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rket wants to believe in European
sustainability. Time trends and persistence analysis
of green vs. brown bond yields

Manuel Monge *

Green bonds are becoming a popular investment option as a result of growing investor awareness of social

and environmental issues. Green bonds are financial securities used to fund initiatives aimed at mitigating

the effects of global industrialization on the environment and climate change, as well as initiatives that

make use of cutting-edge technology. For the SDGs to be achieved, this kind of financial product must

be successfully promoted. Therefore, the objective of this research work is to statistically analyze the

characteristics of green and brown bond yields. In addition, to ascertain how the two yields relate to one

another and how they change over time.
Environmental signicance

Green bonds are becoming a popular investment option as a result of growing investor awareness of social and environmental issues. Green bonds are nancial
securities used to fund initiatives aimed at mitigating the effects of global industrialization on the environment and climate change, as well as initiatives that
make use of cutting-edge technology. For the SDGs to be achieved, this kind of nancial product must be successfully promoted. Therefore, the objective of this
research work is to statistically analyze the characteristics of green and brown bond yields. In addition, to ascertain how the two yields relate to one another and
how they change over time.
1. Introduction

Research on ESG has been conducted for a long time, though
not always with the term ESG in mind. Over 60 years have been
dedicated to researching themes like corporate environmental
responsibility (CER) and corporate social responsibility (CSR).

Since the 1990s, a large number of studies have been pub-
lished, the majority of which (perhaps as a result of increased
data availability) have focused on the empirical links between
corporate social/environmental responsibility and corporate
nancial performance (CFP).1 Most studies conclude that there
is a benecial correlation between CFP and ESG. Among other
things, market stock prices and accounting metrics like return
on assets are used to quantify the relationship.2

Green and conventional bonds represent two distinct
approaches to nancing within the broader nancial market,
each aligned with different environmental and economic
objectives.

A green bond is any xed income instrument whose sole
purpose is to nance or renance, in whole or in part, new and/
or existing green projects. Green bonds are securities whose
proceeds are used to nance projects that address the envi-
ronment or climate change, as well as projects that use cutting-
niversidad Francisco de Vitoria, Madrid,

s

52–1463
edge technology to reduce the negative consequences of global
industrialization.

These securities began to be used by governmental or
supranational development banks to nance and promote
initiatives related to the environment or climate change. In
recent years, governments are using this asset class, and an
increasing number of corporations have begun to issue green
bonds as well.

This type of nancial products tries to mobilize capital from
the nancial market with the objective of meeting the challenge
of climate change.3

There are many reasons for the existence of this type of
nancial product:

(1) Financing sustainable projects (e.g. water management,
clean transportation, sustainable agriculture, energy efficiency,
renewable energy, among others). This aids in raising money
from the public and commercial sectors to combat environ-
mental degradation and climate change.4

(2) Growth in investor interest in sustainability, driven by
factors such as climate-related risks, regulatory pressures and
a shi in consumer and corporate values toward environmental
responsibility.

(3) Investors align their portfolios with a low-carbon
economy, potentially reducing exposure to assets that might
lose value as the world transitions away from fossil fuels.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(4) Issuers of green bonds are frequently bound by rules like
the Climate Bonds Standard or the Green Bond Principles,
which guarantee responsibility, transparency, and the use of
proceeds for projects that improve the environment. For
investors, this offers a level of legitimacy and trust.

Thus, green bonds have a similar structure to conventional
bonds, with the exception that the “use of proceeds” will be
used only to nance or renance green projects.4

In contrast, conventional (or brown) bonds are debt instru-
ments used to nance projects and industries that do not take
into account the green deal and climate change. Industries
related to fossil fuels or other environmentally damaging
activities.

Understanding the broader nancial market's involvement
in addressing environmental sustainability and climate change
requires an understanding of both green and brown bonds.
They mirror the changing dynamics of the market as it strikes
a balance between environmental stewardship and economic
prosperity. The burgeoning issuance of green bonds and the
mounting mistrust of brown bonds signify a paradigm shi in
the way capital markets are addressing environmental concerns
on a worldwide scale.

This change is a part of a wider trend that is impacting
capital ows more and more by incorporating ESG factors into
investment decisions. As green bonds become more popular,
they not only help nance the shi to a sustainable economy
but also indicate that the way nancial markets evaluate risk,
value, and long-term growth prospects is changing.

Hacıömeroğlu et al.5 states that by 2025, the worldwide
market for ESG (environmental, social, and governance) assets
will be valued at over $53 trillion, or over one-third of all assets
under management. Zhang et al.6 suggest that the growing
market demand for ethical investments indicates the existence
of investors who hope to inuence societal change via their
nancial decisions.

