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Abstract
The effect of a broad financial index (FD), hydro-energy output, and expansion of the economy on the intensity of carbon were
investigated by incorporating the effect of financial expansion through the channel of hydro-energy. The cross-sectional
autoregressive distributed lag (CS-ARDL), Mean Group (MG), Augmented Mean Group (AMG), and vector error correction
mechanism causality approaches were employed to study panel data for the period from 1980 to 2017 for the top four hydro-
energy producing states. The outcomes revealed that FD raises the intensity of carbon in both the short and long term. In contrast,
hydro-energy output (HYP) is stated to be a significant factor for attaining a low carbon intensity in the short and long term. The
outcomes also indicated that the expansion of the economy augments the intensity of carbon. However, FD lowers the intensity of
carbon via the channel of hydro-energy. The causality test outcomes revealed a short-run causality moving from the intensity of
carbon to hydro-energy as well as a short-term causality moving from GDP to the intensity of carbon. It was also observed that
there is a long-term causality running from all the variables to the intensity of carbon. Important policy implications are suggested
at the end of the research.
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Introduction

The growth of the global economy and international society
has increased the importance of sustainable expansion.
Pollution poses a significant threat to both emerging and de-
veloped states. It creates a negative effect on the productivity
of labour, natural assets, and historical and cultural agglomer-
ation. Therefore, it has both direct and indirect influences on
the economy. Many international conferences, including the
Stockholm Conference of 1972, the Kyoto Climate Change
Conference of 1997, theMilan Climate Change Conference of
2003, and the Paris Climate Conference of 2015, have been
conducted to determine the measures that should be taken to
prevent pollution and implement the prevailing practices. The
Kyoto Protocol of 2009 promoted the utilization of

sustainable energy to decrease greenhouse gas (GHG) emis-
sions (Assi et al. 2020).

The majority of the empirical literature has approximated
financial expansion by using the private credit to GDP ratio or
by equity market capitalization to GDP. However, solely de-
pending on bank-centred or stock market data could be mis-
leading. Even though banks are the largest financial institu-
tions, it is crucial to consider investment banks, mutual funds,
pension funds, venture capital firms, and insurance compa-
nies, and many other categories of non-bank financial inter-
mediaries that now play substantive roles. With the Basel
requirements for capital on financial institutions’ lending and
with the banks’ consideration that the majority of renewable
projects involve risks, banks are not willing to finance such
projects. Another issue is that banks’ resources are based on
deposits, which have short or medium-term maturity.
However, green projects need long-term financing, which re-
sults in a mismatch of maturity for the banks. The banking
sector cannot cover all the green projects’ financing, and the
other financial channels should be explored to finance these
types of projects. Moreover, non-bank financial institutions
should be considered as a component of the financial expan-
sion in RE projects. The financial markets grant firms and
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individuals a means of transforming their savings, and firms
can raise funds through the issuance of bonds, stocks, and
foreign exchange markets. Therefore, financial markets and
institutions promote the provision of financial services. In this
paper, we employed a financial expansion index that includes
markets as well as banking and non-banking institutions,
which measures three dimensions, namely efficiency, depth,
and access. It is stated that financial expansion decreases vol-
atility by reducing informational asymmetries; it also reduces
financing conditions’ sensitivity to changes in the equity of
borrowers (Bernanke et al. 1999). Financial expansion also
promotes the sharing of risk and increases the ability of house-
holds and firms to absorb shocks. An opposing theory is that
finance rises financial volatility and the possibility of a crisis
by encouraging higher leverage and risk-taking, especially
within periods in which financial systems are poorly
regulated.

In addition, as a clean energy resource, hydroelectricity is
sustainable and free of pollution. Hydroelectricity consists of
the transformation of energy from water to electricity. Today,
hydropower is the oldest technique that provides a permanent
supply of sustainable energy. Hydroelectricity is considered a
more reliable source of energy compared to solar energy as it
offers a permanent supply of power (Solarin and Ozturk
2016). Hydroelectricity is a combination of sustainable tech-
nologies that can have a positive effect on the environment
due to its impacts on the supply of water, flood control, and
the provision of recreational opportunities. On the other hand,
it can have a negative influence on the environment, because
of the huge amounts of land and reserves used, as well as the
impact on the natural flow of lakes and rivers (Frey and Linke
2002). This can result in biodiversity loss, migration of fish,
and disruption of human settlements (Tahseen and Karney
2017). Also, according to the study of Gagnon and Vate
(1997) who calculated the GHGs from the water-gas reser-
voirs interface, the assumption that hydropower is a “clean
energy” can be questioned (Rudd et al. 1993). Fearnside
(1999) stated that the carbon emissions of reservoirs in tropi-
cal rainforest areas were equivalent to those from power plants
that used fossil fuels. The GHGs from reservoirs are generated
from the organic carbon inundation from the surrounding eco-
logical system. However, hydroelectricity is closely related to
the production of sustainable energy and the management of
water. This plays a significant role in global sustainable de-
velopment as billions of individuals do not have a fair supply
of energy and safe drinking water (Yüksel 2008). However,
hydroelectricity is an efficient source of sustainable energy
that provides major advantages, such as its high level of reli-
ability, cost-effectiveness as an energy source, and low oper-
ation and maintenance costs (Lau et al. 2016).

