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COVID-19 has morphed from a health crisis to an economic crisis that affected the global
economy through several channels. This paper aims to study the impact of COVID-19 on
the time-frequency connectedness between Green Bonds and other financial assets. Our
sample includes the global stock market, bond market, oil, USD index, and two popular
hedging alternatives, namely Gold and Bitcoin, from May 2013 to August 2020. First, we
apply the methodologies of Diebold and Yilmaz (International Journal of Forecasting, 2012,
28(1), 57–66) and Baruník and Křehlík (Journal of Financial Econometrics, 2018, 16(2),
271–296). Then, we estimate hedge ratios and hedge effectiveness of green bonds for
other financial assets. Green bonds are found to have a great weight in the overall network,
particularly strongly connected with the USD index and bond index.While the bi-directional
relationship with USD persists during COVID, the connectedness with conventional bonds
is also strengthened. Notably, we find a weak relationship between Green bonds and
Bitcoin, both in the short and long run. As portfolio implications, Gold and USD have the
highest hedge ratio, which is confirmed by the hedging effectiveness. In contrast, oil and
stocks exhibit the lowest hedging effectiveness. Our findings imply that financial assets
might have a heterogeneous relationship with green bonds. Furthermore, despite its
infancy, it seems that the role of green bond during a crisis should not be ignored, as it can
be a hedger for some assets, while a contagion amplifier during crisis times.
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INTRODUCTION

COVID-19 has morphed from a health crisis to an economic crisis that affected the global economy
through several channels. The unexpected coronavirus that started in Wuhan city in China in late
2019 spread globally in a matter of a few months. The World Health Organization (WHO) classified
COVID-19 as a global pandemic onMarch 11 2020 (World Health Organization, 2020). The affected
countries by COVID-19 imposed strict implications and policies to lock down the borders. This
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lockdown has impacted international trade (imports and exports),
resulting in slower economic growth. Moreover, many studies
confirmed that the COVID-19 outbreak influenced financial
markets’ returns significantly and inversely, which affect the
economy negatively (Al-Awadhi et al., 2020; Ashraf, 2020;
Mazur et al., 2020). On the other side, Haldar and Sethi. (2020)
found an insignificant correlation between COVID-19 and socio-
economic factors like GDP per capita and the human development
index for the countries: India, United States, Brazil, Argentina,
France, Colombia, Russia, Israel, United Kingdom, and Peru.
Another case by Dash et al. (2021) on BRICS economies
(Brazil, Russia, India, China, and South Africa) shows that
economic growth is insignificant with COVID-19. This result
encourages the policymakers of BRICS economies to invest
more in the health care sector. Several reasons have been
highlighted in recent literature that could justify the drop in
financial markets’ returns during the period of COVID-19, such
as the appearance of uncertainty and fear (Lyócsa and Molnár,
2020), investor sentiment (Narayan et al., 2020), and systematic
risks (Zhang et al., 2020), which influenced economies negatively.
Moreover, COVID-19 can also increase the risk of volatility of
stock markets, which decrease stocks return significantly and
negatively (Haldar and Sethi, 2021). Therefore, focusing on the
integration between financial markets and national and global
economies is important (Nasir and Du, 2018). COVID-19 not
only impacted stock markets negatively but affected the oil market
significantly. Global oil prices have been experiencing a significant
decline since the start of COVID-19 due to many reasons, such as a
reduction in oil demand, specifically, the cut in airline sectors and
the stoppage of global and national flights. This collapse in demand
for transportation fuel (Salisu et al., 2020; Sharif et al., 2020).
Another reason that international import (demand) of oil faced a
sharp slump resulted in lower oil prices (Dutta et al., 2020).
Throughout COVID-19, gold and Bitcoin represent safe-haven
(hedgers), which encourages investors to trade more in gold and
Bitcoin rather than invest in financial markets (Dutta et al., 2020).
Recently, the global population is expanding rapidly and increasing
the consumption of energy with more CO2 emissions. This
increase in consumption causes a higher threat to the
environment (Dogan and Seker, 2016), human health (Anser
et al., 2020), and economies (Rasool et al., 2019). Therefore,
governments and corporates encourage the use of clean energy.
An example to enhance clean energy is to finance and invest in
green projects such as trading green bonds, which can effectively
mitigate the risks of CO2 emissions. Green bonds are similar to
conventional corporate bonds, but green bonds focus only on
projects that can be friendly to the environment (Nguyen et al.,
2020; Reboredo and Ugolini, 2020; Saeed et al., 2020). Previous
studies argue that more green bond trading can support low-
carbon projects, which reduces environmental degradation
significantly (Monasterolo and Raberto, 2018). This results in
having a cleaner environment and lower negative effects of
climate change (Gevorkyan et al., 2016; Flaherty et al., 2017;
Orlov et al., 2018). Globally, countries have been taking action
against climate change, global warming, andmitigating greenhouse
emissions, (e.g. CO2) through signing many agreements like Kyoto
Protocol (1997) and Paris Agreement (2015). Our study

contributes to the United Nations’ Sustainable Development
Goals particularly, Goal 7: Affordable and Clean Energy, Goal
11: Sustainable Cities and Communities, and Goal 13: Climate
Action (United Nations, 2016). According to Goal 7: Affordable
and Clean Energy, this study encourages using clean energy and
investing in green bonds. RegardingGoal 11: Sustainable Cities and
Communities, higher usage of clean energy would help to achieve
sustainability effectively, that can enhance economy, society and
environment. Focusing on Goal 13: Climate Action, this study
followed the call, policies and implication of Kyoto Protocol (1997)
and Paris Agreement (2015) through the mitigation of the global
pollution (CO2 emissions).