Even though this segment has seen a lot of great advances
compared to conventional ones,7–9 not all of them have been
viewed favorably.

Successful promotion of this type of nancial product is very
important for the achievement of the SDGs. According to Bhutta
et al.,10 their issuance carries associated costs and investors
consider their protability due to their risky nature.

In addition, the “true greenness” of green bonds is
frequently disputed, and accusations of greenwashing are
common.11–13 Immel et al.13 argue that one factor contributing to
this uncertainty is the fact that green bonds oen come with
a credit rating, but they only optionally offer additional envi-
ronmental, social, and governance (ESG) ratings.

Following Maul and Schiereck,14 we explicitly evaluate the
bond pricing literature since bond pricing is more complex and
technical due to the wide diversity of bonds (various coupon
type, maturity, payment rank, callability, etc.). There are differ-
ences between green and conventional bonds with similar
characteristics and different performance outcomes.15–24

Numerous research works examining the performance of
green bonds have been released, exhibiting varying ndings
and methods of study. Based on a range of bond indices25 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
primary market yields13,24,26 the majority of research indicate
a negative green premium. Studies on the yield differentials
between conventional and green bonds in the secondary
market23,24 show conicting results, indicating that a premium
is only observed in certain circumstances (e.g., institutional and
certied green issuers). According to some, the reason why
green bonds have lower yields than conventional bonds is
because investors have a pro-environmental mentality26 and
because certain issuers have stronger ESG credibility, which
inuences demand preferences.24

On the other hand, Pham and Nguyen27 investigate how well
green bonds perform in uncertain circumstances. By examining
the impact of stock, oil, and economic policy uncertainty (EPU)
on green bond returns, their research illuminates the diversi-
cation potential of green bond markets. Between October 2014
and November 2020, they employed three uncertainty indices in
addition to four signicant green bond indices. The authors
discover that at uncertain times, there is a state-dependent and
time-varying relationship between green bonds. That similar
thesis is asserted by Abakah et al.28 It is suggested that investors
should diversify their portfolios to reduce risk and participate in
environmentally friendly projects thanks to the nascent and
expanding green bond market.

A sizable body of research has now been written analyzing
the behavior of green versus brown (conventional) assets. The
majority of research looks at these two asset classes' ex post
returns or co-movement and price spillover.29–44

One signicant question that the studies mentioned above
did not address is how persistent green stock prices are in
comparison to brown stock prices.

To the best of our knowledge, the quantitative analysis and
the fractional techniques that we present to analyze the yields of
green and conventional bonds in this study provides several
contributions not found in the existing literature.

First it applies long memory techniques to provide evidence
on the statistical properties (more specically, mean reversion
and persistence) of the conventional bond yields and green
bond yields. This analysis is important for many reasons: (1) it
helps us to understand whether the series has a short or long
memory behavior. This is related to the persistence in the data
and how reliable it is for future prediction. (2) We can also
determine more precisely whether the data are stationary or
non-stationary and how much we need to differ the data from
a fractional point of view to get the main characteristics of the
data behavior to be constant over time in the period we are
analyzing. (3) Finally, we will be able to understand how the
time series behaves in the face of an exogenous shock and know
if it tends to revert to the mean, or on the contrary needs
additional measures to return to its original trend.

From a multivariate analysis, we started by performing
causality tests. We use causality tests to be able to determine
whether one variable can be useful and be used to predict
another. If the relationship between the variables we analyze is
not useful, we would say that the relationship is spurious.

In this work we calculate two types of tests: the rst is the
VAR-based Granger-causality test based on the time domain.
With this technique we will be able to determine whether the
Environ. Sci.: Adv., 2024, 3, 1452–1463 | 1453
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Fig. 1 Green and traditional bonds.
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relationship between the two variables is causal, and in
a second step, with the Breitung and Candelon45 test based on
the frequency domain we will be able to say whether the rela-
tionship is statistically signicant in the short, medium or long
term.

Additionally, we use the fractional cointegration test in the
analysis of two time series because it allows us to identify long-
run equilibrium relationships between series that have long
memory or persistence, better capturing complex dynamics and
slow adjustments that might not be detected by traditional
methods. This is crucial when series exhibit fractional integra-
tion behavior, offering a more accurate and exible analysis.

