
Annals of Operations Research
https://doi.org/10.1007/s10479-021-04452-y

ORIG INAL RESEARCH

Dynamic nonlinear connectedness between the green bonds,
clean energy, and stock price: the impact of the COVID-19
pandemic

Shanglei Chai1 ·Wenjun Chu2 · Zhen Zhang3 · Zhilong Li1 ·
Mohammad Zoynul Abedin4,5

Accepted: 16 November 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
This paper uses weekly data from July 01, 2011 to July 09, 2021 to examine the dynamic
nonlinear connectedness between the green bonds, clean energy, and stock price around the
COVID-19 outbreak in the global markets. By building a time-varying parameter vector
autoregression model (TVP-VAR), the comparison analyses of pre- and during the COVID-
19 sample groups verify the existence of nonlinear and dynamic correlation among the three
variables. First, prior to the COVID-19 pandemic, the simultaneous impacts of clean energy
on stock price increased over time. Second, the results of impulse responses at different
horizons indicate that green bonds lead to a short-term increase of clean energy, and it exerts
an increasingly positive impacts after the COVID-19 outbreak. The COVID-19 hasweakened
the negative impacts of green bonds on stock price in the medium term. Finally, through the
analysis of impulse responses at different points, we find that stock prices will rise when clean
energy is subjected to a positive shock, and this positive effect is stronger during economic
recovery period than in the other two periods.
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1 Introduction

As one of the most destructive global events, COVID-19 poses serious challenges to the
global economy, society, and environment. With the increase in the unemployed population
and the sharp decline in production and consumption, the economy has taken a hard hit (Chen,
2020). The breakout of the COVID-19 pandemic has brought major setbacks to economic
growth (Abu-Rayash & Dincer, 2020; Tisdell, 2020). Azomahou et al. (2021) confirm that
COVID-19 has caused the forecasted GDP growth loss in Africa. Although the COVID-19
pandemic has destroyed the global economy, it has also led to an increase in the sharing
of clean and renewable energy and a decrease in fossil fuels (Halbrügge et al., 2021; Wan
et al., 2021), resulting in the demand for green bonds. Halbrügge et al. (2021) conclude
that the COVID-19 epidemic has led to a decline in electricity demand and an increase in
the proportion of renewable energy consumption. Yi et al. (2021) consider that COVID-19
pandemic has significantly influenced the green bond market. Mensi et al. (2021) document
that COVID-19 may lead to the inefficiency of green bond market. However, Naeem et al.
(2021) confirm that green bondmarkets are more efficiency during the COVID-19 pandemic.
In addition to the effects on the green bonds and clean energy mentioned above, COVID-
19 also affects stock markets (Xu, 2021). Ashraf (2021) verifies the negative impact of the
COVID-19 epidemic on stock returns. Ftiti et al. (2021) find that the shock of COVID-19
increases the volatility of stock returns and the liquidity risks. Liu, Wei, et al. (2021) indicate
that the COVID-19 epidemic enhances the risk contagion effect of the stock market. With
the international popularity of the green economy concept in recent decades, the impact of
the COVID-19 epidemic on the relationship between green bonds, clean energy, and stock
prices has become increasingly prominent.

A number of recent studies has highlighted the connectedness between green bonds, clean
energy and stock price. Figure 1 presents the literature focused on the relationship between
three variables. Green bonds play a crucial role in renewable and clean energy projects (Euro-
pean Commission, 2016). Thus, there is a strong link between green bonds and clean energy.
On the one hand, there exists a one-way connectedness between clean energy and green
bonds. McInerney and Bunn (2019) conclude that the issuance of green bonds contributes to
the development of clean energy, such as bioenergy. Kung et al. (2022) provide evidence that
green bonds positively impact bioenergy. On the other hand, the bidirectional relationship
is also considered (Liu, Liu, et al., 2021; Pham et al., 2021; Ferrer et al., 2021; Nguyen
et al., 2021). The connectedness between green bonds and stock prices is also investigated.
Some literature has considered the connectedness and co-movement between green bonds
and stock price, however, the connectedness and co-movement are limited (Ferrer et al., 2021;
Reboredo, 2018; Reboredo & Ugolini, 2020). Besides, Wang et al. (2020) find that green
bonds can positively influence stock returns. Another strand of the literature also investigates
the risk spillover (Gao et al., 2021; Kuang, 2021). Gao et al. (2021) demonstrate that green
bond market is affected by one-way risk spillovers from the stock market. What’s more,
stock prices are also closely related to clean energy. Paramati et al. (2016) and McInerney
and Bunn (2019) confirm that the development of stock market contributes to clean energy
market. Lundgren et al. (2018) argue that European stocks are heavily dependent on clean
energy stock prices. Recent studies have emerged that highlight the positive relationship and
co-movement between stock price and clean energy (Elsayed et al., 2020; Razmi et al., 2020).
However, the outbreak of COVID-19 may lead to a structural change in the connectedness
between green bonds, clean energy and stock prices. The COVID-19 pandemic has triggered
the global economic crisis (Huang & Liu, 2021), resulting in extreme market conditions.
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Fig. 1 The relationship between the green bonds, clean energy and stock price

Pham (2021) find that the connectedness between green bonds and clean energy has been
enhanced during the extreme market conditions. What’s more, Kuang (2021) demonstrates
green bonds have evidently reduced the tail risk of equity indices during the COVID-19.
However, rare literature focused on the shock of COVID-19 pandemic on the connectedness
between variables. Therefore, we examine the effects of the COVID-19 pandemic on the
connectedness between green bonds, clean energy and stock prices.

The theoretical analysis of the connectedness between green bonds, clean energy, and
stock price may be as follows. Environment, Social Responsibility, Corporate Governance
(ESG) has gradually become the core of enterprises’ development. Environmentally friendly
enterprises, such as clean energy companies, can obtain funds through issuing green bonds.
The development of large scale clean energy projects also requires significant investment
(Lei et al., 2020). And green bonds can support the development of clean energy projects,
which can influence clean energy market. What’s more, enterprises that cannot transit to
clean energy, such as coal mines or steel companies, will find it increasingly difficult to sell
bonds. Therefore, there exists a closely relationship between green bonds and clean energy.
From the perspective of investors, the individual behavior of investors sometimes leads to a
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linkage response between the green bondmarket and stockmarket.Many individual investors
will participate in the green bond and stock markets at the same time. Investors have certain
expectations about risks. When the risk of a market exceeds their risk expectations, they may
transfer from this market to other markets.Moreover, investors’ funds are limited. If investors
encounter a major loss in onemarket, it is likely to cause the investors to monetize investment
in another market and re-invest in the portfolio. However, not every investor has a complete
investment knowledge system. Most investors may change the amount of investment due to
fear that another market is also depressed when one market is down. From the perspective of
the enterprises, enterprises’ issuance of green bonds may encourage enterprises to enlarge
production, which will contribute to the performance of enterprises in the stock market.
With the development of green economy, clean energy enterprises perform well in the stock
market, which will promote stock price. And the performance of stock market will influence
the enterprises’ financing capability, thus impacting enterprises’ production which plays a
vital role in clean energy consumption and investment.

