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The problem of correlation between the Chinese green bond market and the
government bond market may affect the smooth operation of the national
economy. In this paper, a total of 3,181 sets of data representing the China’s
green bond market and the government bond market for the period
2010–2022 are selected, and the VECM-DCC-VARMA-AGARCH model is used
to analyse the spillover effects between the two in terms of information
transmission and risk contagion. The results indicate that 1) The dynamic
correlation between the China’s green bond market and the government bond
market is significant, with obvious information transmission and risk contagion
effects. 2) Compared to the government bond market, the green bond market is
more sensitive to new information and the intensity of the reflection is stronger. 3)
There is a long-term equilibrium relationship between the China’s green bond
market and the government bond market, and the government bond market will
adjust in the direction of green bonds through an error correction mechanism
when deviations occur. 4) There is a significant two-way risk contagion effect
between the green bond market and the government bond market, but the
intensity of the effect is asymmetric. 5) The dynamic correlation between the
green bond market and the government bond market has been deepening. Based
on the above findings, we have put forward some rationalisation proposals.
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1 Introduction

With the advent of the “Double Carbon” era, 1China is poised to achieve a higher level of
green development, and the development of green industries, along with the green
transformation of industries, will further release their potential. It is estimated that
China’s future annual capital demand for green industries will reach RMB 3–4 trillion
(Escalante et al., 2020). Furthermore, the function of green finance in supporting the
development of various green industries will become more prominent, playing a central role
in China’s green development. Green bonds have a very high degree of activity and
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1 Double Carbon, short for “peak carbon” and “carbon neutral”, refers to the Chinese government’s
commitment to achieve peak carbon by 2030 and carbon neutrality by 2060.
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application in the green financial system and occupy an important
position amongst all green financial instruments. Due to their
attached green attributes in line with the direction of economic
development and policy guidance, they are gradually becoming a hot
product in the Chinese financial market (Gao et al., 2021). Funds
raised through green bonds are mostly invested in green industries
with environmental benefits but with tight capital requirements and
long return cycles. Such funds also play an important role in
effectively alleviating the problems of high financing costs and
difficulties in financing green enterprises and projects (Lin and
hong, 2022). At the same time, China’s financial market
environment is still in the process of improving and maturing,
and the trends of increasing financial liberalisation and loosening
financial regulations are becoming much more obvious, objectively
leading to increasing linkages among various financial markets,
including the green bond market (Liu et al., 2020).

To date, China’s green bond market is considered the second
largest in the world (Lin and hong, 2022). However, its rapid
development and expanding market size have led to increased
concerns about its correlation with other financial markets and
the potential impact it may have on the financial system as a whole
(Zhang, 2020). As a traditional fixed income market, its size, yield
levels and maturity spreads are inextricably linked to the
macroeconomy and are closely related to the national economy
as a whole. Therefore, the study of the risk correlation between
China’s green bond market and the government bond market is
crucial to the efficient and sustainable development of China’s green
financial market and the smooth operation of the national economy.

This paper investigates the correlation between China’s green
bond market and the government bond market based on the
background information stated above. The VECM-DCC-
VARMA-AGARCH model is used to analyse the information
transmission and risk contagion between the two markets so as
to better examine the correlation between them. Based on the results
of this study’s empirical analysis, a better understanding of the
impact of fluctuations in China’s green bond market on the
macroeconomy can be formed, and additional recommendations
for countermeasures to prevent financial risks and improve the
development of the green bond market can be made.

2 Review of relevant literature

2.1 Green bonds and macroeconomic
relevance research

As a new type of financial instrument, green bonds are still in the
process of rapid development. Due to their positive growth
expectations and expanding market scale, the relationship
between the green bond market and the national macro economy
has attracted research attention, especially in the area of risk
correlation, which is prevalent in the financial market. For
example, Ma (2015) pointed out that green bonds, as an
important financial instrument in China’s green financial market,
have unique applicability in guiding social capital and promoting
economic transformation due to their high social value, high
liquidity, low risk and short maturity. In response to the general
situation of slow economic growth and low interest rates in the ECO

countries, Carlstrom et al. (2017) argued that investors are more
eager to seek financial products that offer higher and more stable
returns than traditional financial assets, and green bonds have been
created to meet this demand, thus giving these countries an
advantage in making their economies more sustainable. Kui
(2016) took the first G20 Green Finance Synthesis Report as a
background and analysed the favourable and unfavourable
conditions for the development of green finance in China under
the current environment with reference to international green
finance practices. This study (Kui, 2016) revealed that the
innovation and development of green finance can effectively
promote economic growth and transformation. Gianfrate and
Peri (2019) argued that the convenience of green bond financing
is higher than other options; thus, they play an important role in
improving the investment and financing environment for green
projects. They also reported that a more open and effective
environment can promote green financial innovation, leading to
green economic development.

