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This study investigates the interplay between crude oil volatility and sustainable markets
in the United States from January 3, 2012, to May 2, 2024, through transfer entropy and
DCC-GARCH-based dynamic connectedness techniques. Overall, results show that crude
oil volatility significantly influences sustainable markets. Transfer entropy results suggest
that crude oil volatility is valuable for forecasting sustainable market dynamics, and
DCC-GARCH analysis reveals dynamic risk spillovers, especially during key geopolitical
and economic events, emphasizing the need to consider oil volatility in sustainable

market decisions.

I. Introduction

The United Nations (UN) has initiated a social develop-
ment effort aimed at fostering effective partnerships be-
tween governments, civil society, and the private sector to
achieve social, economic, and environmental targets. These
targets include sustaining economic growth, addressing
poverty, disease, and natural and man-made disasters, as
well as progressing toward stronger international enforce-
ment. Achieving these aims necessitates defining social
goals and market institution features that influence market
dynamics, especially considering crude oil price risks in a
sustainable environment. The increasing demand for en-
ergy, particularly crude oil, from developing giants has in-
tensified discussions about global equity capitalization,
with the United States (US) maintaining a leading role. This
synergy between the crude oil market and the stock market
is crucial for creating a stable and functioning institution,
despite concerns about the stability of both markets. Un-
derstanding the dynamics of these markets under varying
crude oil shock intensities can help develop a more stable
market.

As the green economy gains prominence, sustainable
markets are attracting significant attention from investors,
policymakers, and the broader public (Olanipekun et al.,
2023). Policymakers are actively offering incentives to pro-
mote sustainable investment, while investors are increas-
ingly prioritizing the inclusion of companies that offer en-
vironmentally friendly products in their portfolios. In spite

of this interest, firms operating in sustainable markets
must be profitable enough to attract capital. However, due
to the powerful financial characteristics of the crude oil
market, risks originating from it can potentially spill over
into sustainable markets (Geng et al., 2021). These risks
can arise from geopolitical, economic, or financial occur-
rences. As these risk shocks are transmitted into sustain-
able markets, they may impact sustainable investments in
that sector. Therefore, understanding the interconnected-
ness between crude oil volatility and sustainable markets
is essential, especially for investors to make informed deci-
sions. It is also crucial for governments to develop effective
policies that promote sustainable development.

This paper examines the influence of crude oil price
volatility on market dynamics within the context of sus-
tainability goals in the US, focusing on the behavior of
sustainable stocks. Using a stochastic volatility model, the
study assesses how the persistence and conditional distri-
bution parameters of standardized disturbances impacting
the crude oil market evolve over time. It analyses the joint
evolution of stock and crude oil markets under conditions
of heterogeneous new information beliefs, affecting vari-
ous economic variables over time. The study evaluates sus-
tainable stock market performance within the framework of
system sustainability, considering new information shocks
affecting both markets.

To empirically assess the impact of crude oil volatility on
sustainable market dynamics in the US, the study employs
transfer entropy and dynamic connectedness methodolo-
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Figure 1. Time-series plots of data sequences

gies, using daily data from January 3, 2012, to May 2, 2024.
These methodologies capture time-varying relationships
and bidirectional information flows, which are crucial for
understanding the complex interactions between crude oil
and sustainable markets. This comprehensive approach en-
hances the predictive power of market behavior models and
provides a deeper understanding of the interdependencies
and dynamic nature of these relationships, contributing
methodologically and empirically to existing literature.

II. Data and Methodology
A.Data

To empirically examine the dynamics of sustainable
markets amidst crude oil price volatility in the US, this
study analyzes daily data from January 3, 2012, to May 2,
2024, using the Crude Oil Volatility Index (OVX) provided
by the Chicago Board of Options Exchange (CBOE) as a
measure of crude oil volatility. Unlike traditional GARCH
models and historical volatility measures, the OVX, an im-
plied volatility measure, offers a forward-looking perspec-
tive by forecasting crude oil price volatility over a 30-day
period and capturing investor sentiment. The study mea-
sures sustainable markets through the total return indices
of the NASDAQ OMX Energy Efficiency (GRNENEFX) and
Pollution Mitigation (GRNPOLX) indices, tracking firms
that enhance energy efficiency and reduce pollution. The
analysis reveals significant volatility, especially during the
COVID-19 pandemic, highlighting the impact of major eco-
nomic disruptions on market dynamics.