In this context, we investigate the connectedness between the green bonds, clean energy,
and stock price. This paper contributes to the extant literature in threeways: (1)Weuseweekly
data spanning from July 01, 2011 to July 09, 2021, covering the period of the COVID-19
pandemic. An important point that has been ignored in previous studies is the lack of con-
sidering different economic conditions while examining the relationship between economic
variables. The TVP-VAR model can interpret the effect of variables shock in different eco-
nomic conditions. Since the global economy always volatile, we intend to shed light on the
dynamic connectedness between green bonds, clean energy, and stock price. And we also
consider the shock of COVID-19 pandemic on the connectedness between three variables;
(2) Impulse response analysis at different time horizons and time points investigates the
effects of variables from the perspectives of short term, medium term, and long term to more
clearly depict the influence and duration of the interaction between variables; (3) It proposes
important conclusions and suggestions. Although green bonds may restrain clean energy in
the medium term, it can promote stock price in the short and long term. The development of
clean energy may hinder the green bonds and stock price in the medium term. Furthermore,
the negative impact of clean energy on stock price in the medium term gradually decreases.
During economic downturns, green bonds and clean energy can boost up stock prices. The
impacts of the fluctuation of a clean energy market on the green bonds and stock prices differ
in lag periods pre- and during COVID-19. In these three periods, the global stock market
significantly and negatively impacts clean energy and the green bonds.

The contributions of our analysis mainly lie in three aspects. First, we propose suggestions
for policymakers to accelerate energy transition, strengthen supervision and improve green
financial system to ensure the development of green economy. Second, our analysis focuses
on the nonlinear and time-varying characteristics between green bonds, clean energy, and
stock prices, which can help investors adjust investment decisions according to different
situations. Third, our empirical results suggest enterprises can achieve sustainable economic
development to resume production relying on green subsidies and green credit policies.

The paper is mainly divided into the following parts. Section 2 displays the literature
review. In Sect. 3, we describe the data and method. In Sect. 4, we discuss the results.
Section 5 is the conclusion and suggestion.
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2 Literature review

In recent decades, the green economy has beenwidely proposed and attractedmuch attention,
attributed to the destruction of natural resources and the increase in carbon emissions caused
by economic development at the expense of the environment and resources (Benedetti et al.,
2019). The green economy deals with issues related to unsustainable economic develop-
ment and environmental deterioration. The green economy, interpreted as improving human
well-being and society equity and reducing environmental and ecological issues significantly
(United Nations Environment Programme, UNEP, 2010), aims at low-carbon development,
which can achieve low energy consumption, high efficiency, and low carbon emission, mean-
while, changing human life for the better. The green economy haswidely been applied around
the world (Loiseau et al., 2016; Wu et al., 2020). Transition to green economy requires the
use of appropriate financial tools to invest in a large number of long-term financial resources.
Green bonds have proven to be the best financial tools to finance green development (Monas-
terolo & Raberto, 2018). Green bonds refer to bonds focusing on environmental protection
projects, such as bonds related to clean energy, energy efficiency and low-carbon transporta-
tion (Campiglio, 2016). Over the past few year, green bond market has developed rapidly.
As of 2019, green bonds have been issued in 62 countries (Initiative, 2019). Between 2016
and 2019, China’s issuance of green bonds has exceeded RMB 1.1 trillion, which makes it
one of the world’s largest green bond market (Huang & Yue, 2020). As an effective means
to finance and refinance the green development, green bond financing contributes to the
transition to clean energy. Since clean energy has advantages of reducing carbon emissions
and improving energy efficiency, it plays a critical role in sustainable development (Dincer
& Acar, 2015). Therefore, clean energy investment and consumption have attracted more
and more attention (Strantzali & Aravossis, 2016; Wu, Wang, et al., 2020). Many countries
around the world are introducing various clean energy policies to promote the development
of clean energy, such as solar and wind energy (Liu & Zeng, 2017; Zhang et al., 2020),
and are adopting measures to accelerate the transition to clean energy (Li et al., 2021). It
is estimated that global solar, wind, and hydropower will account for 62% of total energy
production, and fossil fuel will decline by 31% by 2050 (BloombergNEF, 2020). The changes
of energy structure make a significant contribution to the development of green bond market.
A growing literature focuses on the relationship between green bond and clean energy. When
Liu, Wei, et al. (2021) estimate the dependence between green bonds and clean energy, they
find there exists a positive connectedness between clean energy and green bonds. Nguyen
et al. (2021) employ the RollingWindowWavelet Correlation and find green bonds display a
high correlation with clean energy. There also exist contrary conclusions. Hammoudeh et al.
(2021) investigate the relationship between green bonds and clean energy index, showing that
causality from clean energy index to green bonds is limited. Ferrer et al. (2021) consider the
time-varying connectedness between global green bond market and clean energy market, the
results indicate there exists a quite limited connectedness. Some literature also pays atten-
tion to the connectedness between green bond and clean energy during normal and extreme
market conditions. Pham (2021) employ a cross-quantilogram framework to examine the
dependence between green bonds and clean energy, they find the connectedness between
green bonds and clean energy has been strengthened during extreme market conditions. It
is worth noting that the dependence between green bonds and clean energy is time-varying.
Therefore, we examine the connectedness between the green bonds and clean energy in the
short, medium, and long term by a time-varying model.
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As the “economic barometer” (Borjigin et al., 2018), clean energy can also influence stock
price. External factors, such as energy policy, extreme weather, and supply and demand may
cause the volatility of the clean energy market, which will influence the enterprises relying
on clean energy. Thus, the stock market reacts to the changes in the real economy. Lin
et al. (2019) apply MS-VAR-cDCC-FIAPARCH and conclude that a Granger causality from
natural gas prices to the Chinese stock market exists. Uddin et al. (2019) employ a cross-
quantilogram approach to investigate the dependence between clean energy stock returns and
aggregate stock returns. The results show that clean energy returns have positive effects on
the aggregate stock index, and the effects are asymmetric across quantiles. Using the wavelet
correlations method, Urom et al. (2021) demonstrate that the U.S. and European clean energy
markets can positively influence global stock returns in the short term, however, the impacts
are weak. The results also show that the positive effects of the Asian clean energy market are
close to zero in the short term.