Finally, we carried out a wavelet analysis, using the Contin-
uous Wavelet Transform (CWT). This allows us to decompose
and analyze the series at different time scales simultaneously,
capturing both local (short term) and global (long term) rela-
tionships. This is particularly useful for identifying patterns,
trends, and complex dynamic relationships that vary over time
and frequency, which is not possible with traditional methods.

The structure of this paper is as follows. Section 2 describes
the data used for our study. Section 3 explains the methodolo-
gies used to carry out the research. The results are discussed in
Section 4. Finally, the conclusions are found in Section 5.

2. Data

The database analyzed in this research paper was obtained from
Thomson Reuters Eikon, a widely recognized nancial data
platform. To analyze the green bonds returns in Europe we have
selected the iBoxx Global Green Bonds Select Index, to represent
the performance of green bonds in Europe. The bonds included
in this index are classied as green bonds according to the
Climate Bonds Initiative (CBI) Green Bonds Standard. This
standard ensures that the proceeds of these bonds are used for
projects that have positive environmental benets, such as
renewable energy, energy efficiency, and pollution reduction.
The index includes investment grade and high yield govern-
ment, sub-sovereign and corporate debt. The bonds are
denominated in Euros, reecting the European focus of the
study.

To represent the performance of conventional (brown)
bonds in Europe, we use the SPDR Bloomberg Euro Aggregate
Bond index. This index tracks the performance of the Bloom-
berg Euro Aggregate Bond Index, which includes a broad range
of xed-rate, investment grade bonds. The bonds in this index
are issued by governments and corporations, providing
a comprehensive view of the conventional bond market. Like
the green bonds, these bonds are also denominated in Euros,
ensuring consistency in the comparison between green and
conventional bonds.

The selection criteria, emphasizing investment grade and
high yield bonds, provide a comprehensive view of how
different types of bonds behave in response to market devel-
opments, offering valuable insights for both nancial markets
and sustainable efforts.

The time series analyzed in this manuscript are represented
in Fig. 1.
1454 | Environ. Sci.: Adv., 2024, 3, 1452–1463
This extended time frame allows for a thorough examination
of the behavior of both green and brown bonds over various
economic cycles, including periods of signicant market stress
such as the COVID-19 pandemic and the Russia–Ukraine conict.

The dataset used is of daily frequency, which provides
detailed insights into the day-to-day movements of bond yields,
allowing for more precise statistical analysis.

3. Methodology
3.1. Unit roots

Statistics and econometrics use single or multi-equation
regression models of time series with the objective to model
variables and to understand the interrelations.46

But before to use these types of models, it is important to
understand the behavior of these time series. To be able to work
with the series, the fundamental assumption is to conclude if
the process follows a non-stationary I(1) behavior when it
contains a unit root or if it is stationary I(0) when it does not.47

So, to determine the integration order of each time series we
use standard unit root test. The best known and most widely
used unit root test is the Dickey–Fuller test.48 If a non-systematic
component in Dickey–Fuller models is autocorrelated, the
Augmented Dickey–Fuller test is constructed.49 Many other tests
have been considered due to the greater power, such as Phil-
lips50 and Phillips and Perron51 in which a non-parametric
estimate of spectral density ut of at the zero frequency has
been used. The methodology based on Kwiatkowski et al.52 has
been used to analyze the deterministic trend.

3.2. ARFIMA (p, d, q) model

Once we have tested the integration order of each time series by
using standard unit root tests, we employ a more advanced
methodology. Following the idea that was introduced by Ade-
nstedt,53 Granger and Joyeux,54 Granger55,56 and Hosking,57 to
achieve stationarity I(0), the number of differences does not
necessarily have to be an integer value, since it can be any point
on the real line and therefore fractional I(d).

So, in order to make the time series stationary I(0), we
differentiate the time series with a fractional number. This is an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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advanced procedure over unit root tests due to the lower power
under fractional alternatives.58–60

Another feature of the I(d) models is to determine and
capture the persistence of the observations. This is when
observations are far apart in time but highly correlated.

The fractional integratedmethod that we use in this research
paper is the ARFIMA (p, d, q) model where the mathematical
notation is:

(1 − L)dxt = ut, t = 1, 2, (1)

In eqn (1), xt refers to the time series that has an integrated
process of order d (xt z I(d)), d refers to any real value, L is the
lag-operator (Lxt = xt−1) and ut refers to I(0) which is the
covariance stationary process where the spectral density func-
tion is positive and nite at the zero frequency and it displays
a type of time dependence in the weak form. Therefore, we can
state that if ut is ARMA (p, q), xt is ARMA (p, d, q).