International financial investors would trade using two main
strategies through hedging and diversification. The most
important markets that drive the global economy are the
global stock market, bond market, oil market, USD index,
Gold, and Bitcoin, which is the focus of our study. Regarding
financial (stocks and bonds) markets, they are playing important
roles to finance corporates and governments. This finance
significantly supports economic growth, but again, maybe this
finance would lead to more pollution as higher finance would
increase production. As a result, green finance aims to promote
green energy and the environment. According to oil, it is
important due to oil is a source of energy to supply
production (industries). Moreover, transportations depend
highly on oil products such as fuel. However, oil is still a non-
renewable source for energy, and international organizations, e.g.,
United Nations, are encouraging using renewable energy, which
threats oil prices, but at least the world would have a cleaner
environment. Focusing on USD index, the reason behind
choosing USD to be examined is that USD is linked to main
global commodities, e.g., oil, gold, and Bitcoin. Concentrating on
hedging alternatives such as Gold and Bitcoin over periods of
crisis, e.g., global financial crisis, gold found being a safe-haven
asset (Baur and McDermott, 2010; Ciner et al., 2013; Reboredo,
2013). A recent study by Das et al., 2020 shows that Bitcoin is not
a superior haven asset (hedging) than Gold and USD.
Importantly, our study investigates whether gold and Bitcoin
are safe-haven assets during Covid- 19 turmoil. To summarize,
focusing on the above variables contributes to the field of the
study. In our study, we employ a time-frequency analysis to find
the connectedness between the study variables. The time-
frequency analysis is important for portfolio managers and
investors in financial markets. Specifically, this approach is
significant for short-term (active investors/day traders) and
long-term investors (passive investors). Additionally,
disconnection in the short-term means an asset is a safer
haven during the crisis, whereas disconnection in the long-
term indicates diversification benefit. Investors have different
time horizons’ preferences and frequencies, and some investors
prefer to invest at short- (hours/days), medium- (weekly/
monthly), and long-term (yearly) periods (Nguyen et al.,
2020). Moreover, the time-frequency analysis measures
spillovers and dependencies effectively and tracks the
spillovers at all levels, based on the vector autoregressive
model (VAR model) (Diebold and Yilmaz, 2012). The VAR
computes the forecast error variance decompositions (FEVD)
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from a generalized vector autoregression. Moreover, this study
also aims to find if the impact of COVID-19 on the connectedness
between green bonds and other financial markets using the time-
frequency domain with portfolio implications. Based on the
discussions above, we can conclude that this study makes
several contributions: 1) a limited number of studies in the
literature examined the relation between green bonds and
financial markets. 2) To our knowledge, there is no study in
the literature focused on the effects of COVID-19 impact on the
connectedness among green bonds and financial markets.
However, the main objective of this study is to analyze the
effects of COVID-19 on the connectedness between Green
Bonds and some important financial assets (global stock
market, bond market, oil, USD index, and two popular
hedging alternatives, namely Gold and Bitcoin). The study is
structured into four sections. Literature Review presents the
literature review. The methodology and data are explained in
Methodology and Data. The findings are reported and discussed
in Empirical Findings and Conclusion concludes the paper.

LITERATURE REVIEW

There are limited studies in the literature review that tested the
correlation between green bonds and other financial markets
(Hammoudeh et al., 2020; Nguyen et al., 2020; Reboredo and
Ugolini, 2020). Hammoudeh et al. (2020) examined the link
between green bonds, financial assets, and the environment. The
financial assets are United States conventional bonds and
WilderHill clean energy (equity) index, while CO2 emissions
represent the environment from July 30 2014 to February
10 2020. Statistically, the data analyzed in this study through
the novel time-varying Granger causality test. The findings show
a significant causality running from the United States 10 years
Treasury bond index to green bonds from the end of 2016 to
February 10 2020. Also, CO2 emission allowances price affected
green bonds significantly (time-varying causality) from July
30 2014 to the end of 2015. Moreover, the time-varying
causality showed a low effect from the clean energy index to
green bonds in 2019. Reboredo and Ugolini. (2020) analyzed the
price connectedness between the green bond and financial
markets from October 2014 to December 2018. Identifying the
direct and indirect financial shocks was through the model of
structural vector autoregressive (VAR). This study’s empirical
results suggest that the green bond market is associated with
currency and fixed-income markets. On the other side, the green
bond market has a weak link with energy, stock, and high-yield
corporate bond markets. The VARmethod has been employed in
the literature review to examine the effects of credit risk on several
international financial institutions (Yang and Zhou, 2013) and
analyze volatility spillovers on some global financial markets
(Yang and Zhou, 2017). Focusing on the correlation between
environment and green bonds, Zerbib. (2019) estimates the
differentiation of yield amongst green bond conventional
bonds over July 2013 to December 2016. The yield of green
bonds was found to be lower than the conventional bond. The
results also indicate that investors’ preferences considering

pro-environment are low, which means that the investors
prefer profits rather than supporting green bond markets
(cleaner environment). Another study by Glomsrød and Wei.
(2018) shows the influence of green bonds in mitigating global
non-renewable energy consumption, (e.g. coal), which strongly
recommended reducing CO2 emissions. Tang and Zhang.
(2020) approve that when green bond issuance appears
(announces), the stock market indices respond positively;
more liquidity and trust can be shown on the financial
markets after the issuance of green bonds. Flammer (2018)
also points out that green bonds’ issuance has influenced the
firm’s financial performance and environment that issued green
bonds. Broadstock and Cheng. (2019) argue a significant link
between green and black bond markets. Moreover, the financial
market’s volatility, economic policy uncertainty, daily
economic activity, and oil prices significantly affected green
bonds. Some studies confirmed a significant link between oil
prices and green energy stocks (Sadorsky, 2012; Wen et al.,
2014), but other studies argued an insignificant correlation
between oil and renewable energy corporate prices, (e.g.
Reboredo et al., 2017). However, Reboredo and Ugolini
(2020) identify the network connectedness of green bonds
and asset classes in Europe and the United States. This
study concluded that green, treasury and corporate bonds
are strongly connected in the short- and long-run. In
contrast, a weak connectedness approved between green
bonds and high yield corporate bond, stock, and energy
assets. Recently, Le et al. (2021) test the connectedness
between green bonds, fintech, and cryptocurrencies utilizing
daily basis data fromNovember 2018 to June 2020. This study is
very important as it covers the period of COVID-19. This
study’s findings showcase a strong link between technology
assets and common stock. Additionally, Bitcoin, MSCIW,
MSCI US, and KFTX caused strong volatility shocks,
whereas the USD index, gold, oil, and green bonds were
found to be good hedgers. To summarize, we highlight the
past literature on connectedness, comovement and spillovers
between green bonds and other financial markets in Table 1.

