over time. This should generate persistent long-run coherence at
low frequency, but the dynamics are anti-phase. Therefore, while
clean technology equities may reduce sustainability uncertainty
in the long run, they may cause short-term increases in sustain-
ability uncertainty during the initial periods.

Oil prices are strongly linked to clean technology stock indices
(Salisu et al. 2024; Umar et al. 2024). On this basis, the role of
clean energy technology investment in mitigating sustainability
uncertainty is examined, while accounting for oil price expec-
tations. Oil serves as a substitute for clean energy (Henriques
and Sadorsky 2008), and the attractiveness of investment in the
non-renewable energy sector can encourage unsustainable prac-
tices. This positions oil prices as a common driver of both sustain-
ability and clean technology equities. This market-related fac-
tor is included to assess the net effect of clean energy technol-
ogy on sustainability uncertainty. It evaluates the strength of the
relationship between clean energy technology and sustainability
uncertainty as market options change. Given the mutual influ-
ence of oil markets on sustainability dynamics and clean technol-
ogy markets, reduced coherence is expected when the influence
of the oil market is excluded.

3.2 | Data

To assess the role of technology investment in mitigating sustain-
ability uncertainty, this study analyses monthly data from March
2013 to March 2025. The proxy for sustainability uncertainty
(ESGUI) is the composite global GDP-weighted ESG-based sus-
tainability uncertainty index by Ongan et al. (2025), sourced from
www.policyuncertainty.com. The index represents the monthly
average values of the environmental (E), social (S), and gov-
ernance (G) sub-indices, as well as the uncertainty sub-index,
scaled from 0 (minimum) to 100 (maximum). According to
Ongan et al. (2025), the monthly global index is constructed
from the country-level ESGUI indices of 25 sampled countries,
aggregated into a global ESGUI index based on the relative GDP
weights of individual countries. This index adequately captures
systemic sustainability uncertainty at the global level. To cap-
ture market-based clean technology development, clean energy
technology equities with a substantial technology-oriented com-
position are used as a proxy for clean technology (CTECH)

development from a financial market perspective. This is
represented by the monthly average stock price of the NASDAQ
Clean Edge Green Energy Index (CELS), expressed in US dol-
lars and sourced from www.investing.com. The index tracks the
market valuation of a basket of publicly traded clean-technology
companies, thereby capturing investors’ sentiment towards inno-
vative clean energy firms. Oil futures (OIL) refer to Crude Oil
WTI Futures, which serve as a continuous front-month proxy
for the WTI futures contract. The quote is expressed in US dol-
lars per barrel and sourced from www.investing.com. Although
there is no explicit roll methodology, the series follows standard
market practice by rolling to the nearest contract before expira-
tion. Oil futures and clean technology stock prices are pure finan-
cial variables. So, they are transformed into their logarithms to
stabilize variance and reduce non-normality in their statistical
properties. The uncertainty index is an index construction and
is therefore retained in level form. Wavelet coherence focuses
on time-frequency co-movement, unlike other regression meth-
ods that estimate parameter magnitudes, so mixed transforma-
tion does not affect estimation results. However, to address any
concerns, Appendix provides supplementary results in which all
variables are subjected to the same transformation.

This analysis is extended to test the coherence between clean
technology prices and other uncertainty indices. This allows us to
validate the consistency of clean technology development under
different forms of uncertainty and to compare the performance
of the ESGUI index with other uncertainty measures. These
include global economic policy uncertainty (GEPU), climate pol-
icy uncertainty (CPU), and geopolitical risk (GPR). According
to Gavriilidis (2021), climate policy uncertainty measures uncer-
tainty related to global climate change, climate policy, and the
introduction of new emissions legislation. The averaged monthly
indices are normalised to a mean value of 100. Global economic
policy uncertainty is a GDP-weighted average of national EPU
indices, normalised to a mean of 100 (Davis 2016). It reflects
the frequency of the terms economy (E), policy (P), and uncer-
tainty (U) in newspaper articles each month. The geopolitical
risk index is the share of news articles related to tensions or
adverse geopolitical events in the total number of news articles
(Iacoviello and Caldara 2020). All indices were obtained from
www.policyuncertainty.com.

Figure 2 provides a pictorial representation of the variables.
The sustainability uncertainty index fluctuated around its mean
until early 2025, when there was a sharp rise in sustainability
uncertainty. The prominent spikes observed between late 2024
and early 2025 in the uncertainty indices indicate divergence in
transition strategies, geopolitical tensions, increased economic
uncertainty, and climate policy shifts resulting from major cli-
mate impacts. For example, 2024 was declared the world’s
warmest year on record by the World Meteorological Organiza-
tion (WMO). Geopolitical risk subsided after a significant spike in
early 2022, which is linked to the Russian–Ukrainian war. There
was a slight increase in clean energy technology stock prices in
2014 and mid-2015, but the most notable increase occurred in
2020. The rise in 2020 is associated with the global shift towards
technology due to the health crisis, after which stock prices
fluctuated steadily in a downward trend. Oil futures recorded a
marked decline in 2020, which is also attributed to the global
health crisis. The sharp increase in clean technology prices and
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FIGURE 2 | Plots of data series.

TABLE 1 | Descriptive statistics.

