
Energy Economics 109 (2022) 105945

Available online 9 March 2022
0140-9883/© 2022 Elsevier B.V. All rights reserved.

A step forward on sustainability: The nexus of environmental responsibility, 
green technology, clean energy and green finance 

Mara Madaleno a, Eyup Dogan b,*, Dilvin Taskin c 

a Department of Economics, University of Aveiro, Portugal 
b Finance and Economics, University of Sharjah, UAE Department of Economics, Abdullah Gul University, Turkey 
c Faculty of Business, Yasar University, Turkey   

A R T I C L E  I N F O   

Keywords: 
Green finance 
Energy transition 
Sustainability 
Time-varying causality 

A B S T R A C T   

The literature lacks enough evidence on the nexus of green finance and clean energy although the terms ‘green’ 
and ‘clean’ have been eminent concepts in sustainable development. Therefore, the fundamental objective of this 
study is to carry out the causal relationship among green finance, clean energy, environmental responsibility, and 
green technology by applying the novel time-varying causality test (Shi et al., 2018, 2020) on the daily data 
spanning from July 31, 2014, to October 12, 2021. The data follow persistent upward and downward move
ments; thus, the application of a time-varying approach should be reliable and robust. The recursive evolving and 
rolling window algorithms show bidirectional causalities among green finance, clean energy, environmental 
responsibility, and green technology, but not for the entire period, and with a special decrease and loss of sig
nificance in the COVID-19 period. In addition, clean energy caused by green finance is less evident, except in 
specific periods, especially at the start of the pandemic. However, higher volatility and significance of causality 
are observed for the entire period running from clean energy to green finance. Thus, green finance investments 
are promoted and proportionated by the need for clean energy. This study exhibits the need to design a 
comprehensive policy for strengthening environmental responsibility and green finance through the funding of 
green technology to successful energy transition and sustainable development goals.   

1. Introduction 

The Inter-Governmental Panel on Climate Change (IPCC (Intergov
ernmental Panel on Climate Change), 2018) reported that the impacts of 
global warming to be over 1.5 ◦C above pre-industrial levels and noted 
the necessity of a global response to stabilize the greenhouse gas emis
sions and minimize the threat of climate change and poverty and ensure 
sustainable development. It is obvious that to revert the 1.5 ◦C increase, 
low carbon investments are of crucial importance, which requires a 
major shift of investment patterns towards green technology projects 
(McCollum et al., 2018). UN notes that (UN (United Nations), 2017) 
$1.5 trillion of green financing is necessary every year to fulfill the re
quirements discussed by Paris Agreement. Green financing is even more 
crucial following the COVID-19 outbreak, which posed significant 
challenges to finding sources to fund clean energy and green technology 
(Tu et al., 2021; Zhan and Santos-Paulino, 2021). Building on the 
finance-growth nexus, creating sources of green finance is the primary 
necessity to ensure sustainable economic growth. Green finance creates 

means to enable sources for environmental responsibility, fund green 
technologies, and initiate the production of renewable energy, which 
leads to sustainable growth. 

Green finance has many definitions and is sometimes referred to as 
sustainable finance and climate finance. Green finance is the provision 
of financing to investments that brings in environmental benefits (IFC, 
International Finance Corporation, 2017). Climate finance, on the other 
hand, is financing that aims to support actions that are addressing 
climate change. Overall, all terms here are centered on one focus which 
points at financing tools to deal with sustainability development. Green 
finance is vital for financing renewable and clean energy projects to 
degrade the carbon emissions and their detrimental impacts on human 
health and environmental sustainability. It makes sustainability re
flections a part of financial decision-making. So, it is expected that with 
green finance these sustainability reflections will improve the environ
mental and sustainability considerations through the financing of 
climate neutral, energy, and resource-efficient technologies. 

Green financing is necessary to match sustainable development goals 
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through the funding of green technology. The financial system allocates 
the pool of funds to productive projects and current financial markets 
are expected to allocate the savings to projects with green technology 
that helps to mitigate environmental degradation. Despite the fast 
degradation in the environment and the many efforts, it is seen that the 
pool of funds is still matched with projects that are environmentally 
harmful and aggravate the current conditions (Sachs et al., 2019). 
Despite the necessity of green finance in the advancement of green 
technologies, investments in those technologies still do not attract 
enough investors. Considering the huge investment needs in green in
dustries, many governments lack the gigantic funding needs, requiring 
private sector interest in this area. However, private sector investment in 
green technologies is very limited, since initial investments in green 
technologies are immensely costly (Eyraud et al., 2011) and the asso
ciated risks are enormous, making the rate of return considerably very 
small (Yoshino and Taghizadeh-Hesary, 2019). Considering the risky 
nature of green investments, the banking sector is reluctant to provide 
financing to green technologies establishing a need for other forms of 
financial resources (Sachs et al., 2019). Zadek and Zhang (2014) also 
noted the necessity for stronger intervention in the financial system, 
which is a potential solution to the financing constraints faced by clean 
energy and green technology projects. 

This paper aims to investigate the Granger causality relationship 
between clean energy, green finance, environmental responsibility, and 
green technology by adopting the novel time-varying methods proposed 
by Shi et al. (2018, 2020) for the period between July 31, 2014, to 
October 12, 2021. There are a few papers in the literature considering 
the relationship by focusing on only one aspect. Hammoudeh et al. 
(2020) investigate the green bonds and various other assets including US 
conventional bonds, WilderHill clean energy (equity) index, and CO2 
emission allowances prices. Their results of the time-varying Granger 
causality test (Shi et al., 2018) report a significant causality running 
from WilderHill clean energy index returns to the prices of green bonds. 
Shahbaz et al. (2021) examine the causal relationship between the en
ergy market, stock market, and green stock returns using quantile- 
causality approaches. Their results suggest that clean energy markets 
react asymmetrically to crude oil and stock markets, depending on 
market regimes and extreme fluctuations in oil and stock market nega
tively impact clean energy markets. Liu et al. (2021) assess the dynamic 
dependence and spillover between green bond markets, several global 
and sectoral clean energy markets. Their results suggest that excessive 
movements in the clean energy markets spillovers to the green bond 
market. Nguyen et al. (2021) investigate the interaction between green 
bonds and several asset classes such as stocks, commodities, clean en
ergy, and conventional bonds. Their results suggest a negative low 
correlation between green bonds, stocks, and commodities. Pham 
(2016) focuses on the green bond and equity market dependence by 
using frequency connectedness and a cross-quantile approach. The re
sults advocate that the dependence between green bond markets and 
equity markets is comparatively small even after controlling for move
ments in general stock, fixed-income, and energy markets. The results 
also convert that they are more connected during times of extreme 
volatility in the markets. 

