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Abstract: To address the climate change impact, governments around the world have made financial
commitments to dedicate a significant portion of their budgets to “research and development (R&D)”
related to cutting‑edge technology development. However, there is limited research in the literature
that has examined the effects of financial commitment to renewable energy projects and public R&D
on the environment and economic growth. Thus, this study is an endeavor to investigate the im‑
pact of financial commitments to renewable energy enterprises, public research and development
expenditure, and energy technology innovation on CO2 emissions (CO2e) and economic growth for
34 countries over the period 2010–2019. This study performs a nonlinear panel analysis using the
“panel non‑linear autoregressive distributed lag (PNARDL)” model within the frameworks of the
“Environmental Kuznets Curve (EKC) hypothesis and Solow growth model”. The findings reveal
that financial commitments do not possess sufficient power to explain fluctuations in CO2e and eco‑
nomic growth in the short term. However, contrasting results are obtained in the long run, when the
decreasing effect is more prominent than the growing effect. Moreover, an increase in public R&D
expenditure significantly reduces pollution in the long term. This research also found that energy
patents have no reliable power to explain the variation in economic growth. In addition, our re‑
sults do not explicitly disclose the validity of the EKC argument. Accordingly, this study discussed
in detail the green policy suggestions that promote the use of renewable energy and enhance the
public–private partnership in the fight against climate change.

Keywords: green finance; SDGs; financial commitments; R&D spending; PNARDL; renewable
energy technologies; energy technology innovation

1. Introduction
Energy is by far regarded as the potential driver for economic development [1,2].

However, the huge dependency on fossil‑based fuels leads to undesirable environmen‑
tal outcomes resulting in severe climate catastrophes and economic threats [3,4]. Among
all the determinants, energy is responsible for 73.2% of GHG emissions, followed by land
use (18.4%), industry (5.2%), and waste (3.2%). As energy‑related products have become a
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fundamental factor, especially for the leading industrial economies [5], it becomes challeng‑
ing for policymakers to balance the competing ends of economic development and combat
pollution through the restriction of energy usage. This conflicting reality has been posing
enormous pressure for sustainability policymakers. In response to this dilemma, 195 coun‑
tries have adhered to the “Paris Climate Agreement” to implement practical measures for
climate change mitigation by controlling the temperature rise “well below 2 ◦C”. Key steps
towards climate change mitigation include “raising renewable energy share, deploying en‑
vironmentally sound technologies, promoting regional low‑carbon development, and cre‑
ating a comprehensive nationwide green market” [6]. In this respect, several governments
have allocated a considerable amount of budget shares to R&D relating to renewable en‑
ergy sources and developed climate programs to systematically foster the deployment of
climate change mitigation technologies.

Investment in renewable energy enterprises lies at the center of climate change pro‑
grams. Another crucial element of the climate package is the commitment to link domestic
targets with an increase in the allocation of public funds towards R&D of energy technolo‑
gies that promote sustainable energy outcomes [7]. Thus, understanding the implications
of the multifaceted and substantial financial, technical, and institutional challenges that
come with offering more affordable and cleaner energy solutions for sustainable develop‑
ment is essential for the success of these climate goals. In that respect, the primary objective
of this study is to analyze the implications of financial commitments to renewable energy
enterprises, public R&D expenditure, and energy technology innovation on sustainable
development (sustainable growth and environment).

Financial commitments are financial flows that take the form of pledges coming from
public institutions like governments, multilateral development banks, and other public fi‑
nancial institutions, constituting a binding legal agreement to transfer financial resources
for renewable energy projects [8]. Theoretically, financial commitments to renewable en‑
ergy projects can improve environmental state and promote the deployment of cleaner
energies through several channels. (i) As the shift towards clean energy becomes a cen‑
tral focus in combating global warming and climate change, making long‑term financial
commitments to renewable energies can help mitigate the negative effects of uncertain cli‑
mate policies. Consequently, financial institutions are increasing their R&D budgets and
expanding their investments in green energy projects, thereby decreasing pollution lev‑
els [9]. (ii) As risk and return are the most important investment decision metrics, the
financial commitments to climate change mitigation decrease the risk for private investors
in renewable energy projects and carbon‑neutral technologies by helping to create posi‑
tive market conditions that motivate private investors and drive up the renewable/clean
power generation capacity [7,10]. (iii) Energy technology innovation can promote energy
efficiency and scale renewable power generation, both of which have a favorable impact
on environmental results. (iv) Energy technology innovation improves manufacturing effi‑
ciency and minimizes the use of material products, leading to a drop in energy utilization,
and resulting in low levels of pollution [11,12].