From eqn (1), the polynomial (1− L)d is expressed in terms of
binomial expansion where for all real d, xt depends not only on
a nite number of past observations but also on the whole of its
history. So a higher value of d implies a higher level of associ-
ation between the observations of the series.

Depending on the value of the parameter d, we can differ-
entiate between various cases.

Table 1 summarizes the different results of d: Although there
are several procedures for estimating the degree of long-
memory and fractional integration,61–67 we follow Sowell64

maximum likelihood approach and use the Akaike information
criterion (AIC)68 and the Bayesian information criterion (BIC)69

to select the most appropriate ARFIMA model.
3.3. Breitung–Candelon causality test

The causality test proposed by Breitung and Candelon45

contribute to provide an idea about whether the relationship
between both time series is temporary or permanent.70–72 This
test has an advantage over other commonly used causality tests
in that it can interpret Granger-causality across different
frequency domains. This is accomplished by categorizing the
spectral association that exists between two time series, one of
which is based on the bivariate spectral-density matrix and the
other on coherence. The categorization then yields a total of
immediate forward and backward causality mechanisms.

For specication, the interdependence between two vari-
ables x and y can be captured by the following VAR(p) model:45

xt = a1xt−1 + apxt−p + b1yt−1 + . + bpyt−p + b1t (2)
Table 1 Interpretation of the results of d for the ARFIMA model

d = 0 xt process is short memory
d > 0 xt process is long memory
d < 0.5 xt is covariance stationary
d $ 0.5 xt is nonstationary
d < 1 xt is mean reverting
d $ 1 xt is not mean reverting

© 2024 The Author(s). Published by the Royal Society of Chemistry
The null hypothesis, H0:My/x(w) = 0, as tested by Geweke,73

matches the null hypothesis of linear restriction given as:

R(w)b = 0 (3)

where b denotes the coefficient vector of y. R(w) is dened as:

RðwÞ ¼
�
cosðwÞcosð2wÞ.cosðpwÞ
sinðwÞsinð2wÞ.sinðpwÞ

�
(4)

The F-statistics for the null hypothesis in eqn (3) has an
approximated distribution of F(2, T − 2P) for Fw ˛ (0, p).
Furthermore, the frequency-based Granger causality test is
oen examined within the framework of cointegration. There-
fore, Breitung and Candelon45 substitute xt in eqn (2) for Dxt.
Thus, the presence of cointegration between the series implies
that the zero-frequency causality has similar notion with the
main long-term causality. On the other hand, if in the stationary
no long-run relationship holds, the evidence of causal rela-
tionship at a low frequency suggests that the frequency element
of the variable under consideration can be predicted by an
additional variable.
3.4. FCVAR model

Following Johansen and Nielsen,74 we use their multivariate
Fractional Cointegrated VAR (FCVAR) model to check the rela-
tionship of the variables in the long term. The FCVAR model is
notated in the next equation:

DdXt ¼ ab
0
LbD

d�bXt þ
Xk
i¼1

GiD
bLb

iYt þ 3t (5)

where 3t is a term with mean zero and variance-covariance
matrix U that is p-dimensional independent and identically
distributed; a and b are p × r matrices where 0 # r # p. The
relationship in the long-term equilibria in terms of cointegra-
tion in the system is due to the matrix b. Controlling the short-
term behavior of the variables is due to parameter Gi. Finally,
the deviations from the equilibria and their speed in the
adjustment is due to parameter a.
3.5. Wavelet analysis

Wavelet methodology allows time series to be analysed in the
time-frequency domain. Thus, for this research article we use two
tools named wavelet coherency and wavelet phase difference,
because the requirement of stationarity is not necessary and
studying the interaction in time and frequency domain of the time
series reveals evidence of potential changes (structural changes).

Furthermore, the most important information is hidden in
the frequency content of the signal. So, as we know, we can
dene the time series as an aggregation of components oper-
ating on different frequencies.