B. Methodology

Transfer entropy is a method used to model cause-and-
effect relationships in dynamic systems, particularly effec-
tive in capturing directional and dynamic interactions
within time-series data. Unlike model-based Granger
causality and mutual information, transfer entropy handles
both linear and nonlinear systems adeptly, capturing types

—— gmenefx
- cbvoe
grnpolx

2020

of information that other methods miss. It measures di-
rected asymmetric information transfer between variables
non-parametrically. The concept, rooted in Shannon en-
tropy, calculates the entropy of a random variable and com-
bines it with the Kullback-Leibler distance to estimate in-
formation flow between processes, assuming a Markov
process. This method addresses small sample biases
through effective transfer entropy, computed by subtracting
the shuffled data transfer entropy. Non-discrete data re-
quires discretization, which is managed via symbolic
recording.

To provide additional information on the nature of the
relationship between crude oil volatility and sustainable
markets, we further employ the Dynamic Conditional Cor-
relation-Generalized Autoregressive Conditional Het-
eroskedasticity (DCC-GARCH) model of Gabauer (2020).
This approach is an improvement on the connectedness ap-
proach to modelling risk transmission among variables in-
troduced by Diebold and Yilmaz (2014). Rather than adopt-
ing the generalized impulse response function to establish
shock impacts, as done by Diebold and Yilmaz (2014), the
DCC-GARCH model instead employs volatility impulse re-
sponse functions to determine shock impacts. The DCC-
GARCH approach examines time-varying spillovers via the
DCC test, thus circumventing problems associated with the
rolling-windows technique employed in the Diebold & Yil-
maz (2014) alternative.

III. Results
A. Transfer entropy results

The Shannon transfer entropy and Shannon effective
transfer entropy outcomes are reported in Tables 1A and
1B. The estimations are performed with 100 shuffles and
300 bootstrap replications. P-values are calculated by com-
paring the transfer entropy results to the quantiles of boot-
strap samples. The findings indicate that transfer entropy
and effective transfer entropy from CBOE to both measures
of sustainable markets (GRNENEFX and GRNPOLX) are sta-
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Table 1. Main results

Panel A: Shannon transfer entropy results between grnenefx and cbvoe

Bootstrapped TE quantiles

Direction TE Eff. TE 0% 25% 50% 75% 100%

grnenefx—cbvoe 0.0007 0.0000 0.0002 0.0008 0.0011 0.0017 0.0053
(0.9567) (0.9567)

cbvoe—grnenefx 0.0035P 0.0015P 0.0002 0.0013 0.0017 0.0022 0.0042
(0.0133) (0.0133)

Panel B: Shannon transfer entropy results between grnpolx and cbvoe.
Bootstrapped TE quantiles

Direction TE Eff. TE 0% 25% 50% 75% 100%

grnpolx—chvoe 0.0011 0.0000 0.0005 0.0011 0.0014 0.0019 0.0048
(0.7767) (0.7767)

cbvoe—grnpolx 0.0035P 0.0015P 0.0003 0.0012 0.0015 0.0021 0.0044
(0.0100) (0.0100)

Panel C: Averaged dynamic connectedness

cbvoe Grnenefx grnpolx Contribution from others
Cbvoe 81.09 11.87 7.04 18.91
Grnenefx 21.54 58.74 19.72 41.26
Grnpolx 14.47 21.68 63.84 36.16
Contribution to others 36.02 33.55 26.76 96.33
Net directional connectedness 17.11 -7.71 -9.40 TC1
NPDC Transmitter 2.00 1.00 0.00 3211

Note: b refers to statistical significance at the 5% level. TE and Eff.TE are transfer entropy and effective transfer entropy, respectively. 300 replications are made. Statistical signifi-

cance is based on the Markov block bootstrap.

tistically significant at the 5% level. No statistical signifi-
cance at any conventional level is recorded in the opposite
direction. Transfer entropy assesses the predictive power
of variables by measuring how much information about
one variable reduces the uncertainty about another vari-
able, beyond what the second variable’s past values can ex-
plain. Our results thus demonstrate that information about
CBOE decreases the uncertainty about the dynamics of
GRNENEFX and GRNPOLX, suggesting that crude oil
volatility is valuable for forecasting sustainable develop-
ment in the US.

Results also suggest that information flow from crude oil
volatility to the NASDAQ OMX Energy Efficiency index is
almost the same as the flow to the NASDAQ OMX Pollution
Mitigation index. Thus, decisions about participation in
sustainable markets—whether by households or firms—as
well as sustainable development policies by governments,
can only succeed when crude oil price volatility is taken
into consideration. These findings offer empirical support
to studies claiming that oil price volatility and clean energy
markets are interlinked (Abdussalam et al., 2022; Asl et
al., 2021; Dutta et al., 2021; Lee et al., 2021; Olasehinde-
Williams et al., 2023; Yaya et al., 2022) and provide new in-
sights by showing that information about crude oil volatil-
ity lowers the degree of uncertainty surrounding
sustainable investments.