To realize the SDGs and the “Paris Climate Agreement,” which include maintaining
global warming “well below” 1.5 ◦C, fossil fuel consumption must be reduced by 40%
annually until 2030 and the proportion of renewable energy sources must rise to 60% of
the total energy supply [13]. However, the economic development of economies is pred‑
icated on energy consumption contributing to heavy industries [14–16]; hence, reducing
pollution through energy restriction without causing an economic decline becomes more
difficult for policymakers to balance the competing ends of economic development and
environmental protection. Technological innovation through R&D spending is hailed as
a powerful weapon capable of balancing the old growth‑centric paradigm with environ‑
mental preservation requirements as crucial to this endeavor [17,18]. In this context, the
significance of investment in R&D to systematically foster and encourage technology adop‑
tion has become a vital strategy as governments strive to leverage technology’s capacity to
drive sustainable development objectives [19,20]. Therefore, there is a mounting interest
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in R&D spending and clean energy sources as effective pathways to address sustainability
challenges [21,22].

Research and development (R&D) for the creation of environmentally friendly en‑
ergy technology faces numerous challenges despite its enormous promise. These include
failures in the market as well as other elements including the government’s powerful influ‑
ence, variations in national industrial structures, and research capabilities [7]. In light of
that, it is imperative for stakeholders to understand the present impact of ascending and
descending movements of green financial flows, public R&D budgets, and energy technol‑
ogy innovation policies on environmental quality (CO2e) and economic growth (per capita
GDP). Coupled with advanced data analysis, this understanding will pave the way for for‑
mulating an efficient energy innovation policy that aligns with the fiscal cycle. In doing
so, this study employs a nonlinear panel data analysis using PNARDL estimation for 34
countries over the period 2010–2019. Given the above motivation, this study addresses the
following research questions (RQ):
RQ1: How do environment quality and economic growth respond to the ascending and
descending movements in financial commitments to the investment in renewable energy
enterprises?
RQ2: What is the impact of the rise and fall in the public R&D budget on economic and
environmental sustainability?
RQ3: How do positive and negative shocks in energy technology innovations affect envi‑
ronmental quality?

This paper presents the following contributions. Firstly, an extensive line of the litera‑
ture discussed the potential role of public R&D budgets, energy technology innovation, and
green financial development in achieving sustainable growth and environment [16,23–31].
These works have provided significant contributions to the ongoing debate, yet they have
employed inconvenient estimation strategies when relying on linear models. Applying a lin‑
ear analysis implicitly means that the effect of the rise and fall in the green financial flows
and public budgets for R&D on sustainable development is similar in absolute terms, which
might not be entirely valid. This is because both financial flows for green investment and the
government’s budget designated for energy technology R&D are noticeably affected by “ex‑
pansionary and/or contractionary fiscal policies.” Hence, this study will explore whether, and
to what extent, the responses of environmental quality and economic growth exhibit asym‑
metric (non‑linear) sensitivity to positive and negative changes in financial commitments to
renewable energy enterprises and public R&D budget.

Secondly, most of the existing literature focused on the measure of innovation repre‑
sented by the total number of registered patents and its impact on the environment. This
research differs from prior studies by examining two separate indicators of innovation: en‑
ergy patents and public R&D expenditures. These indicators are analyzed in two different
models that explore the relationship between “economic growth, CO2e, and innovation”.
This will aid in comprehending the possible influence of disaggregated innovation on eco‑
nomic growth and sustainable environmental agenda. Thirdly, this study examines a com‑
prehensive sample of 34 nations worldwide, specifically chosen based on the accessibility
of data regarding financial commitments in renewable energy initiatives. Therefore, this
research will serve as a foundational study, laying the groundwork for future research in
this field. Unlike earlier research, this study utilizes non‑linear approaches for panel data,
specifically the PNARDL method. This approach allows for a better understanding of the
impact of positive and negative shocks in the variables under study on the economy and
environment. Figure 1 highlights the technical roadmap of this study.
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Figure 1. Technical roadmap of this study.