METHODOLOGY AND DATA

This paper aims to examine the impact of COVID on the
connectedness of green bonds with other financial assets
within a time-frequency framework. This methodology
describes how connectedness evolves in both time and across
different investment horizons, namely the short and long run. In
line with literature that studies the impact of crises, we first
estimate connectedness on a full sample that provides a full
picture of the connectedness over the entire period of the
sample. Then, we estimate connectedness on sub-samples, pre-
COVID and post-COVID. The pre-COVID starts from the start
of our sample (May 2013) to December 2019. The post-COVID
starts at January 2020 to the end of the sample, as the pandemic is
ongoing.

We present first the time-frequency methodologies, and then
we explain the hedge ratio and hedging effectiveness.
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GFEVD and Connectedness in the
Time-Domain
In order to estimate the transmission of return between green
bonds and other assets, we first apply the methodology of Diebold
and Yilmaz. (2012) to describe how this transmission evolves in
time. The spillover measure is based on the forecast error variance
decomposition (FEVD) matrix centered on the generalized
vector-autoregressive (VAR) model. The idea of this
decomposition is that each forecast error variance of a
particular asset process is constituted by its own contribution
and a contribution from another asset process with which it
correlates. An advantageous feature of the method is that it is
invariant to the ordering of the variables. Consider an n-variate
covariance stationary VAR(p) model,

xt � ∑
p

i�1
cixt−i + ∈t , (1)

where ∈t ∼ N(0,Σ). The moving average component of the VAR
process is represented by the following MA(∞) process

xt � ∑
∞

i�0
ωi ∈ t−i,

where ωi is a n × n coefficient matrix and calculated recursively
using ωi � c1ωi−1 + c2ωi−2 + . . . + cpωi−p, and ω0 represents the
identity matrix. Based on the MA coefficient, we utilize the
generalized FEVD, which allows us to split the H-step-ahead
forecast error of each variable and attributes it to various shocks
in the system.

We find the generalized approach of Koop et al. (1996) and
Pesaran and Shin. (1998) a better approach for considering
orthogonality, given that the Cholesky factor relies on the
ordering of the variables.

The contribution of variable j to the H-step-ahead generalized
variance of forecast error of variable i is denoted as τij(H) and
computed by:

τij(H) � σ−1jj ∑H−1
h�0 (e′iωh ∑ ej)2

∑H−1
h�0 (e′iωh ∑ω′hei)

2, (2)

TABLE 1 | Summary of studies in the literature review on connectedness between green bonds and other financial markets.

Author Period Market Analysis Methodology Results

Broadstock and
Cheng (2019)

11/28/2008 to 7/
31/2018 (daily)

Bond markets
(black and
green)

Time-varying Two-stage sequential Bond markets (black and green) were
affected significantly through the financial
market’s volatility, economic uncertainty,
daily economic activity, and oil prices

Dynamic conditional correlations (DCC)
Dynamic model averaging (DMA)

Zerbib (2019) July 2013 to
December 2017

Green bonds
market

Matching method Model-free approach/direct approach The yield of green bonds was found to be
lower than the conventional bond. The
results also indicate that investors’
preferences considering the pro-
environment are low

Hammoudeh et al.
(2020)

July 30, 2014 to
February 10,
2020

Green bonds
market

Novel time-varying
granger causality test

Three time-varying causality algorithms A significant causality is running from the
US 10-years Treasury bond index to green
bonds. In addition, CO2 emission
allowances price affected green bonds
significantly. Moreover, the time-varying
causality showed a low effect from the
clean energy index to green bonds in 2019

Nguyen et al.
(2020)

2008–2019 Green bonds
market

Time-frequency
comovement

Rolling window wavelet correlation
approach

There is strong evidence that most
associations attained a peak over the
global financial crisis (GFC that happened
from 2007 to 2009)
Comovement between stocks,
commodities, and clean energy is found to
be high

Reboredo and
Ugolini (2020)

October Green bonds
market

Time-frequency
domain using the VAR
approach

Multivariate vector autoregressivemodel The green bond market is associated with
currency and fixed-income markets. In
contrast, the green bond market has a
weak link with energy, stock, and high-
yield corporate bond markets

2014 to
December 2018

Tang and Zhang
(2020)

2007‒2017 Green bonds
market

Diff-in-diff analysis Multi-factor models When green bond issuance appears
(announces), the stock market indices
respond positively

Le et al. (2021) November 2018
to June 2020

Green bonds
market

Multivariate time-
series analysis model

Vector autoregression (VAR) the model
that is computing the forecast error
variance decomposition (FEVD)

There is a strong link between technology
assets and common stock. Additionally,
Bitcoin, MSCIW, MSCI US, and KFTX
caused strong volatility shocks, whereas
the USD index, gold, oil, and green bonds
were found to be good hedgers
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where the jth diagonal component of the standard deviation is
represented by σ jj. Ʃ defines the covariance matrix of errors. ei has
a value 1 for ith component and 0 otherwise. Finally, the
coefficient matrix that multiplies h-lagged error in the infinite
moving-average representation of non-orthogonalized VAR is
represented by ωh.