The stockmarket plays a crucial part in allocating capital in green projects (Paramati et al.,
2016), which affects the clean energy market. With the increasing awareness of global low-
carbon development, clean energy has become an important substitute for traditional fossil
energy (Yildirim, 2014). Previously there have been many studies focusing on the nexus
between clean energy and stock price (Al Mamun et al., 2018; Elsayed et al., 2020; Geng
et al., 2021; Kuang, 2021; Lin et al., 2019; Paramati et al., 2016; Razmi et al., 2020; Urom
et al., 2021). Two strands mainly separate the results. One strand is the positive impacts of
stock prices on clean energy. Paramati et al. (2016) employ the Autoregressive Distributed
Lags approach to investigate the impact of stock market development on clean energy, and
theyfind that the development of the stockmarket exerts a positive impact on clean energy use.
Employing the sample data of 25 Organization for Economic Co-operation and Development
(OECD) countries, Al Mamun et al. (2018) argue that the development of the stock market
can significantly and positively influence cleaner energy production. Elsayed et al. (2020) use
the Diebold and Yilmaz time-domain connectedness measures to examine volatility spillover
between stock price index and clean energy price index and find the high volatility of the
MSCIWorld Stock Price Index contributes to the fluctuation of the WilderHill Clean Energy
Price Index. Using an autoregressive distributive lag (ARDL) model, Razmi et al. (2020)
discover the positive relationship between stock price and the clean energy market. Another
group of scholars concludes the negative impacts of stock prices on clean energy. Urom et al.
(2021) study the dependence between the global stock market and the clean energy market.
They conclude that an increase in global stock market volatility can result in a decrease in
clean energy stock prices in the U.S., Europe, and Asia.

Stock prices can not only influence clean energy, but they also have connectedness with
green bonds. Nguyen et al. (2021) examine the time–frequency co-movement between green
bonds and stocks, the results reveal the negative correlations between green bonds and stocks.
Wang et al. (2020) conclude that stock returns response positively to green bonds. Gao et al.
(2021) employ amultidimensionalDCC-GJRGARCHmodel to explore the spillover between
green bond and stock market. They find industrial stock markets generate unidirectional risk
spillovers to green bond markets. However, Reboredo (2018) documents that green bonds
weakly co-move with stock markets. Reboredo and Ugolini (2020) also conclude that green
bonds weakly connect with stock markets.

Despite the results drawn by the above literature, note that most of it has ignored the non-
linear relationship between the green bonds, clean energy, and global stock market (Paramati
et al., 2016; Razmi et al., 2020). Traditional methods cannot capture the dynamic change
of the relationship. If the non-linear relationship between variables is ignored, some impor-
tant characteristics among variables may be ignored (Piotr & Witold, 2018). Moreover, an
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important point that has been ignored in certain literature is the lack of considering differ-
ent economic conditions. Especially in economic crisis, statistical bias will occur (Kumah,
2007). The standard VARmodel with constant parameters allows drawing impulse responses
only for variables under the assumption that parameters do not change at different horizons
and points of the impulse responses. However, due to time-varying state in variables, it may
result in inaccurate results. Compared to the traditional VAR model, the coefficient of the
TVP-VAR model and covariance matrix are time-varying (Esmaeili & Rafei, 2021). Based
on maintaining the advantages of the VAR model, the TVP-VAR model liberates the limit of
model coefficient and disturbance term, providing a reliable research framework for describ-
ing the nonlinear dynamic characteristics of variables. Furthermore, multivariate random
fluctuations can reflect the possible heteroscedasticity and the TVP-VAR model can capture
the different economic conditions (Esmaeili &Rafei, 2021). The introduction of time-varying
parameters improves the fitting accuracy of the model and increases the explanatory power
of the model (Chatziantoniou et al., 2021; Gong et al., 2021; Gu et al., 2021). Chatziantoniou
et al. (2021) provide evidence that TVP-VARmodel ismore reliable during severe episodes of
declining economic activity. Gong et al. (2021) confirm the advantages of TVP-VAR in ana-
lyzing dynamic correlation between variables. Therefore, we introduce the TVP-VARmodel
(Primiceri, 2005) to solve the time-varying relationship. Professionals in the economic field
have widely used the TVP-VARmodel (Adekoya & Oliyide, 2021; Baumeister & Peersman,
2013;He, 2020;Nakajima, 2011;Urom et al., 2020; Zhou et al., 2020). Baumeister and Peers-
man (2013) study the impact of oil supply on the American economy through TVP-VAR.
He (2020) employs the TVP-VAR model to analyze the time-varying relationship between
oil price fluctuations and investor sentiment. In addition, the TVP-VAR model is also used
to study the dynamic dependence of the Bitcoin market, securities market, gold market, and
crude oil market (Urom et al., 2020).

Extensive studies have focused on green bonds, clean energy, and the stock market. In
this paper, given the shock of the COVID-19 pandemic, we argue that the TVP-VAR model
serves as a suitable tool to consider the nonlinearities. Therefore, we employ such a model to
shed light on the dynamic connectedness between the green bonds, clean energy, and stock
prices.

3 Data andmethodology

3.1 Data

3.1.1 Sample selection and data source

This paper investigates the nexus between green bonds, clean energy and stock price. S&P
GreenBond Index (denoted by SPGB) is selected to represent the performance of green bands
market (Nguyen et al., 2021). To reflect the clean energy (denoted by SPCE), we employ
the S&P Global Clean Energy Index (Dawar et al., 2021; Liu, Wei, et al., 2021; Nguyen
et al., 2021). The MSCI ACWI Index is designed to represent the performance of large and
mid-cap stocks in 23 developed markets and 26 emerging markets. The index has covered
more than 3000 constituent stocks in 11 industries, accounting for approximately 85% of the
free-floating adjusted market value of each market (Reboredo, 2018). Therefore, we use the
MSCI ACWI Index (denoted by MSCI) to represent the stock price. The S&P Green Bond
Index is available at S&P Global (https://www.spglobal.com/spdji/en/indices/esg/sp-green-
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Fig. 2 Dynamics of S&P green bond index, S&P global clean energy index and MSCI world index price

bond-index/#overview). The S&P Global Clean Energy Index and MSCI ACWI Index are
from the WIND database. The weekly data are from July 1, 2011 to July 9, 2021.