“The remaining sections are organized as follows. The upcoming section portrays the
important literature on the subject. Section 3 highlights the theoretical underpinnings and
the model setting, while the methodology and a data description are yielded in Section 4.
Section 5 accommodates the estimation outputs and discussions. The conclusion and the
policy implications are given in Section 6”.

2. Literature Review
To provide a holistic view of the existing literature on the subject, this part is tightly re‑

lated to two research spectra. This first spectrum covers a wide range of empirical studies
on the potential effect of financial commitment to renewable energy (i.e., green investments)
on pollution reduction. There is a lack of available research on the relationship between fi‑
nancial commitment and the environment. Hence, this study also encompasses closely re‑
lated indicators of financial obligations towards renewable projects, such as investments in
green initiatives like renewable energy and environmental conservation, as well as green fi‑
nance. The second spectrum, on the other hand, highlights the important literature on the
emissions‑mitigating effect of technological innovation using three measures including gov‑
ernment R&D expenditure, total patent index, and energy patent index.

2.1. Green Investment, Environmental Sustainability, and Economic Growth
The concept of green investment and green finance covers a wide scope including sus‑

tainable environmental, carbon, and climate financing. Meanwhile, sustainable finance
regards governance and social dimensions. Moreover, environmental finance covers en‑
vironmental protection. Carbon finance focuses on the reduction of carbon emissions,
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whereas climate finance tries to mitigate climate change by promoting the transition to
a low‑carbon economy. Although a voluminous number of studies tried to model renew‑
able energy investment as an effective way to spur environmental quality and economic
growth, the literature ignores the possible role of green financial commitments in mitigat‑
ing carbon emissions. This part briefly outlines the limited existing empirical findings on
the nexus between green finance and investments and a sustainable environment.

Using the framework of the EKC hypothesis, Huang et al. [23] studied the link be‑
tween green investment and environmental pollution in China during 1995–2019 using
“Cross‑sectionalAutoregressiveDistributive Lag (CS‑ARDL)”. The authors found that green
investment helps mitigate environmental pollution. Similarly, Li et al. [32] implemented
the Westerlund cointegration analysis for China’s provinces over the period 1995–2017.
The authors concluded that investing in green projects significantly decreases CO2e. The
authors have considered analyzing the nexus between “green investment and environmen‑
tal sustainability” from the panel data perspective. For example, Luo et al. [27] applied
“Fully Modified Ordinary Least Square (FMOLS)” and OLS to assess the link between
“green investment and CO2e” for Asian countries using annual data from 2001 to 2019.
Their findings indicate that green investment has a reliable power to explain the varia‑
tion in pollution in the sample countries. Meo and Karim [25] utilized monthly data be‑
tween 2008 and 2019 to test the possible reducing effect of green investment on CO2e using
the quantile approach for the top 10 countries that support the investment in renewables.
Overall, the results disclose that green finance is negatively linked to CO2e. Similar re‑
sults were also obtained by Rokhmawati [24] in Indonesia when the authors implemented
a mediation regression analysis. Wang et al. [30] examined the impact of green initiatives
on production‑based CO2e for China; utilizing the ARDL model for the data spanning
1998–2017, the authors mentioned that green investment can significantly drive emissions
reduction.

Similarly, in their study, Caglar et al. [33] examined the environmental consequences
of green investment in European countries. They discovered that both green investment
and green innovation play a significant role in promoting ecological sustainability. A re‑
lated study, Sun et al. [34], demonstrated that green investments have a substantial impact
on decreasing the ecological footprints in OECD countries. According to [35], green invest‑
ment has the potential to decrease environmental pollution.

In addition to green investments, numerous studies also utilize green financing as a
means to achieve environmental sustainability. For example, China’s provincial data have
been analyzed by Shen et al. [28] utilizing the CS‑ARDL model during 1995–2017. It has
been found there is a strong correlation between an upsurge in green finance and a subse‑
quent reduction in CO2e. Sharif et al. [29] searched the linkage between green financing
and CO2e for the G7 economies, using CS‑ARDL for the data on a yearly basis covering
1995–2019. The authors highlighted that green financing holds a significant negative effect
on CO2e. Deviating from the above evidence, Wan and Sheng [31] concluded an insignif‑
icant implication of green finance on CO2e. Such cases are usually attributed to the level
of emphasis investors put forward on the concept of green investment.