The pairwise directional transmission, τij(H), from j to i, is
measured as:

ΤH
i←j � τij(H) (3)

The total directional transmission from others to i is defined by
the ratio of the off-diagonal sum of rows to the sum of all the
elements as:

ΤH
i←• �

1
N
∑N

j�1
j≠i

τij(H). (4)

Moreover, the total directional transmission to others from j is
given by the ratio of the off-diagonal sums of columns to the sum
of all the elements as:

ΤH
•←j �

1
N
∑N

i�1
i≠j

τij(H). (5)

Finally, the total connectedness is defined by the ratio of the sum
of the from-others (to-others) elements of the variance
decomposition matrix to the sum of all its elements:

ΤH � 1
N
∑N

i, j�1
i≠j

τij(H) (6)

GFEVD in the Frequency Domain
To explain the frequency connectedness’ dynamics over both
frequencies short and long terms, we employ the spectrum
description of variance decomposition. These decompositions
are based on frequency responses to shocks instead of impulse
responses to shocks. Consequently, the present theory’s building
block calls the frequency response feature, η(e−ifg) � ∑

g
e−iwgηg ,

that can be attained as the transformation of coefficients by
Fourier ηg , subject to i � ���−1√

. Therefore, the spectral density
of AB at frequency f can be defined as a filtered sequence Fourier
Transform for MA(∞) as:

SAB(f ) � ∑
∞

g�−∞
E(ABtAB′

t−g)e−ifg � ℵ(e−if )∑ℵ′(e+if ). (7)

Knowing the dynamics of frequency depends on the main
power spectrum of quantity SAB(f ) which effectively explains
the method of how can ABt be allocated through the
components of frequency ω. None the less, the frequency
domain is explained by the spectral decomposition for
covariance as equivalents for variance decompositions, i.e.,
E(ABt,AB′

t−g) � ∫φ

−φ Sc(f )eifgdf .
Following Barunik and Krehlik. (2018), we explain the

measurement of connectedness indicators at varying
frequencies. Therefore, spectral quantities are estimated by the

regular Fourier transform. Cross-spectral density of the interval
d � (a, b) : a, b ∈ (−φ,φ), a< b is estimated as:

∑
f

η̂(f )∑̂η̂′(f ), (8)

for f ∈ {aG/2π, . . . , bG/2π} where

η̂(f ) � ∑
G−1

g�0
η̂ge

−2iφf /G. (9)

and ∑̂ � ε̂′ε̂/(T − x), where x shows the adjustment for the lack of
degrees of freedom and relies entirely on the VAR specification.

At a given frequency band, the decomposition of the impulse
response function is calculated as η̂(d) � ∑

f
η̂(f ). Consequently, at

the frequency band, the generalized decompositions of variance
are calculated as:

(ẑd)j,l � ∑
f

ρ̂j(f )(κ̂(f ))j,l, (10)

where, (κ̂(f ))j,l � δ̂
−1
ll ((η̂(f )∑̂)j,l)

2
/(η̂(f )∑̂η′(f ))

j,j
is the

estimating of generalized causation spectrum, and ρ̂j(f ) �
(η̂(f )∑̂η̂(f ))j,j/(∅)j,j is the estimated weighted fraction and

∅ � ∑
f
η̂(f )∑̂η̂′(f ). Therefore, the connectedness measurements

can be obtained at a given ideal frequency band by substituting
the estimation, (ẑk)j,l into the traditional measures.

Hedge Ratio and Hedge Effectiveness
The hedging ability of green bond (GB) for other financial assets
(A) permits to investigate the amount of reduced risk when
including GB along with another financial asset (A) among
the six used in this study. The hedging ability is thus
examined, in this study, through hedge effectiveness measures.
Particularly, consider RH,t return on the hedged portfolio,
including green bond and one of the financial assets of our
sample.

RH,t � RA,t − ∅tRGB,t , (11)

where RA,t represents the return of the financial asset A, ∅t

denotes the hedge ratio and RO,t indicates the return of the green
bond index. The hedged portfolio’s variance conditional on an
informational set It−1 is presented as follows.

var(RH,tRt−1) � var(RA,tIt−1) + ϕ2
t var (RGB,tIt−1)

− 2ϕtcov(RGB,t ,RA,tIt−1). (12)

Referring to Baillie and Myers. (1991), we define the optimal
coefficient by minimizing the conditional variance of the hedged
portfolio as:

ϕp
t It−1 �

cov (RA,t , RGBt

∣∣∣∣It−1)
var(RGB,t

∣∣∣∣It−1) . (13)

The hedge ratio is estimated using the extracted covariance and
conditional volatility series estimated from an asymmetric
generalized DCC-GARCH model, as suggested by Kroner and
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Sultan (1993). The expression of hedging a long position in a
financial asset A by a short position in the green bond index is as
follows:

ϕp
t It−1 � hAGB,t/hGB,t , (14)

where hAGB,t denotes the conditional covariance between the
green bond index and the financial asset returns and hGB,t
represents the conditional covariance of green bond index
returns. The optimal hedge ratios performance extracted from
the AGDCC-GARCH model is then estimated using the hedging
effectiveness index proposed by Basher and Sadorsky (2016). A
higher value of the HE index indicates greater hedging
effectiveness between the green bond index and a financial
asset in the same portfolio.

HE � varunhedged − varhedged
varunhedged

. (15)

varunhedged and varhedged indicate the variances of the unhedged
and the hedged portfolios, respectively. Afterward, we estimate
the out of sample hedging ratios through a rolling window
analysis. In other words, at a specific time period, t,
conditional covariances, and volatilities for one period ahead
are used to estimate hedge ratios for the next period.