Figure 2 displays theweekly data of the S&PGreenBond Index, S&PGlobalCleanEnergy
Index and MSCI ACWI Index. The S&P Green Bond Index showed a violent fluctuation,
especially in 2015, the index fell sharply. After that, the index showed an upward trend. In
March 2020, the S&P Green Bond Index dropped sharply to about 130 USD due to the shock
of COVID-19 pandemic, and then the index increased sharply. The S&PGlobal Clean Energy
took on an upward trend pre-COVID, but the index has changed smaller since 2021. During
the COVID-19 pandemic, the stock market triggered circuit breakers, the S&P Global Clean
Energy Index dropped sharply. And then, the index rose sharply. Till January 2021, the index
reached maximum. Before COVID-19 pandemic, the fluctuation of the MSCI ACWI Index
showed downward trend initially, and then the index increased gradually. However, during
the COVID-19 pandemic, the circuit breakers tripped for four times, and the MSCI ACWI
Index suffered a sharp fall. And then, the MSCI ACWI Index increased dramatically, which
is closed to 700 USD eventually.

3.1.2 Descriptive statistics

The descriptive statistics of the S&P Green Bond Index, the S&P Global Clean Energy Index
and theMSCI ACWI Index is displayed in Table 1. The skewness of SPGB, SPCE andMSCI
is greater than 0, which means the data is biased to the right. The kurtosis of SPGB, SPCE,
and MSCI is greater than 3, thus the data exhibits the characteristics of sharp peaks and thick
tails. The results of Jarque–Bera test reject the null hypothesis of non-normal distribution.

Table 1 Descriptive statistical
results of variables Statistics SPGB SPCE MSCI

Mean 135.710 696.149 447.538

Median 135.130 613.825 427.130

Maximum 158.510 2113.520 724.660

Minimum 121.880 399.340 277.840

Std. Dev 7.921 281.251 95.598

Skewness 0.914 2.661 0.680

Kurtosis 3.736 10.330 3.320

Jarque–Bera 84.415 1784.847 42.507

Probability 0.000 0.000 0.000
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3.1.3 Stationary test

The unit root test results of Augmented Dickey-Fuller (ADF) (Fuller, 1979) and Phillips-
Perron (PP) (Phillips & Perron, 1988) are presented in Table 2. The results show that the
time series of SPGB, SPCE and MSCI are non-stationary, while they are stationary after the
process of first-order logarithmic difference. Therefore, we employ the first-order logarithmic
difference of the data to the TVP-VAR model.

3.1.4 Nonlinearity test

In this paper, the Brock–Decher–Scheikman (BDS) test was performed on the nexus between
variables. The BDS test results showed in Table 3 demonstrate that SPGB, SPCE, and MSCI
all showed a nonlinear relationship. The reasons can be explained as follows. There exists cer-
tain cycle in the operation of economy, which will affect investor sentiment and enterprises’
performance. Generally speaking, investors’ income increases in a prosperous or recovering
period, leading to more positive sentiment among investors and more enthusiasm for high-
risk products, which will cause market participants to invest funds in stocks. On the contrary,
investors’ income decreases in a period of recession or depression, causing investors to feel
pessimistic. At this time, investors are keen on low-risk products, and they are more likely
to invest funds in lower-risk but lower-yield products, thus causing funds to gradually enter
green bonds. As for enterprises, green bonds may have different impacts on corporate perfor-
mance in different economic periods, the issuance of green bonds may help environmentally
friendly enterprises resume production during the recession, resulting in better performance
in stockmarket.More andmore countries focus on the development of green economy, which
leads to the improvement of green bond system. Thus, the performance of green bonds may
show significant difference in different period, which will further cause the difference of
the investment and consumption of clean energy supported by green bonds. Similarly, there
also exists obviously difference of the relationship between clean energy and stock price in
different stage. Therefore, we use the TVP-VAR model to solve the nonlinear relationship
between green bonds, clean energy and stock price.

3.2 Methodology

The TVP-VAR model is derived from the structural VAR (SVAR) model, which is given by,

Ayt = F1yt−1 + . . . + Fs yt−s + μt , t = s + 1, · · · , n (1)

where yt is the n × 1 vector of response, A and F1 · · · Fs are n × n time-varying matrices of
coefficients. The disturbance μt is a n × 1 structural shock, which is assumed to follow the
normal distribution, denoted μt ∼ N (0, 66), where � is the diagonal matrix,

� =

⎛
⎜⎜⎜⎜⎝

σ1 0 · · · 0

0 σ2
. . . 0

...
. . .

. . . 0
0 · · · 0 σn

⎞
⎟⎟⎟⎟⎠

(2)
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Assuming A is lower-triangular whose main diagonal is 1, Eq. (1) can be rewritten into a
recursive form,

yt = B1yt−1 + · · · + Bs yt−s + A−1�εt , εt ∼ N (0, In) (3)

where Bi = A−1Fi , i = 1, · · · , s. Stacking the elements in the rows of the Bi ’s to form β

(k2s × 1). Equation (3) can be written as,

yt = Xtβ + A−1�εt (4)

Xt = In ⊗
(
y

′
t−1, · · · , y

′
t−s

)
(5)

where ⊗ represents the Kronecker product. Therefore, the TVP-VAR can be written as,

yt = Xtβt + A−1
t �tεt , t = s + 1, · · · , k (6)

The coefficient βt , the simultaneous parameter matrix At and the covariance of random
fluctuations �t are time-varying.

According to the method of Primiceri (2005) and Nakajima (2011) that processes
the time-varying parameters, the non-zero elements and elements with a value of 1 in
the lower triangular matrix At are stacked into a column of vectors, namely αt =(
α21, α31, α41, · · · , αn,n−1

)′. ht = (h1t , · · · , hnt )′, where h jt = log σ 2
j t , j = 1, · · · , n; t =

s + 1, · · · , k. According to Nakajima (2011), the parameters to be estimated follow the ran-
dom walk process: βt = βt−1 + μβt , at = at−1 + μat , ht = ht−1 + μht ,t = s + 1, · · · , k,
where βs+1 ∼ N (μβ0 , �β0), αs+1 ∼ N

(
μα0 , �α0

)
, hs+1 ∼ N (μh0 , �h0). The model’s

variance–covariance matrix is a block diagonal,
⎛
⎜⎜⎝

εt

μβt

μαt

μht

⎞
⎟⎟⎠ ∼ N

⎛
⎜⎜⎝0,

I 0 0 0
0 �β 0 0
0 0 �α 0
0 0 0 �h

⎞
⎟⎟⎠ (7)

where I is a n dimensional identity matrix, �β , �α and �h are positive definite matrices.
According to Nakajima (2011), the MCMC method is employed for estimation to over-

come the limitation that the likelihood function is difficult to solve due to the non-linear
random fluctuations.

4 Results

Since the time-varying coefficient model has stronger explanatory power than the nonlinear
model (Granger, 2008), we introduce the TVP-VAR model to investigate the dynamic nexus
between green bonds, clean energy, and stock price. According to He (2020), we choose the
optimal lag order of the TVP-VAR model to be 4 based on AIC.