The paper contributes to the literature in various aspects. This study 
for the first time in the literature analyzes the relationship between 
green finance, clean energy, green technology, and environmental re
sponsibility. These variables are assumed to have a significant impact on 
each other. Environmentally responsible firms produce green technol
ogy and invest in renewable energy sources that provide clean energy 
and the responsible behavior of these firms may create more flows to the 
green finance industry. Clean energy pools funds from investors and 
given the inevitable dependency on clean energy; both from the envi
ronment and the energy security aspect, increases green financing, 
provides environmentally desired outcomes with providing limited 
harm to the environment, and triggers the development of green tech
nologies. Green technologies, which are very appealing to the investors 

even in terms of profitability recently, despite their costs, impacts 
environmentally responsible projects and firms through enabling 
cleaner production processes and creating ways to ensure clean energy. 
With this paper, we aim to empirically verify the relationships between 
environmental responsibility, green technology, clean energy, and green 
finance. Second, this study uses a large daily dataset for seven years, 
which also coincides with the COVID-19 pandemic that substantially 
impacted the environment, financial markets, and energy sector. In
vestment in green technologies, clean energy investments, and envi
ronmental and social investments start to tremendously increase with 
the adoption of sustainable development goals in 2015. Yet, there is a 
huge gap in the investments with the funding requirements (UNCTAD, 
2020a). The pandemic also pushed down the investments in green 
technologies and clean energy, with a major cut down by one-third in 
2020 (UNCTAD, 2020b). Third, this research adopts the novel time- 
varying methodology proposed by Shi et al. (2018, 2020). This econo
metric technique relaxes the hypothesis that the causality between the 
variables under consideration is constant over time. Considering that 
markets are dynamic, and particularly the series under analysis, con
stancy is not a viable assumption, and dynamic effects are not captured 
by commonly applied and traditional causality methods. Furthermore, 
this novel approach helps to identify the times of emergence and 
collapse of any causality event. 

The paper proceeds as follows. Section 2 briefly explains theoretical 
background and literature review, Section 3 provides data and meth
odology, Section 4 presents the empirical results of the analysis and 
robustness checks, Section 5 discusses the empirical findings, and 
finally, Section 6 concludes the study. 

2. Theoretical background and literature review 

Previous literature has intensively discussed the role of finance on 
economic growth. The finance-growth nexus discusses the bidirectional 
relationship between economic growth and the financial sector. The 
earlier strand of research overlooked the impact of finance on economic 
growth and even exaggerate it by identifying finance as a significant 
factor as a determinant (Lucas, 1988). However, many other following 
papers reckon the importance of finance and assert that the finance in
dustry might impact the long-run growth rates through influencing 
saving rates, investment decisions, and technological innovation (Lev
ine, 2005). The finance sector identifies the best feasible technologies 
and escalates the technological innovation through the selection of 
technological projects with high success probabilities (King and Levine, 
1993). Moreover, the finance industry pools savings from individuals 
and enables better savings utilization, thus improving resource alloca
tion and triggering technological innovation. Beck and Levine (2004) 
proved the positive influence of finance on economic growth consid
ering the impacts of banks and stock markets, suggesting that the finance 
industry fosters growth irrespective of the bank-based, market-based 
feature of the country. 

The level of financial development however stands as a challenge for 
developing countries, since lower financial development can inhibit to 
reap benefits from technology transfers that will enable the countries to 
boost their growth (Menyah et al., 2014). The literature has discussed 
the role of finance on the economy in various time horizons and various 
contexts and it is not wrong to suggest that the literature has agreed 
upon a long-run impact of finance on growth (Pradhan et al., 2013; 
Jedidia et al., 2014; Peia and Roszbach, 2015; Samargandi et al., 2015; 
Pradhan et al., 2013; Nguyen et al., 2019; Afonso and Blanco-Arana, 
2022; Ali et al., 2022) despite some contradictory views (Eng and 
Habibullah, 2011; Mukhopadhyay et al., 2011; Demetriades and Rous
seau, 2016; Boikos et al., 2022). Since finance is expected to contribute 
to economic growth, it is expected that green finance will impact sus
tainable growth. Considering the previous literature this impact is ful
filled using various channels. Many papers note that achieving 
sustainable economic growth is possible through the usage of renewable 
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energy (Sohag et al., 2019; Taşkın et al., 2020). Schmalensee (2012) 
note that the usage of non-renewable energy creates unchecked envi
ronmental degradation and curtails natural capital, which precludes 
sustainability. 

Among different channels, green bonds stand as the most favorable 
source to finance green technologies, since they provide modestly priced 
long-term capital funds to finance (Natural Resources Defense Council, 
2016). Green bonds fund only low-carbon projects that influence climate 
change mitigation or adaptation, natural resource, and biodiversity 
conservation and pollution inhibition (ICMA (International Capital 
Market Association), 2018). Fossil fuels are dominant in energy in
vestments. Thus, shifting the investments from non-renewable energy to 
clean energies to mitigate carbon emissions is very significant (Mazzu
catoa and Semieniukb, 2017). Green bond investments provide various 
advantages to their investments alongside the intrinsic environmental 
benefits. The introduction of green bonds is especially appealing to 
finance clean energy projects. Fixed-income assets are instruments that 
carry low-risk with stable returns. Those features of the bonds will make 
green financing appealing both to domestic and institutional investors. 
The issue of bonds allows funds to be pooled from an investor with a 
different risk appetite and expands the credit pool (Ng and Tao, 2016). 
Bonds also provide prospects for diffused ownership of the liability 
across different types of investors, which enables the indirect investment 
in clean energy or green technology projects. Lastly, the existence of a 
secondary market enables liquidity to the investors and provides them 
with an exit strategy. This feature also attracts those with short-term 
investment horizons. Given these facts, the promotion of green bonds 
is a good means to upsurge investments in clean energy and green 
technology projects (Ng and Tao, 2016). 

Despite the attractiveness of green bonds, equity financing is another 
channel to finance clean energy and green technology investments. 
Recent years showed that many equity investors are reluctant to invest 
in sin-stocks that are harmful to the environment and human health or 
abuses societal well-being ignoring irrespective of the returns they 
provide. The last decades witnessed the rise of Environmental and So
cially Responsible stocks investments that focus on the firms’ alignment 
towards environmental, social, and corporate governance strategies, 
such as attitudes on climate change and human rights. Sustainable in
vestments all around the globe reached USD 35.3 trillion, suggesting a 
growth of 15% in two years despite the COVID-19 pandemic (Global 
Sustainable Investment Alliance (GSRI), 2021). The evidence also sug
gests that these equities in the Environmental and Social Responsibility 
Index stand more resilient to downturns in the market such as the global 
financial crisis (Nofsinger and Varma, 2014; Leite and Cortez, 2015), 
commodity price shocks (Crifo and Forget, 2012) or COVID-19 
pandemic (Broadstock et al., 2020). The financing of clean energy and 
green technology projects through equity markets provides various ad
vantages. The disclosure requirements in this market provide a safe 
environment for investors and ensure higher fundraising through this 
market. Additionally, the dispersion of the ownership to shareholders 
postulates diverse perspectives from these owners that would enhance 
the evaluation of the projects. 

3. Data and method 

3.1. Data 

This research study uses S&P Global Clean Energy Index as a proxy 
for clean energy (CENE), S&P Green Bond Index as a proxy for green 
finance (GFIN), S&P Environmental and Social Responsibility Index as a 
proxy for environmental responsibility (ERES), and S&P Renewable 
Energy & Clean Technology Index as a proxy for green technology 
(GTEC). The dataset is obtained from the official website of S&P Dow 
Jones Indices in which variables-related detailed explanations are 
available (www.spglobal.com). The range of all the daily datasets is 
from July 31, 2014, to October 12, 2021- yielding 1712 available days- 

which is the largest possible dataset given that S&P Green Bond Index 
was launched on July 31, 2014. The descriptive statistics are reported in 
Table 1. Furthermore, the trends of analyzed variables are presented in 
Fig. 1 which shows that the data follow upward and downward linear 
outcomes with volatile actions. Therefore, the application of a time- 
varying approach should be sense and preferred in this study. 

It is noticed from Fig. 1 the upward trend in all the series from 2020 
onwards, mostly due to the pandemic period. While environmental re
sponsibility continued rising, clean energy and green technology indexes 
started decreasing recently. At the highest values, as well, green finance 
started from 2021 a more volatile period. The sudden drop is clear in 
both green technology and clean energy indexes. 