Data and Preliminary Analysis
We use daily spot prices indexes of a diversified Green bond index
(GB) with six financial asset classes. We use the S&P green bond
index (SPGRBND), United States dollar index (USDXY), MSCI
world index (MSWRLD), Bond index (BOND) along with three
popular hedging alternatives (Gold, “GOLD”; WTI crude oil,
“OIL” and Bitcoin, “BTC”).

Several green bond indices are available, (e.g. the Barclays
MSCI Green Bond Index, the S and P Dow Jones Green Bond
Index, and the Bank of America Merrill Lynch Green Bond
Index), but there is a high correlation among them (Reboredo
and Ugolini, 2020; Nguyen et al., 2020; Saeed et al., 2020). In this
paper, we use the S and P Dow Jones Green Bond Index. It is a
market value-weighted index that comprises bonds issued in any
country and any currency, provided they are labeled green by the
Climate Bonds Initiative. The index is calculated in USD, and
weights are updated every month. It includes treasury,
government-related, corporate, and securitized issues
(Reboredo, 2018). The MSCI world index is included as a
measure of international financial performance and West
Texas Intermediate oil and gold as “international flight to
safety assets” (Akyildirim et al., 2020, Naeem et al., 2020a,b;
Shahzad et al., 2019, Shahzad et al., 2020). Regarding Bitcoin,
since the boom of cryptocurrencies in 2013, the market
attractiveness for this new digital asset has increased. Several
recent empirical studies have documented that it is negatively
correlated to some major financial assets and would provide
valuable diversification benefits (Naeem et al., 2020a,b, and
Shahzad et al., 2019, Shahzad et al., 2020).

All data are extracted fromDatastream except for Bitcoin from
coinmarketcap.com. Log transformation returns are used for
empirical analyses. All indices are in USD. In our study, we

use daily data from May 2013 to August 2020, yielding 1908
observations. Table 2 reports summary statistics. All return series
are leptokurtic and have negative skewness value. Jarque-Bera test
statistic points to the non-normality of the return distribution. All
return series are stationary, as confirmed by the Augmented
Dickey-Fuller (ADF) test statistic. Unsurprisingly, Bitcoin has
the highest average return and, at the same time, the highest
variability. In contrast, the Green bond index reveals to be the
most stable asset as it has the lowest standard deviation, which
increases its potential as a diversifier.

We report the unconditional correlation in Figure 1. As our
main aim in this paper is to study the impact of COVID on the
connectedness of Green Bond with other major financial assets,
we thus report our results first for the whole sample than for the
sub-samples: pre- and post-COVID. December 31, 2019, was the
first time China reported to the WHO that there were multiple
respiratory infection cases. Therefore, we consider the data
sample from January 1, 2020 to August 30, 2020 as the post
-COVID-19 period, in line with many other studies (Zaremba
et al., 2020; Bouri et al., 2021; Corbet et al., 2020; Han and Li,
2020).

A strong negative unconditional correlation is found between
GB and the United States dollar index (USD), suggesting a
substantial potential risk diversification benefit of GB in a
portfolio with USD. This negative correlation is also
maintained during the COVID times, suggesting that the
Green Bond index is a safe-haven for the United States dollar
during the crisis period. Nevertheless, we find that the Green
bond index is weakly and negatively correlated to the MSCI
index. Hence, the green bond index might be used as a diversifier
in a stock portfolio.

Comparing the pre- and post-COVID time periods, a
sheltered strong negative correlation is found between GB and
USD, whereas a peculiar correlation with oil. However, a
noticeable increase in correlation is found between GB and
BTC, also a subdued increase with the MSCI index. As to
gold, the correlation is even decreased during the pandemic
time. We argue that the increase in correlation for some assets
seems obvious as an expected response to market conditions. As
to hedging alternatives (WTI, gold, and BTC), the Green Bond
index’s correlation pattern is not the same for all of them.

After having a preliminary idea of the impact of COVID-19 on
the unconditional correlation between Green bonds and other
financial assets, we analyze dynamic connectedness within a time-
frequency framework and its portfolio implications.

EMPIRICAL FINDINGS

Total Return Connectedness and COVID-19
First, we analyze the dynamic total connectedness between all the
variables, based on the Diebold and Yilmaz (2012) [DY]
framework. We utilize the rolling window approach with a
window size of 262 days and a forecast horizon of H �
100 days, and the lag length of order one, as determined by
the Schwarz Information Criterion (BIC).
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The Figure 2 starts at a moderate level of 28% in 2013–2014,
then a slight increase with weak peaks during 2016 and 2017.
Nguyen et al. (2020) argued that the progressing massive
development of green bonds, from 2013 onwards, is a
plausible factor that drives the connectedness of green bonds
with other markets. However, some downturns are also shown
during 2018, but the deeper decrease in connectedness level
(about 22%) occurred during late 2019. Noticeably, since the
start of 2020, we see a sharp increase, reaching the highest level in
the period of nearly (45%). Undoubtedly, this increase in
connectedness is an expected response to COVID19. This
alteration in connectedness level is in line with the contagion
theory literature, which stipulates a peak in correlation among
different assets as a response to extreme economic shocks
(Benhmad, 2013; Narayan et al., 2014). More recent COVID
empirical studies confirm that statement (Bouri et al., 2021;
Adekoya and Olyide, 2020). It emerged primarily as a health
crisis; COVID-19 has rapidly turned into an unprecedented
economic crisis because of the higher uncertainty and
ambiguity surrounding this crisis (Baker et al., 2020; OECD,
2020). Consequently, fears ‘investors led them to rebalance
their portfolios among different financial assets for
diversification and hedging against expected losses, causing
hence the increased connectedness. More notably, this value is
higher than 27.2% reported by Bouri et al. (2021) for a
combination of the conventional bond index, USD index,
gold, MSCI World, and crude oil during COVID times. We
suggest that the inclusion of green bonds in the combination
has made the difference implying thus the influential weight of
green bonds in the overall financial system. As a new financial
asset that is environment friendly, we argue that investors may
perceive green bonds as a safer asset and hence shift their
investments from traditional assets toward this market
through the main currency, which is the US dollar.
Following the peak during the onset of the pandemic, we
also see a rapid decrease. Following that peak, the
connectedness magnitude remains at a high level of around
35%, though, which is expected as uncertainty is continuing.