Finally, if we follow the research carried out by Zhou,75

Podobnik and Stanley,76 Gu and Zhou77 and Jiang and Zhou78 we
can conclude that misleading results will be found if we apply
a typical cross-correlation to study statistical relationships
between two multifractal time series.
Environ. Sci.: Adv., 2024, 3, 1452–1463 | 1455

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00193a


Table 2 Unit root tests

ADF PP KPSS

(i) (ii) (iii) (ii) (iii) (ii) (iii)

Original data
EUR green bonds 0.6839 −1.2887 −0.6909 −1.328 −0.8709 17.4615 1.8561
EUR traditional bonds −1.0548 −0.9569 −1.1784 −1.0045 −1.2162 2.5522 1.9069

Table 3 Results of long memory tests

Data analyzed Sample size (days) Model selected d Std. Error Interval I(d)

Original time series
EUR green bonds 2265 ARFIMA (0, d, 0) 1.17 0.017 [1.14, 1.20] I(1)
EUR traditional bonds 2265 ARFIMA (0, d, 0) 1.02 0.016 [0.99, 1.05] I(1)
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The wavelet coherency plot represents the correlation of time
series and helps us to identify hidden patterns and/or infor-
mation in the time-frequency domain. The wavelet transform,
represented by WTx(a,s), of a time series x(t) obtained by pro-
jecting a mother wavelet j, is dened as:

WTxða; sÞ ¼
ðþN

�N
xðtÞ 1ffiffiffi

a
p j*

�t� s
a

�
dt;

where the wavelet coefficients of x(t) are represented byWTx(a,s)
and provide information on time and frequency by mapping the
original time series onto a function of s and a. Following Aguiar-
Conraria and Soares79 we choose the Morlet wavelet as the
mother wavelet because it is a complex sine wave within
a Gaussian envelope, so we will be able to measure the
synchronism between time series.

Wavelet coherence helps us understand how one time series
interacts with another. We can dene this term as:

WCOxy ¼
SO
�
WTxða; sÞWTyða; sÞ*

�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SO
�
jWTxða; sÞj2

�
SO
�		WTyða; sÞ

		2�r ;

where the smoothing operator in time and scale is represented
with the parameter SO. This operator is important because
without it, the wavelet coherency is always one for all times and
scales.80 In Aguiar-Conraria's website† we can nd the Matlab
codes for the CWT resolution.
4. Empirical results

The rst analysis that we carry out in this research paper is the
unit root/stationarity test to analyze the conventional and green
bonds prices in Europe from January 2, 2014 to May 18, 2023 in
daily frequency. In data analysis this is very important as it
allows a more consistent interpretation of the model parame-
ters. A trend or seasonal variation can distort the results and
lead to erroneous conclusions about the underlying relation-
ships in the data. To do this analysis we perform the Augmented
† https://sites.google.com/site/aguiarconraria/joanasoares-wavelets

1456 | Environ. Sci.: Adv., 2024, 3, 1452–1463
Dickey–Fuller (ADF) test, the Phillips Perron (PP) test and the
Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test. The results are
displayed in Table 2.

The results suggest that both variables present a nonsta-
tionary I(1) behaviour. Therefore, the original series and the
sub-samples present a trend that is not deterministic but
stochastic. This means that deviations from the mean are not
automatically corrected over time. Each future value depends
on the previous value plus an error term, thus accumulating the
impact of all past errors.

If we perform the analysis on the rst differences for both
time series we observe an I(0) behaviour. This is something to
be expected noting that the above methods only consider
integer degrees of differentiation, i.e., 0 for stationary series and
1 for nonstationary ones. Thus, in what follows, we permit more
exibility in the dynamic specication of the model by allowing
fractional differentiation throughout the previously described
ARFIMA approach.

Due to the lower power of the unit root methods under
fractional alternatives, we also employ fractionally integrated
methods, and use ARFIMA (p, d, q) models to study the persis-
tence of both securities.

The advantages of using the ARFIMA (p, d, q) model over any
Unit Root tests are several: (1) they allow fractional values for
d providing greater exibility in how the series is modeled; (2)
they capture long-term dependence; (3) they offer a complete
framework for modeling and predicting time series.

The Akaike information criterion (AIC)69 and the Bayesian
information criterion (BIC)68 are used to select the appropriate
AR and MA orders in the models.

Table 3 displays the estimates of the fractional differencing
parameter d and the AR and MA terms, using Sowell's
maximum likelihood estimator64 of various ARFIMA (p, d, q)
specications with all combinations of p, q # 2, for each time
series.

From Table 3, we observe that the fractional results that we
get focusing on the original time series of green bonds and
traditional bonds is higher than 1 in both cases (d $ 1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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So, the results suggest that the unit root null I(1) hypothesis
cannot be rejected and the parameter d is statistically signi-
cantly above 1, in both cases. The results suggest that yields on
both securities are non-stationary with permanent effects of
shocks, implying that there is no reversion to the mean.
Therefore, once a shock occurs (e.g., a signicant change in
market conditions or policy), bond yields do not revert to
a previous level or trend. Instead, they establish a new trend or
level, which could result in a continued upward or downward
movement. So, for investors and policymakers, this nding
suggests that the yields on green and traditional bonds are
highly sensitive to market conditions, policy changes, or
economic shocks, and these effects are long-lasting.