ESG LNCTECH LNOIL GEPU CPU GPR

Mean 28.715 5.863 4.158 204.781 173.175 105.822
Median 28.262 5.606 4.192 195.582 163.967 101.140
Maximum 58.801 6.951 4.742 458.715 539.370 318.950
Minimum 18.548 4.985 2.936 96.495 38.092 58.420
Std. Dev. 5.921 0.533 0.328 74.585 87.681 33.239
Skewness 1.559 0.562 −0.617 0.721 1.094 2.411
Kurtosis 7.822 1.919 3.804 3.307 4.966 14.094
Jarque-Bera 199.196*** 14.694*** 13.107*** 13.126*** 52.271*** 884.093***
Prob. (0.000) (0.001) (0.001) (0.001) (0.000) (0.000)
Observations 145 145 145 145 145 145

Note: ***Significance of the Jarque-Bera Statistics at 1%. Jarque-Bera p-values are in parentheses.

the sharp fall in oil futures during the same period support the
theoretical explanation of the substitution relationship between
the two (Henriques and Sadorsky 2008). Overall, there is no con-
sistent trend across all variables.

The descriptive statistics of the variables are shown in Table 1.
The standard deviation values indicate that clean energy tech-
nology exhibits greater volatility than oil futures. The sustain-
ability uncertainty index displays the lowest variation among all
the uncertainty indices. Additionally, while the log of oil futures
is negatively skewed, the other variables have positive skewness
within an acceptable range. However, the uncertainty indices and
the log of oil futures exhibit excess kurtosis, indicating that the
data distribution is highly peaked. Transforming clean technol-
ogy prices and oil futures into their logarithmic forms reduced

their variance and the abnormalities typical of financial price
series. Overall, the significance of all Jarque-Bera statistics indi-
cates that the variables remain characterised by non-normality.

3.3 | Methodology

The estimation follows the procedure of wavelet analysis and
partial wavelet analysis as demonstrated in Wu et al. (2020).
The wavelet transform is generally suitable for analysing
the interrelationships between nonstationary time series. This
method provides information about the co-movement between
two economic variables across different times and frequencies
(Kirikkaleli and Athari 2020). Thus, it accounts for structural
changes in the data series and is efficient when dealing with

6 Sustainable Development, 2026
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nonnormality, nonlinearity, volatility clustering, and trends
(Ramsey 2002). The time-varying and frequency dynamics of
the wavelet coherence between two time series, X and Y , are
presented in a visual plot. The model of a cross-wavelet transform
(XWT) of two time series 𝑋𝑛 and 𝑌𝑛 can be written as follows:

𝑊 XY = 𝑊 𝑋𝑊 𝑌 ∗ (1)

where * represents complex conjugation (Grinsted et al. 2004).

Following Torrence and Compo (1998) and Grinsted et al. (2004),
the squared absolute value of normalising a wavelet cross-
spectrum to a single wavelet power spectrum can be obtained
from the squared wavelet coherence equation as follows:

𝑅2
𝑛
(𝑠) =

|||𝑆(𝑠−1𝑊 XY
𝑛

(𝑠)
)|||2

𝑆

(
𝑠−1||𝑊 𝑋

𝑛
(𝑠)||2) ⋅ 𝑆

(
𝑠−1||𝑊 𝑌

𝑛
(𝑠)||2) (2)

In Equation (2), S denotes the smoothing parameter in scale and
time frequency, and it is expressed as follows:

𝑆(𝑊 ) = 𝑆scale
(
𝑆time

(
𝑊𝑛(𝑠)

))
(3)

The estimated wavelet coherence value is denoted as 𝑅2
𝑛
(𝑠) for

which 0 ≤ 𝑅2
𝑛
(𝑠) ≤ 1 (Torrence and Compo 1998), whereby corre-

lation between two series ranges between 0 (no correlation) and
1 (strongest correlation) (Kirikkaleli 2021). The degrees of corre-
lation between the data series are indicated by shades of colour
ranging from blue (zero values or no relationship) to red (strong
correlation). The closer the colour is to red, the stronger the cor-
relation, and vice versa. Statistical significance is indicated by a
black line surrounding an area.

The phase difference distinguishes a positive relationship from
a negative one (Torrence and Compo 1998; Pal and Mitra 2019).
This allows the type of relationship between the variables to be
determined. Equation (2) is further specified as:

øXY(𝑠) = tan−1

(
𝐿
{
𝑆
(
𝑠−1𝑊XY(𝑠)

)}
𝑂
{
𝑆
(
𝑠−1𝑊XY(𝑠)

)}) (4)

where øXY(𝑠) refers to the estimated wavelet coherence value
through the phase difference between the two series at time and
scale, while 𝐿 and 𝑂 respectively refer to the imaginary and real
part operators. The wavelet coherence phase difference estimates
are portrayed by the black arrows in a bi-dimensional plot. Where
there is a positive correlation between two series, the arrows point
towards the right. The evolution of wavelet coherence phase dif-
ference is zero, and the two series move together for that particu-
lar scale (Pal and Mitra 2019). Where the arrows point towards the
left, the evolution of wavelet coherence phase difference is −180˚.
There is a negative correlation between the series; this indicates
an anti-phase, that is, the two series move in opposite directions
on that particular scale. Where the arrow points downward, the
evolution of wavelet coherence phase difference is −90˚. It indi-
cates that the first series leads the second series in the relation-
ship. Where the arrow points upward, the evolution of wavelet
coherence phase difference is+90˚. This indicates that the second
series leads the first series in the relationship. A direction of the

arrow towards the bottom-right or top-left indicates the lead role
on the first variable, while an arrow that points towards top-right
or bottom-left indicates the lead role of the second variable (Lee
et al. 2024).