4. Method 

We apply the novel time-varying methods recently proposed by Shi 
et al. (2018, 2020) to detect changes in the Granger causal relationship 
between clean energy, green finance, environmental responsibility, and 
green technology. Shi et al. (2018, 2020) present three time-varying 
causality tests: forward recursive causality, rolling causality, and 
recursive evolving causality. Suppose yt is a k-vector time series, which 
is deduced with the following model: 

yt = α0 + α1t+ ut (1)  

where ut follows a VAR(p) process 

ut = β1ut− 1 +…+ βput− p + εt (2)  

where εt represents the error term. If we substitute ut using Eq. (2) ut = yt 
− (α0 + α1t) into Eq. (1) we get 

yt = γ0 +αγ1t+ β1yt− 1 +…+ βpyt− p + εt (3)  

where γi represents the function of αi and βj in which i = 0,1 and j = 1, …, 
p. 

The lag augmented VAR of Dolado and Lütkepohl (1996) and Toda 
and Yamamoto (1995) advocate to undertake causality test for a 
possible integrated variable, yt can be denoted as 

Y = τΓ′

+XΘ′

+BΦ′

+ ε (4)  

where Y = (y1, …,yT)T×n′, τ = (τ1, …,τT)T×2′, τt = (1, t)2x1′, X = (x1,…, 
xT)T×np′, xt = (yt− 1′,…,yt− p′)np×1′, Θ = (β1,…,βp)n×np, B = (b1,…,bT)T×nd′, 
bt = (yt− 1′,…,yt− p− d′)nd×1′, Φ = (βp+1,…,βp+d)n×nd and ε = (ε1,…,εT)T×n′

with d is the maximum order of integration for yt. The Wald statistics for 
testing the null hypothesis, H0 = Rθ = 0, is as follows: 

w = [Rθ̂]
′ [

R
(

Ω̂ ⊗ (X ′QX)− 1 )R′ ]− 1
[Rθ̂] (5)  

in which θ̂ = vec(Θ̂) stands for the row vector, Ω̂ = 1
T ε̂

′

ε̂ and ⊗ is the 
Kronecker product. Θ̂ is the OLS estimator being Θ̂ = (X′QX)− 1 and R is 
a m × n2p matrix with m being the number of restrictions. Toda and 
Yamamoto (1995) and Dolado and Lütkepohl (1996) present that the 
Wald statistics in the model has the usual χm

2 asymptotic null distribu
tion. In the Shi et al. (2018, 2020) approach, a real time-varying cau
sality test is generated from supremum (sup) Wald statistic sequences 
are generated by using a forward recursive (Thoma, 1994), a rolling 
window (Swanson, 1998), and a recursive evolving methodology 

Table 1 
Descriptive statistics.  

Variables Max Min Mean Std. dev. 

CENE 2113.52 492.81 764.92 333.58 
GFIN 158.99 121.78 136.95 9.48 
ERES 4150.5 1586.03 2403.54 637.56 
GTEC 316 99.12 148.91 41.78  
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(Phillips et al., 2015a, 2015b). 
The Wald statistic over [f1, f2] that has a sample size fraction of fw =

f2 − f1≥ is represented by Wf2(f1) in the recursive evolving algorithm. 
The supremum Wald statistic is presented as 

SWf (f0) =
sup

(f1, f2) ∈ ∧0, f2 = f
{Wf 2(f1) } (6)  

where ∧0 = {(f1, f2) : 0 < f1 ≤ f2 ≤ 1} and 0 < f1 ≤ 1 − f0 and f0 ∈ (0,1) 
represents the minimum number of observations necessary to estimate 
the VAR system. Forward procedure (Thoma, 1994) requires the statistic 
sequences to be as follows: 

f̂ e =
inf

f ∈ [f0, 1]

{

f : Wf (0) > cv and f̂ f =
inf

f ∈ [ f̂ e, 1]

{

f : Wf (0) < cv (7) 

The rolling procedure of Swanson (1998) requires the statistic se
quences to be as follows: 

f̂ e =
inf

f ∈ [f0, 1]

{

f : Wf (f − f0) > cv and f̂ f =
inf

f ∈ [ f̂ e, 1]

{

f : Wf (f − f0) < cv

(8) 

The recursive evolving procedure of (Phillips et al., 2015a, 2015b) 
requires the statistic sequences to be as follows: 

f̂ e =
inf

f ∈ [f0, 1]

{

f : SWf (f0) > scv and f̂ f =
inf

f ∈ [ f̂ e, 1]

{

f : SWf (f0) < scv

(9)  

where ̂f e and ̂f f represent the first of estimated observations that exceed 
or fall below, respectively below the critical values in the causality; cv is 
the critical value of Wf and scv is the critical value of SWf statistics. 

5. Empirical results 

The purpose of this paper is to detect the changes in the causal 
relationship between clean energy and green finance, green technology, 
and environmental responsibility. The proposed recursive evolving 
methods allow the identification of the causal change in the clean energy 
and precise episodes of causality and instability in this relationship with 
green finance, environmental responsibility, and green technology. 
Thus, we relax the hypothesis in which the causality between clean 
energy and these variables is constant over the sample period. In this 
sense, we contribute to the literature by examining the evolving cau
sality between clean energy and other economic, environmental, and 
financial variables. To follow our goals, first, we apply three different 
unit root tests; namely, Augmented Dickey-Fuller (ADF) proposed by 
Cheung and Lai (1995), Phillips-Perron (PP) proposed by Phillips and 
Perron (1988) and Zivot-Andrews (ZA) proposed by Zivot and Andrews 
(2002), to determine the order of integration of clean energy, green 
finance, green technology, and environmental responsibility. According 
to the results reported in Table 2, all the analyzed variables are 
concluded to be stationary at their first differences, i.e., I(1). 

To know the order of integration is essential to correctly set up the 
time-varying Granger causality model for which we conclude that lag 
parameter d = 1 is the more suitable. The next step is to run the causality 
test among the variables under investigation. Initially, the time-varying 
causality based on the forward, rolling, and recursive evolving algo
rithms are obtained from a lag augmented VAR model with d = 1. The 
time-varying Wald test statistics and their bootstrapped critical values 
are shown in Figs. 2 and 3. If the Wald statistic sequence exceeds its 
corresponding critical value during a period, then a significant causality 
is detected. Results for the forward algorithm, considering the assump
tion of homoscedastic residual error terms for the VAR, are not pre
sented. The reason is simple. Starting with the clean energy-green 

Fig. 1. Time plots of analyzed variables.  
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finance causal relationship, we observe that green finance exerts causal 
effects on clean energy which are very limited, considering forward al
gorithms, mainly observed during the end of 2019 and until September 
2020. The main explanation for this period’s strongest causality is un
doubtedly the COVID-19 period. 

Recursive evolving and rolling window algorithms evidence other 
periods of significant causality from the green finance to clean energy, at 
both 10% and 5% significance levels, from 2016 until 2020. Given the 
limited capacity of the forward procedure, we skipped the presentation 
of its results. Moreover, we are using time series to perform the analysis, 
and heteroscedasticity is commonly observed in this type of series. Thus, 
homoscedastic errors results have also been left aside, and we concen
trate the analysis in the following looking at the heteroscedastic errors. 
Even so, the sequences of test statistics were obtained from the forward 
recursive procedure. In all plots, we have long periods where the test 
statistic of the predictive power of green finance, green technology, and 
environmental responsibility, for clean energy, are always below their 
critical values. The only exceptions are for green technology at the 
beginning of 2014 and the end of 2019 and environmental responsibility 
at the start of 2014. Thus, the null hypothesis of no Granger causality 
from the green finance, green technology, and environmental re
sponsibility to clean energy over the whole sample period cannot be 
rejected. Even so, this stronger result is provided by the forward 
recursive Wald test of causality to the effect that there is no causal 
relationship or significant change in the causal relationship, both under 
homoscedastic and heteroscedastic residual error terms. 