Once we have conducted the univariate analysis, we want to
know if both time series have relationship or cause any effect
over the other. So, in Table 4 we display the results that we get
using Granger causality using VAR model test to examine the
interactions between property prices and rental housing prices.
The Granger causality test consist of a vector autoregressive
representation (VAR) consisting of the two series:

GBt ¼ a1 þ
Xn
i¼1

biCBt�i þ
Xm
j¼1

djGBt�j þ 3GBt
(6)

CBt ¼ a2 þ
Xn
i¼1

qiCBt�i þ
Xm
j¼1

jjGBt�j þ 3CBt
(7)

where GB represents the green bond prices and CB represents
the conventional bond prices. It is assumed that both 3GBt

and
3CBt

are uncorrelated white noise error terms.81 The lettersm and
n in eqn (6) and (7) represent the maximum number of lags for
each of the variables.

The application of the VAR methodology is based on the
following validations. First, VAR can only be applied when all
the variables are either integrated of order zero or one. In this
case, we have proved that both variables have the same behavior
I(d). Second, one can estimate the level and the rst difference
relationship between variables using the ordinary least squares
method. Third, variables are not expected to have long run
relationships since they are integrated of order zero.

The two Granger causality hypotheses that are tested in this

study are as follows. The rst hypothesis is H0 :
Pn
i¼1

bi ¼ 0 (green

bond prices do not inuence conventional bond prices) and
Table 4 Results of Granger causality test

Direction of causality Lagsa Prob.

d_EUR green bonds /
d_EUR traditional bonds

3 0.0002

d_EUR traditional bonds /
d_EUR green bonds

3 0.0000

a We have used Akaike Information Criterion to detect the number of lag

© 2024 The Author(s). Published by the Royal Society of Chemistry
H1 :
Pn
i¼1

bis0 (green bond prices inuences conventional bond

prices) and the second hypothesis is H0 :
Pm
j¼1

jj ¼ 0 (conven-

tional bond prices do not inuence green bond prices) and

H1 :
Pm
j¼1

jjs0 (conventional bond prices inuence green bond

prices).81

Performing a bivariate causality analysis allows us to identify
the inuences that one variable or time series exerts on the
other. Also, past values of the causal variable provide useful
information that can be exploited to predict future values of the
dependent variable.

Table 4 represents the Granger causality results when
causality runs from green bond total returns to conventional
bond yields and vice versa. We observe from the results that
green bond total returns cause performance behaviors in the
traditional bond. Also, we nd that traditional bond yields
cause total return behaviors in green bonds. This indicates
a feedback relationship where both variables inuence each
other. In other words, each of the two variables provides useful
information to predict the other.

Once we have measured the causal relationship between
both variables in time domain, we use a methodology based on
Breitung and Candelon45 based on frequency domain to
measure the causal effects of both variables in the long,
medium and short term.

The results are displayed in Table 5.
Using the frequency domain causality test for the time series

that we are analyzing, we nd same results as Granger causality
test, where the results suggest that both time series have causal
relationship in both directions. Using the frequency domain
test, we see that conventional bond yields do not cause total
return behaviors in short-term green bonds. With the exception
of the other assumption considered, this is only the case in the
medium and long term.

These results are in line with the ndings presented by Umar
et al.82 and the connectedness of the most signicant global
equity indices that comprise companies with the highest envi-
ronmental, social, and governance (ESG) performance.

Aer the results obtained in the causality test, we want to
understand the relationship that exists in the long term
between both variables. To do this, we follow the model
Decision Outcome

Reject null Green bond total returns
cause performance
behaviors in the traditional
bond

Reject null Traditional bond yields
cause total return behaviors
in green bonds

s.
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Table 5 Breitung and Candelon frequency domain causality test results

Hypothesis Long term (u = 0.05) Medium term (u = 1.5) Short term (u = 2.5)

Original time series
Green bond returns / conventional bond
returns

8.525a (0.014) 14.47a (0.0007) 28.48a (0.000)

Conventional bond returns/ green bond
returns

15.80a (0.0003) 17.64a (0.0001) 1.18 (0.5534)

a It shows that there is a signicant causality relationship at the 5% signicance level. The values in the brackets are the probability value of the F
statistics calculated for the relevant u values.