The study further examines the time-frequency dependence of
the relationships between uncertainty and technology, taking
into account the influence of mutually associated factors. This is
done through partial wavelet coherence analysis, which assesses
co-movement between two series, 𝑋 and 𝑌 , by controlling for the
influence of a third series, 𝑍 (Mihanović et al. 2009). In accor-
dance with Mihanović et al. (2009), the partial wavelet coherence
(PWC) equation is expressed as:

RP2
𝑛
(𝑥, 𝑦, 𝑧) =

|||𝑅xy
𝑛 −𝑅xz

𝑛
⋅𝑅(zy)∗

𝑛
|||2(

1 −
(
𝑅

xz
𝑛

)2
)(

1 −
(
𝑅

zy
𝑛

)2
) (5)

In Equation (4), RP2
𝑛
(𝑥, 𝑦, 𝑧) refers to the estimated partial wavelet

coherence for which 0 ≤ RP2
𝑛
≤ 1. It shows the dominance level

of the y series in the x variance. If higher values are observed in
the regions of high wavelet coherence squared,𝑅2, this implies an
important covariance between y and x at that time and scale, and
y has a more independent influence on x than z. Otherwise, lower
values imply that time series y has less or no independent influ-
ence on x at that time and frequency space; instead, the effects
of time series z dominate the variance in the x series (Ng and
Chan 2012). According to Mihanović et al. (2009), x can be influ-
enced by both y and z if both partial coherences have significant
bands (but not necessarily very high). In this study, x denotes the
uncertainty indices (ESGUI, GEPU, CPU, and GPR), y denotes
clean energy technology (CTECH), and z represents oil futures
(Oil). Therefore, we examine the co-movement between clean
energy technology and uncertainty after controlling for the influ-
ence of oil futures.

4 | Empirical Results

4.1 | Correlation Analysis

The relationships under examination are first contextualised in a
correlation matrix presented in Table 2. This indicates that clean
energy technology investment may have a positive relationship
with the uncertainty indices. There is no significant evidence
that oil futures have a negative correlation with sustainability
uncertainty. As expected, increases in climate policy uncertainty,
geopolitical risk, and economic policy uncertainty may raise sus-
tainability uncertainty. The formal investigation of these relation-
ships is conducted using wavelet analysis. Before this, the station-
arity properties of the variables were verified using multiple unit
root tests, including the conventional ADF and PP tests, the mod-
ern DF-GLS test, and the Zivot–Andrews test, which accounts
for structural breaks. The results are presented in Tables A1–A3
in Appendices A–C. Although the wavelet procedures conve-
niently handle non-stationarity, the base estimation preserves
long-run information by estimating the variables in levels, while
the stability of the main findings is corroborated by first differ-
ence estimations.
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TABLE 2 | Correlation matrix.

Probability ESGUI LNCTECH LNOIL GEPU CPU GPR

ESG 1.000
—

LNCTECH 0.311*** 1.000
(0.000) —

LNOIL −0.041 0.271*** 1.000
(0.626) (0.001) —

GEPU 0.631*** 0.542*** −0.171** 1.000
(0.000) (0.000) (0.039) —

CPU 0.759*** 0.541*** −0.006 0.704*** 1.000
(0.000) (0.000) (0.941) (0.000) —

GPR 0.321*** 0.199** 0.284*** 0.116 0.233*** 1.000
(0.000) (0.016) (0.001) (0.164) (0.005) —

Note: *** and *** indicate the significance of correlation coefficients at 1% and 5% levels of significance. p-values are in parentheses.

Following the approach of Wu et al. (2020), the first step involves
considering the wavelet coherence between clean energy technol-
ogy stock prices and sustainability uncertainty as a benchmark,
before assessing the influence of oil futures. Using the same pro-
cedure, this analysis was compared to the performance of other
measures of uncertainty. The uncertainty indices were estimated
in index form; however, for more robust evidence, their estima-
tions after conversion to their natural logarithm forms are pro-
vided in Figures A1–A8 in Appendices D–K, respectively.

4.2 | Co-Movements Between the Sustainability
Uncertainty and Clean Energy Technology

The wavelet coherence map in Figure 3a shows the wavelet
coherence between clean energy technology stock prices and
sustainability uncertainty. The correlation varies over time and
frequency. Strong and significant co-movement is concentrated
at higher and medium frequencies, indicating more short- and
medium-term co-movements during the period examined. These
are evident around 2013–2015 and 2017–2020, with a weak
but significant coherence around 2022. These short-run dynam-
ics can be attributed to the signal effect from increased climate
change concerns, greater global awareness of climate change,
oil price decline, and major actions to promote green growth,
which signalled optimism and growth in sustainable finance. A
strong and significant long-term co-movement between sustain-
ability uncertainty and clean energy technology is observed from
2018 to 2022. This reflects the policy and structural shifts towards
sustainable system adoption that led to alignment between sus-
tainability uncertainty and clean technology. The pattern of
co-movement indicates an initial anti-phase movement, that is,
a negative relationship in the earlier period, around 2015. How-
ever, the later years show an in-phase movement, indicating
a positive relationship between the two variables. At high fre-
quencies, changes in clean energy technology slightly led the
negative and positive relationships with sustainability uncer-
tainty around 2014–2015 and 2017–2019, respectively. However,
by 2019, changes in sustainability uncertainty took a more sig-
nificant lead, as the arrows pointed completely downwards in