When viewed from these perspectives, it can be observed
that China is a country that has many hydropower sources, and
it is ranked first in terms of proven hydropower resources. In

2018, the hydroelectricity generation of China reached 6.8
trillion kilowatt-hours, which accounted for about 25.49% of
the global hydroelectricity generation. China has an installed
hydropower capacity of about 350 million kilowatts, which
makes its hydropower electricity production the highest in the
world (Liang et al. 2020). Moreover, the water resources of
China have outstanding features such as steep rivers and large
drops, which are favourable for the expansion of hydroelec-
tricity. In addition, hydroelectricity in China is the second-
largest resource after coal. Therefore, the utilization of hydro-
electricity can sustain coal sources, decrease greenhouse gas-
es, and enable sustainable expansion with low carbon emis-
sions. However, the degree of hydroelectricity expansion of
China is still low in comparison to the development of hydro-
power in the USA, Japan, or Germany, where it is more than
67% of total electricity production. However, the production
of hydroelectricity in China is just 37%.

An examination of the energy structure of Brazil reveals
that it has unique combination of hydroelectricity and
biofuels. Hydroelectricity and ethanol production significant-
ly increased from 1970, and environmental benefits developed
into the essential ones from the 1990s (Vieira and Dalgaard
2013). However, the volume of energy-related emissions rose
from 9 to 22% between 1990 and 2014 (SEEG 2019). The
reason for this was the increase in the utilization of oil and
natural gas. This trend has led to questions about Brazil’s
ability to comply with the global temperature targets stipulat-
ed in the Paris Agreement of 2015. Also, although hydroelec-
tricity was the primary source of electricity production from
1970, the amount of local production capacity decreased as a
result of social and environmental effects. This became an
obstacle to the construction of a large dam in 1990.
Cardoso’s market-based model was under pressure because
it could not make sufficient investments in production capac-
ity, and the drought that occurred in 2001–2002 also exposed
the vulnerabilities of the hydropower–based electricity sys-
tem. Brazil’s complicated regime for environmental licensing
also affected the expansion of hydroelectricity. Project devel-
opers were required to obtain several licenses under different
administrative rules. Licensing itself suffered from insuffi-
ciency of planning, and low environmental influence estima-
tions, and inadequate regulatory authorities’ review (World
Bank 2008). Therefore, since hydroelectricity developers
were not able to obtain licenses, hydroelectricity projects were
excluded from the auction system and were substituted with
diesel and natural gas resources. Also, subsidies for fossil
fuels made about 70-85% in electricity production and in-
creased between 2007 and 2011.

Over the decades, hydro-energy has been a major electric-
ity source in Canada. A large proportion of the electricity of
Canada is generated from water due to a variety of factors
including the large abundance of water, the availability of
efficient technologies, the long service life of stations, its
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cost-effectiveness, and because the electricity produced is
clean and sustainable. Canada has many rivers in different
states, and all regions of Canada have hydropower.
Hydropower in Canada accounts for about 62% of its total
electricity production. The Canadian association of national
hydroelectricity power stated that the best way of meeting the
rising demand for energy and controlling emissions is to de-
velop hydropower energy. In terms of US energy sources,
hydro-energy is the oldest energy source, and as of 2019, it
was the largest sustainable energy production source in the
country. The use of hydro-energy as an industrial source of
electricity dates back to 1880.

Based on the aforementioned information, it is there-
fore crucial to investigate the association between hydro-
energy output, financial advancement, expansion of the
economy, and carbon intensity for the top four hydroelec-
tricity producing states. This paper contributes to the cur-
rent literature in several ways. Many research papers have
investigated the association between renewable energy
utilization and the quality of the environment. They have
stated that the influence of total sustainable energy utili-
zation on the environment is positive. However, the num-
ber of papers that have researched the influence of HYP
on the quality of the environment is limited, and the out-
comes are mixed. Also, recent studies have investigated
the association between financial advancement and quali-
ty of the environment by employing one or two bank-
based or stock market indicators. However, the number
of papers that have utilized financial indexes comprising
banking and non-banking institutions as well as markets,
which have measured three dimensions such as efficiency,
depth, and access, are limited, and their outcomes are also
mixed. Therefore, this paper analyses the influence of
HYP and financial advancement index on the quality of
the environment as well as the influence of financial ex-
pansion via the hydro-energy channel for the top four
hydropower-producing states. Also, this research employs
recently developed and second-generation techniques in-
cluding CS-ARDL(Chudik et al. 2016), which deals with
cross-dependency(CSD) and unit root bias, and static ap-
proaches like Mean Group (MG)(Pesaran and Smith
1995) and AMG (Eberhardt and Teal 2010, 2011), which
take into account cross-sectional dependency and hetero-
geneity, because the data employed suffer from heteroge-
neity and CSD.

The rest of the research has the following structure: a
review of the existing literature concentrating on hydro-
energy output, financial advancement, and emissions is
given in the second section. The third section focuses
on empirical approaches, while the fourth section pro-
vides the estimated outcomes. The fifth section finalizes
the outcomes of the study and provides direction for
future studies.