A few studies have been undertaken in the field of study on the influence of green in‑
vestments on economic growth. For instance, Lyeonov et al. [36] discovered that investing
in green initiatives might stimulate a 6.4% increase in GDP per capita and a 3.08% reduction
in GHG emissions. Similarly, D’Angelo et al. [37] showed that an increase in the quantity
of green activities had a beneficial impact on economic performance. In their study, He
et al. [38] discovered the influence of investing in renewable energy on the development
of the green economy index.

2.2. Technological Innovation and Environmental Sustainability
As the implications of climate change are growing more apparent, a huge volume of

the literature examined the potential of environment‑related technologies in explaining the
variation in pollution. However, the findings show conflated effects. The apparently con‑
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flicting pieces of evidence are usually attributed to the differences in estimation strategies
and the diverse measures of environment‑related technological innovations. While some
studies used the “total patent index” as a proxy for green technologies innovation, another
strand of the literature considered R&D spending as a measure for environment‑related
technology innovation. Moreover, the “energy patent index” has also been widely used as
a proxy for green technology progress. This part briefly summarizes the empirical studies
that used the above three measures.

2.2.1. Total Patent Index and Environmental Impact
Many studies used the “total patent index as a proxy for green technology innovation”

and stated that technological progress is an essential factor in controlling and monitoring
CO2e [39]. Chatti [40] conducted research for 43 countries from 2002–2014 and employed
the “two‑step system Generalized Method of Moments (GMM)”. The author claimed that
the ability of total patents to mitigate pollution is very well adapted in the transportation
sector. Demircan Çakar et al. [41] also conducted a study to understand the impact of inno‑
vativeness on CO2e in the transport sector, utilizing data from eight developing countries
and six advanced countries. The findings of the study revealed that in developing coun‑
tries, a rise in the level of innovation exerts a favorable impact on CO2e, leading to potential
reductions. Awan et al. [42] examined the effect of technological innovation on transport‑
based CO2e for 33 developed economies using the “Method of Moments Quantile Regres‑
sion (MMQR)” for data spanning 1996–2014. The authors concluded that “urbanization
upsurges while innovation mitigates CO2 pollution”. Other authors [43–45] also proposed
similar findings. However, despite the various methods employed in the aforementioned
studies, all of them consider the overall number of patents as a measure of technological
innovation, rather than analyzing energy patents separately. These studies overlook the
potential environmental impact of energy patents, which could significantly contribute to
energy efficiency and thereby ecological conservation.

2.2.2. Public R&D Expenditure and Environmental Sustainability
This strand of the literature considered R&D spending as a measure for environment‑

related technology. Ganda [46] claimed that emissions can be reduced by improving inno‑
vation and technology adoption and emphasizing on usage of green technology in OECD
region. The findings also suggest investing in R&D as an effective pathway towards car‑
bon neutrality. Another study focusing on Japan, by Ahmed et al. [47], explored the linear
and nonlinear relationships between “public R&D investments and CO2e”. The study sug‑
gests that increasing investments in clean energy technology can help Japan diversify its
energy usage and achieve environmentally sustainable economic growth.

The role of R&D in mitigating environmental pollution is getting more important day
by day given the pace of technological development. Jiao et al. [48] emphasize that R&D in
the renewable energy sector can help reduce CO2e. The authors suggest that governments
should take action and support technological innovation to promote the widespread usage
of cleaner energy solutions. Along the same line, MA et al. [49] were interested in exam‑
ining the impact of “investments in the energy sector, expenditure on R&D, and techno‑
logical innovation on Chinese provincial CO2e.” Their research uncovered that increased
investment in R&D has a significant role in supporting and advancing China’s carbon strat‑
egy. In their study, Petrović and Lobanov [50] discovered that a 1% increase in R&D in‑
vestments leads to an average reduction in CO2e of 0.09–0.15% among OECD nations. Li
et al. [51] examined the impact of R&D investment on the lowering of CO2e. This research
indicated that although investing in R&D is still crucial for reducing CO2e, the impact of
technical advancements on CO2e reduction is diminishing. However, all the studies de‑
scribed above utilize a proxy for innovation to indicate its influence on the environment.
In contrast, our study employs three proxies for innovation to demonstrate their impact
on both the economy and the environment.
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2.2.3. Energy Patent Index and Environmental Impact
The “Energy Patent Index” refers to the number of patents granted for energy‑related