FIGURE 3 | (a) Wavelet coherence plot between the sustainability
uncertainty index and clean technology price. (b) Wavelet coherence plot
between the differenced sustainability uncertainty index and clean tech-
nology price.

the short-term. Rather than relying on visual inspection, the
average phase differences over key regions were extracted and
are presented in Table 3. This analysis is corroborated by the
first-difference estimation shown in Figure 3b, which confirms
the stability of the main findings. In general, there is a strong
relationship between sustainability uncertainty and investment
in clean energy technology during the identified periods.

This empirical analysis rejects the earlier hypothesis that there
is no significant co-movement between clean energy technol-
ogy equities and sustainability uncertainty across time and

8 Sustainable Development, 2026
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TABLE 3 | Summary of the lead–lag relationship between sustainability uncertainty and clean technology.

Region Time window Scale band Avg phase (˚) Interpretation

1 2014–2015 Short (2–8) −1.800662 Anti-phase relationship; the clean technology leads.
2 2017–2018 Short (2–8) 0.87101 Positive co-movement; clean technology leads.
3 2019–2019 Short (2–8) −1.094269 In-phase relationship, and the sustainability uncertainty

leads. The pictograph reveals downward-facing arrows over
this region; this suggests that the dynamics of their

relationships over this region are mixed, but a positive
co-movement is dominant.

4 2017–2021 Medium (8–16) 0.2567954 Positive and nearly synchronized co-movement, clean
technology leads slightly.

Note: Decision rule: − 𝜋

2
< ø < 0 → in-phase, first variable leads; 𝜋

2
> ø > 0 → in-phase, second variable leads; −𝜋 < ø < − 𝜋

2
→ anti-phase, second variable leads; 𝜋 > ø >

𝜋

2
→ anti-phase, first variable leads.

frequency. The relationship is highly dynamic, varying over time
from the short-term to the medium-term and long-term. The neg-
ative relationship observed in earlier periods indicates that rapid
investment in clean technology could be associated with low lev-
els of uncertainty in sustainability indicators during that time.
Although this effect was short-lived, it can be linked to expecta-
tions arising from policy announcements and increased climate
change awareness, which created a short-term adjustment. This
confirms the expectation that investment in clean technologies
leads to improved sustainability outcomes, as seen in previous
empirical studies such as Wang et al. (2021), Hassan et al. (2022),
and Hoque et al. (2025). However, the positive co-movement
observed between sustainability uncertainty and clean technol-
ogy stock prices from 2017 to 2019 suggests that sustainability
uncertainty did not decrease as investment in clean technology
increased during that period. This may be due to policy instabil-
ity, a mismatch between supply and demand, and unpredictable
environmental impacts of policies. Before that period, there was
a significant shift in global energy policy, which shaped market
expectations and may have caused market volatility. As sustain-
ability requires long-term finance, the patterns of co-movement
reflect market volatilities that could delay the long-term achieve-
ment of sustainability goals, despite increased investment in
clean technology.

4.3 | Partial Wavelet Coherence Between
the Sustainability Uncertainty, Clean Energy
Technology, and Oil Futures

This section examines the significance of the co-movement
between sustainability uncertainty and clean energy technol-
ogy when the effects of a confounding factor are eliminated.
This requires holding oil futures constant to reveal the partial
correlation between sustainability uncertainty and clean tech-
nology investment. The partial wavelet coherence after remov-
ing the influence of oil futures is shown in Figure 4a. Com-
pared to Figure 3a, the relatively cool colours indicate a decline
in the strength of coherence across time and frequencies. The
significant regions have also decreased. While there is no sig-
nificant region at lower frequencies, there are fewer signif-
icant regions at higher frequencies, particularly around late
2016–2017, 2018–2019, and late 2020–2021. This suggests the
transmission of shocks between the oil and clean technology

FIGURE 4 | (a) Partial wavelet coherence plot between the sustain-
ability uncertainty index and clean technology price/oil futures. (b) Par-
tial wavelet coherence plot between the differenced sustainability uncer-
tainty index and clean technology price/oil futures.

markets during those periods. Oil futures and clean technology
equities both share explanatory power across the time and fre-
quency domains; therefore, the coherence previously observed
in the medium- and long-term dynamics of the relationship may
have been driven by the influence of oil futures. This can also
be associated with the shared transition dynamics that charac-
terise these two factors. This indicates that technological progress
matters more for sustainability only in the short term, but the
relationship is not independent of the oil market in the medium
term and long term. The partial wavelet coherence plot for the
differenced variables is presented in Figure 4b.

4.4 | Co-Movements Between Climate Policy
Uncertainty and Clean Energy Technology

Figure 5a shows the co-movement between climate policy uncer-
tainty and clean technology indices. Significant strong coherence

Sustainable Development, 2026 9
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appears only at lower and medium scales. There is no evidence
of a long-term relationship between climate policy uncertainty
and clean technology prices. The co-movement pattern indicates
a positive relationship, particularly from 2021 to 2024. During this
period, climate policy uncertainty led the short-run movement
between 2021 and 2022, while clean technology led the other
movements. These co-movements are also confirmed by the cal-
culated average phase differences presented in Table 4. Figure 5b
shows the co-movement for the differenced variables.