Empirical literature

The association among the utilization of renewable energy
and emissions has attracted the interest of a large number of
researchers around the world. Thus, many studies have tested
the association between sustainable energy utilization and
emissions from carbon by employing time series, panel, and
cross-country investigations. The outcomes of those studies
have supported the positive influence of renewable energy
and its effect on decreasing emissions. However, although
many studies have concentrated on the association between
renewable energy utilization and emissions, there is scarce
research that has concentrated on the influence of hydroelec-
tricity output on emissions in developed and developing
states. One such study was conducted by Bildirici (2014),
who tested the connection between hydroelectricity utiliza-
tion, pollution of the environment, and expansion of the econ-
omy in fifteen states. The author stated that there was no
causation between hydro-energy utilization and emissions in
the UK, Iceland, and Belgium, but there was a one-way cau-
sality from emissions to hydro-energy utilization for the other
states. Also, Lau et al. (2016) investigated hydro-energy utili-
zation, the advancement of the economy, and emissions in
Malaysia during the period from 1965 to 2010. It was revealed
that there was a short-run one-way causation from hydro-en-
ergy to emissions, and in the long term, a one-way causality
spanned from hydro-energy and expansion of the economy to
emissions. Furthermore, Bildirici and Gökmenoğlu (2017)
studied the hydro-energy utilization, expansion of the econo-
my, and emissions association in G7 states for the period from
1961 to 2013. The authors’ outcomes indicated that there was
one-way causation from emissions to hydro-energy in the first
three regimes, while a unidirectional causality spanned from
hydro-energy to emissions in several G7 states. Also, the au-
thors found a one-way causality moving from emissions to the
advancement of the economy in all regimes. Recently, Pao
and Chen (2019) studied a sample of the Group of 20 (G20)
countries for 1991–2016 period and confirmed the hydro-led
growth hypothesis for these states. The authors suggested that
hydro-energy generation is not influenced by any other vari-
ables, and limited use of hydro-power would decrease the
expansion of the economy. Another study by Destek and
Aslan (2020) tested disaggregated sustainable energy utiliza-
tion, the advancement of the economy, and pollution of the
environment for the period from 1991 to 2014 period for the
G7 states by using the A.M.G technique. Their findings stated
that hydro-power was the most effective sustainable energy
resource with respect to increasing the quality of the environ-
ment. Also, Solarin et al. (2017) tested the effect of hydro-
energy utilization on emissions, and he found that it lowers
emissions in India and China; the outcomes revealed a two-
way causality among the variables. Bello et al. (2018)
analysed the causality among the expansion of the economy,
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pollution of the environment, and hydro-energy utilization for
the period 1971–2016. The authors found a one-way causa-
tion moving from hydro-energy utilization to all pollution
indicators and expansion of the economy. The article stated
that hydro-energy utilization causes pollution of the environ-
ment to decline inMalaysia. Also, Ummalla and Samal (2018)
stated that the utilization of hydro-power increases the expan-
sion of the economy and lowers emissions. Their outcomes
revealed a two-way causality between hydro-powerutilization
and emissions.

Interesting findings were presented by Ummalla et al.
(2019) who studied the association among hydroelectricity
and emissions for the BRICS nations during 1990–2016 by
using the panel quantile regression approach. It was found by
the authors that hydro-energy has a negative and positive in-
fluence on emissions in the lower and higher quantiles. They
stated that the utilization of hydro-power raises emissions in
the nations that have a high amount of emissions, suggesting
that that these states are heavy consumers of conventional
energy. Thus, the utilization of hydropower does not decrease
emissions in states with high levels of emissions.
Additionally, Pata and Aydin (2020) investigated the associ-
ation among hydro-power utilization, ecological footprint,
and expansion of the economy for the six states with the
highest hydro-power utilization. They employed data from
the period from 1965 to 2016 and the Fourier bootstrap
ARDL technique. It was found that these series were not
cointegrated. The results of the causality test indicated there
was no causal association between hydropower and ecological
footprint. Therefore, it was suggested that alternative energy
types should be taken into consideration by states to solve
their environmental issues.

The other strand of the literature discusses the association
between financial expansion and the deterioration of the envi-
ronment. Tahir et al. (2021) analysed the effect of financial
expansion and energy utilization on the quality of the environ-
ment for South Asian states during 1990–2014 by employing
the second generation tests. The financial index included “do-
mestic credit provided by the financial sector (% of GDP),
domestic credit to the private sector (% of GDP), and domestic
credit to the private sector by banks (% of GDP).” The out-
comes suggested that financial expansion contributes to emis-
sions, and the causality moves from financial expansion to
environmental quality. It was suggested by the authors that
the distribution of loans for green financing and research and
development should be supervised. Another study by Wang
et al. (2020) analysed the influence of financial advancement
and sustainable energy consumption on emissions for the N-
11 states for the period from 1990 to 2017 by applying theMG
and AMG approaches. A positive association between finan-
cial expansion and emissions was found. Also, Nasir et al.
(2020) determined that financial advancement influences
emissions via different dimensions such as “financial

efficiency, access and depth in financial markets and institu-
tions”with other financial advancement proxies during 1980–
2014. The authors found that financial advancement positive-
ly affects emissions. Also, Ali et al. (2021) tested the linkage
among conventional energy utilization, financial advance-
ment, and emissions from 1970 to 2019 in Vietnam by
employing the ARDL approach. The outcomes of the study
revealed a positive but insignificant impact of financial expan-
sion on emissions for Vietnam. The study by Amin et al.
(2020) tested the association between financialisation and
emissions from carbon by employing nine proxies for finan-
cial expansion during the 1984–2014 period. The quantile
regression outcomes showed the mixed influence of financial
expansion on emissions over quantiles; this effect was differ-
ent for every quantile and for different proxies of financial
expansion for the ten states with the highest emissions.