2.2 Study of the relationship between the
green bond market and other markets

In recent years, the relationship between the green bond market
and other markets has received considerable attention from
researchers, and the possible impact of this new development on
other markets has gradually become clearer and better understood.
Pham (2016) found earlier that overall shocks in traditional bond
markets tend to spill over into the green bond market, and that such
shock effects are time-varying. Subsequently, a series of studies by
Reboredo, 2018 revealed more systematically the links between the
green bond market and other markets. By unifying the green bond
market with traditional fixed income, energy and equity markets
into the analytical framework and examining the price linkages
between them, it was found that the green bond market is more
closely linked to the fixed income market but less correlated with the
equity and energy markets (Reboredo et al., 2020), while the reverse
pass-through effect of the green bond market on other markets is
negligible (Reboredo and Ugolini, 2020). On this basis, Reboredo
et al. (2020), Naeem et al., 2021b further constructed a network of
linked green bond markets and capital markets in the US and the
EU, showing that green bonds have a strong interaction with
government and corporate bonds in Europe and the US, both in
the long and short term. Subsequently, the scope of the study was
further extended, with Naeem et al. (2021a) focusing on the
correlation between green bond markets and different
commodity markets, finding significant asymmetries, with the
strongest hedging benefits against volatility in natural gas, some
industrial metals and agricultural commodities. Pham and Nguyen
(2021) analysed the correlation between international green bonds
and other asset categories, including energy markets, equity markets
and traditional bonds, and find that the spillover effects between
different asset classes and green bonds vary significantly across
quantiles Gao et al. (2021). examined the dynamic return and
volatility spillover effects between the green bonds market and
major financial markets, using the Chinese market as a sample,
and found that there are significant two-way risk spillover effects
between the green bond market and the traditional bond market,
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while the risk spillover between the green bond market, the foreign
exchange market and the currency market was not significant. The
relationship between the green bond market and other pan-green
markets is also gaining attention. Hammoudeh et al. (2020), using
the US market as a sample, found a significant causal relationship
between the US 10-year Treasury index and green bonds, while the
causal relationship between the clean energy index and green bonds
was very limited. Liu et al. (2021), using the Chinese market as a
sample, found a significant causal relationship between the green
bond market and the clean energy stock market. Ren et al. (2022)
studied the linkage between the carbon futures market and the green
bond market and found that the carbon futures market has a
unidirectional effect on the green bond index, and this effect is
positive in the medium to long term, but unstable in the short term,
which means that the relationship between the two is obviously
influenced by volume, and investors are still adapting to this trend.

The above research shows that there is a broad correlation
between the green bond market and other financial or
commodity markets, and although there are differences in the
direction and intensity of the interaction, the green bond market
has become a non-negligible player in financial markets and even
macroeconomic stability.

2.3 Mechanisms for green bond markets to
influence the macroeconomy

By combing through the relevant literature above, we can infer
to a certain extent the mechanism of interaction between the green
bond market and the macro economy. Firstly, the innovative and
convenient nature of green bonds compared to other financing
instruments will help to promote the development of green
industries by catering to investors’ investment needs, thereby
guiding the development of the macro economy (Ding et al.,
1993; Carlstrom et al., 2017). Secondly, the green bond market is
closely linked to other traditional financial and commodity markets.
On the one hand, due to the risk spillover effects commonly found in
financial markets, the green bond market is susceptible to
fluctuations in other financial markets, and on the other hand, as
an emerging financial market, fluctuations in the green financial
market can easily be transmitted to other financial markets due to
inadequate mechanisms and unfamiliarity of investors. This could
lead to unknown risks and even systemic financial risks (Reboredo
et al., 2020; Reboredo et al., 2020; Gao et al., 2021). In addition, some
scholars have also focused on the micro level of green financial
markets such as green bonds affecting the macro economy. For
example, Desalegn and Tangl (2022) found that from a bank’s
perspective, green financial innovation has a significant positive
effect on improving the financial performance of Ethiopian banks,
and this is a key reason why banks continue to promote green
financial product development, which can be expected to have a
significant impact on macroeconomic development patterns. Liu
et al. (2022a) found that, in the context of green development
becoming a consensus, scientifically sound steering strategies,
including green bond markets, promote overall economic energy
efficiency by influencing the level of investment in industrial
structure and R&D innovation, and the extent of improvement is
strongly correlated with resource endowment. Liu et al. (2022b)

found that there is a positive spatial spillover effect between regional
green innovation efficiency and development quality and technology
industry agglomeration, and that the mutual promotion between the
three contributes to the overall transformation of the regional
economy. In further, studies by Li et al. (2021), Wang et al.
(2021), Zhou et al. (2020) and Li et al. (2022) on the relationship
between firms’ investment orientation and their digital
transformation and R&D innovation behaviour have important
implications for our understanding of the macroeconomic impact
mechanisms of the development of green bond markets.

2.4 Study on the correlation between the
government bond market and
macroeconomy

The relationship between government bonds and
macroeconomics has long been a concern of many researchers.
For instance, Barro (1979) argued that government bonds can be
used to finance temporary expenditures and release some liquidity
when the government is under pressure to spend. In terms of the
macroeconomic effects of government debt, it has been found to
have a certain stimulating effect on the economy and can effectively
drive the country’s economic development in the short term;
however, its size should be kept within a reasonable range;
otherwise, it will cause macroeconomic instability (Elmendorf
and Mankiw, 1999). Meanwhile, Abbas and Christensen (2007)
selected relevant data from some countries as a sample for
empirical analysis and concluded that reasonable and moderate
debt rising can significantly boost a country’s economic growth. A
study by Miao et al. (2017) on China’s macroeconomic data from
1986 to 2013 found that fiscal deficits do not contribute to economic
growth in the long run and that government debt also inhibits short-
term economic growth. Zhao and Chen (2018) conducted an in-
depth analysis of the mechanism explaining how government debt
affects economic growth. They found that government debt only has
a positive contribution to the economy when the market interest rate
is lower than the economic growth rate. In conclusion, the size of
government debt, the level of yields and maturity spreads are all
closely related to the operation of the macro economy.

2.5 Research on information transmission
and risk contagion amongst financial
markets

2.5.1 Study of information transmission effects
between financial markets

A more common approach to studying the information
transmission effects in financial markets is to study the
information transmission relationship between markets from the
perspective of the change in the mean value of returns. For example,
Cha and Oh (2000) used a VAR model to find a strong correlation
between developed markets and emerging Asian markets as a result
of the Asian financial crisis. Meanwhile, Maćkowiak (2007) found
that significant changes in USmonetary policy have a direct effect on
interest rates and exchange rates in emerging markets and have a
significant impact on them by using an SVAR model. Park and Ratti
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(2008) found that oil price shocks in the US and several European
countries (regions) have a significant impact on stock returns by
constructing a multivariate VAR model empirically. In terms of
domestic research, studies on the information transmission effect
between the nominal exchange rate of RMB and the stock market
(Deng and Yang, 2008) and the information transmission effects
amongst stock returns, bond returns and interest rate returns (Yue
and Zhang, 2014) are considered successful applications of VAR
models.