Considering previous authors’ results, also Ng and Tao (2016) 
conclude that green finance is good to promote clean energy and green 
technology projects. We find that there is significant causality from the 
green finance index to the clean energy index. Additionally, Hammou
deh et al. (2020) found no causality running from green bonds to all 
other variables, concluding for no predictive power for this asset. As we 
present next, a far more dynamic causal relationship between green 
finance, green technology, and environmental responsibility, with clean 
energy is revealed by our results, making us contradict the findings that 
green finance has no predictive power. 

Looking now at the green technology causality impact over the clean 
energy (under the forward algorithm there is only significance, with a 
huge spike, at the end of 2019, from March 2019 onwards), this sig
nificant causal relationship between both indexes is more visible under 
the rolling and recursive evolving algorithms, especially in the latter 
where the Wald statistic sequence always exceeds its corresponding 5% 
significance value except during the end of 2015 and February 2016, in 
specific periods. Considering the environmental responsibility causality 
impact over clean energy, once again specific periods of highly signifi
cant causal relationships can be identified under the forward algorithm, 
which is more noticed and frequent when both rolling and recursive 
algorithms are applied. High volatility is even observed under the rolling 
algorithm, and huge significance between February 2016 and the end of 
2019 is detected for these two series., in Fig. 3, applying the recursive 
evolving algorithm. 

Fig. 2 presents the results of the time-varying Granger causality 
considering the rolling window algorithm among all series, whereas 
Fig. 3 the recursive evolving algorithm results. The recursive evolving 
procedure (Fig. 3) highlights significant values for almost all periods, 

whereas it is demonstrated higher volatility among causalities between 
series under the rolling window procedure. By opposition, the rolling 
and recursive evolving procedures of Figs. 2 and 3 paint a different 
picture from that of an unequivocal failure to reject the null hypothesis 
of no predictability. Instead, a far more dynamic causal relationship 
between green finance, green technology, and environmental re
sponsibility, with clean energy is revealed. Furthermore, the difference 
between the homoscedastic and heteroscedastic tests is not very obvious 
for the rolling and recursive evolving procedures. The main distinction is 
that significant causality episodes are more frequent from green finance 
to clean energy, being less frequent from green technology and envi
ronmental responsibility causal effects over clean energy. Even so, the 
duration and findings of stronger evidence of causality are stronger and 
longer under the recursive evolving algorithm than those suggested by 
the rolling procedure, where more volatility is evident for these causal 
relationships. Still, the clear spikes observed for the rolling algorithm 
where causality is stronger are predominant in the mid-2016, around 
May 2019, and at the beginning of 2020 for both green technology and 
environmental responsibility indexes (Granger-causality) over clean 
energy. Again, causality among the studied series seems to vanish from 
the beginning of 2020 onwards, raising great concern about the disin
vestment caused by the pandemic in the green fields. 

Analyzing deeply the results presented in Fig. 2, it is observed that 
environmental responsibility causality over clean energy presents only 
one big spike at the start of the pandemic while presenting an even 
higher spike over green finance in 2018. Significant spikes are even 
more noticed from environmental responsibility on green technology 
and are bidirectional. It is also clear that extreme jumps are more 
common at the beginning of the analyzed period when green technology 
Granger causes environmental responsibility (Fig. 2, continued). Clean 
energy Granger-cause over green technology is more frequent and vol
atile than in the other way around, but still, we can talk about bidirec
tional causalities. As stated previously, the green finance causality over 
clean energy is less evident, with significance, except in specific periods, 
especially at the start of the pandemic. However, higher volatility and 
significance, in causality terms, is observed for the entire period running 
from clean energy to green finance. Thus, green finance investments are 
promoted and proportionated by the need for clean energy (Fig. 2). No 
significant causality impacts running from green finance to green tech
nology are noted until 2016, whereas during the pandemic almost all 
causality movements are significant. On the other way around, signifi
cant volatile causalities are evidenced from green technology to green 
finance and for the entire period. 

Turning now attention to the recursive evolving algorithm (Fig. 3) 
results, even if there is evidence of highly significant bidirectional 
causality between clean energy and green finance during the pandemic 
period, for the rest of the period analyzed, the causality runs from clean 
energy to green finance. The opposite happens between environmental 
responsibility and clean energy because it lost its significance at both the 
beginning of the period and during the pandemic. Even so, there is 
unidirectional significant causality running from environmental re
sponsibility to clean energy during the entire period of February 2016 
and until the beginning of 2020. On the other way around, causality 
running from clean energy to environmental responsibility is significant 
for the entire period analyzed. In fact, under the recursive evolving 

Table 2 
Results from unit root tests.   

Levels First-differences Outcome 

ADF PP ZA ADF PP ZA 

CENE − 1.50 − 1.48 − 3.38 − 18.99* − 35.15* − 13.93* I(1) 
GFIN − 3.31 − 3.15 − 3.95 − 17.66* − 37.62* − 16.82* I(1) 
ERES − 1.56 − 1.72 − 5.24 − 19.46* − 48.16* − 16.41* I(1) 
GTEC − 2.05 − 2.03 − 3.46 − 18.28* − 39.61* − 14.99* I(1) 

Note: *Represents a 1% level of significance. 
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Fig. 2. Time-varying Granger causality with heteroskedastic-robust specification: Rolling window.  
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algorithm, significance is highlighted among series most of the time, and 
for longer than those revealed by the rolling window, showing higher 
evidence of bidirectional causalities, although, lower volatility is 
denoted. The same is true between environmental responsibility, green 

finance, clean energy, and green technology, as well as vice versa, except 
for the already highlighted differences. The recursive evolving proced
ure detects more episodes of causality than the forward and rolling al
gorithms, turning the recursive evolving algorithm the most suitable 

Fig. 3. Time-varying Granger causality with heteroskedastic-robust specification: Recursive evolving.  
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procedure in this setting. By looking at the green finance plots (pairs), 
except for the initial period, results reveal a significant causality running 
from clean energy to green finance, from green technology to green 
finance, and from environmental responsibility to green finance, even in 
the covid period. Environmental responsibility is also significantly 
caused for the entire period by clean energy, green finance, and green 
technology (Fig. 3). 

The most significant period in G-causality terms is the pandemic 
from green finance to green technology, but it changes when we look at 
the causality running from clean energy to green technology provided in 
the COVID-19 period the high volatility does not reveal a complete 
unidirectional significance. Thus, we cannot talk about bidirectional 
causality between green finance and clean energy, nor between green 
finance and environmental responsibility. Except between 2016 and 
2017, we cannot talk about significant causality as well between green 
technology and environmental responsibility. But we have bidirectional 
causality (except during the pandemic) with significance between clean 
energy and green technology, unidirectional from clean energy to 
environmental responsibility during the entire period of analysis, and 
bidirectional between clean energy and environmental responsibility 
during 2016 and the end of 2019. These different periods’ causalities 
and significances have also been highlighted by Hammoudeh et al. 
(2020) whose results point out that the US 10-year Treasury bond causes 
green bonds from 2016 until 2020, being limited the causality from 
clean energy index and CO2 emission allowances to green bonds. 