In contrast, Shahbaz et al. (2018) tested the influence of
financial advancement and innovations in energy in France by
employing the ARDL technique for the period between 1955
and 2016. It was found that financial advancement enhances
the quality of the environment based on innovations in energy
and financial stability. The empirical outcomes for Indonesia
showed that financial advancement reduces the emissions
from carbon (Shahbaz et al. 2013). Another study by Pata
and Yilanci (2020) tested the association between financial
advancement, globalization, energy utilization, and ecological
footprint in the G7 countries during 1980–2015. The out-
comes of the long-term estimates demonstrated that financial
expansion decreases pollution in Japan. The causality test out-
comes indicated that financial advancement affects ecological
footprint.

Based on the aforementioned empirical literature, it
can be stated that the majority of the studies have con-
centrated on the association between sustainable energy
utilization and emissions, and they found that in gener-
al, renewable energy positively affects the quality of the
environment. Based on the studies conducted on hydro-
energy utilization, financial advancement, and emissions,
some research outcomes support a positive or neutral
influence, while others support the negative influence
of hydro-energy and financial improvement on emis-
sions. This study contributes to the existing research
by concentrating on the four highest hydro-energy uti-
lizing states to test the influence of hydro-energy and
financial improvement on the quality of the environment
by employing the financial expansion index introduced
by the International Monetary Fund (IMF). It also uti-
lizes the newly introduced techniques such as CS-ARDL
that deal with heterogeneity and cross-sectional depen-
dence to determine whether the effects of hydroelectric-
ity output and improvement in the financial sector are
beneficial for the quality of the environment or deterio-
rate it in these states.
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Data and methodology

In this paper, we investigated the effect of financial expansion
index, expansion of the economy, hydro-energy production,
and the interaction variable of hydro-energy output and finan-
cial advancement on carbon intensity during the period from
1980 to 2017 for the four states with the highest hydro-power
output, namely Brazil, Canada, China, and the USA (Statista
2019). However, hydro-power is dependent on long-term fi-
nancial commitments. For this reason, we used new proxies
for financial advancement gathered from the financial expan-
sion database of the IMF that include banking and non-bank-
ing institutions, markets, and measure three dimensions,
namely efficiency, depth, and access. The data were retrieved
from the World Bank Development Indicators, 2019 (WDI,
2019) (Table 1).

The models can be expressed in the form of panel data as
follows:

LCIit ¼ δidt þ β1iYLt þ β2iLHYPt þ β3iLFDt

þ β3iLFD*LHYP þ uit ð1Þ

Empirical tests

In the panel data approaches, it is crucial to test the CSD;
otherwise, it might lead to “over-rejection of the null hypoth-
esis of the unit root” (O’Connell 1998). Also, if it is not taken
into account, the outcomes might be misleading. The initial
test for the states studied in this research is the CSD test.

The model introduced by Breusch and Pagan (1980) is as
follows:

CDBP ¼ T ∑N−1
i¼1 ∑

N
j¼iþ1bp

2

ij ð2Þ

The LM statistic introduced by Pesaran (2004) to deal with
CSD:

CDLM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N N−1ð Þ

s

∑N−1
i¼1 ∑

N
j¼iþ1 Tbp

2

ij−1
� �

: ð3Þ

H0 ¼ Cov uit; uij
� � ¼ 0; }no cross−sectional dependence}

H1 ¼ Cov uit; uij
� �

≠0; }cross−sectional dependence}

The “null hypothesis is rejected when the p-value is lower
than the significance value. Otherwise, we fail to reject the
null hypothesis.”

Further, the data were checked if the cross-sectional units
are heterogeneous, which can be tested by the slope homoge-
neity technique derived by Pesaran and Yamagata (2008).
These tests are as follows:

bS ¼ ∑N
i¼1

cβi − dβWFE

� � X X
bυ2i

ð4Þ

bΔ ¼ N1=2 2kð Þ−1=2 N−1
bS−k

� �

ð5Þ

eΔN
1
2 2kð Þ−1

2 N−1
eS−k

� �

ð6Þ

The variance and mean bias-adjusted version of bΔ and eΔ
are shown below:

bΔad j

ffiffiffiffi

N
p N−1Ŝ−E cziTð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var ez∼iTð Þp

 !

ð7Þ

eΔ∼ad j ¼
ffiffiffiffi

N
p N−1

eS∼−E ez∼itð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var ez∼iTð Þp

 !