2.5.2 Study of risk contagion effects in financial
markets

The volatility spillover effect, or risk contagion effect, is used to
describe the interactions between markets in terms of the volatility
of the variance of yields (Engle and Manganelli, 2004). Bollerslev
(1986) constructed the GARCH model based on the ARCH model
(Engle, 1982), which was used to predict the future conditional
variance more accurately by reducing the parameters to be
estimated. Their approach can better solve the heteroscedasticity
problem in financial time series. Since Bollerslev et al. (1988)
proposed a multivariate GARCH model to better characterise the
correlation between markets, GARCH family models have become
the most mainstream research method in this field. Some
representative studies include Kanas (1998), who studied the
correlations amongst the United Kingdom, French and German
stock markets based on multivariate EGARCH models; Engle
(2002), who used DCC-GARCH models to study the dynamic
correlation between the US stock and bond markets; and Dean
et al. (2010), who used GARCH models to study the correlation
between the Australian stock and bond markets. Amongst domestic
research, the main examples include the study on the linkage
characteristics of China’s stock market and bond market yield
changes using the DCC-MVGARCH model based on
t-distribution (Luo et al., 2014), the study on the two-way
spillover effects of international commodity and financial markets
based on the BEKK-GARCH model (Tan et al., 2018) and the study
that used the VAR-GARCH-BEKK model to investigate the
information transmissibility between monetary policy and stock
market markets in China (Li et al., 2014; Liu et al., 2022c), among
others. The study by Liu and Finance, (2017) is noteworthy as it
aimed to make up for the shortcomings of the BEKK and DCC-
GARCH models by considering the problem of mutual influence of
separate estimation of mean and variance equations and
innovatively used the VECM-DCC-VARMA-AGARCH
association model to complete the empirical operation and obtain
more accurate scientific conclusions. This method is also used in the
current study.

In summary, both the green bond market and the government
bond market play a vital role in macroeconomic development,
and there are extensive links between the green bond market and
other markets, including the financial markets. As the
government bond market is an important reference for the
financial market, it is reasonable to assume that there is also a
very close relationship between the two bond markets. As the
government bond market has an important role in combating
systemic risk, the information transmission and risk contagion
between it and the green bond market should naturally be an issue
of concern. However, there is a lack of clear literature on the

correlation between the emerging green bond market and the
government bond market. A systematic study of the relationship
between the two would be of great benefit to the overall state of
macroeconomic performance, and this is the main expected
contribution of this study.

3 Model

In order to simultaneously study the price transmission
function, risk contagion effect and asymmetric effect of volatility
between the green bond market and government bond market
within one system, this paper draws on Liu and Finance, (2017)
by combining the error correction model (VECM) and GARCH
model and setting the variance equation in the form of DCC-
VARMA-AGARCH to overcome the shortcomings of the
traditional BEKK and DCC models in order to more accurately
portray the dynamic linkage between the two markets. At the same
time, the conditional mean equation in this paper is set in the form
of a vector error correction model (VECM) to examine the long-
term stability of the relationship between the green bondmarket and
the government bond market as well as the short-term dynamic
adjustment process, and to examine the direction of information
transmission between markets. The VECM-DCC-VARMA-
GARCH model with joint estimation of the mean and variance
equations can be expressed as

ΔRt � μ +∑p

k�1ΦkΔRt−k + βecmt−1 + εt (1)

Where, ΔRt � ΔR1

ΔR2
( ) is the vector of maturity return

differentials between the two bond markets in this paper, Φk �
φk,11 φk,12
φk,21 φk,22

( ) is the matrix of lagged term coefficients, ecmt−1

represents the error correction term reflecting deviations from
the long-run equilibrium relationship between the two yield

variables, β � β1
β2

( ) is the error correction term coefficients and

ε � ε1
ε2

( ) is the vector of residual terms.

This paper builds on the VARMA-GARCH model proposed by
Ling andMcAleer (2003) by further adding the asymmetric effects of
positive and negative information shocks to the variance equation
(McAleer et al., 2009), which is set up to better fit the characteristics
of the Chinese financial market (Zhou et al., 2020). The main feature
of the VARMA-GARCH model is that the variance equation
simulates the process of VARMA to calculate the ARCH and
GARCH terms (Kupiec, 1995) and applies it to the analysis of
multivariate GARCH. Compared to other multivariate GARCH
models, the model coefficient structure is more brief and the
economic significance is more easily interpreted. The constructed
variance equation in the form of DCC-VARMA-AGARCH is as
follows:

hii � Cii +∑
j
aijε

2
j,t−1 +∑

j
bijhjj,t−1 + diε

2
i,t−1Iεi < 0 εi,t−1( ) (2)

In Eqs 1, 2, the residual vector εt|It−1 ~ N(0, Ht) , It−1 is the

information set at the time of t − 1 ,Ht−1 � h11,t h12,t
h21,t h22,t

( ) � DtRtDt
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is the conditional covariance matrix of the residual vector, andDt �
diag( h11,t

1
2

h22,t
1
2 ) is a diagonal array consisting of the conditional

standard deviations of the bivariate series. A further matrix A �
a11 a12
a21 a22

( ) is the ARCH effect term coefficient matrix and B �
b11 b12
b21 b22

( ) is the GARCH effect term coefficient matrix. The

conditional variance series used in the variance equations are
estimated from the mean equation based on Eq. 1, and the

coefficients of the variance equation in Eq. 2 are estimated
separately from the single equation, and in the robustness test we
examined the relationship between the corresponding coefficients
through joint estimation again.