4.1 Estimated results under the MCMC simulationmethod

The Markov Chain Monte Carlo algorithm (MCMC) in the context of Bayesian inference
simulates 50,000 times, and the result of the first 5000 iterations is a burn-in sample. The
MCMC estimation results of parameters are displayed in Table 4. From the convergence
perspective, the Geweke’CD statistics of all variables are less than the critical value (1.96)
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Table 4 MCMC estimation results of parameters

Parameter Mean SD 95%L 95%U Geweke’CD Inef.

(
�β

)
1 0.0023 0.0003 0.0018 0.0029 0.736 27.11

(
�β

)
2 0.0023 0.0003 0.0018 0.0028 0.180 27.03

(�α)1 0.0057 0.0017 0.0034 0.0098 0.855 143.81

(�α)2 0.0178 0.0114 0.0042 0.0434 0.003 286.39

(�h)1 0.2261 0.0376 0.1588 0.3070 0.889 70.76

(�h)2 0.2311 0.0364 0.1672 0.3089 0.153 64.21

at the 5% significance level. Therefore, the null hypothesis of convergence to the posterior
distribution cannot be rejected, which indicates effective results. As for inefficiency factors,
the inefficiency factors of (�α)1 and (�α)2 are 143.81 and 286.39, respectively, which are
much less than the fifty thousand sampling times. The remaining inefficiency factors are
all less than one hundred, indicating that the sample obtained by MCMC sampling fifty
thousand times is convergent. Therefore, the simulated sampling results are ideal, and the
samples obtained by MCMC sampling are sufficient for the TVP-VAR model.

Figure 3 shows that the sample autocorrelations showa steadydownward trend, and sample
paths are stable, indicating that our sampling method efficiently produces the samples with
low autocorrelation. The results show that the simulation process is effective and robust, and
the simulation results converge to the posterior distribution.

Figure 4 displays the posterior distribution of the randomfluctuations of three variables. In
2011, the S&P Green Bond Index fluctuated dramatically. And then, the fluctuation reached
its minimum and kept in a low level. The volatility peaked in 2020, which may be attributed
to the negative impact of COVID-19. After that, the fluctuation declined and remained low.
Due to the influence of COVID-19, the S&P Global Clean Energy Index fluctuated violently.

Fig. 3 The autocorrelation coefficient, sample path and posterior distribution
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Fig. 4 Posterior estimation for stochastic volatility of the structural shock

Fig. 5 Simultaneous relation for SPGB, SPCE and MSCI

Subsequently, the fluctuation declined and reached its lowest level inMay 2020. TheCOVID-
19 pandemic also caused the MSCI ACWI index to fluctuate sharply in March 2020, and
then its volatility has declined, but the volatility is more severe than before March 2020.

We employed the TVP-VARmodel to explain the time-varying relationship between vari-
ables. According to Eq. (6), The lower triangularmatrix At explains the simultaneous relation

between variables. The posterior estimation
∼
αi t of the free elements in A−1

t is displayed in
Fig. 5. Firstly, the results show that the simultaneous relation between the green bonds and
clean energy is positive, and the positive relationship keeps in a high level, attributed to the
fact that green bonds can raise funds for green projects, especially for clean energy, which
can accelerate the transformation of energy structure. Since countries around the world are
paying more attention to green development and the green financial system is gradually
improving, the green bonds is playing a vital important role in clean energy. Second, the
green bonds have a positive impact on stock price. The positive impact of the green bonds
on the stock price decreased before 2017. This could be because that green bond markets
have attracted more funds from stock price in the initial stage, which leads to decreasing
trend of the positive impact. In 2015, the stock market suffered from a crisis. And the global
economic downturn has led to a decline in the scale of green bond issuance, which further
exacerbates the downward trend of the positive impacts. After 2017, there exists an increased
trend of the positive effects of green bonds on stock price. This can be attributed to the fact
that China has taken active measures to participate in green bond market since 2017, and the
issuance of green bonds has increased significantly, which contributes to the production of
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environmentally friendly enterprises. During the COVID-19 pandemic, the positive effects of
the green bonds on stock price decreased. This may be because that enterprises have suffered
huge losses due to the COVID-19 pandemic. Third, clean energy positively influenced stock
prices, consistent with Razmi et al. (2020). The positive effects can be explained by the fact
that governments around the world take active measure to develop green economy to resume
production. Before the COVID-19 pandemic, the positive effects were stable and remained
in high level. However, the positive impacts weakened after the outbreak of COVID-19 pan-
demic, attributed to the fact that enterprises reduced productions, resulting in the less demand
for energy. Therefore, the effects of clean energy on stock prices decreased. Therefore, the
acceleration of the development of clean energy on stock price weakens.

4.2 Time-varying impulse response of different time horizons

Figures 6, 7 and 8 presents the impulse responses for a 2-week horizon, 4-week horizon, and
a 6-week horizon to represent the short term, medium term, and long term, respectively (Kas-
souri et al., 2021). Figure 6 shows that, in the short term, the green bonds can positively impact
clean energy, and the positive impacts have increased before 2017, which can be attributed
to the development of green bond markets. From 2017 to 2019, the positive impacts have
decreased. After the outbreak of COVID-19 pandemic, the positive impacts also increase.

Fig. 6 Time-varying response of SPCE and MSCI to SPGB

Fig. 7 Time-varying response of SPGB and MSCI to SPCE
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Fig. 8 Time-varying response of SPGB and SPCE to MSCI

This may be because that governments around the world pay more attention to green devel-
opment to recover the economy undermined by the COVID-19 pandemic, which leads to the
increased demand for clean energy. Therefore, the development of green bond market due to
the incentive policies can encourage the enterprises to use more clean energy. In the medium
term, the impact of green bonds on clean energy is negative. The negative influences of green
bonds on clean energy are almost unchanged. The clean energy sector is the main investment
area for green bonds, however, funds raised from green bonds may be used for other green
projects, such as sewage treatment. In the medium term, governments and enterprises may
pay more attention to other green projects to properly allocate green resources, which results
in the less financial supports for clean energy market. Moreover, enterprises may pay more
attention to technological innovation to achieve green production. Thus, enterprises may
increase investment in technological innovation, and reduce the investment in clean energy.
In themedium term, the green financing of enterprises may cut the investment in the high-risk
clean energy market (He et al., 2019), thus proving that green bonds can negatively impact
clean energy. Therefore, the funds flowing to clean energy market may be reduced, resulting
in the negative effects on clean energy. In the long term, the green bonds have a positive
impact on clean energy initiative, and the positive impact increases. However, the positive
impacts in the long term are weaker than the positive impacts in the short term.