ð8Þ

where cβi is the estimation of the ordinary least
squares(OLS) equation without common factor (ft) in the de-

viations from a mean form of each cross section; dβWFE are

estimators of weighted fixed effects ( bυ2i is used to construct

Table 1 Description of the
variables Symbol Variable Definition Source

FD Index of financial expansion It includes “institutions—banking
and non-banking—and markets,
and covers three dimensions:
depth, access, and efficiency.”

IMF (2019)

Y Gross domestic product “Real GDP per capita [constant 2010
US$]”

WDI (2019)

HYP Renewable electricity output The output of electricity from
hydroelectricity sources as a
percentage of total

WDI (2019)

CI Carbon intensity It is a ratio per unit of energy carbon
dioxide produced as an outcome
of utilizing “one unit of energy in
production.”

WDI (2019)
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weights). X is used as a matrix that contains an explanatory
series in deviation from the mean.

The null hypothesis is that the slopes are homogeneous,
which is checked against the heterogeneous slopes hypothesis.

As the next step after approving the CSD, the relevant unit
root technique is the cross-sectional augmented Dickey-
Fuller(CADF) unit root test (Pesaran 2007), and it gives the
robust outcomes considering the effects of cross sections.

The Westerlund Error Correction Model (Westerlund
2007) panel cointegration techniques test whether co-integra-
tion exists including individual states and all the panel of
states.

The Westerlund (2007) technique is shown as follows:

yit ¼ δidt þ αiyit−1 þ πixit−1 þ αiyΔit−1 þ ∑
P

J¼1
αiXΔit−1 þ εit:

ð9Þ

α in the above equation presents the parameter of error
correction, and dt = (1, t) includes the “deterministic
components.”

Westerlund introduced four techniques, where two of them
test the group means statistics and are represented as follows:

Gttest ¼ 1

N
∑
N

i¼1

bαi

CSE bαi

� �: ð10Þ

Gα ¼ 1

N
∑
N

i¼1

Tbαi

bαi

� �

1ð Þ
: ð11Þ

CSE bαið Þ denotes the regular standard error for bαi, and bαið Þ
represents the estimator of the semiparametric kernel of bαi 1ð Þ.
The other two techniques are presented in the following equa-
tions:

Pttest ¼
bαi

C:S:E bαi

� � ð12Þ

Pα: ¼ Tbαi

bαi

� �

1ð Þ
: ð13Þ

The alternative assumption of these tests is that there is a
co-integration for at least one single unit.

As a further analysis, we should consider the possibil-
ity of CSD among the four states with the highest hydro-
energy output, which might be because of the intercon-
nection in the form of financial assimilation, technology,
and globalization. Since there is CSD and the variables
are non-stationary, this research utilizes the CS-ARDL
technique that was developed by Chudik et al. (2016).
This technique employs the lagged dependent series.

Also, it approves “a weak exogenous regressor under the
error correction framework.” Additionally, it takes into
account the specifications of ARDL which are unit-spe-
cific, to obtain the influence of the unobserved common
factors, and it is employed to test the long-run effect. The
CS-ARDL is effective at handling CSD in both the long
and short terms. This article employs all three types of
CS-ARDL to deal with the issues of CS in the short and
long terms. This technique is presented in Eq. 14:

ΔLCIit ¼ μi

þ ϕt LCI it−1−βiX it−1−ϕ1iLCI t−1−ϕ2iX t−1

� �

þ ∑
p−1

j¼1
ζi jΔLCIit− j þ ∑

q−1

j¼0
ζi jΔX it− j

þ η1iΔLCIt þ η2iΔX t þ εit ð14Þ

where ΔLCI refers to the dependent series, Xit includes all

independent variables; LCIt−1 stands for the long-run mean of
the dependent series; ΔLCIit − j represents the short-term
dependent series; ΔXit − j refers to the short-run independent

series;ΔLCIt is the mean of the short-run dependent series;Δ
X t is the mean of the short-term independent variables; εitis
the error term; and t refers to time and t=1…..T.

As a robustness check, this study used the MG and
Augmented Mean Group (AMG) techniques. The MG ap-
proach was introduced by Pesaran and Smith (1995). This
approach evaluates heterogeneity coefficients for each cross
section and gathers the unweighted means. The drawback of
the MG technique is that it considers heterogeneity but does
not take into account the CSD. Thus, the AMG approach was
used to evaluate the cross-sectional dependency. The AMG
technique combines the “common dynamic effect” (ƒt), and it
is a two-step technique employed to receive the undetected
common dynamic impact. Initially, it considers regression
with augmented dummies; thus, the time dummies are
gathered. Then, the coefficients of the time dummies are
replaced with the “unobserved common effect,” and in-
dividual regressions are estimated with OLS estimates.

The OLS estimated equation (ƒt) is replaced by the b⊖t

gathered for each period, and AMG estimates are gath-
ered by OLS for each cross section.

LCIit ¼ λi þ β1iYLt þ β2iLHYPt þ β3iLFDt

þ β4iLFD
*LHYP þ δiΘt þ Cit ð15Þ

Therefore, the measured MG is then compiled.