4.5 | Partial Wavelet Coherence Between
the Climate Policy Uncertainty, Clean Energy
Technology, and Oil Futures

Figure 6a presents the time–frequency correlation between cli-
mate policy uncertainty and clean technology stock prices, con-
trolling for the influence of oil futures. Coherence remains nearly
the same across the lower and medium scales despite the influ-
ence of oil futures. This analysis demonstrates that oil has less

FIGURE 5 | (a) Wavelet coherence plot between the climate policy
uncertainty index and clean technology price. (b) Wavelet coherence plot
between the differenced climate policy uncertainty index and clean tech-
nology price.

explanatory power in the relationship between climate policy
uncertainty and clean technology development than between
clean technology and sustainability uncertainty. This is also cor-
roborated in Figure 6b.

4.6 | Co-Movements Between Global Economic
Policy Uncertainty and Clean Energy Technology

Figure 7a corroborated by Figure 7b, shows the wavelet coher-
ence between the global economic policy uncertainty index
and clean technology stock prices. The co-movement of these
two variables is sparse in the short-term but concentrated in
the medium- and long-term domains. High-frequency coher-
ence is observed between 2019 and 2022, while medium- and
low-frequency coherence is steadier, spanning 2017 to 2022.
There are mixed directions of co-movement in the short-term,
but the calculated average phase differences over key regions pre-
sented in Table 5 indicate a dominant positive co-movement led

FIGURE 6 | (a) Partial wavelet coherence plot between the climate
policy uncertainty index and clean technology price/oil futures. (b) Par-
tial wavelet coherence plot between the differenced climate policy uncer-
tainty index and clean technology price/oil futures.

TABLE 4 | Summary of the lead–lag relationship between climate policy uncertainty and clean technology.

Region Time window Frequency band Avg phase (˚) Interpretation

1 2021–2022 Short (2–8) −0.2720797 Nearly synchronized positive co-movement;
climate policy uncertainty slightly leads.

2 2023–2024 Short (2–8) 0.4034545 Positive co-movement; clean technology leads.
3 2020–2022 Medium (8–16) 0.2626023 Nearly synchronized positive co-movement; clean

technology slightly leads.

Note: Decision rule: − 𝜋

2
< ø < 0 → in-phase, first variable leads; 𝜋

2
> ø > 0 → in-phase, second variable leads; −𝜋 < ø < − 𝜋

2
→ anti-phase, second variable leads; 𝜋 > ø >

𝜋

2
→ anti-phase, first variable leads.
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by clean technology. Similarly, clean technology led a nearly syn-
chronous medium-term co-movement.

4.7 | Partial Wavelet Coherence Between
the Global Economic Policy Uncertainty, Clean
Energy Technology, and Oil Futures

When accounting for the effect of oil futures on the relationship
between global economic policy uncertainty and clean technol-
ogy, Figure 8a shows less coherence across time and frequency
domains compared to Figure 7a. This indicates that the strong
relationship between the two variables is significantly influenced
by oil futures, especially in the short-term, while a medium- and
long-term relationship is sustained between 2017 and late 2022.
The result of the differenced variables in Figure 8b is quite sim-
ilar. This suggests a direct long-term relationship between clean
technology and economic policy uncertainty.

4.8 | Co-Movements Between Geopolitical Risk
and Clean Energy Technology

Figure 9a,b shows relatively weak coherence between geopolit-
ical risk and clean technology compared to other uncertainty

FIGURE 7 | (a) Wavelet coherence plot between the global economic
policy uncertainty index and clean technology price. (b) Wavelet coher-
ence plot between the differenced global economic policy uncertainty
index and clean technology price.

indices. The high-frequency movement is relatively small, but
there is more low-frequency co-movement. This demonstrates
that geopolitical risk has a long-term relationship with clean
technology.

4.9 | Partial Wavelet Coherence Between
the Geopolitical Risk, Clean Energy Technology,
and Oil Futures

Figure 10a,b shows that the coherence between geopolitical risk
and clean technology is slightly reduced after accounting for the
effects of oil futures. As with other uncertainty indices, oil futures
may have driven the previously observed relationship.

4.10 | Implications of Findings

These results address the questions posed in this study. First,
the study establishes a dynamic relationship between sustain-
ability uncertainty and clean technology development from a
financial market perspective. The two variables moved in oppo-
site directions only between 2014 and 2015, a period that coin-
cided with major sustainability commitments leading to the
signing of the Paris Agreement; however, this relationship was

FIGURE 8 | (a) Partial wavelet coherence plot between the global
economic policy uncertainty index and clean technology price/oil futures.
(b) Partial wavelet coherence plot between the differenced global eco-
nomic policy uncertainty index and clean technology price/oil futures.

TABLE 5 | Summary of the lead–lag relationship between global economic policy uncertainty and clean technology.

Region Time window Frequency band Avg phase (˚) Conclusion

1 2019–2021 Short (2–8) 0.9505932 Positive co-movement; clean technology leads.
2 2018–2022 Medium (8–16) 1.543389 Positive co-movement; clean technology strongly leads.