Meanwhile, we discuss the dynamic correlation between the two
markets through a DCC-GARCH model (Engle, 2002). The
conditional correlation coefficient matrices are ΔRt �
diag(q−1

2
11,t, q

−1
2

22,t)Qtdiag(q−1
2

11,t, q
−1
2

22,t) , Qt � (qij,t)2×2 and, in the
DCC-GARCH model, there are

FIGURE 1
The temporal trend of gr35 and go5.

FIGURE 2
The volatility clustering effects of Dgr35 and Dgo5.
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Qt � 1 − θ1 − θ2( ) �Q + θ1ξt−1ξt−1
′ + θ2Qt−1 (3)

where �Q is the unconditional variance matrix of ξt , ξt � D−1
t εt is the

normalised residuals, the parameter θ1, θ2 > 0 , and there is θ1 +
θ2 < 1 to ensure the positivity of Ht.

In the mean equation, if all φk,21 are 0 or insignificant, it means
that green bond yields have no effect on the government bond yields,
i.e., there is no information transmission from the green bond
market to the government bond market; if all φk,12 are 0 or
insignificant, it means that the government bond yields have no
effect on green bond yields, i.e., there is no information transmission
from the government bond market to the green bond market. The
test for the information transmission relationship uses the joint
significance test of the single equation coefficients, corresponding to
the statistics of

F � SSEr − SSEu( )/k
SSEu/ T − 2 k + 1( )[ ] (4)

Where SSEr is the sum of squared residuals with constraints,
SSEu is the sum of squared residuals without constraints, k is the
number of coefficients to be tested and T is the sample size of
the data.

In order to better identify and analyse the risk contagion effect
between the two markets, the variance equation (Eq. 2) is expanded
as follows.

h11,t � C11 + a11ε
2
1,t−1 + a12ε

2
2,t−1 + b11h11,t−1 + b12h22,t−1

+ d1ε
2
1,t−1Iε1 < 0 ε1,t−1( ) (5)

h22,t � C22 + a21ε
2
1,t−1 + a22ε

2
2,t−1 + b21h11,t−1 + b22h22,t−1

+ d2ε
2
2,t−1Iε2 < 0 ε2,t−1( ) (6)

It is clear that the conditional variance of the series of the two
market variables is affected by the squared prior residuals and
conditional variance from the other market, in addition to the
squared prior residuals and conditional variance. The parameter

FIGURE 3
Comparison of the distributions of Dgr35 and Dgo5 with the normal distribution.

FIGURE 4
The cumulative distributions of Dgr35 and Dgo5.
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a represents the ARCH-type risk contagion effect, which can be
thought of as the sensitivity of the market to new information shocks
or shocks not anticipated in the prior period, and the parameter b
represents the GARCH-type risk contagion effect, which can be
thought of as the persistence of the market’s exposure to prior period
fluctuations. In brief, the parameters a11, a22 and b11, b22 represent
the contagion effect of the two markets on themselves respectively;
a12 and b12 represent the contagion effect of the government bond
market on the green bond market; and a21 and b21 represent the
contagion effect of the green bond market on the government bond
market. The likelihood ratio method was used to test the risk
contagion effect between the two bond markets, and the test
statistics were

LR � −2 Lr − Lu( ) ~ χ2 n( ) (7)
where Lr and Lu are the log-likelihood function values for the
constrained and unconstrained models respectively, and n is the
number of constrained parameters.

4 Quantitative analysis results

4.1 Sample selection and basic analysis

4.1.1 Sample selection
Considering the relatively obvious market segmentation in the

Chinese green bond market (Zhou et al., 2020), this paper selects the
average yield to maturity of the more representative 3–5 years China
Bond-China Green Bond Index (CBA04931, ‘gr35’ for short) as a
proxy variable for the green bond market, which is a full-price index
compiled from a sample of green bonds listed in the interbank bond
market, SSE and SZSE in RMB as the currency. To avoid errors in
sample matching due to differences in compilation companies and
guidelines, the average yield to maturity of the 5-year China Bond-
China Government Bond Full Price Index (CBA03103, “go5” for
short) is selected as the proxy variable for the government bond
market. The data used in this paper were obtained from the Wind
database, and the sample time period was from 5 January 2010 to
30 December 2022. The resulting data contained a total of 3181 sets
of observations.

Figure 1 plots the time-series variation of the 3–5 years green
bond yield to maturity (gr35) against the 5-year government bond
yield to maturity (go5). Figure 2 plots the time-series variation of the
two sets of yield to maturity after differencing (i.e., volatility
clustering effect), which are referred to as “Dgr35” and “Dgo5”
for short. Figure 3 plotts the deviation from a normal distribution of
the differential series of yields in the two markets. Figure 4 plots the
cumulative distribution of the two markets’ yields to maturity
differential series, excluding the 2.5% quantile extremes in the
upper and lower tails.

As shown in Figure 1, the series of maturity yields of green bonds
and government bonds generally show a relatively obvious downward
trend, consistent with the continued easing of monetary policy in
China in recent years and the overall downward trend of market
interest rates. Therefore, the maturity yield series of green bonds and
government bonds should be a non-smooth series, and the time trend
graph trend is relatively close, indicating a potential long-term
equilibrium (co-integration) relationship. Thus, the form of theTA
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vector error correction model (VECM) model is considered in the
conditional mean equation setting of this paper.

Meanwhile, as shown in Figure 2, the differential series of the
yield to maturity always fluctuates up and down around the value of
zero, and the average fluctuation is large. Furthermore, a larger
perturbation is followed by another larger perturbation, while a
smaller perturbation succeeds another smaller perturbation. This
means that a clustering effect is observed on the volatility, indicating
some degree of ARCH effect in the series.