6. Synthesis and discussions of empirical findings 

During the latter section, it is revealed a strong and significant cau
sality running from green technology to clean energy and as well from 
environmental responsibility to clean energy for the entire studied 
period while using the recursive evolving algorithm. As well, it is 
observed greatest volatile periods in these causality relationships when 
the rolling algorithm is applied. Also, these causal relationships are 
observed considering both homoscedastic and heteroscedastic residual 
error terms, and so we skip to present the former and present only the 
results associated with the latter. As well, we skipped the presentation of 
the forward algorithm results application. Therefore, only the causal 
relationships in the Granger sense between clean energy, green finance, 
green technology, and environmental responsibility are deeply analyzed 
and results presented considering heteroscedastic error terms. 

For all studied relationships, it was visible huge and significant 
spikes starting in the pandemic period which becomes natural if we 
consider all the economic, financial, and environmental impacts 
emerging. Our results regarding the causal relationship of green finance 
on clean energy contradict those of Hammoudeh et al. (2020) who 
observed that green bonds do not exert any causal effects on clean en
ergy. At least, green finance exerted a huge significant causality over 
clean energy during the pandemic and specific periods in time. As well, 
results reveal significant causality running from clean energy to green 
finance for the entire period of analysis under both rolling and recursive 
algorithms. The authors attribute this lack of causality to the fact that 
energy projects were probably financed by stock issues and commercial 
debt instruments. Thus, we can argue in favor of the higher conscious
ness of investors and firms in trying to finance clean energy through less 
traditional instruments, namely, using green bonds which was more 
specifically observed for the pandemic period. Unfortunately, results 
also indicate that more recently when markets are returning to the 
possible normality, this increased awareness decreased. This can be 
explained by the efforts being done by the markets to quickly and fully 
recover from the damages caused in economic and financial terms. Even 
so, green technology and environmental responsibility have been a 
constant effort through time to reach the desired goals related to clean 
energy and environmental performance. But, during the pandemic and 
except for the spike observed at its start, it is noticed a decrease in the 
causality of both S&P Renewable Energy & Clean Technology and S&P 

Environmental and Social Responsibility indexes on clean energy. It is 
therefore urgent to raise awareness to policymakers that economic and 
financial recoveries cannot be done at the expense of more environ
mental degradation. 

The outcomes from this study are expected to easier carbon 
neutrality goals, enabling countries to understand how to comply with 
commitments from both the Paris Agreement (re-discussed at the end of 
2021) and the Sustainability Development Goals defined by the United 
Nations, with special emphasis on those focused on sustainable envi
ronmental improvements. Following the results presented here, green 
finance investments are promoted and proportionated by the need for 
clean energy. Although our results point to a highly significant bidi
rectional causality between clean energy and green finance during the 
covid-19 pandemic, in the previous periods the causality runs from clean 
energy to green finance. 

As stated earlier, through the funding of green technology, green 
finance is vital in reaching sustainable development goals. Green in
vestment requires high amounts of financing, and governments by 
themselves are not enough, requiring more private investment, although 
these might become unbearable (Eyraud et al., 2011). Other forms of 
financial resources become necessary (Sachs et al., 2019), and the 
financial system has an essential role in this regard (Zadek and Zhang, 
2014). Green bonds provide advantages and are appealing for the 
financing of clean energy projects (Hammoudeh et al., 2020; Ng and 
Tao, 2016) and green technologies are a “must-have” in this process (Ng 
and Tao, 2016). Although the investment in Environmental and Socially 
Responsible stocks was strongest in the last year and stood more resilient 
to market downturns like the global financial crises, as pointed out by 
Nofsinger and Varma (2014) and Leite and Cortez (2015), our results 
indicate that at the beginning of the covid pandemic, in fact, the cau
sality between green finance, green technology, and environmental re
sponsibility, with clean energy indeed was relevant, but that during 
March 2020 and up to October 2021, this significance lost relevance, 
thus contradicting the findings of Broadstock et al. (2020). Additionally, 
we analyzed the evolving causalities from green finance, green tech
nology, and environmental responsibility to clean energy, and found as 
well strong bidirectional causalities for the entire period, whereas strong 
causal relationships were not detected previously by other authors in the 
other sense (Shahbaz et al., 2021; Liu et al., 2021; Pham, 2016; Nguyen 
et al., 2021). 

Moreover, our results highlight the evidence reported in UNCTAD 
(2020b) that the COVID-19 pandemic has pushed down investments in 
green technologies and clean energy. However, it is critical for green 
bond investors to effectively invest their capital in economic activities 
able to promote a low-carbon economy (Liu et al., 2021). It should be 
highlighted that among the studied indexes, the S&P Renewable Energy 
and Clean Technology index measures the performance of companies 
whose core business is related to green technologies and sustainable 
infrastructure solutions, which we concluded to be highly important in 
explaining the evolution of clean energy. Results pointed for a long and 
consistent causal relationship of both indexes considering the recursive 
evolving algorithm for heteroscedastic error assumptions. However, the 
highest significant and stronger causal relationship identified during 
estimations was between green finance and clean energy. Green tech
nology causal effects over clean energy are more dispersed and volatile, 
especially if the rolling procedure is followed in the novel time-varying 
methods proposed by Shi et al. (2018, 2020) and employed in this study. 
Following these results, it should as well be highlighted the superior 
advantage of recursive evolving algorithms, over rolling procedures, and 
of both over the forward recursive causality, when inferring the causal 
relationships between clean energy, green finance, green technology, 
and environmental responsibility. 

The debate between environmental and financial performance 
received higher attention recently (Abban and Hasan, 2021), although 
no significant results were achieved, once they remain inconclusive and 
inconsistent. Our results allow us to agree with the literature stating that 
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equity investments in the environmental, social, and corporate gover
nance index stand more resilient to downturns in the markets such as the 
global financial crisis (Nofsinger and Varma, 2014; Leite and Cortez, 
2015) or the covid-19 pandemic (Broadstock et al., 2020). As well, but 
using constant and traditional causality methods, Lu et al. (2022) detect 
a bidirectional causal relationship between the S&P Global Clean Energy 
Index and the S&P GSCI Carbon Emissions Allowances Index. Our results 
point to a highly significant causality impact of environmental re
sponsibility for clean energy, promoting the urgent need to promote the 
substitution of the fossil by non-fossil energy, non-friendly by environ
mentally friendly products, and promoting green consciousness on 
consumers, and investors in financial markets. Finally, for the Johan
nesburg Stock Exchange, Worae and Ngwakwe (2017) found a unidi
rectional causality between environmental responsibility (measured 
through emissions intensity) and equity returns, but bidirectional with 
the market value of equity. 

The green bond market has evolved sharply lately given its superior 
role in financing environmentally friendly projects as evidenced by 
Hammoudeh et al. (2020). Green bonds function like regular bonds, 
except for the fact that the money raised from investors should be used 
exclusively to finance projects that have a positive environmental 
impact. A clear example of these types of projects is renewable energy 
and green buildings. Our results evidenced a clear bidirectional cau
sality between environmental responsibility and green finance but under 
the recursive evolving algorithm. Under the rolling window procedure, 
the bidirectional causality is revealed more unstable, and not significant 
during the COVID pandemic period. Thus, is as if investments with 
environmental benefits were relaxed, especially those able to promote 
clean energy. As Sartzetakis (2021) highlights, financing through green 
bonds is one of the main pillars backing the global transition to clean 
energy, but also broad low-carbon economic activities. Still, a lot more 
development is necessary to have these strictly financing clean energy, 
and probably it can only be fully reached under green technology 
development. Therefore, policymakers should also be aware of these 
facts and promote green investments, considering that there is empirical 
evidence regarding the straight connection between financial markets 
and economic growth. 