B. Dynamic connectedness results

We proceed to report and discuss the averaged and dy-
namic results generated from the DCC-GARCH-based con-
nectedness estimations, which allow us to disaggregate the
transmission mechanisms between crude oil volatility and
sustainable markets in the US. The results from averaging
the dynamic connectedness outcomes, as reported in Table
1C, show a total connectedness index (TCI) of about 32.11%
between crude oil volatility and sustainable markets, in-
dicating a significant level of connectedness. Additionally,
the results indicate that crude oil volatility transmits the
greatest amount of shock to sustainable markets (36.02%)
and receives the least amount of shock from them (18.91%).
Negative net directional connectedness values for sustain-
able markets imply that they are net receivers of shocks
from crude oil volatility, while the positive value for crude
oil volatility indicates it is a net transmitter. Furthermore,
GRNENEFX receives more shocks from crude oil volatility
(41.26%) than GRNPOLX (36.16%). These findings contra-
dict those of Henriques & Sadorsky (2008) and Ahmad
(2017), who found no evidence of oil market volatility
transmission to clean energy firms and classified crude oil
as a net receiver, respectively. However, they support stud-
ies such as Asl et al. (2021), Dutta et al. (2021), Abdulsalam
et al. (2022), Yaya et al. (2022), and Olasehinde-Williams et
al. (2023).
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Figure 2. Dynamic total connectedness and net total directional connectedness

The averaged results in Table 1C do not account for
time-specific variations, so we further analyze the DCC-
GARCH-based dynamic connectedness plot in Figure 2,
which shows dynamic TCI ranging mostly between 20% and
65%. This indicates that the dynamic TCI among crude oil
volatility and sustainable markets is relatively strong and
time-varying, with significant risk spillovers during events
such as the Saudi-US oil conflict, the Russo-Ukraine con-
flict (2014-2016), financial crises (2017-2019), the 2018
stock market crisis, and the COVID-19 pandemic. Figure 2
shows that CBOE is the major net risk transmitter, while
GRNPOLX and GRNENEFX are net risk receivers, confirm-
ing crude oil volatility as a primary source of risk spillover
into sustainable markets. The network plot of net pairwise
directional connectedness in Figure 3 illustrates that CBOE
(blue) is the net transmitter and GRNENEFX and GRNPOLX
(vellow) are net receivers. The thicker line connecting
CBOE to GRNENEFX indicates a more intense connection,
revealing that crude oil volatility transmits shocks to sus-
tainable markets, with the NASDAQ OMX Energy Efficiency

index being more susceptible to these shocks than the NAS-
DAQ OMX Pollution Mitigation index.

IV. Conclusion and Policy Recommendations

The impact of contagion spillovers between financial
markets has become a significant concern as the world
economy becomes increasingly integrated. As such, policy-
makers and investors need to make critical decisions and
develop action plans on how to engage with the relatively
new sustainable financial markets. Therefore, understand-
ing the transmission mechanisms in these growing mar-
kets is crucial. To this end, this study evaluates sustain-
able market dynamics under crude oil volatility in the US
by examining the dynamic connectedness between crude
oil volatility and sustainable markets in the country. Trans-
fer entropy results suggest that crude oil volatility is valu-
able for forecasting sustainable market dynamics, and DCC-
GARCH analysis reveals dynamic risk spillovers, especially
during key geopolitical and economic events.
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The findings have important implications for stakehold-
ers. First, since crude oil acts as a source of risk for sus-
tainable markets, policy measures should be implemented
to mitigate the impact of increased volatility in the oil mar-
ket. Second, insights from crude oil markets are valuable for
making informed decisions about sustainable investments.
Risk managers and portfolio managers must account for
the significant spillover effects from crude oil into sustain-
able investments when predicting portfolio returns. Third,
the level of risk connectivity between crude oil and sus-
tainable investments fluctuates over time and intensifies
during crises. These uncertainties should be carefully inte-

grated into portfolio strategies by risk managers and port-
folio managers. Lastly, given the continued reliance of the
US on crude oil, high volatility transferring from oil markets
to sustainable investments is likely to be a recurring issue.
Therefore, the government should ensure adequate support
for companies involved in sustainable products.
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