Figure 3 shows that the differential series of both yields have an
asymmetric distribution in the upper and lower tails. These indicate that
the differential series of maturity yields in both markets are likely to
have more significant volatility in the tails and that the upper tails of
both series are significantly more volatile than the lower tails, which is
more pronounced on the right-hand side of the government bond
market. This means that the risk of long positions in both bondmarkets
is likely to bemore significant than that of short positions. Furthermore,
the risk is more pronounced. Thus, it is clear that the distributions of
both series have thick tails, are skewed and do not conform to a normal
distribution.

Finally, as can be seen from Figure 4, approximately 95% of the
sample values of the magnitude of volatility (i.e., the absolute value of
the difference series) of the two bond markets’ returns to maturity do
not exceed 0.05, indicating that both have sample values close to or
greater than 5% or greater than 0.05. Combined with Figure 3, the
presence of risk, particularly tail risk, in the two bond markets can be
seen more clearly.

4.1.2 Descriptive statistical analysis
Table 1 presents the basic statistical characteristics of the

differential series of 3–5 years green bond maturity returns
(Dgr35) and the differential series of 5-year government bonds
maturity returns (Dgo5). The standard deviations of the two are
similar, indicating that the short-to medium-term green bond
market has a similar degree of volatility to the government
market. The skewness, kurtosis and the JB statistic also indicate
that both the green bond and government bond yield to maturity
differentials do not follow normal distributions, showing spikes and
thick tails. The ARCH-LM test shows a significant ARCH effect for
both series, and the BP-Q statistic shows significant autocorrelation
for both the original series and the squared term series. Therefore, it

is reasonable and feasible to investigate the contagion effect between
the two markets using a multivariate GARCH-type model.

4.1.3 Unit root and co-integration tests
The stability test is a prerequisite for GARCHmodelling and can be

effective in avoiding pseudo-regressions. Table 2 presents the results of
the ADF unit root test. As can be seen, Panels 1 and 2 reveal that both
market yield-to-maturity series are non-stationary, whilst both market
yield-to-maturity difference series are stationary. These results indicate
that both market yields to maturity are single-integer series of order 1
(i.e., the I (1) process). Based on this finding, the two-step method (Engle
and Granger, 1987) is applied to perform a unit root test on the residual
series Ei35 of the linear regressionmodel between the green bond yield to
maturity and the government bond yield to maturity. The results shown
in Panel three indicate a long-run equilibrium co-integration relationship
between the green bond yield tomaturity and the government bond yield
to maturity, implying that it is more reasonable to use the VECMmodel
in the study of information transmission.

4.2 Empirical analysis of information
transmission and volatility spillover effects
between the green bond market and the
government bond market

4.2.1 Lagged order test
In Table 3, LL denotes the log-likelihood function, LR denotes

the likelihood ratio test (i.e., a likelihood ratio test to measure the

TABLE 2 Unit root test and co-integration test results for each series.

Variables ADF test form ADF statistics Threshold 1% Threshold 5% Threshold 10% Stability

Panel 1: Maturity Benefit Sequence

gr35 (1,1,1) −2.191 −3.961 −3.411 −3.127 non-smooth

go5 (1,1,1) −2.231 −3.961 −3.411 −3.127 non-smooth

Panel 2: Difference series of returns to maturity

Dgr35 (0,0,1) −26.820*** −2.566 −1.941 −1.617 Stable

Dgo5 (0,0,1) −41.227*** −2.566 −1.941 −1.617 Stable

Panel 3: Residual sequences

Ei35 (0,0,1) −2.894*** −2.566 −1.941 −1.617 Stable

Note: * p < 0.1, ** p < 0.05, *** p < 0.01. ADF test of the form (c, t, p), with c and t taking the values 0 or 1, denotes the presence or absence of the constant term and the time trend term

respectively; p denotes the lag order.

TABLE 3 Results of the gr35 and go5 lagged order tests.

lag LL LR FPE AIC SBIC HQIC

0 −3756.242 NA 0.037 2.366 2.370 2.367

1 15132.080 37740.980 0.000 −9.522 −9.511 −9.518

2 15596.960 928.289 0.000 −9.812 −9.793 −9.806

3 15633.880 73.668 0.000 −9.833 −9.806* −9.824

4 15649.330 30.820* 0.000* −9.840* −9.806 −9.828*

Note: * indicates the best lag order chosen for the corresponding criterion.
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joint significance of the last order coefficients), and FPE denotes the
Akaike final prediction error, which is a measure of the mean
squared error of one-step ahead forecast. The information
criterion in Table 3 indicates that four is the best lag order; thus,
the lag order of the VAR model for gr35 and go5 is determined to be
the fourth order, and the lag order of the VECM model below is
determined to be the third order.

4.2.2 Granger causality test
The co-integration relationship can illustrate the long-term

stable relationship but not the causal relationship between the

series. The results of the Granger causality test in Table 4 show
that the government bond market yield affects the green bond
market yield to a greater extent and is the Granger cause of the
green bond market yield. The original hypothesis that green bond
market yields are not the Granger cause of the government bond
market yields cannot be rejected, indicating that green bond market
yields may not be the Granger cause of the government bond market
yields and that there may be a unidirectional causal relationship
between the two.

4.2.3 Model estimation results and analysis
Panel 1 in Table 5 presents the estimated results of the model

mean equation, where φk,ij is the coefficient of the lagged term of the
endogenous variable, k is the order of the lagged term and β is the
coefficient of the error correction term. In addition, i, j = 1, 2, where
1 and 2 represent the green bond and the government bondmarkets,
respectively.