Table 6 Results of the FCVAR model

d s b

Cointegrating equation beta

EUR traditional bonds EUR green bonds

Panel I: conventional bonds vs. green bonds d = 0.980 (0.041) 1.000 −0.457
b = 0.655 (0.095)

Dd

 "
traditional

green

#
�
"
74:988
99:943

#!
¼ Ld

"
0:004
�0:003

#
nt þ

P2
i¼1

bGiD
dLd

iðXt � mÞ þ 3t

Panel II: green bonds vs. conventional bonds d = 0.980 (0.041) −2.187 1.000
b = 0.655 (0.095)

Dd

0@24 green
traditional

� 99:943
74:988

351A ¼ Ld

"
0:002
�0:002

#
nt þ

P2
i¼1

bGiD
dLd

iðXt � mÞ þ 3t
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introduced by Johansen83 which was further expanded by
Johansen and Nielsen.74 The model is called the Fractional
Cointegrated Vector AutoRegressive (FCVAR) model, and it is
a step ahead of the Cointegrated Vector AutoRegressive (CVAR)
model proposed by Johansen.84

The results of the FCVAR model have been summarized in
Table 6.

We are going to focus on two terms. In the integrating and
cointegrating part (d s b) and the beta term to analyze the
behavior of the time series.

From Panel I, where we analyze the long-term relationship
between brown bonds and green bonds, we observe that the
order of integration of individual series into a cointegrating
system is d = 0.980. The reduction in the degree of integration
in the cointegrating regression is b= 0.655. Thus, imply that the
order of integration is about d − b = 0.325 for the cointegrating
relationship. This result means that there is a stationary process
and the effect of an exogenous shock is going to be long-lived. In
the cointegration part, as it could not be otherwise, we obtain
the same result if we invert the variables (see Panel II). So, the
results indicate a long-term relationship between green and
traditional bonds that is persistent but not perfect, with pro-
longed memory implying a gradual reversion to equilibrium
aer shocks. Additionally, this could indicate that the series are
inuenced by long-term factors that generate prolonged
memory in the system.

This result is interesting for two reasons. Investors should
consider their investment strategies since this might inuence
decisions regarding the duration and time horizon of
1458 | Environ. Sci.: Adv., 2024, 3, 1452–1463
investments. The policymakers need to consider that market
interventions may have prolonged effects on the relationships
between green and traditional bonds, and these effects may not
fully revert in the short-term.

One the other hand, if we observe the cointegrating equation
beta, from Panel I, the results suggest that an increase in the
traditional bond yields produces a decrease (−0.457) in the
green bond total returns. Conversely, if green bond yields are
increased by one point, the drop in conventional bond yields is
larger (−2.187).

This result makes sense given that some investors in the
market think they can inuence social change through their
nancial decisions6 and that individuals are more dedicated to
changing their behavior to support sustainability and environ-
mental issues.85

Finally, we use wavelet analysis that is a multivariate analysis
based on the time-frequency domain to understand the corre-
lation that exists between both variables. Also, with this meth-
odology we are able to detect structural changes in the whole
sample.

From Fig. 2, we can get several results. Wavelet coherency is
represented in Section (a) of Fig. 2 and tell us when and at which
frequencies the interrelations between time series occur and
when they are the strongest, identifying the main regions with
statistically signicant coherency. Although we nd relation-
ship in (a) between both variables in the very short-term cor-
responding to 0.5 to 7 days during the period analyzed, the
regions of high coherence are the medium and low frequencies
(in the frequency band from 7.5 to 440 business days) that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Wavelet coherency and phase difference results. The contour designates the 5% significance level. Coherency ranges from blue (low
coherency) to yellow (high coherency). (a) Wavelet coherency. (b and c) phase difference.
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correspond to the medium and long-term, respectively. Putting
the focus on low coherency, we observe high correlation (high
coherency) in the period from end 2015 to early 2023. Once we
have identied the regions that corresponds to the high
coherency, we note that the phase difference in Section (b)
shows that the protability of conventional bonds ceased to be
attractive and the weight of reversing climate change through
the nancing of sustainable and green projects through nan-
cial products such as bonds was imposed from the end of 2015
until the beginning of 2022, where this trend has been reversed
again and where the results show that the correlation is aboveh
0;

p

2

i
again.
© 2024 The Author(s). Published by the Royal Society of Chemistry
5. Conclusions

Over the last ten years, a growing market for social impact
investments has emerged as a result of increased investor
awareness of environmental and social challenges. Green bonds
stand out among the many options available as one of the direct
tools offered by nancial markets to mitigate the negative
consequences of climate change.86,87

Since the European Investment Bank introduced green
bonds in 2007 to nance energy efficiency and renewable energy
projects, the concept has attracted increasing attention. Most
companies, municipalities, public sector organizations and
Environ. Sci.: Adv., 2024, 3, 1452–1463 | 1459
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supranational institutions now issue green bonds, which have
similar characteristics to traditional xed income bonds. The
proceeds of these bonds are earmarked for environmental
projects, such as waste and pollution projects, green buildings
and renewable energy projects.