AMG ¼ N−1∑N
i¼1
eBi ð16Þ
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eBi is a measure of OLS of the coefficients that are state-
specific in Eq. (16).

Once cointegration is found between the variables, this indi-
cates that at least one causality association exists. To find short-
term and long-term causalities, the Engle-Granger test (Engle and
Granger 1987) of co-integration under the “vector error correc-
tion mechanism” (VECM) is employed. In this technique, the
error correction term (ECT) is added to the VAR system as a
supplementary variable. The ECT coefficient indicates that a
long-run association exists between the variables. The short-run
causality is established by theWald test’s F statistics to determine
the significance of the related coefficient. The long-run causality
is determined via the significance of the lagged ECT which is
based on a t test (Ecevit 2015).

Empirical outcomes

Table 2 shows the outcomes of the CD test, and unit root tests.
Based on these results, it can be concluded that the null hy-
pothesis of cross-sectional independence is rejected for all the
series. The outcomes are significant at 0.01% level. The alter-
native hypothesis is supported by the outcomes of the tests;
thus, the first-generation unit root tests will not be used be-
cause of their inability to overcome the aforementioned issues.
The panel unit root test outcomes are presented in Table 2.
The CADF unit root test of Pesaran (2007) was applied since
it considers CSD. The outcomes of the tests show that the
variables are stationary at first difference; thus, the order of
integration of the variables is I(1).

Also, in Table 3, the null hypothesis of the homogenous
slope coefficients of the Pesaran and Yamagata (2008) test is
rejected, and it is valid at 1%. All statistics of these tests, apart
from “delta hat adjusted,” reject the null hypothesis of slope
homogeneity.

Therefore, after conducting the unit root test, we should test
for the presence of cointegration among the series.
Westerlund’s (2007) Error Correction Model (ECM) panel
cointegration test tests for the absence of cointegration for
the panel as a whole as well as the individual cross sections.
In Table 4, the initial rows (Gt,Ga) of the group statistics, with
a negative value of Gt , reject the null hypothesis; thus, it can
be stated as there is a cointegration association for at least one of

the groups. In the panel statistic, the null hypothesis is rejected
with negative values suggesting that a cointegrating association
exists for the panel. The results of the Westerlund (2007) panel
cointegration test show that the null hypothesis of no
cointegration among hydro-energy output, financial advance-
ment, economic expansion, and intensity of carbon emission is
rejected. These outcomes’ significance demonstrates that there is
a long-run interaction among the aforementioned series.

The test regression is fitted with a constant. AIC is used to
determine optimal lag and lead lengths for each series with
3 at most and with the Bartlett kernel window width set ac-
cording to 4(T/100)2/9 ≈ 3. The p-values are based on 400
bootstrap replications

As we found a long-term interaction among the variables,
we continue with the estimation of the long-term coefficients
with CS-ARDL, the outcomes of which are presented in
Table 5. This study used the CS-ARDL, given the presence
of non-stationary variables, heterogeneity, and cross-sectional
dependence. The second, third, and fourth columns in Table 5
present the outcomes considering CD in the short term, long
term, and both short term and long term. However, we refer to
the 4th column outcomes as economic spillover happens in
both the short term and long term between these four states
with the highest hydro-power output. The outcomes show that
the ECM coefficient is significant and negative, and it adjusts
to the long-term equilibrium by adjusting 40% per year after
any shocks. This shows that the coefficients from the CS-
PMG long-term estimates are statistically significant.

According to the outcomes in Table 5, it can be stated that a
1% increase raises the intensity of carbon by 0.001% with a
significance of 99%. These findings infer that the “scale ef-
fect” is positive regarding the intensity of carbon in the long
term. The positive association among GDP and LCI is in
agreement with other researchers such as Omri (2013),
Alkhathlan and Javid (2013), Lotfalipour et al. (2010), Pao
and Tsai (2011), and Ang (2008). These findings imply that
an increased amount of economic expansion raises the energy
utilization and emissions from carbon rise accordingly. These
findings are similar to the findings of Al-Mulali et al. (2015),
who stated that the increased economic deals that comprise
utilization, investment, and purchases by the government also
increase the need for energy, thus increasing energy
utilization.

Table 2 CD and unit root test
outcomes Variable CDBP CDLM CADF (level) CADF (first difference)

LCI 95.941*** 25.964*** −1.446 −4.258***
YL 204.523*** 57.308*** −1.990 −2.743***
LFD 156.724*** 43.510*** −1.861 −3.837***
LHYP 102.879*** 27.967*** −1.299 −3.863***