An analysis of the estimated results of the mean equation shows
that the level of change in green bond market yields is significantly
influenced by the first 1–3 periods of its own (1%), as well as the first
1 period (1% level) of the change in the government bond market
yields. The level of change in the government bond market yields is
significantly influenced by the first 1 period (1% level) of its own.
The above results suggest two things: (1) a strong autocorrelation
and some degree of cross-correlation between the levels of yield
changes in both the green bond and government bond markets; and
(2) that neither bond market is an efficient market. The green bond
market is more dependent on its own historical yield changes and
has a long duration of influence, whilst the government bondmarket
is less dependent on its own historical yield changes and has a short
duration of influence. The dependence of the green bond market on
changes in the government bond market yields is significantly
stronger than the dependence of the latter on changes in the
former. In other words, the government bond market is more
responsive to information, and changes in yields to maturity are
ahead of the green bond market. This is mainly due to the late start
of green finance in China and the fact that the green bond market is
still far less developed than the government bond market, both in
terms of scale and maturity.

The coefficient on the error correction term is insignificant for
the maturity return differential in the green bond market and
significantly negative (at the 10% level) for the error correction
term for the maturity return differential in the government bond
market. This indicates that when the long-term equilibrium
relationship between the green bond market and government
bond market maturity yield deviates, the green bond maturity
yield does not correct for the deviation from the equilibrium of
the two, while the government bond maturity yield adjusts towards
the green bond maturity yield through the correction mechanism,
indicating that the main body of the project on which the

TABLE 4 Results of the gr35 and go5 Granger causality tests.

VAR equation H0 Test variables F-statistic p-value

gr35 equation go5 is not the Granger-causality of gr35 go5 66.900 0.000

go5 equation gr35 is not the Granger-causality of go5 gr35 1.462 0.211

TABLE 5 Estimation results of the parameters of the VECM-DCC-VARMA-
AGARCH model.

Variable Coeff Std error T-Stat Sig

Panel 1: Mean Value Equation

φ1,11 0.188*** 0.021 9.079 0.000

φ2,11 0.089*** 0.021 4.272 0.000

φ3,11 0.083*** 0.019 4.294 0.000

φ1,12 0.325*** 0.020 16.002 0.000

φ2,12 0.029 0.021 1.357 0.175

φ3,12 −0.008 0.021 −0.376 0.707

β1 0.001 0.002 0.620 0.535

φ1,21 0.031 0.021 1.482 0.138

φ2,21 0.025 0.021 1.152 0.249

φ3,21 −0.004 0.020 −0.204 0.838

φ1,22 0.286*** 0.021 13.742 0.000

φ2,22 −0.020 0.022 −0.931 0.352

φ3,22 0.008 0.021 0.360 0.719

β2 −0.003* 0.002 −1.860 0.063

Panel 2: Variance equations

c1 0.000*** 0.000 8.384 0.000

c2 0.000*** 0.000 14.734 0.000

a11 0.375*** 0.030 12.497 0.000

a12 0.073*** 0.008 8.930 0.000

a21 0.017 *** 0.003 6.105 0.000

a22 0.136*** 0.011 12.415 0.000

b11 0.357 *** 0.024 15.119 0.000

b12 0.227 *** 0.021 10.977 0.000

b21 −0.018 *** 0.004 −4.387 0.000

b22 0.819 *** 0.011 77.974 0.000

d1 −0.075 *** 0.028 −2.722 0.007

d2 −0.028*** 0.010 −2.761 0.006

Panel 3: Dynamic correlation equations

θ1 0.022** 0.011 2.037 0.042

θ2 0.862*** 0.078 11.079 0.000

Shape 0.555*** 0.027 20.262 0.000

Note: * p < 0.1, ** p < 0.05, *** p < 0.01.
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government bond is based is increasingly in line with the
requirements of green development, which to some extent
indicates that the relevant strategies and supportive policies are
having an effect.

Panel 2 shows the results of the variance equation estimation of
the model. Before analysing the results, it is necessary to explain
ARCH-type and GARCH-type volatility spillover effects, which
represent the sensitivity of a market to new information and the
persistence of the effects of prior events in that market, respectively
(Engle, 2002; Engle and Manganelli, 2004).

Firstly, in terms of the performance of the two markets’ own risk
characteristics, it can be found that aii and bii are greater than zero,
and both are significant at the 1% level, indicating that there are
strong ARCH-type and GARCH-type effects of their own in both
the green bond and the government bond market yield differential
series. In other words, both have strong sensitivities to shocks from
new information in their respective markets and strong persistence
in their own pre-market volatilities. Furthermore, a11 > b11 suggests
that ARCH-type effects are stronger than GARCH-type effects in the
evolution of green bond market yields, i.e., the effect of new
information from one’s own market (time-varying) is greater
than the effect of the persistence of prior period volatility. In
addition, a22 < b22 suggests that the GARCH-type effect is much
stronger than the ARCH-type effect in the movement of the
government bond market yields, i.e., the effect of new
information from its own market (time-varying) is much smaller
than the effect of the persistence of prior period volatility. In
comparison, a11 > a22 indicating that the green bond market is
more sensitive to new information than the government bond
market, and that the green bond market is more responsive to
new information and translates shocks to new information into
conditional variance faster. And b11 < b22 indicating that the green
bond market is weaker than the government bond market by the

persistence of prior market volatility. In terms of the asymmetry of
single equation volatility, the coefficients of the asymmetric terms d1
and d2 for both bond markets are significantly negative at the 1%
level, indicating that the asymmetric effect of volatility on positive
and negative shocks is very significant in the green bond and the
government bond markets.

Secondly, in terms of information transmission between the two
markets, it can be found that a12 is significantly positive at the 5%
level, indicating a significant ARCH-type effect of the government
bond market on the green bond market, i.e., shocks to new
information in the government bond market significantly
increase the volatility of the green bond market. In addition, a21
is at the 5% level, indicating that changes in the green bond market
have a significant ARCH-type effect on the government bond
market. In other words, shocks to new information in the green
bondmarket significantly increase volatility in the government bond
market. There is a two-way ARCH-type effect between the two bond
markets. In addition, a12 > a21 suggests that shocks to new
information in the government bond market have a relatively
greater impact on the green bond market.