Next, we decompose the total return connectedness into short-
(5 days) and long-term (6–262 days), applying the time-
frequency method of Baruník and Křehlík. (2018). We plot the
result in Figure 3. The red-shaded area indicates total

connectedness at the higher frequency band, which
corresponds to movements up to five trading days (one
week). On the other hand, the green-shaded area reflects
total connectedness at the lower frequency band, which
refers to movements from 6 to 262 days. Throughout the
sample period, the red-shaded areas outweigh the green-
shaded areas, which implies that total connectedness among
green bonds and other financial assets looks to be more driven
by short-term shocks. We suggest that such a finding might
reflect a speculative behavior of active traders who are more
guided by short-term benefits and are shifting across financial
assets, increasing their connectedness. In contrast, passive
traders are more concerned with long-term investments and
thus are focused on a specific asset. Our finding corroborates
with Nguyen et al. (2020) on connectedness between green
bonds, stocks, and commodities.

Network Connectedness and COVID-19
While the dynamic approach can be informative and provide an
overall picture of the network variables over time, it conceals
some interesting information regarding the pairwise
connectedness between the study variables. Results over the
full sample for both DY and BK are plotted in Figures 4, 5,
respectively.

The node’s size shows the magnitude of the contribution of
each variable to system connectedness, while the color indicates
the origin of connectedness. In particular, the red color implies
contribution from the variable under consideration to the other
variables of the system, and the green color indicates the
contribution from the other variables to the variable under
analysis. The color and shape of the arrows refer to the
strength of connectedness. The red color and full line arrows
represent strong spillovers while green and blue color arrows
show medium and weak spillovers. In terms of size, Figure 4
shows that the Green bond and United States dollar have the
strongest contribution to the return connectedness network,
followed by the bond market and gold, whereas oil and global
stock market are the smallest contributors. We find that the green
bond index is strongly connected with the USD and bond during
the full sample, ket, which is in line with Reboredo and Ugolini
(2020). However, the GB is found weakly linked to oil, in contrast
to Reboredo and Ugolini (2020) and Bouri et al. (2021).

TABLE 2 | Descriptive statistics and unit-root test.

ABB Mean
(%)

Max Min SD Skew Kurt J-B ADF

S&P Green bond Index SPGRBND ‒0.004 2.007 ‒2.438 0.317 −0.697 10.134 4200.628a −27.668a
MSCI World Index MSWRLD 0.025 8.406 -10.441 0.909 −1.591 30.131 59,325.570a −13.195a
Bond Index BOND 0.004 6.818 −5.083 0.421 −0.444 75.684 420,063.700a −17.695a
United States Dollar Index USDXY 0.007 2.032 −2.399 0.418 −0.012 5.156 369.754a −43.545a
Crude oil WTI OIL −0.043 41.202 −64.370 3.212 −3.210 112.930 964,002.200a −6.763a
Gold GOLD 0.015 5.432 −5.773 0.894 −0.023 7.384 1,527.771a −44.191a
Bitcoin BTC 0.156 36.140 −45.559 4.468 −0.506 15.936 13,384.580a −43.704a

Note: This table provides descriptive statistics for the electricity utility sectors of the sample countries under study. ABB, Max, Min, SD, Skew, Kurt, JB, and ADF indicates Abbreviations,
Maximum, Minimum, Standard Deviation, Skewness, Kurtosis, Jarque-Bera test of normality, and Augmented Dickey-Fuller test of stationarity, respectively.
aindicates significance at 1%.
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Furthermore, we find a weak relationship between GB andMSCI,
suggesting that green bonds can serve as a diversifier in a stock
portfolio, corroborating Han and Li (2020).

As to net spillovers, only GB and Gold appear as net
transmitters of return spillover while the US dollar, bond
market, stock market, and oil have a balanced contribution to
the return network as their contributing spillover to the network
is equal to their received spillover. GB is the leading net
transmitter of return spillover. GB transmits strong return
spillover to the United States dollar, bond market, and gold
but weak spillover to others. While it receives strong spillover
from US dollar and Gold, but moderate spillover from Bond and
weak spillovers from the rest of assets. Hence, GB seems to
interact mainly with the US dollar, bond market, and less degree
gold. The strong connectedness between GB and bond index
stocks looks intuitive since the former constitutes a part of the
overall fixed income market. Hence, we expect such a
relationship. As to the USD, the GB index includes many
green bonds issued by governments from different countries
and expressed in USD. Hence the GB index is significantly
influenced by movements in treasury and currency markets
(Reboredo and Ugolini, 2020). Meanwhile, our findings are
different from Huynh et al. (2020), who find that green bonds
and Bitcoin are shock senders to oil, gold, and the MSCI world
equity index. US dollar has a strong spillover to Green bond and
backward during a moderate spillover with gold in both
directions.

Figure 5 plots the decomposition of the network
connectedness into the short and long term. In the short run,
we see a similar pattern. GB is the leading net transmitter of
return spillover while its return spillover to the bond market is
moderate, and its contribution to gold is as well decreased
comparing to the static network. In the long run, overall, we
find a very weak connectedness among the network that seems
mainly driven by a moderate connectedness between GB
and USD.