In the short, medium and long term, the green bonds negatively impact stock prices, which
is consistent with Nguyen et al. (2021). The reason for this could be that the development of
green bond market appeals more investors from stock market. However, the negative impacts
in the long term are weaker than that in the medium term. In the short term, the negative
impacts have decreased before 2015. Between 2015 and 2017, the negative impacts are closed
to zero. This may be due to the fact that the 2015 stock market crisis disrupted the normal
operation of the stock market. During the COVID-19 pandemic, there is a decreasing trend
in the relationship between green bonds and stock price. This may be due to the fact that
enterprises may pay more attention to green financial instruments to raise funds to resume
production. In themedium term, the negative impacts of green bonds on stock price are greater
than that in the short term before 2017. The negative effects have decreased gradually, which
may be because the global green bond markets continue to improve. Therefore, the inhibiting
effect of the green bonds on stock price will weaken.

The impact of clean energy on the green bonds and stock prices is shown in Fig. 7. Clean
energy has positive effects on green bonds. There is a sharp decrease in the positive effects of
clean energy ongreen bonds between2017 and2019.During this period, the share of energy in
the allocation of green bonds dropped, resulting in weaker positive effects (Initiative, 2019).
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During the COVID-19 pandemic, clean energy exerts an increasingly positive impacts on
green bonds. The reason for this could be that the green bonds market is mainly influenced
by enterprises’ operational status and supply–demand relationship. To response to the green
development and recover production, enterprises will raise more funds to support the green
development. In the medium term, the development of clean energy exerts a negative impact
on the green bonds before 2018, and the negative impact decreases over time. Between 2018
and 2019, clean energy can positively influence green bonds, which can be attributed to the
development of clean energy technology, resulting in more demand for green bonds. The
dynamic relationship between clean energy and green bonds significantly increases during
the COVID-19 pandemic. In the long term, clean energy has positive effects on green bonds,
however, the effects are slight.

Figure 7 shows that clean energy exerts positive impacts on stock prices in short term.
There is a decreasing trend of the negative impacts before 2019. During the COVID-19, the
positive effects increase over time. The results indicate that clean energy can contribute to
resuming the production and recovering the economy in the extreme market conditions. In
the medium term, clean energy can negatively impact stock prices. This may be attributed
to the high cost of clean energy. To achieve their targets of emission reduction, companies
will invest large amounts of capital in clean energy, which will hinder the development of
other fields, adversely affecting production. With development of clean energy market and
the maturity of clean technology, the negative impacts decline over time. In the long term,
the fluctuation of clean energy will promote the stock price, possibly due to the improvement
of the green financial system and the rapid development of the clean energy market. More
and more enterprises attach importance to clean energy, which promotes investment and
consumption in clean energy. Furthermore, in the long term, using clean energy reduces the
cost of pollution control in the production of enterprises,which produces better environmental
benefits. This is conducive to promoting enterprises’ production.

As shown in Fig. 8, the increase of the stock prices negatively influences the green bonds
in the short term. This may be because the increase in stock prices encourages enterprises
to expand production. However, this may cause enterprises to neglect environmental gover-
nance, which hinders the development of a green bonds market. In the medium term, stock
prices can exert a positive impact on the green bonds. The improvement of stock prices
promotes enterprises to enlarge production, and pay more attention to green production.
Therefore, enterprises will raise more funds through green bonds, which promote the devel-
opment of green bond market. However, the positive impact has been closed to zero since
2020. From the perspective of investors, the stock market has suffered a huge loss, which
may cause the investors to lose confidence in stock and bond market, and investors will
reduce the investment in two markets. As for enterprises, the global economy has suffered
a severe setback due to the COVID-19 pandemic, a large number of enterprises reduce pro-
duction to reduce production to reduce losses. Moreover, enterprises reduce their investment
in low-carbon development, resulting in decreasing influence.

In the short, medium and long term, stock prices negatively impact clean energy. The
negative impacts at three period horizons are almost unchanged. Sari et al. (2008) also
found the improvement of industrial output can hinder the development of the clean energy
market. This may be because the improvement of stock prices contributes to the expansion
of production, which results in more consumption of non-clean energy. The negative impacts
are greater in the short term than that in the other two horizons.
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4.3 Impulse analysis of different points

We further analyze the impulse response at different points, shown in Figs. 9, 10 and 11.
On December 31, 2019, Wuhan had outbreak from unknown virus. On January 12, 2020,
World Health Organization (WHO) announced the fast-spreading virus to be “2019-nCoV”,
which was further proclaimed to be COVID-19 on February 11, 2020. Countries around the

Fig. 9 Responses of SPCE and MSCI to SPGB in different points

Fig. 10 Responses of SPGB and MSCI to SPCE in different points

Fig. 11 Responses of SPGB and SPCE to MSCI in different points
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world have taken active measures to fight against the COVID-19, and they have achieved
remarkable results. On December 3, 2020, the UN General Assembly held a special ses-
sion on the COVID-19 pandemic response to discuss the access to vaccine and economic
recovery. Therefore, we identify the period prior to December, 2019 as the period before
COVID-19 pandemic, the period from December, 2019 to December 3, 2020 as the period of
economic downturn during the COVID-19 pandemic. And the period after December 3, 2020
is identified the period of economic recovery during the COVID-19 pandemic. We choose
three different points: 2015/01/23, 2020/03/20, and 2021/03/29. Since the outbreak of the
epidemic, the global economy has been devastated. On March 11, 2020, WHO declared the
outbreak of pandemic, and many countries started lockdown to combat with the pandemic in
late March (Nundy et al., 2021). Due to the impacts of the COVID-19 pandemic, there exists
18 jumps in the US stock market from February 24, 2020 to March 24, 2020 (Baker et al.,
2020). Therefore, we chose March 20, 2020 to represent the point of economic downturn
during the COVID-19 pandemic.We chose January 23, 2015 to represent the point before the
COVID-19 pandemic. Despite the ongoing of the COVID-19 pandemic, since 2021, with the
acceleration of global vaccination and the successive easing of lockdown by various countries
(Nundy et al., 2021), global economy is recovering (United Nations, UN, 2021). Therefore,
we use March 19, 2021 to represent the point of economic recovery during the COVID-19.