The panel unit root tests are with intercept. Max lags are set to 2, and optimal lag was selected by Akaike
Information Criteria. The critical values are −2.550 (1%) and −2.330 (5%)
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The outcomes further show that hydro-energy output has a
significant negative influence on the intensity of carbon as a
1% increase in hydro-energy leads to decrease of 0.13% in
carbon in the long run. This implies that it leads to lower
carbon emissions. Our outcomes agree with those of other
empirical researches that found an opposite association among
hydro-power and emission, such as the findings of Pao and
Chen (2019). They found a negative influence of hydro-ener-
gy on emissions, and similar to the outcomes of Destek and
Aslan (2020), who found that hydro-energy is the most effec-
tive way of decreasing emissions in the Group of Seven (G7).
Furthermore, they stated that a “conservative policy” to de-
crease hydro-power utilization will have a harmful effect on
the economic expansion of the USA and Germany. These
findings are also supported by the those of Solarin et al.
(2017), who found the opposite influence of hydro-power on
emissions in India and China, and Bello et al. (2018) who
presented a negative influence of hydro-energy on pollution
in Malaysia. Additionally, hydro-power is a sophisticated
technology that has a cost advantage and has a minimum
environmental effect. It is also the most convenient solution
for the usage of sustainable energy in the electrification of
rural areas and productive usage (UNIDO 2016). However,
states with mature hydro-power systems should consider re-
building the environment that has been harmed by extant hy-
dro-power deals, and emerging hydro-power states should
promote regulations and laws to allow their hydro-power in-
dustries to flourish (Rudberg et al. 2015).

The coefficient of the financial expansion index is positive
and significant in both the short and long terms. These out-
comes are similar to those of Al-Mulali et al. (2015), Tahir
et al. (2021), Wang et al. (2020), Cetin et al. (2018), and Nasir

et al. (2020). The obtained outcomes indicate that banking and
non-banking resources were invested in projects that harm the
environment, and this suggests that financial expansion boosts
high carbon emissions in the long and short periods. This
outcome is in line with the statement that financial advance-
ment raises emissions by increasing the utilization of conven-
tional energy. Thus, Sadorsky (2010) emphasized that finan-
cial advancement enables customers to obtain funds to buy
cars and household devices; therefore, the higher energy uti-
lization leads to higher carbon emissions. This finding is also
in line with other studies, such as Javid and Sharif (2016) and
Zhang (2011) who argued that financial advancement en-
hances foreign investment to expand the growth of the econ-
omy; thus, financial advancement leads to emissions via
higher energy utilization. Precisely, financial advancement
enhances the utilization of consumer loans that are used to
buy high energy-consuming machines and appliances; thus,
financial advancement raises emissions as a result of the in-
creased energy utilization by households.

The interaction variable of financial expansion index and hy-
dro-power production is negative and statistically significant
concerning the intensity of carbon in the long term, which im-
plies that financial advancement leads to lower emissions via the
channel of hydro-energy. Our research agrees with the findings
of Al Mamun et al. (2018), who revealed the positive effect of
financial advancement on sustainable energy, and it is also in line
with the outcomes of Zeqiraj et al. (2020). This shows that the
direct effect of financial expansion on the intensity of carbon is
limited; the financial expansion index as an interaction variable is
favourable to boost hydro-energy output to decrease the emis-
sions in the top four hydro-energy utilizing states.

Robustness check

The CS-ARDL technique is criticized for the long-term ho-
mogeneity restriction on the long-term parameters if the panel
of the states is diversified in terms of the capacity and com-
plexity of the economies. The top four states with the highest
hydro-power output have some heterogeneities regarding the
size of their economies, financial advancement, and energy
structure. Therefore, we used MG developed by Pesaran
(2006) as well as AMG, which allow the parameters to be
heterogeneous and have CSD in the long term. Table 6 pre-
sents the outcomes for the MG and AMG tests. The coeffi-
cient of GDP is positive in both tests and significant in AMG.
The coefficient of HYP is negative in both models, and it is
statistically significant in MG. The outcomes of Table 6 val-
idate the outcomes from Table 5 as the interaction of LFD and
LHYP is significant and negative in both models.

Once the long-term association was found between carbon
intensity, financial expansion, economic expansion, hydro-en-
ergy output, and the interaction variable, at least a one-way
causality should be identified between the variables. This

Table 3 Test outcomes of slope homogeneity

bS 51.400***
eΔ 44.865***
eΔadj 49.530***
bΔ 6.258***
bΔadj 0.179

***indicates that statistics are significant at the 1% level of significance

Table 4 Cointegration of Westerlund test outcomes for HYP

Statistic Value Z-
value

p-
value

Gt −3.204 −1.588 0.056

Ga −1.111 3.092 0.999

Pt −9.353 −4.668 0.000

Pa −1.250 −2.125 0.083
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research employs the Granger causality test based on VECM
to define the direction of the causality in both the short and
long run. Table 7, which is based on the causality outcomes
and the conservation hypothesis, shows that the short-term
causality moves from GDP to the intensity of carbon. This
outcome follows Lau et al. (2016). Thus, the policies to im-
prove energy efficiency and the management of demand for
energy to reduce pollution and waste might not have the op-
posite effect on the expansion of the economy. There is also
short-run causality moving from the intensity of carbon to
hydro-energy output. These outcomes concur with Bildirici
(2014), who found a one-way causality moving from carbon
emissions to hydro-energy utilization for some of the states.
Therefore, to deal with the negative impacts that can arise
from the pollution of the environment, the states should re-
duce the dependence of their economies on energy from fossil
fuels that degrades the environment and support the produc-
tion of hydro-energy, which is the most sustainable source of
energy for the productive utilization and electrification of rural
areas (UNIDO 2016). In the long term, it is also observed that
the ECT coefficient is statistically significant at a significance
of 95% when the LCI is the dependent variable. This infers
that the intensity of carbon leads to a long-term equilibrium
and there is a long-term causality running from the LY, LFD,
LHYP, and LHYDLFD variables to the intensity of carbon.