Thirdly, in terms of the continuity of the impact of the preceding
events, it can be found that b12 is significantly positive at the 1%
level, indicating a significant GARCH-type effect of changes in the
government bond market on the green bond market, i.e., the
volatility of the government bond market in the early part of the
period will increase the volatility in the green bond market in the
current period. In addition, b21 is significantly negative at the 5%
level, indicating a significant GARCH-type effect of changes in the
green bondmarket on the government bondmarket. In other words,
the volatility of the green bond market in the early part of the period
will reduce the volatility of the government bond market in the
current period. There is also a two-way GARCH-type effect of
changes in the yields of the two bond markets. In addition,

FIGURE 5
The dynamic correlation coefficient between Dgr35 and Dgo5.
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|b12|> |b21| suggests that the volatility of the government bond
market in the early part of the period has had a relatively greater
impact on the volatility of the green bond market.

Combining the estimated results of both ARCH and GARCH-
type effects, we have a12 < b12 and |a21|< |b21|, suggesting that
GARCH-type risk spillovers are stronger than the ARCH-type
risk spillovers for both the government bond market to the green
bond market and from the green bond to the government bond
market. In other words, in the mutual spillover of risk between the
two bond markets, the impact of a new information shock in the
other bond market (time-varying) is less than the impact of its prior
volatility in terms of persistent effects.

Panel three presents the estimated results of the model’s
dynamic correlation equation. In terms of the dynamic
correlation between green bonds and the government bond
market yields, θ1 represents the degree of short-term adjustment
between markets, and θ2 is used to measure long-term persistence. A
θ1 value closer to zero indicates that market correlations are less
affected by standardised residuals, whilst a θ2 value closer to one
indicates that market correlations are more persistent. A value closer
to one for θ1 + θ2 indicates that the model is more stable, and the
dynamic correlation between markets is stronger. The results in the
Table 5 show that the value of θ1 is close to zero and only significant
at the 5% level, indicating that the short-term adjustment of the
conditional correlation coefficient between the green bond and the
government bond markets is small. In addition, θ2 is significantly
different from zero and close to one at the 1% level, indicating a
strong long-term persistence of the correlation between the two
markets. At the same time, θ1 + θ2 has a value of 0.884 and satisfies
the constraint, θ1 + θ2 < 1, indicating a strong dynamic correlation
between the two markets and a stable model.

4.2.4 DCC dynamic correlation coefficient analysis
As shown in Figure 5, the dynamic correlation coefficient

between green bonds and government bond yields is always
positive, with the overall fluctuation level concentrated in the
range of 0.35–0.6, reaching a minimum value of 0.219 and

0.217 in period 549 and 2844, after which there is no more
relative low value. The overall trend is also relatively slow to rise.
This indicates that with the continuous development of green
finance, green bonds—as the most rapidly developing green
financial derivatives—have seen their issuance scale rise. Thus,
the diversification of issuance types, maturities and subjects, as
well as the increase in secondary market activity, all of which
have contributed to the continuous maturation of China’s green
bond market, deepens the dynamic link with the government bond
market. The graph also shows strong fluctuations in the relatively
volatile financial environments around 2010, 2015 and 2018, with
the highest values exceeding 0.7, which is close to or almost
exceeding 0.8. This indicates that the risk spillover effect between
the government bond market and the green bond market is also
more pronounced in volatile environments.

4.3 Robustness tests

To ensure the accuracy and robustness of the estimation results,
this paper first performs autocorrelation and ARCH effect tests on
the standard residuals and their squared terms obtained from the
model estimation. Then, F-tests are performed on the mean
equation to determine the reliability of the information
transmission relationship. Finally, likelihood ratio tests are
performed on the variance equation to determine the reliability
of the risk contagion relationship. The results of each of the three
tests are presented below.

4.3.1 Correlation test for standardised residuals
From the serial correlation test results in Table 6, it can be seen

that both standardised residual series no longer have serial
autocorrelation; from the ARCH effect test, it is apparent that
both standardised residual series no longer show the ARCH
effect. Although there is still some correlation in the squared
series of the residuals, the model fit is generally found to be
adequate and robust.

4.3.2 Information transmission relationship test
Table 7 presents the results of the test for the information

transmission relationship, i.e., the results of the joint significant
F-test on the coefficients of the model mean equation, which is
determined by calculating the joint significant F-statistic of the
differential lagged terms of the green bond and the government
bond yields to maturity in the model mean equation. The results
reveal that the original hypothesis of no information transmission

TABLE 6 Tests based on the standardised residuals of the model.

ARCH-LM(1–5) BP-Q (5) BP-Q2 (5)

Str_Dgr35 19.318 4.245 113.809*

Str_Dgo5 9.946 4.715 59.177*

Note: * p < 0.1, ** p < 0.05, *** p < 0.01.

TABLE 7 Test of information transmission relationship between green bonds and the government bond market benefits.