Figure 9 shows the curve of the impact of the green bonds on clean energy and stock
prices pre-, during the COVID-19 pandemic. Figure 9 shows that the impulse response
at each point gradually converges over time. In the sixth period, the impact of the green
bonds on clean energy and the stock market is close to zero. At different points, the impact
of the green bonds on clean energy and the stock market has little difference. The green
bonds exert a positive impact on the clean energy market and the stock market at three
time points. Therefore, during the economic downturn, the development of a green economy
contributes to the rise in stock prices. Comparing the pre-COVID-19 pandemic and the period
of economic recovery during the COVID-19, the positive impact of the green bonds on the
clean energy market is weaker in the third stage in the period of economic downturn during
the COVID-19 pandemic. This may be because the measures of economic recovery after
the epidemic effectively promote the transformation of the energy structure (International
Renewable Energy Agency, IRENA, 2020). Compared to the period of economic recovery
during the COVID-19 pandemic and the period before the COVID-19 pandemic, the green
bonds have a greater effect on stock prices in the period of economic downturn during the
COVID-19 pandemic period. Thus, the development of green bond market can effectively
encourage enterprises to expand production.

Figure 10 shows the impacts of clean energy on the green bonds and stock prices before
the COVID-19 pandemic, during the COVID-19 pandemic. The influence of clean energy
on the green bonds and stock prices varies greatly. The negative fluctuation of clean energy
on the green bonds can be attributed to the high risk of the clean energy market (He et al.,
2019), which can adversely affect the green bond market. Before the COVID-19 pandemic,
the impact of clean energy on green bonds is stronger than that during the COVID-19 pan-
demic. This may be due to the recession of the economy during the COVID-19 pandemic.
Enterprises will reduce their demand for clean energy to reduce costs, which will weaken
the effect of clean energy. The positive impacts of clean energy on the green bonds in the
period of economic downturn during the COVID-19 pandemic are weaker than before the
COVID-19 pandemic and in the period of economic recovery during the COVID-19 pan-
demic. And the negative impact is alsoweaker. Thismay be because in the period of economic
downturn during the COVID-19 pandemic, production activities have been suffered heavy
losses, resulting in reduced demand for green bonds. Therefore, the impact will be weakened.
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Figure 10 shows that, in the initial stage, the positive impact of the clean energy market on
stock prices in the period of economic recovery is weaker than the positive impact during
the period of economic downturn and before COVID-19 pandemic. This may be because
there are new risks such as secondary epidemics, de-globalization crises, and debt crises in
the economic recovery period, which weaken the positive impact of clean energy on stock
prices.

Figure 11 displays that stock prices exert negative influences on green bonds before the
COVID-19, during the COVID-19 pandemic. The impact of stock prices on green bonds
during the economic downturn and economic recovery period has little difference at varying
points, and it reaches itsmaximum in the first period. Stock prices can also positively influence
green bonds, and it reaches its maximum in the fourth period. The negative impacts can be
attributed to the fact that the rise of stock prices appeals more investors to take part in stock
market instead of green bond market, thus hindering the rise of the green bonds.

In the pre- and during- COVID-19 pandemic, stock prices have little difference in their
impacts on clean energy. Stock price can negatively impact clean energy. The results are
consistent with Sari et al. (2008) who found that the improvement of industrial production
can hinder clean energy usage. The negative impact reaches its maximum in the second
period. The reason for this can be that the rise of stock price may cause enterprises to expand
production, which leads to more use of non-clean energy, and less use of clean energy.

Figure 12 summarizes the connectedness between green bonds, clean energy and stock
price at different points. There exist obvious differences between three points. During the
period of economic downturn, green bonds have greater impacts on stock price. Before the
COVID-19 pandemic, stock pricemay exert positive influence on green bonds, however, stock
price only has negative impacts on green bonds during the COVID-19 pandemic. Therefore,
the connectedness between three variables is time-varying.

Table 5 displays the comparison of our findings and previous findings. Some findings
are consistent with those of previous literature (Hammoudeh et al., 2021; Kung et al., 2022;
McInerney & Bunn, 2019; Urom et al., 2021), but there are also some opposites. For exam-
ple, we find the positive effect was weakened during the COVID-19 pandemic, contrary to
Pham (2021)’s view that the connectedness between green bonds and clean energy can be
strengthened during extreme conditions. In addition, we conclude the negative impacts of
stock price on clean energy, which is contrary to Al Mamun et al. (2018) and Paramati et al.
(2016).

4.4 Robustness test

The results’ robustness is checked by additional analysis. The robustness can be implemented
through a smaller sample (Avkiran & Cai, 2014; He, 2020). Thus, we use the weekly data
spanning from January 06, 2017 to July 09, 2021 to test the robustness. The Markov Chain
Monte Carlo algorithm (MCMC) in the context of Bayesian inference simulates 50,000
times, and the result of the first 5000 iterations is a burn-in sample. The results of MCMC
estimation is shown in Table 6. The inefficiency factors are less than 100, which indicates
that the posterior of the model draws efficiently and are valid for further analysis. Similar
to Figs. 3, 13 also shows the simulation process is effective and robust, and the simulation
results converge to the posterior distribution.

Figures 14 and 15 report the results of simultaneous relation and impulse response respec-
tively. Similar to Fig. 5, green bonds have an unchanged impact on clean energy. The effects
of clean energy on stock price show an increasing trend before 2017, and the trend decreases
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Fig. 12 The relationship between green bonds, clean energy and stock price at different points

after the outbreak of the COVID-19 pandemic. Green bonds also have a decreasing impact
on stock price during the COVID-19 pandemic. We use April 28, 2017, March 20, 2020 and
March 19, 2021 to represent period before the COVID-19 pandemic, economic downturn
period during the COVID-19 and economic recovery period during the COVID-19, respec-
tively. Green bonds can positively impact clean energy and stock price during three periods.
And the positive impacts of clean energy on stock price in economic recovery period are
greater than in other two periods. The results also indicate that stock price has a negative
impact on green bonds and clean energy. Results show the relationship between green bonds,
clean energy, and stock price is time-varying, and the results are similar to the results that
covering the periods from 2011 to 2021. Therefore, the evidence also indicates that our results
are robust.