Note: Decision rule: − 𝜋

2
< ø < 0 → in-phase, first variable leads; 𝜋

2
> ø > 0 → in-phase, second variable leads; −𝜋 < ø < − 𝜋

2
→ anti-phase, second variable leads; 𝜋 > ø >

𝜋

2
→ anti-phase, first variable leads.
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FIGURE 9 | (a) Wavelet coherence plot between the geopolitical risk
index and clean technology price. (b) Wavelet coherence plot between the
differenced geopolitical risk index and clean technology price.

FIGURE 10 | (a) Partial wavelet coherence plot between the geopolit-
ical risk index and clean technology price/oil futures. (b) Partial wavelet
coherence plot between the differenced geopolitical risk index and clean
technology price/oil futures.

short-lived at high frequency. After this period, sustainability
uncertainty and clean technology have reinforced each other,
with clean technology predominantly leading the relationship.
Second, the results suggest that the evolution of sustainability
uncertainty over time is driven by the leading influence of clean
technology. The development of the clean technology sector was

typically followed by increased sustainability uncertainty until
after 2019, when both tended to synchronize and move almost
simultaneously. Although there is no definitive lead–lag rela-
tionship in the long-term, the significant coherence observed
between 2018 and 2022 suggests meaningful long-term synchro-
nization between sustainability uncertainty and clean technol-
ogy. Third, the relationship between sustainability uncertainty
and technological progress may be dynamic, but it is partly driven
by oil futures. This is reflected in the disappearance of some
observed regions of relationship between clean technology and
sustainability uncertainty after accounting for oil futures, espe-
cially in the medium- and long-term. Based on this, clean technol-
ogy has an independent relationship with sustainability uncer-
tainty only in the short-term.

The sustainability uncertainty index shows greater dynamism
across time and frequency domains compared to the most com-
monly used uncertainty measures: climate policy uncertainty,
economic policy uncertainty, and geopolitical risk. The results
suggest that improvements in clean technology predominantly
lead, while global economic policy uncertainty and climate pol-
icy uncertainty lag in their positive relationships throughout the
periods. The relationship between geopolitical risk and clean
technology is relatively weak, with no defined average phase
for the significant regions. Unlike other indices, the relation-
ship of climate policy uncertainty with clean technology is in the
short- and medium-term. Similar to sustainability uncertainty, oil
futures partly contribute to these relationships.

This result has implications for sustainability policy and invest-
ment. Market-based evidence suggests that clean technology
stock growth can introduce temporary shocks to sustainability
uncertainty, and vice versa. For policymakers, the dominant lead
of clean technology stock prices observed in most results serves
as a market indicator of a forward-looking market. The dom-
inance of short-term and medium-term co-movement implies
high investor sentiment and sensitivity to sustainability-related
news. Investors may anticipate policy changes and make deci-
sions before actual changes in uncertainty occur. Therefore, per-
sistent uncertainty introduced by policy reforms could cause
short-term shocks or an initial coordination challenge, creating
short-run disturbances. Higher sustainability uncertainty is thus
preceded by positive changes in clean technology stock prices.
However, there are indicators that the positive lead relation-
ship between clean technology development and sustainability
uncertainty does not persist over time, and the effects dissipate.
Sustainability uncertainty is therefore only transitory, induced
mainly by the market signal effect; the system eventually adjusts
to prevent a permanent long-run co-movement. However, the
need for short-run stabilization policies cannot be overempha-
sized because short-term fluctuations remain significant. If the
market is stable and attractive, clean technology stock indices
can serve as a lever for efficient resource allocation, which in
turn supports and strengthens sustainability plans. As this draws
capital to the clean technology sector, growth in innovation can
provide sustainable infrastructure and more stable solutions to
recurring sustainability challenges that contribute to sustainabil-
ity uncertainty. Therefore, uncertainty can be reduced by lim-
iting the inconsistencies associated with policy reviews, as pol-
icy choices are capable of sending market signals that change
investors’ perspectives on sustainability. However, the shared
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influence of oil futures in this relationship suggests that uncon-
ventional energy markets still play a key role in sustainability
outcomes, despite the widely acknowledged importance of clean
energy technology sector development in sustainability plans.

For investors, while the clean technology sector signals high prof-
itability due to policy support, they may not be completely pro-
tected from oil market shocks. However, the absence of persistent
coherence offers diversification potential between clean technol-
ogy and oil markets against transition shocks, oil price volatility,
climate-related risks, and resulting policy changes.

5 | Conclusion

Uncertainties arising from environmental, social, and economic
factors may delay the achievement of sustainable development
goals, as they tend to undermine the stability of sustainability
indicators. However, as innovation grows, sustainability strate-
gies may improve, making sustainability outcomes more pre-
dictable. The novelty of this study lies in examining how the
development of the clean technology sector shapes the trajecto-
ries of sustainability uncertainty, using data from March 2013 to
March 2025. Wavelet coherence analysis was used to demonstrate
the time-varying relationship between the sustainability uncer-
tainty index (ESGUI) developed by Ongan et al. (2025) and clean
energy technology stock indices. The effect of oil futures on this
relationship was assessed using partial wavelet coherence anal-
ysis. The study also compares this relationship by representing
uncertainty with other measures, including climate policy uncer-
tainty, global economic policy uncertainty, and geopolitical risk.
The results show that the relevance of clean technology stock
prices to all uncertainty indices ranges from the short term to the
long term, and oil futures partly explain all these relationships.