H0 F-statistic Conclusion

φk,12 � 0, k � 1, 2, 3 F = 88.697*** The hypothesis of no one-way information transmission from the government bond market to the green bond market is
rejected at the 1% significance level

φk,12 � 0, k � 1, 2, 3 F = 1.479 The hypothesis that there is no unidirectional information transmission from the green bond market to the government bond
market cannot be rejected at the 10% significant level

φk,12 � φk,21 � 0, k � 1, 2, 3 LR = 270.528*** The hypothesis of no two-way information transmission between the government bond and green bond markets is rejected at
the 1% significance level

Note: * p < 0.1, ** p < 0.05, *** p < 0.01.
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from the government to the green bond market
(φk,12 � 0, k � 1, 2, 3) is rejected at the 1% level, indicating a
strong information transmission effect from the former to the
latter. Meanwhile, The original hypothesis that the green bond
market does not have information transmission to the
government bond market (φk,12 � 0, k � 1, 2, 3) cannot be rejected
at a high significant level, indicating that the information
transmission effect of the green bond market to the government
bond market is not strong or significant at this stage. The possible
unidirectional causal relationship between the two markets’ yields
described in the previous section is explained by the fact that the
information transmission effect from the government to the green
bond market is significantly stronger than that from the latter to the
former. This means that the impact of the government bond market
on the green bond market is significantly stronger than that of the
latter on the former. This conclusion can be further verified by the
numerical magnitude of the F-statistic. Meanwhile, the original
hypothesis that there is no bidirectional information transmission
between the green bond market and the government bond market
(φk,12 � φk,21 � 0, k � 1, 2, 3) is rejected at the 1% level, indicating
that, on the whole, there is a bidirectional information transmission
relationship between the two markets.

4.3.3 Test for risk contagion effects
Table 8 shows the results of the risk spillover effect test, i.e., the

results of the joint significance test of the coefficients of the model
variance equation. This was performed by calculating the LR statistic of
the joint significant likelihood ratio test of the cross-term conditional
variance and the squared residuals in the variance equation. The results
show that the hypothesis of no unidirectional volatility spillover from
the government bondmarket to the green bondmarket (a12 � b12 � 0)
and the hypothesis of no unidirectional risk contagion from the green
bond market to the government market (a21 � b21 � 0) are both
rejected at the 1% level, indicating a strong risk contagion effect
between the two markets. A comparison of the magnitude of the LR
statistic suggests that the risk contagion effect of the government bond
market on the green bond market is significantly stronger than the risk
contagion effect of the green bond market on the government bond
market.

Meanwhile, the hypothesis that there is no two-way risk contagion
between the green bond market and the government bond market
(a12 � b12 � 0; a21 � b21 � 0) is also rejected at the 1% level. This
indicates that, on the whole, there is a significant two-way risk
contagion effect between the green bond and the government bond
market in China, but there is an asymmetric feature in the strength of
the contagion effect.

5 Conclusion

This paper focuses on the information transmission and risk
contagion effects between the green bond market and the
government bond market in China, and analyses them through
VECM-DCC-VARMA-AGARCH modelling. The following
conclusions were obtained:

1. There is an overall two-way information transmission
relationship between the China’s green bond market and the
government bond market, but the information transmission
from the government bond market to the green bond market
is significantly stronger than the other reverse information
transmission. The government bond market is more
independent and is less influenced by its own pre-existing
influences and the green bond market and is less persistent. It
is more responsive to the impact of new information.

2. The green bondmarket is more sensitive to new information than
the government bond market, and also more responsive to its
own pre-existing volatility, suggesting that the green bondmarket
translates new information shocks into market volatility more
quickly. This may be due to the inadequate information
disclosure system in China’s green bond market, resulting in
investors not being fully informed and overreacting, thus
increasing the risk of unanticipated shocks to the market.

3. There is a long-term equilibrium relationship between the green
bond market and the government bond market, and government
bond maturity returns are adjusted towards green bonds through
an error correction mechanism when deviations occur. This
means that the project entities on which the government
bonds are based are increasingly in line with the requirements
of green development, indicating to some extent that the relevant
guiding policies are working.

4. In terms of risk contagion, there is a two-way ARCH-type risk
contagion effect in both markets, and the impact of new
information shocks in the government bond market has a
relatively greater impact on the volatility of the green bond
market. There is asymmetry in the GARCH-type risk contagion
effect in both markets. Pre-early shocks in the government bond
market increase the volatility of the current green bond market,
while pre-early shocks in the green bond market decrease the
volatility of the current government bond market, and pre-early
shocks in the government bond market have a relatively greater
impact on the volatility of the green bond market.

5. There is a strong positive dynamic correlation between China’s green
bond and government bond markets, and the correlation shows a

TABLE 8 Test of risk contagion effects between green bonds and the government bond market.

H0 LR statistic Conclusion

a12 � b12 � 0 LR = 3081.450*** The hypothesis of no unidirectional risk contagion from the government debt market to the green debt market is rejected at
the 1% significance level

a21 � b21 � 0 LR = 49.117*** The hypothesis of no unidirectional risk contagion from the green bond market to the government bond market is rejected at
the 5% significance level

a12 � b12 � 0,
a21 � b21 � 0

LR = 3263.785*** The hypothesis of no two-way risk contagion between the green bond market and the government bond market is rejected at
the 1% significance level

Note: * p < 0.1, ** p < 0.05, *** p < 0.01.
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slow upward trend overall. The correlation between the twowill show
strong volatility in times of financial market turmoil, i.e., volatility
spillover effects will be more pronounced in times of crisis.

In summary, this study provides the following policy
recommendations.

1. The authorities should improve the information disclosure
mechanism of green bonds, build an accurate and feasible
tracking and evaluation mechanism, strengthen the timely and
standardised disclosure of important information and reduce the
various risks arising from information asymmetry.

2. Emphasis should be placed on innovation in the green bond
market, enriching the types, maturities and subjects of green
bonds, fostering a diversified green bond market and gradually
optimising and expanding the issuing entities in the green bond
market in a conditional manner.

3. Deepen the reform of the financial system, improve the green
financial system, maximise the “double carbon” opportunity,
introduce supportive policies to promote the development of
green finance in due course and promote the diversified and
comprehensive development of the financial market.

4. Enhance regulatory awareness, build a risk-related early warning
system and strengthen the accurate identification and effective
prevention and control of various potential risks that may exist in
new financial markets.
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