Our results point to a failure in the bidirectional causality between 
environmental responsibility and clean energy in the pandemic period, 
and green technology can play an important role in these causal re
lationships. For this effect, technological and innovative models can be 
applied to promote sustainable investment, being results recognized and 
compensated. One such example is digital green finance by offers novel 
solutions for the fight against climate change. For now, policymakers 
should promote green financing through changes in countries’ regula
tory frameworks as a way to promote clean energy (Luo et al., 2019). 
Green financing should also be promoted by harmonizing public 
financial incentives, increasing its availability for different economic 
activity sectors, and increasing investment in clean and green technol
ogies (Shan et al., 2021; Ren et al., 2020). That will be the only possi
bility to ensure alignment of public sector financing decision-making 
with the desirable reach of the environmental dimension of the Sus
tainable Development Goals. For that effect, governments should pro
mote higher financing for sustainable natural resource-based green 
economies and climate-smart blue economies, which may be achieved 
through the increased use of green bonds, and similar assets. 

Green finance as a financing source should be developed further and 
credit possibilities enlarged in this respect. Investors would win as well 
since they are increasing their awareness of environmental problems 
and the need to reach the desired sustainability development goals. It 
should be noticed that awareness of the climate change urgency is 
necessary (Grolleau et al., 2022). Only with the increased returns of 
green finance and lower risks would investors be tempted to invest more 
in this field and increase environmental responsibility. For that com
panies also need to participate in both environmental, social, and 
governance areas to guarantee that green finance and green technology 

would be the promoters of a better sustainable future, with less pollu
tion, in the fight against climate change and enhancing environmental 
responsibility further. 

The results also provide significant information from the viewpoint 
of the investors. During the COVID-19 pandemic, it is evident that 
almost all causality movements among the asset groups are significant. 
Despite the safe-haven properties of environmental and sustainable 
portfolios noted in the literature (Nofsinger and Varma, 2014; Leite and 
Cortez, 2015), the findings point to the fact that these instruments do not 
provide diversification benefits when combined in the portfolios of in
vestors during turmoil. However, many data points under the observed 
period could not attach a Granger causality relationship suggesting in
vestors holding a combination of these funds would enable them to 
eliminate non-systematic risk. Governments should also address carbon 
price risk that is intrinsically added to the risks of the investors while 
holding green portfolios. The carbon risk arises due to technological 
backdrop or change of the carbon-related policies of the governments. 
The uncertainty regarding the carbon risk increases the risk of the in
vestors even more over the long term (Gianfrate and Lorenzato, 2018), 
thus the increased transparency regarding the environmental policies of 
the governments all around the world is a necessity to attract more funds 
to the financing of green projects. 

7. Conclusions 

This study intended to analyze the bidirectional and unidirectional 
causality relationships between clean energy, green finance, green 
technology, and environmental responsibility. For the effect, longer time 
series were used from July 31, 2014, to October 12, 2021, and the novel 
time-varying Granger causality test of Shin et al. (Shi et al., 2018; Shi 
et al., 2020) is used. Bidirectional causalities are among all series, but 
not for the entire period, and with a special decrease and loss of sig
nificance in the time-evolving of the covid-19 pandemic period. It is as if 
the benefits promoted by the environmental quality increases, were left 
aside in the period. This may as well be easily explained by the fact that 
during this specific period, governments, individuals, and companies 
were more aware of recovering both economically and financially than 
concerned with environmental responsibility continued growth. As 
such, green technology and green finance as promoters of clean energy 
should be the strongest bet even during crisis moments to help the 
continued promotion of clean energy and green technology. The results 
of our analysis indicate that progress to cut down emissions through 
clean energy and reach sustainable development goals is highly 
vulnerable, especially during turbulent times. Accordingly, govern
ments and central banks should also consider financial governance 
policies to promote sustainable finance (Dikau and Volz, 2018). 

This paper helps the policymakers to design a comprehensive policy 
for strengthening environmental responsibility through green technol
ogy innovation, clean energy, and green finance. Sustainable develop
ment goals can be achieved through green technology innovation, 
promoting additionally the reduction of the negative consequences on 
the natural environment (Luo et al., 2019). During the pandemic, our 
results pointed to a decrease in the causality of green technologies with 
all the other variables (clean energy, environmental responsibility, and 
green finance). Thus, although environmental quality increased during 
that period and pollution decreased, the development of green tech
nology was not the priority. These effects were mainly explained by the 
Corfu and mandatory isolation to prevent propagation, reducing air, 
water, and road transport, whereas alleviating the environmental 
pollution (leading to historical and necessary decreases). Shan et al. 
(2021) used common Granger causality approaches with Turkish data to 
find that both renewable technology and renewable energy minimize 
carbon dioxide emissions both in the short and long run. Also, Ren et al. 
(2020) found that green finance and new energy use reduce carbon in
tensity, whereas the latter if increased, inhibits green finance and non- 
fossil energy use in China. Thus, it is urgent to promote green finance 
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investments to increase clean energy use, whereas the necessary con
ditions should be promoted by policymakers to ensure that during crisis 
investments in green technology, through green finance, and clean en
ergy would not decline, being as urgent as other traditional investments 
to promote sustainable economic growth and enhance environmental 
responsibility. 

Despite those already pointed out here, in a previous section, we 
have highlighted the main policy implications of our study. However, 
some limitations also deserve to be pointed out and could provide 
valuable suggestions for future research. One of the major limitations of 
this study is the fact that we do not perform a country and cross-country 
analysis. As more data becomes available, this should be interesting 
research to follow. The empirical evidence and theory also, point out 
that different markets are likely to have different degrees of sensitivity, 
as well as different levels of macroeconomic reactions to shocks. Addi
tionally, no macroeconomic variables, like economic growth nor trade, 
were included in the analysis despite the literature pointing for a posi
tive connection between finance and economic growth (Beck and Lev
ine, 2004; Pradhan et al., 2013; Ali et al., 2022) and also the opposite, 
where no impact is found (Demetriades and Rousseau, 2016; Boikos 
et al., 2022). Moreover, sustainable economic growth is only possible 
through the use of renewable energy (Sohag et al., 2019; Taşkın et al., 
2020). A final limitation of the study that might be pointed is the use of 
daily frequency data in the causality context. Higher data frequencies 
could be affected by both drifts and noise, able to mask dependencies 
and hardening marginal distributions modeling. This happens if we are 
in the presence of nonstationary variances, long memory, sudden jumps, 
or high volatility using daily data. For robustness check it could also be 
used weekly or monthly data, although we believe a lot of information 
regarding causality could also be lost, justifying the use of daily data in 
the present work. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.eneco.2022.105945. 

References 

Abban, A.R., Hasan, M.Z., 2021. The causality direction between environmental 
performance and financial performance in Australian mining companies - a panel 
data analysis. Res. Policy 70, 101894. https://doi.org/10.1016/j. 
resourpol.2020.101894. 

Afonso, A., Blanco-Arana, M.C., 2022. Financial and economic development in the 
context of the global 2008-09 financial crisis. Int. Econ. 169, 30–42. https://doi.org/ 
10.1016/j.inteco.2021.11.006. 

Ali, A., Ramakrishnan, S., Faisal., 2022. Financial development and natural resources. Is 
there a stock market resource curse? Res. Policy 75, 102457. https://doi.org/ 
10.1016/j.resourpol.2021.102457. 

Beck, T., Levine, R., 2004. Stock markets, banks, and growth: panel evidence. J. Bank. 
Financ. 28 (3), 423–442. https://doi.org/10.1016/S0378-4266(02)00408-9. 