The empirical outcomes show that the other long-term causal-
ities are neutral where LY, LFD, LHYP, and LHYDLFD are the
dependent variables since the ECT coefficients are statistically
insignificant for the ΔLY, ΔLFD, ΔLHYP, and ΔLHYDLFD
equations.

Conclusion

An extensive number of studies have concentrated on the influ-
ence of financial expansion on emissions from carbon. However,
few studies have studied the effect of financial expansion by not
only including financial institutions but also financial markets.
There is also extensive literature on the influence of renewable
energy on emissions; however, the number of studies that have
investigated the effect of hydro-energy on emissions is still lim-
ited, and the outcomes are inconclusive. Therefore, to the best of
our knowledge, no previous study has concentrated on the effect
of broad financial expansion index, hydro-energy, and their in-
teraction variable on the intensity of carbon. The methodology
employed involved the use of the CS-ARDL technique, as well
as robustness techniques such as MG and AMG analysis. These
are important outliers that can provide reliable outcomes. Thus,
this study investigated the association among a broad index of
financial advancement, hydro-energy, and intensity of carbon for
the top four hydro-energy producing states, namely Brazil,
Canada, China, and the USA, for the period from 1980 to 2017.

The test outcomes indicated the presence of cross-sectional
dependency and heterogeneity. Evidence of these facts
allowed us to employ the CS-ARDL, MG, and AMG tech-
niques for the nexus between the intensity of carbon, financial
advancement, hydro-energy, and GDP. The VECM causality
technique was applied to test the short and long-term
causalities.

This study has several important outcomes. Economic expan-
sion raises the intensity of carbon in both the short and long term.

Table 5 CS-ARDL estimator
outcomes for hydro-energy
output

LCI CD in short run CD long run CD in short and long run

Long run Short run Long run Short run Long run Short run

Error correction −0.446*** −0.423*** −0.402***
ΔYL 0.250** 0.060 0.001

ΔLFD 0.047 0.024** 0.298**

ΔLHYP −0.169** −0.149*** −0.186***
ΔLFD*LHYP −0.055 −0.021** −0.107*
YL 0.165** 0.045 0.001***

LFD 0.009 0.016** 0.214***

LHYP −0.118** −0.111** −0.134***
LFD*LHYP −0.050 −0.016** −0.076***
Constant −0.797*** −1.860* −1.102

*, **, and *** indicate statistical significance at 10%, 5%, and 1% level

Table 6 MG and AMG
test outcomes LCI MG AMG

LY 0.297 0.443***

LFD 0.116 0.385

LHYP −0.199*** −0.059
LFD*LHYP −0.035*** −0.078*
Constant −1.993* −2.52**

*, **, and *** indicate statistical signifi-
cance at 10%, 5%, and 1% level
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The financial expansion index has different impacts on the inten-
sity of carbon. FD significantly raises the intensity of carbon in
the short and long term when hydro-energy is produced.
However, FD decreases the intensity of carbon via the channel
of hydro-energy (in both the short and long term). Hydro-energy
output has a negative association with the intensity of carbon in
the short and long term. Therefore, hydro-energy is still a sophis-
ticated technology that is cost-effective and hasminimal effect on
the environment. It is one of the most sustainable energy sources
for the productive utilization and electrification of rural areas
(UNIDO 2016). Based on the causality techniques, it was found
that there is also short-run causality moving from intensity of
carbon to hydro-energy output and a short-term causalitymoving
from GDP to the intensity of carbon. It was also observed that
there is a long-term causality running from all the variables to the
intensity of carbon.

Based on the outcomes, it can be stated that hydro-energy
output increases environmental quality while financial expan-
sion can improve the quality of the environment through the
channel of hydro-energy. As Rajan and Zingales (2003) stated,
an upgraded financial system grants convenience to investors
and can transfer funds to the productive parts of the economy.

To achieve a low carbon intensity and sustainable expan-
sion, the following policies are recommended:

& It is crucial that financial expansion is developed and that
it is accompanied by environmental protection policies. It
is also important to obtain capital with a lower cost for the
hydro-energy projects since their initial costs are high.

& It is crucial to raise projects and financing that further
boost the role of hydro-power energy and further develop
research in hydro-energy energy technologies. This in-
creased role of hydro-power can further reduce the cost
of this type of energy.

& It is also suggested that mature hydro-energy companies
should make efforts to restore the environment that has
been damaged by hydro-energy projects.

& These states should have financial institutions that concen-
trate on green expansion strategies which promote the
process of cleaner output.

& Since the outcomes indicated that the financial expansion
index by itself raises the intensity of carbon, but it lowers it
through the channel of hydro-energy output, it is sug-
gested that these states should improve the services and
products provided by the financial system by concentrat-
ing on the hydro-energy field to achieve a lower intensity
of carbon.

& It is also suggested that financial policies that are
beneficial for the hydro-energy sector are boosted
for companies that comply with the environmental
policies.
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