5 Conclusion

Given the important non-linearity, this paper uses theTVP-VARmodel to analyze the dynamic
non-linear connectedness between the green bonds, clean energy, and stock prices due to the
outbreak of the COVID-19 pandemic. Firstly, there is a positive simultaneous relationship
between the green bonds, clean energy, and stock prices. However, there are differences
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Table 5 Comparison of our findings with those of previous literature

Variables Our findings Previous findings

Green bonds → clean energy The simultaneous impact of clean
energy to green bonds is positive

The issuance of green bonds can
encourage producers’
willingness to engage with
bioenergy production
(McInerney & Bunn, 2019)

Green bonds can positively influence
clean energy in the short and long
term

Green bonds suppot the
development of bioenergy
(Kung et al., 2022)

Clean energy → green bonds In the long term, the positive impacts
of clean energy on green bonds are
weak

There exists limited
connectedness between green
bonds and clean energy
(Hammoudeh et al., 2021)

The positive impacts are weakened
during the COVID-19 pandemic

The connectedness between green
bonds and clean energy has been
strengthened during extreme
market conditions (Pham, 2021)

Green bonds → stock price Green bonds exert a positive impact
on stock price before and during
the COVID-19

Green bonds have a positive
impact on stock returns (Wang
et al., 2020)

Stock price → green bonds Stock price weakly affects green
bonds

Green bonds are weakly
connected with the stock
(Reboredo & Ugolini, 2020)

Clean energy → stock price Clean energy can positively impact
stock price in the short term

The U.S. and European clean
energy markets can positively
influence global stock returns in
the short term (Urom et al.,
2021)

Stock price → clean energy Stock price exerts a negative impact
on clean energy before and during
the COVID-19

The development of the stock
market can significantly and
positively influence cleaner
energy production (Al Mamun
et al., 2018)
The development of the stock
market exerts a positive impact
on clean energy use (Paramati
et al., 2016)

Table 6 MCMC estimation results of parameters in robustness test

Parameter Mean Std. Dev 95%L 95%U Geweke’CD Inef.

(
�β

)
1 0.0023 0.0003 0.0018 0.0029 0.041 12.94

(
�β

)
2 0.0023 0.0003 0.0018 0.0028 0.161 14.96

(�α)1 0.0056 0.0016 0.0034 0.0096 0.447 73.57

(�α)2 0.0056 0.0016 0.0034 0.0098 0.864 66.07

(�h)1 0.2174 0.0522 0.1289 0.3333 0.953 73.08

(�h)2 0.2228 0.0479 0.1412 0.3293 0.730 58.31
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Fig. 13 The autocorrelation coefficient, sample path and posterior distribution in robustness test

Fig. 14 Simultaneous relation for SPGB, SPCE and MSCI in robustness test

Fig. 15 Time-varying response at different points
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in the positive relationship at different time points. Secondly, in the analysis of impulse
response of different time horizons, we find that the green bonds positively impact clean
energy in the short term. The positive effects strengthen after the outbreak of the COVID-19
pandemic. The negative effects of the green bonds on stock prices for the medium term in
the economic recovery period are weaker than that before the COVID-19 pandemic. In the
short term, the development of clean energy has a positive influence on stock prices, and the
positive influence increases during the COVID-19 pandemic, indicating that promoting the
development of clean energy can promote stock prices and change the downward trend of the
global stockmarket. In themedium, the negative effects of stock prices on green bonds decline
during the COVID-19 pandemic. In the short, medium and long term, the improvement of
stock prices negatively affects clean energy. Finally, from the perspective of impulse analysis
at different points, we conclude that the development of green bonds provides an effective
way to finance clean energy which can promote the development of clean energy. During
the economic downturn, the development of a green bond market can improve the global
economic situation. Therefore, countries around the world should take effective measures to
promote the development of green economy to resume production. Moreover, clean energy
has a stronger positive impact on stock prices. Compared with the other two points, green
bonds have a greater positive impact on the clean energy in the economic recovery period
during the COVID-19 pandemic, which can make implications for governments.

Although the development of green economycan resumeproduction, the high cost of green
production may lead enterprises to ignore environmental production. Therefore, government
should be committed to reducing the financing costs of issuing green bonds to encourage the
issuance of green bonds during the COVID-19 pandemic. Moreover, the transmission effect
of incentive policies should be further improved, and capital investment should be guided
to green industries. It is recommended to further explore the establishment of a full-market
and full-variety green bond investment section to provide convenience for investors to track
market performance and choose green bonds. In addition, legislative and institutional guar-
antees should be made as important suggestions. During the COVID-19 pandemic period,
stock prices have a greater negative impact on the clean energy. This can be attributed to
companies increasing production to compensate for the losses caused by the COVID-19 pan-
demic, while ignoring environmental benefits. Therefore, the government should strengthen
supervision and actively adopt legislative measures to require companies to strictly disclose
environmental information. Internet technologies, such as big data and blockchain, can real-
ize information sharing between various departments and prevent enterprises from neglecting
environmental benefits for their own development.

According to the conclusion, this paper puts forward some policy recommendations from
the three perspectives of the government, financial regulatory authorities, enterprises and
investors. First of all, the government should attach great importance to green development
and accelerate the energy transition. The government can consider measures such as green
subsidies or tax relief for environmentally friendly companies to achieve this goal. Second,
the financial regulatory authorities of all countries should take active measures to establish
and improve the green financial system. In this way, financial institutions are guided to vig-
orously develop green financial products and increase investment in clean energy. Third,
enterprises should upgrade their industrial structure to ultimately achieve sustainable eco-
nomic development. For this purpose, enterprises can make full use of the government’s
green subsidies and green credit policies of the financial institutions mentioned in the previ-
ous proposal to actively invest funds in technological transformation and promptly eliminate
backward industries that cannot transform. In this way, the upgrading of industrial structure
brings about green economic growth. Moreover, investors and enterprises should improve
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their risk management capabilities to respond to extreme events. In the long term, green
bonds weakly connect with clean energy and stock price, it’s thereby recommended to com-
bine green bonds and stock markets in the portfolio to obtain diversified benefits. Moreover,
since the dependence is time-varying, enterprises and investors should focus on dynamic
characteristics while making investment decisions.

Our results have several useful implications for investors, policymakers and enterprises.
From the perspective of portfolio diversification, our results have strong implications for the
investors. Our results suggest investors combine green bonds with clean energy and stock
assets to obtain diversified benefits. Our results also indicate that the connectedness between
different markets are time-varying. Therefore, investors should paymore attention to extreme
market conditions to take reasonable risk management measures. Our findings are also ben-
eficial for policymakers. Countries around the world are take measures to recover economy
damaged by the COVID-19 pandemic. Green development can be an effective way to develop
economy and achieve environmental commitment. As an environmentally friendly financial
instruments, green bonds can raise funds for green industries, green projects or green eco-
nomic activities. Hence, it’s imperative to make policies to promote the development of green
bonds. We suggest reducing the costs of issuing green bonds, improving the information dis-
closure system and standardizing the green bond market to accelerate the development of
green bondmarkets. Our findings indicate green bonds play a crucial role in clean energymar-
kets, which contribute to energy transition. Additionally, enterprises can use green financial
tools, such as green bond, to raise fund to resume production.

Although our study has investigated the connectedness between green bonds, clean energy
and stock price, there exists differences in economic development and policies across different
countries and regions. Therefore, future research should be directed to exclusively discuss
the connectedness between green bonds, clean energy and stock price in specific country
or region. And targeted suggestions can be put forward according to national and regional
conditions.
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