Boikos, S., Panagiotidis, T., Voucharas, G., 2022. Financial development, reforms and 
growth. Econ. Model. 108, 105734 https://doi.org/10.1016/j. 
econmod.2021.105734. 

Broadstock, D.C., Chan, K., Cheng, L.T., Wang, X., 2020. The role of ESG performance 
during times of financial crisis: evidence from COVID-19 in China. Fin. Res. Lett. 
101716 https://doi.org/10.1016/j.frl.2020.101716. 

Cheung, Y.W., Lai, K.S., 1995. Lag order and critical values of the augmented 
Dickey–Fuller test. J. Bus. Econ. Stat. 13 (3), 277–280. 

Crifo, P., Forget, V.D., 2012. Think global, invest responsible: why the private equity 
industry goes green. J. Bus. Ethics 116 (1), 21–48. https://doi.org/10.1007/s10551- 
012-1443-y. 

Demetriades, P.O., Rousseau, P.L., 2016. The changing face of financial development. 
Econ. Lett. 141, 87–90. https://doi.org/10.1016/j.econlet.2016.02.009. 

Dikau, S., Volz, U., 2018. Central Banking, Climate Change and Green Finance. ADBI 
Working Paper 867. Asian Development Bank Institute, Tokyo.  

Dolado, J.J., Lütkepohl, H., 1996. Making Wald tests work for cointegrated VAR systems. 
Econ. Rev. 15 (4), 369–386. https://doi.org/10.1080/07474939608800362. 

Eng, Y., Habibullah, M.S., 2011. Financial development and economic growth nexus: 
another look at the panel evidence from different geographical regions. Bank Bank 
Syst. 6 (1), 62–71. 

Eyraud, L., Wane, A.A., Zhang, C., Clements, B., 2011. Who’s Going Green and Why? 
Trends and Determinants of Green Investment. International Monetary Fund, 
Washington, D.C., USA.  

Gianfrate, G., Lorenzato, G., 2018. Stimulating Non-Bank Financial Institutions’ 
Participation in Green Investments. ADBI Working Paper 860. Asian Development 
Bank Institute, Tokyo.  

Global Sustainable Investment Alliance (GSRI), 2021. Global Sustainable Investment 
Review 2020. Retrieved from. http://www.gsi-alliance.org/wp-content/uploads/20 
21/07/GSIR-2020.pdf. 

Grolleau, G., Mzoughi, N., Peterson, D., Tendero, M., 2022. Changing the world with 
words? Euphemisms in climate change issues. Ecol. Econ. 193, 107307 https://doi. 
org/10.1016/j.ecolecon.2021.107307. 

Hammoudeh, S., Ajmi, A.N., Mokni, K., 2020. Relationship between green bonds and 
financial and environmental variables: a novel time-varying causality. Energy Econ. 
92, 104941 https://doi.org/10.1016/j.eneco.2020.10494. 

ICMA (International Capital Market Association), 2018. Green Bond Principles Voluntary 
Process Guidelines for Issuing Green Bonds June 2018. ICMA, Paris. https://www. 
icmagroup.org/assets/documents/Regulatory/Green-Bonds/June-2018/Green-Bon 
d-Principles-June-2018-140618-WEB.pdf.  

IFC, International Finance Corporation, 2017. Green Finance: A Bottom-Up Approach to 
Track Existing Flows. Washington, D.C. 

IPCC (Intergovernmental Panel on Climate Change), 2018. Global Warming of 1.5◦C. 
IPCC. https://www.ipcc.ch/sr15/. 

Jedidia, K.B., Boujelbene, T., Helali, K., 2014. Financial development and economic 
growth: new evidence from Tunisia. J. Policy Model 36 (5), 883–898. 

King, R.G., Levine, R., 1993. Finance, entrepreneurship, and growth: theory and 
evidence. J. Monet. Econ. 32, 513–542. https://doi.org/10.1016/0304-3932(93) 
90028-E. 

Leite, P., Cortez, M.C., 2015. Performance of European socially responsible funds during 
market crisis: evidence from France. Int. Rev. Financ. Anal. 40, 132–141. https:// 
doi.org/10.1016/j.irfa.2015.05.012. 

Levine, R., 2005. Finance and growth: theory and evidence. In: Aghion, Philippe, 
Durlauf, Steven N. (Eds.), Handbook of Economic Growth, Vol. 1, Part A. Elsevier, 
pp. 865–934. https://doi.org/10.1016/S1574-0684(05)01012-9. Chapter 12.  

Liu, N., Liu, C., Da, B., Zhang, T., Guan, F., 2021. Dependence and risk spillovers between 
green bonds and clean energy markets. J. Clean. Prod. 279, 123595 https://doi.org/ 
10.1016/j.jclepro.2020.123595. 

Lu, X., Liu, K., Lai, K.K., Cui, H., 2022. Transmission between EU allowance prices and 
clean energy index. Proc. Comp. Sci. 199, 1327–1331. https://doi.org/10.1016/j. 
procs.2022.01.168. 

Lucas, R.E., 1988. On the mechanics of economic development. J. Monet. Econ. 22, 3–42. 
https://doi.org/10.1016/0304-3932(88)90168-7. 

Luo, Q., Miao, C., Sun, L., Meng, X., Duan, M., 2019. Efficiency evaluation of green 
technology innovation of China’s strategic emerging industries: an empirical 
analysis based on Malmquist-data envelopment analysis index. J. Clean. Prod. 238, 
117782 https://doi.org/10.1016/j.jclepro.2019.117782. 

Mazzucatoa, M., Semieniukb, G., 2017. Financing renewable energy: who is financing 
what and why it matters. Technol. Forec. Soc. Change. https://doi.org/10.1016/j. 
techfore.2017.05.021. 

McCollum, D.L., Zhou, W., Bertram, C., de Boer, H.-S., Bosetti, V., Busch, S., Després, J., 
et al., 2018. Energy investment needs for fulfilling the Paris agreement and 
achieving the sustainable development goals. Nat. Energy 3 (7), 589–599. https:// 
doi.org/10.1038/s41560-018-0179-z. 

Menyah, K., Nazlioglu, S., Wolde-Rufael, Y., 2014. Financial development, trade 
openness and economic growth in African countries: new insights from a panel 
causality approach. Econ. Model. 37 (2), 386–394. https://doi.org/10.1016/j. 
econmod.2013.11.044. 

Mukhopadhyay, B., Pradhan, R.P., Feridun, M., 2011. Finance-growth nexus revisited for 
some Asian countries. Appl. Econ. Lett. 18 (6), 1527–1530. https://doi.org/ 
10.1080/13504851.2010.548771. 

Natural Resources Defense Council, 2016. Clean Energy Finance Outlook: Opportunities 
for Green Banks and Green Bonds in Chile. New York, NY. 

Ng, T.H., Tao, J.Y., 2016. Bond financing for renewable energy in Asia. Energy Policy 95, 
509–517. https://doi.org/10.1016/j.enpol.2016.03.015. 

Nguyen, Y.N., Brown, K., Skully, M., 2019. Impact of finance on growth: does it vary with 
development levels or cyclical conditions? J. Policy Model 41 (6), 1195–1209. 
https://doi.org/10.1016/j.jpolmod.2019.05.006. 

Nguyen, T.T.H., Naeem, M.A., Balli, F., Balli, H.O., Vo, X.V., 2021. Time-frequency 
comovement among green bonds, stocks, commodities, clean energy, and 
conventional bonds. Financ. Res. Lett. 40, 101739 https://doi.org/10.1016/j. 
frl.2020.101739. 