Specifically, the relationship between sustainability uncertainty
and the clean technology stock index is highly dynamic, show-
ing negative co-movement between 2014 and 2015, but posi-
tive co-movement thereafter. The prevailing time-lagged posi-
tive association indicates that market changes precede the emer-
gence of uncertainty. This market-based evidence suggests that
increased clean technology development can help predict higher
sustainability uncertainty, particularly in the short-run. As mar-
ket expectations naturally drive uncertainty, short-run coherence
signals optimism and speculative activity. However, a signifi-
cant portion of long-term relationships is explained by oil market
expectations. Thus, the oil market continues to serve as the trans-
mission channel for this dynamic relationship, influencing both
investor expectations regarding energy market alternatives and
sustainability.

Market stability is therefore crucial for managing sustainability
uncertainty. Stability can be achieved by reducing shocks that
impact new technology markets, such as regulatory shocks, oil
market shocks, policy uncertainty shocks, and innovation shocks.
Policy changes and regulations shape investors’ commitment to
allocating resources to sustainability-related firms, as their deci-
sions are subjective and influenced by market sentiment. Signals
of higher probability of profitability and stability will enhance
sustainability finance.

Although this study offers new insights by examining the
lead–lag relationship between innovation and sustainability
from an uncertainty perspective, it has certain limitations. It pro-
vides only a financial market-based assessment of innovation
development. Therefore, future research should extend the eval-
uation of clean technology effectiveness to other proxies for green
innovation, which this study could not capture. In addition to oil
futures, multiple factors can influence both investors’ decisions
and the effectiveness of clean technology, including interest rates,
the equity risk premium, and economic policy uncertainty. These
factors should be investigated in future studies to broaden the lit-
erature. Sustainability uncertainty may also be further predicted
using other predictors, such as causality and impulse response
analyses.
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“Navigating the Future: AI, Global Supply Chains, and ESG for Sustain-
able Development.” Sustainable Development 34: 403–421.

Torrence, C., and G. P. Compo. 1998. “A Practical Guide to Wavelet Anal-
ysis.” Bulletin of the American Meteorological Society 79, no. 1: 61–78.

Umar, Z., K. Mokni, Y. Manel, and M. Gubareva. 2024. “Dynamic
Spillover Between Oil Price Shocks and Technology Stock Indices: A
Country Level Analysis.” Research in International Business and Finance
69: 102231.

Van der Auwera, E., K. De Beckker, and B. D’espallier. 2023. Sig-
naling Sustainability Through Green Bonds: Evaluating its Impact
on Stock Returns. https://www.efmaefm.org/0EFMAMEETINGS/
EFMA%20ANNUAL%20MEETINGS/2024-Lisbon/papers/FullPaper_
Signalingsustainabilitythroughgreenbonds.pdf.

Vergragt, P. J. 2006. “How Technology Could Contribute to a Sustainable
World.” GTI Paper Series 28: 3–6.

Wang, C., Z. Zou, and S. Geng. 2021. “Green Technology Investment in a
Decentralized Supply Chain Under Demand Uncertainty.” Sustainability
13, no. 7: 3752.

Wu, K., J. Zhu, M. Xu, and L. Yang. 2020. “Can Crude Oil Drive the
Co-Movement in the International Stock Market? Evidence From Partial
Wavelet Coherence Analysis.” North American Journal of Economics and
Finance 53: 101194.

Sustainable Development, 2026 15

 10991719, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sd.71488 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [17/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.efmaefm.org/0EFMAMEETINGS/EFMA%20ANNUAL%20MEETINGS/2024-Lisbon/papers/FullPaper_Signalingsustainabilitythroughgreenbonds.pdf
https://www.efmaefm.org/0EFMAMEETINGS/EFMA%20ANNUAL%20MEETINGS/2024-Lisbon/papers/FullPaper_Signalingsustainabilitythroughgreenbonds.pdf
https://www.efmaefm.org/0EFMAMEETINGS/EFMA%20ANNUAL%20MEETINGS/2024-Lisbon/papers/FullPaper_Signalingsustainabilitythroughgreenbonds.pdf
https://www.efmaefm.org/0EFMAMEETINGS/EFMA%20ANNUAL%20MEETINGS/2024-Lisbon/papers/FullPaper_Signalingsustainabilitythroughgreenbonds.pdf


Appendix A

TABLE A1 | PP and ADF unit root test results.

Level First difference

Constant Constant and trend Constant Constant and trend Conclusion

PP test
ESGUI 0.495 −1.154 −9.311*** −9.405*** I (1)

(0.986) (0.915) (0.000) (0.000)
LNCTECH −1.693 −1.072 −12.621*** −12.714*** I (1)

(0.433) (0.929) (0.000) (0.000)
LNOIL −2.461 −2.482 −10.119*** −10.239*** I (1)

(0.127) (0.337) (0.000) (0.000)
CPU −3.537*** −7.069*** — — I (0)

(0.008) (0.000)
GEPU −2.595 −5.134*** −17.670*** −17.668*** I (1)

(0.096) (0.000) (0.000) (0.000)
GPR −5.064 −5.523 −23.752*** −24.113*** I (0)

(0.000) (0.000) (0.000) (0.000)

ADF test
ESGUI 0.869 −0.448 −9.318*** −9.424*** I (1)

(0.995) (0.985) (0.000) (0.000)
LNCTECH −1.692 −1.061 −12.638*** −12.732*** I (1)

(0.433) (0.931) (0.000) (0.000)
LNOIL −2.833* −2.893 −10.124*** −9.267*** I (1)

(0.056) (0.168) (0.000) (0.000)
CPU −1.828 −6.794*** −12.014*** — I (1)

(0.366) (0.000) (0.000)
GEPU −1.902 −3.537** −16.354*** −16.335*** I (1)

(0.331) (0.039) (0.000) (0.000)
GPR −5.064*** −5.523*** — — I (0)

(0.000) (0.000)

Note: ***, **, and * indicate the significance levels of the t-statistics at 1%, 5%, and 10%, respectively. p-values are in parentheses.