Since our aim in this paper is to examine the impact of
COVID-19 on the network connectedness of green bonds with
other financial assets. After having described, above, the network
connectedness for the full sample, we now continue our analysis
focusing on two sub-samples, pre-COVID and post-COVID.
Results are plotted in Figures 6, 7. As shown in Figures 6A,
in the pre-COVID, GB is the leading contributor in the network
connectedness, followed by the USD index, then with lesser
weight Gold and Bond index. Stock market and oil contribute
weakly to the network connectedness while merely any
contribution from BTC. Particularly, Figures 6B shows that
COVID appears to have a noticeable impact on the whole
connectedness network through several features. First, while
the green bond index remains the most contributor, all the
other six assets increased their contribution, except for oil,
which maintains a small contribution. This is consistent with
the global economic feature of COVID-19 that affects all the
markets. The contribution of GB to the rest of the markets has
declined in favor of a strong return spillover received from the
bond market and stock market. We suggest that investors search
for alternative financial instruments to hedge against COVID
risk, other than conventional ones provided by the bond and
stock market. US dollar showed increased connectedness and
received a strong return spillover from bond and stock markets.

FIGURE 1 | Correlation heatmaps. (A) Full sample. (B) Pre-COVID sub-
sample. (C) COVID pandemic crisis sub-sample
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Meanwhile, an increased connectedness is also found among the
other individual assets, in magnitude between bond and stock
market or bitcoin and gold. Overall, it seems that the impact of
COVID significantly increased the connectedness between green
bonds and other financial markets.

The network connectedness during Pre-COVID (Figure 7A)
looks similar to that observed in the full sample (Figure 5).
However, some interesting findings need to be mentioned during
the COVID sample (Figure 7B). While during pre-COVID, GB
and US dollar were the most contributors to the network
connectedness, after COVID, all the other assets increase their
contribution. Accordingly, we find a significant connectedness
among all the assets that seems to persist over the short-run.

Particularly, during COVID, GB holds a strong bi-directional
connectedness with the United States dollar and a moderate
connectedness with the bond market in the short run.
Likewise, it is shown a moderate return spillover from GB to
gold. It is worth noting that the impact of COVID on the
spillovers between GB and other assets reveals persists in the
long run, although the magnitude is weakened about USD and
gold. However, for the rest of the assets, COVID impact looks
rather a short term.

Consequently, GB is found to play a significant role in the
return network connectedness, during crisis time, both in the
short and long run. However, during the normal time, the impact
of GB on the network connectedness looks rather short-run.

FIGURE 2 | Rolling window using Diebold and Yilmaz. (2012).Note: Window length of 260 days

FIGURE 3 | Rolling window using Barunik and Krehlik (2018).Note: Window length 260 days
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Particularly, during COVID time, GB maintains a strong bi-
directional connectedness with the United States dollar and a
moderate spillover with the bond market. Hence, investors
should take into consideration this finding when diversifying
their portfolios during a crisis.

Portfolio Implications
Table 3 reports the results of the hedge ratios (HR) and hedge
effectiveness (HE). The negative mean value of HR indicates that
investors should take the same position for both assets in the
same portfolio (either short or long), while the positive mean
value indicates that inverse positions are needed to hedge against
the risk of each asset. It is worth noting that we find negative
mean values of HR only for the pair GB and USD. Particularly, a
long position of USD 1000 is hedged by taking a long position of
US$953 in GB. For all the other assets, we find positive mean
values of the HR. For instance, the positive mean value between
gold and GB indicates that a short position on GB of US$1588 is
required to hedge a long position of US$1000 in gold. Comparing
the hedging ability of Green bond toward United States dollar and
Gold, our results indicate that an investor who holds 000$ cash
needs to buy 953 United States dollars of Green bond to hedge his
portfolio risk. However, an investor who holds the same amount
of $000 in gold should sell $1588 in Green bonds.

Likewise, positive HR for each of BTC, Bond, oil, and MSCI
world implies that a short position in Gb is required to minimize
the risk of a long position in each of these assets. As to HR values,
gold has the highest ratio that exceeds 1.5, followed by the US
dollar near the unit. For all the rest, HR values do not exceed 0.5.

The HE values confirm the HR implications. The highest HE
score for USD shows the highest effectiveness of this currency.
Gold also has a high HE value. However, oil and stocks exhibit the
lowest hedging effectiveness. Such results confirm that financial
assets might be heterogeneous about Green bond. Hence,
investors and portfolio managers need to carefully select which
asset to include as hedger in a portfolio, including Green bond.

CONCLUSION

This paper aims to study the impact of COVID-19 on the
dynamic connectedness of Green Bonds with various
substantial financial assets, namely the Bond market, global
stock market, USD index, and three hedging alternatives, oil,
gold, and Bitcoin. We use a time-frequency framework, applying
first the DY approach and then BK approaches. Our empirical
analyses were based on a full sample, then on two sub-samples:
pre and post- COVID.

We find a high total connectedness among the different assets.
As net spillovers, Green bond and USD dollar are the leading
contributors in the network connectedness. Moreover, the time-
frequency analysis unveils that return connectedness is more
pronounced in the short-run than the long term. This suggests
that the connectedness between the Green bond and other assets
seems to be more driven by the speculative behavior of active
investors.

Furthermore, our time-varying analysis reveals an increasing
trend of return connectedness over time. Based on the network

FIGURE 4 | Network diagram of connectedness table using Diebold and Yilmaz (2012). Lags � 1 based on SIC. Forecast horizon of 100 days. Note: This network
graph illustrates the degree of total connectedness in a system that consists of the S and PGreen Bonds, MSCIWorld index, Bonds, United States Dollar index, Oil, Gold,
and Bitcoin returns over the full sample period. Total connectedness is measured using the Diebold-Yilmaz framework. The size of the node shows the magnitude of the
contribution of each variable to system connectedness, while the color indicates the origin of connectedness. In particular, the red color implies contribution from
the variable under consideration to the other variables of the system, and the green color means contribution from the other variables to the variable under analysis. The
color and shape of the arrows refer to the strength of connectedness. The red color and full line arrows represent strong spillovers while green and blue color arrows
show medium and weak liquidity spillovers.
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connectedness, although all our sample assets are in United States
dollars, we find that only green bonds and United States dollar are
the most contributors to the return network. We then argue that
the overall increasing trend might reflect the increased role of the
green bonds in the whole system. One plausible explanation that
we suggest is that increased connectedness reflects a progressive
demand for this new asset by investors. Interested in good
portfolio diversification potential, investors progressively
accept green bonds as a good alternative to conventional

bonds. In doing so, the United States dollar is excessively
traded across investors, flying from conventional bonds to
green bonds, United States dollar, which are both in the
United States dollar.