Nofsinger, J.R., Varma, A., 2014. Socially responsible funds and market crises. J. Bank. 
Financ. 48, 180–193. https://doi.org/10.1016/j.jbankfin.2013.12.016. 

Peia, O., Roszbach, K., 2015. Finance and growth: time series evidence on causality. 
J. Financ. Stab. 19 (1), 105–118. 

Pham, L., 2016. Is it risky to go green? A volatility analysis of the green bond market. 
J. Sustain. Finance Investm. 6 (4), 263–291. https://doi.org/10.1080/ 
20430795.2016.1237244. 

Phillips, P.C., Perron, P., 1988. Testing for a unit root in time series regression. 
Biometrika 75 (2), 335–346. 

M. Madaleno et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.eneco.2022.105945
https://doi.org/10.1016/j.eneco.2022.105945
https://doi.org/10.1016/j.resourpol.2020.101894
https://doi.org/10.1016/j.resourpol.2020.101894
https://doi.org/10.1016/j.inteco.2021.11.006
https://doi.org/10.1016/j.inteco.2021.11.006
https://doi.org/10.1016/j.resourpol.2021.102457
https://doi.org/10.1016/j.resourpol.2021.102457
https://doi.org/10.1016/S0378-4266(02)00408-9
https://doi.org/10.1016/j.econmod.2021.105734
https://doi.org/10.1016/j.econmod.2021.105734
https://doi.org/10.1016/j.frl.2020.101716
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0035
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0035
https://doi.org/10.1007/s10551-012-1443-y
https://doi.org/10.1007/s10551-012-1443-y
https://doi.org/10.1016/j.econlet.2016.02.009
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0050
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0050
https://doi.org/10.1080/07474939608800362
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0055
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0055
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0055
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0060
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0060
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0060
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0065
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0065
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0065
http://www.gsi-alliance.org/wp-content/uploads/2021/07/GSIR-2020.pdf
http://www.gsi-alliance.org/wp-content/uploads/2021/07/GSIR-2020.pdf
https://doi.org/10.1016/j.ecolecon.2021.107307
https://doi.org/10.1016/j.ecolecon.2021.107307
https://doi.org/10.1016/j.eneco.2020.10494
https://www.icmagroup.org/assets/documents/Regulatory/Green-Bonds/June-2018/Green-Bond-Principles-June-2018-140618-WEB.pdf
https://www.icmagroup.org/assets/documents/Regulatory/Green-Bonds/June-2018/Green-Bond-Principles-June-2018-140618-WEB.pdf
https://www.icmagroup.org/assets/documents/Regulatory/Green-Bonds/June-2018/Green-Bond-Principles-June-2018-140618-WEB.pdf
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0090
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0090
https://www.ipcc.ch/sr15/
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0100
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0100
https://doi.org/10.1016/0304-3932(93)90028-E
https://doi.org/10.1016/0304-3932(93)90028-E
https://doi.org/10.1016/j.irfa.2015.05.012
https://doi.org/10.1016/j.irfa.2015.05.012
https://doi.org/10.1016/S1574-0684(05)01012-9
https://doi.org/10.1016/j.jclepro.2020.123595
https://doi.org/10.1016/j.jclepro.2020.123595
https://doi.org/10.1016/j.procs.2022.01.168
https://doi.org/10.1016/j.procs.2022.01.168
https://doi.org/10.1016/0304-3932(88)90168-7
https://doi.org/10.1016/j.jclepro.2019.117782
https://doi.org/10.1016/j.techfore.2017.05.021
https://doi.org/10.1016/j.techfore.2017.05.021
https://doi.org/10.1038/s41560-018-0179-z
https://doi.org/10.1038/s41560-018-0179-z
https://doi.org/10.1016/j.econmod.2013.11.044
https://doi.org/10.1016/j.econmod.2013.11.044
https://doi.org/10.1080/13504851.2010.548771
https://doi.org/10.1080/13504851.2010.548771
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0160
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0160
https://doi.org/10.1016/j.enpol.2016.03.015
https://doi.org/10.1016/j.jpolmod.2019.05.006
https://doi.org/10.1016/j.frl.2020.101739
https://doi.org/10.1016/j.frl.2020.101739
https://doi.org/10.1016/j.jbankfin.2013.12.016
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0185
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0185
https://doi.org/10.1080/20430795.2016.1237244
https://doi.org/10.1080/20430795.2016.1237244
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0195
http://refhub.elsevier.com/S0140-9883(22)00122-0/rf0195


Energy Economics 109 (2022) 105945

11

Phillips, P.C.B., Shi, S., Yu, J., 2015a. Testing for multiple bubbles: limit theory of real- 
time detectors. Int. Econ. Rev. 56 (4), 1079–1134. https://doi.org/10.1111/ 
iere.12131. 

Phillips, P.C.B., Shi, S., Yu, J., 2015b. Testing for multiple bubbles: historical episodes of 
exuberance and collapse in the S&P 500. Int. Econ. Rev. 56, 1043–1078. https://doi. 
org/10.1111/iere.12132. 

Pradhan, R.P., Arvin, M.B., Bele, S., Taneja, S., 2013. The impact of stock market 
development on inflation and economic growth of 16 Asian countries: a panel VAR 
approach. Appl. Econ. Int. Dev. 13 (1), 203–220. 

Ren, X., Shao, Q., Zhong, R., 2020. Nexus between green finance, non-fossil energy use, 
and carbon intensity: empirical evidence from China based on a vector error 
correction model. J. Clean. Prod. 277, 122844 https://doi.org/10.1016/j. 
jclepro.2020.122844. 

Sachs, J.D., Woo, W.T., Yoshino, N., Taghizadeh-Hesary, F., 2019. Why Is Green Finance 
Important? ADBI Working Paper 917. Asian Development Bank Institute, Tokyo. http 
s://www.adb.org/publications/why-green-finance-important.  

Samargandi, N., Fidrmuc, J., Ghosh, S., 2015. Is the relationship between financial 
development and economic growth monotonic? Evidence from a sample of middle- 
income countries. World Dev. 68 (3), 66–81. https://doi.org/10.1016/j. 
worlddev.2014.11.010. 

Sartzetakis, E.S., 2021. Green bonds as an instrument to finance low carbon transition. 
Econ. Chang. Restruct. 54, 755–779. https://doi.org/10.1007/s10644-020-09266-9. 

Schmalensee, R., 2012. From “green growth” to sound policies: an overview. Energy 
Econ. 34, S2–S6. https://doi.org/10.1016/j.eneco.2012.08.041. 

Shahbaz, M., Trabelsi, N., Tiwari, A.K., Aikins, E.J., Jiao, A.Z., 2021. Relationship 
between green investments, energy markets, and stock markets in the aftermath of 
the global financial crisis. Energy Econ. 104, 105655 https://doi.org/10.1016/j. 
eneco.2021.105655. 

Shan, S., Genç, S.Y., Kamran, H.W., Dinca, G., 2021. Role of green technology innovation 
and renewable energy in carbon neutrality: a sustainable investigation from Turkey. 
J. Environ. Manag. 294, 113004 https://doi.org/10.1016/j.jenvman.2021.113004. 

Shi, S., Phillips, P.C., Hurn, S., 2018. Change detection and the causal impact of the yield 
curve. J. Time Ser. Anal. 39 (6), 966–987. 

Shi, S., Hurn, S., Phillips, P.C., 2020. Causal change detection in possibly integrated 
systems: revisiting the money–income relationship. J. Financ. Econ. 18 (1), 158–180. 
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