Appendix B

TABLE A2 | DF-GLS unit root test.

Variable
Level First difference

ConclusionConstant Constant and trend Constant Constant and trend

ESGUI −2.115 −2.115 −3.074** −3.074** I (1)
LNCTECH −1.246 −1.246 −3.676 *** −3.676 *** I (1)
LNOIL −1.588 −1.588 −6.358*** −6.358*** I (1)
CPU −3.327** −3.327** — — I (0)
GEPU −2.829* −2.829* −3.881*** −3.881*** I (1)
GPR −3.761*** −3.761*** — — I (0)

Note: Critical values are −3.53 (1%), −2.93 (5%), and –2.65 (10%) for the model with constant and the model with constant and trend. ***, **, and * indicate a rejection of the
null hypothesis of no stationarity at 1%, 5%, and 10%, respectively.

16 Sustainable Development, 2026

 10991719, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sd.71488 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [17/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Appendix C

TABLE A3 | Zivot–Andrews test (one structural break).

Variable

Level First difference Conclusion

Constant Constant and trend Constant Constant and trend

ESGUI −2.098 −2.787 −9.747*** −10.288*** I (1)
[2020M03] [2023M05] [2017M03] [2023M04]

LNCTECH −3.555 −5.486** −13.469*** −13.629*** I (1)
[2020M04] [2020M07] [2021M02] [2020M04]

LNOIL −3.832 −3.600 −8.045*** −8.276*** I (1)
[2020M01] [2015M07] [2020M05] [2020M05]

CPU −4.418 −5.140** −12.239*** −12.698*** I (1)
[2021M01] [2023M05] [2017M02] [2023M04]

GEPU −4.646* −4.283 −9.566*** −2.098*** I (1)
[2021M01] [2021M02] [2020M06] [2023M05]

GPR −7.020*** −7.051*** I (0)
[2021M12] [2021M12]

Note: ***, **, and * indicate a rejection of the null hypothesis of no stationarity at 1%, 5%, and 10%, respectively. Break dates are in square brackets [ ]. Critical values are
−5.34 (1%), −4.93 (5%), and −4.58 (10%) for the model with intercept only, and −5.57 (1%), −5.08 (5%), and −4.82 (10%) for the model with intercept and trend.

Appendix D

Co-movements between the sustainability uncertainty and clean energy technology after taking the log of the sustainability uncertainty index.

FIGURE A1 | Wavelet coherence plot between the sustainability uncertainty index and clean technology price (wavelet coherence: LnESGUI vs.
LnCTECH).

Appendix E

Partial wavelet coherence between the sustainability uncertainty, clean energy technology, and oil futures after taking the log of the sustainability
uncertainty index.

FIGURE A2 | Partial wavelet coherence plot between the sustainability uncertainty index and clean technology price/oil futures (PWC: LnESGUI
vs. LnCTECH|LnOIL).
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Appendix F

Co-movements between the climate policy uncertainty and clean energy technology after taking the log of the climate policy uncertainty index.

FIGURE A3 | Wavelet coherence plot between the climate policy uncertainty index and clean technology price (wavelet coherence: LnCPU vs.
LnCTECH).

Appendix G

Partial wavelet coherence between the climate policy uncertainty, clean energy technology, and oil futures after taking the log of the climate policy
uncertainty index.

FIGURE A4 | Partial wavelet coherence plot between the climate policy uncertainty index and clean technology price/oil futures (PWC: LnCPU vs.
LnCTECH|LnOIL).

Appendix H

Co-movements between the global economic policy uncertainty and clean energy technology after taking the log of the global economic policy uncer-
tainty index.

FIGURE A5 | Wavelet coherence plot between the global economic policy uncertainty index and clean technology price (wavelet coherence:
LnGEPU vs. LnCTECH).
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Appendix I

Partial wavelet coherence between the global economic policy uncertainty, clean energy technology, and oil futures after taking the log of the global
policy uncertainty index.

FIGURE A6 | Partial wavelet coherence plot between the global economic policy uncertainty index and clean technology price/oil futures (PWC:
LnGEPU vs. LnCTECH|LnOIL).

Appendix J

Co-movements between the geopolitical risk and clean energy technology after taking the log of the geopolitical risk index.

FIGURE A7 | Wavelet coherence plot between the global economic policy uncertainty index and clean technology price (wavelet coherence: LnGPR
vs. LnCTECH).

Appendix K

Partial wavelet coherence between the geopolitical risk, clean energy technology, and oil futures after taking the log of the geopolitical risk index.

FIGURE A8 | Partial wavelet coherence plot between the geopolitical risk index and clean technology price/oil futures (PWC: LnGPR vs.
LnCTECH|LnOIL).
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