By diversifying traditional asset portfolios, green bonds, as
a more advanced and environmentally conscious nancial
product, present substantial investment opportunities for
individual and institutional investors, particularly those who
care about the environment. Green bonds' nancial success is
questionable, nevertheless, particularly in light of changes in
traditional nancial products and the nancial markets.

Thus, this research paper explores how the green and brown
bondmarket in Europe and their protability interact. To do so,
we employed advanced methodological tools to perform the
thorough statistical and econometric analysis of the data. In
order to determine the level of dependence in the data and to
investigate the time series' stationarity and response to an
external shock, we rst conducted a univariate analysis of the
data using fractional integration models. The results that we get
using fractional integration suggests that the unit root null I(1)
hypothesis cannot be rejected in both variables analysed and
d is statistically signicantly above 1. This result reveals that
both green and brown bond yields exhibit non-mean-reverting
behavior, indicating that shocks to these yields have perma-
nent effects. This suggests that once an external shock impacts
the bond yields, the effects are long-lasting and do not revert to
the original trend. This fact implies that nancial institutions
and investors need to adopt long-term risk management strat-
egies. So, understanding the factors that inuence these shocks
is crucial for developing resilient investment portfolios.

To rule out possible spurious relationships, we have calcu-
lated the VAR-based Granger-causality test based on time
domain. The results suggest a bidirectional causal relationship
between green bond returns and traditional bond yields. This
means that changes in green bond returns inuence traditional
bond yields and vice versa. According to Breitung and Cande-
lon45 causality test based on frequency domain, this relation-
ship is evident across different time horizons (medium and
long-term). This result are crucial because the investors
cannot treat green bonds as isolated from traditional bonds;
instead, they need to consider how shis is sustainability efforts
and market conditions impact the entire bond market.

Then, the fractional cointegration analysis indicates that
there is a long-term equilibrium relationship between both
securities, with the effect of exogenous shocks being persistent.
The order of cointegration is fractional, meaning that the bonds
are linked over the long term, but not in the traditional sense of
cointegration.

Finally, the wavelet analysis shows that there are periods of
high correlation between green and brown bonds, particularly
from the end of 2015 to early 2023. During this period, green
bonds becamemore attractive as investments, especially during
phases where sustainability efforts intensied. However, this
trend begins to reverse in favor of traditional bonds from 2022
onward.
1460 | Environ. Sci.: Adv., 2024, 3, 1452–1463
Thus, it is noted that the reversal of trends in favor of green
bonds in recent years suggests that investor sentiment and
market dynamics are uid. Financial markets must remain
adaptable, as the attractiveness of green versus brown bonds can
change based on economic conditions, regulatory changes and
societal shis toward sustainability.

The ndings underscore the critical role of green bonds in
nancing the transition to a low-carbon economy. The perma-
nent impact of shocks on green bond yields suggests that sus-
tained investment in these instruments is necessary to
maintain momentum towards sustainability goals. The persis-
tence of shocks in bond yields means that policy changes, such
as the introduction of green bond standards or carbon taxes,
can have long-term effects on the bond market. Policymakers
need to carefully design and implement these policies,
considering their enduring impact on nancial markets.

Given the concerns about greenwashing and the variability
in the “greenness” of bonds, there is a need for more robust
verication and transparency standards. Ensuring that green
bonds genuinely contribute to sustainability efforts is crucial
for maintaining investor condence and the overall effective-
ness of these nancial instruments.

The results of the study imply that policy and regulatory
frameworks signicantly inuence the performance of green
bonds. As governments and institutions drive for greater
sustainability, their policies will have a lasting impact on the
nancial instruments that support these goals. Regulators may
need to take these ndings into account when designing poli-
cies that encourage green investments while managing the risks
associated with brown bonds, avoid market destabilization, and
remain attentive to market dynamics and prepared to intervene
if necessary to ensure nancial stability.

In order for investors and policymakers to make fully
informed decisions, there are other methodological approaches
that could be considered in future research, such as structural
break tests, alternative model specications, cross-validation
with other data sources, non-linear causality tests, out-of-
sample validation, among others are other potential avenues.
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