Mainly interested in the impact of COVID on network
connectedness, our analyses show a significant impact on the
total network connectedness through a noticeable peak following
the onset of the pandemic. The magnitude of connectedness has
then reached an unprecedented level of 45%. The magnitude has

FIGURE 5 |Network diagram of frequency-domain connectedness table using Barunik and Krehlik (2018). (A) Short (1-5 days). (B) Long (>5 days). Lags � 1 based
on SIC. Forecast horizon of 100 days. Note: These network graphs illustrate the degree of total connectedness in a system that consists of the S and P Green Bonds,
MSCI World index, Bonds, United States Dollar index, Oil, Gold, and Bitcoin returns over the full sample period for a) short-run and b) long-run connectedness. Total
connectedness is measured using the Barunik-Krehlik framework. The size of the node shows the magnitude of the contribution of each variable to system
connectedness, while the color indicates the origin of connectedness. In particular, the red color implies contribution from the variable under consideration to the other
variables of the system, and the green color means contribution from the other variables to the variable under analysis. The color and shape of the arrows refer to the
strength of connectedness. The red color and full line arrows represent strong spillovers while green and blue color arrows show medium and weak liquidity spillovers.
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slightly decreased afterward, but the level remains high, reflecting
a common response among the assets to the continuing
uncertainty induced by the global pandemic. Green bonds
reveal to play a significant role in the network connectedness
both during pre-COVID and post-COVID. Noticeably, during
pre-COVID, green bond, United States dollar, and bond markets
were the most connected network contributors. However, during
the post-COVID sub-sample, all the other assets increased their
contribution to the network connectedness, except for oil, which
maintains a small contribution. Overall, it seems that COVID
affects not only the return connectedness of green bonds but also

the return connectedness of other major financial assets.
Particularly, the contribution of GB to the network
connectedness has declined in favor of a strong return
spillover received from the bond and stock markets. We
suggest that investors search for alternative financial
instruments to hedge against COVID risk, other than
conventional ones provided by the bond and stock market.
United States dollar showed increased connectedness.
Meanwhile, an increased connectedness is also found among
the other individual assets, in magnitude between bond and stock
market or Bitcoin and gold.

FIGURE 6 | Network diagram of connectedness table using Diebold and Yilmaz (2012). (A) Pre-COVID sub-sample. (B) COVID Pan9demic Crisis sub-sample.
Note: Refer to note with Figure 2.
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The impact of COVID on the spillovers between GB and other
assets reveals persistence in the long run, although the magnitude
is weakened for USD and gold. However, the impact of COVID
seems more pronounced in the short term. Consequently, GB is
found to play a significant role in the return network
connectedness, during crisis time, both in the short and long
run. However, during the normal time, the impact of GB on the
network connectedness looks rather short-run. Particularly,
during COVID time, GB maintains a strong bi-directional
connectedness with the US dollar and a moderate spillover
with the bond index. Hence, investors should take into

consideration this finding when diversifying their portfolios
during crisis periods.

Last, we also examined the portfolio implications of return
connectedness results. We computed the hedge ratios and hedge
effectiveness. We find that the hedging results confirm the green
bonds as the best hedger for the United States dollar.

Our findings have some practical implications for
environment-friendly investors. They may benefit from
adding strongly connected assets in their portfolio and GB,
such as the United States dollar, when the market is bullish.
When the market is bearish, investors may diversify their
portfolios by including the least connected assets such as
oil, gold, and Bitcoin.

Within the increasing flow of empirical studies interested in
Green bond and the impact of COVID, we claim that our study
completes those focusing on the connectedness of Green bond
with other financial assets and examining their hedging ability
(Reboredo, 2018; Reboredo and Ugolini, 2020, Jin et al., 2020 and
Bouri et al., 2021). Also, we add to Goodell (2020), who call
to examine the impact of COVID on the connectedness of
different financial assets. For future research, investigating
which specific macroeconomic variables drive the return
connectedness of green bonds with these selected assets
constitutes a relevant research idea, particularly within the
context of the COVID pandemic. We also suggest extending

FIGURE 7 |Network diagram of frequency-domain connectedness table using Barunik and Krehlik (2018). i) Short-run ii) Long-run. (A) Pre-COVID sub-sample. (B)
COVID Pandemic Crisis sub-sample. Note: Refer to note with Figure 3.

TABLE 3 | Summary statistics for hedge effectiveness and hedge ratios.

Mean Min Max HE

MSWRLD 0.3063 −4.5299 1.9485 −0.1713
BOND 0.3905 0.1558 1.7558 0.1938
USDXY -0.9537 −1.5479 0.0676 0.4777
OIL 0.1419 −5.1308 3.3517 −0.0244
GOLD 1.5887 0.4174 2.9313 0.2955
BTC 0.5258 −0.1464 2.7899 0.0011

Note: Fixed window rolling analysis was used to calculate the hedge ratios in order to
estimate the one step ahead forecast. Multivariate normal distribution was used for
estimating the ADCC-GARCH estimates. For all specifications, a constant and an AR (1)
term was included in the mean equation.
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our work to volatility connectedness and alternative methods
such as quantile connectedness.
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