technologies, particularly those focused on renewable and sustainable energy sources. Un‑
derstanding the environmental impact of the “energy patent index” is crucial for carbon
emissions because a higher “energy patent index” indicates greater innovation and de‑
velopment of clean energy technologies, which can effectively reduce reliance on carbon‑
intensive energy sources and mitigate carbon emissions, thereby combating climate change.

By utilizing patent data as an indicator of technical advancement, it has been discov‑
ered that green technologies have a notable impact on the decrease of CO2e [52]. Cheng
and Yao [53] extended the discussion for China and reported that the level of renewable
energy technology innovation has a negative impact on carbon intensity. In their study,
Wang and Zhu [54] discovered a negative correlation between the “development of renew‑
able energy technologies and the release of CO2.” In a similar vein, Huang [23] discovered
that energy patents originating from both enterprises and research organizations have a
substantial impact on reducing CO2e. Nevertheless, Wang et al. [55] demonstrated that
domestic patents pertaining to fossil‑fueled technology do not have an impact on the di‑
minishing of CO2e. However, the current body of research lacks a thorough investigation
into the effects of energy patents on the economy and environment in financially commit‑
ted countries that are implementing renewable projects by utilizing non‑linear approaches.

3. Theoretical Framework and Model Construction
This paper follows two theoretical framework discourses, namely, the “Environmen‑

tal Kuznets Curve (EKC) Hypothesis and the Solow‑Sawn Growth Model”. Since the sem‑
inal work of Kuznets [56], the EKC hypothesis has consistently served as a framework
that drives research on the interconnection between “economic growth and environmen‑
tal quality”, facilitating the search for sustainable approaches to manage ecological and
environmental resources. According to this hypothesis, “economic growth can mitigate
pollution after a threshold level of income. This level represents the point at which an
economy undergoes a transition from energy‑intensive activities to service‑oriented and
less pollutant technology‑based activities.” This shift involves replacing outdated tech‑
nologies with cleaner alternatives; this phenomenon is widely known as the composition
and technique effect [57,58].

Following the “Solow Neoclassical Growth” theory, economic growth is basically de‑
termined by capital, labor, and the level of technology [59,60]. Since the industrialization
age, energy has become another essential factor to promote economic growth. Thus, the
Cobb–Douglas production function that describes the technical linkage between the factor
of production and the amount produced is given as follows [61,62]:

Y = ALaKBEγ (1)

where Y, L, K, and A correspondingly indicate “economic growth, labor, capital, and ex‑
ogenous technological factors” with a constant growth rate measuring the total factor pro‑
ductivity. E represents energy utilization in the production process. Based on these two
theoretical underpinnings, this study draws interlinkages between investment in clean en‑
ergies, technology innovation economic growth, and environmental quality as follows:

CO2 = f
(

Y, Y2, INOV(R&D), TFC
)

(2)

Y = f (TFC, INOV(EPT), URB) (3)

where CO2 represents carbon emissions. Y and Y2, respectively, indicate the “per capita
GDP and per capita GDP square”. URB denotes urbanization, while R&D, TFC, and EPT
correspondingly indicate “research and development public expenditure, total financial
commitment to investing in renewable energy enterprises, and energy patent index”. Some
evidence suggests that the utilization of renewable energy technologies in the economic
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structure is inseparable from the level of economic growth. Thus, while the world economy
is going through an important transition to clean resources, it is a severe matter of interest
to examine empirically how economic growth trajectories react to ups and downs in the
investment in, and discovery of, clean energy technologies [7]. Accordingly, innovation
(INOV) comprises R&D and EPT. Deviating from the existing literature that used linear
frameworks, to isolate the ascending and descending movements in the purpose variables,
this research defines positive and negative shocks in TFC and INOV as follows:

TFC+
it =

t

∑
m=1

∆TFC+
im =

t

∑
m=1

max(∆TFCim, 0) (4)

TFC−
it =

t

∑
m=1

∆TFC−
im =

t

∑
m=1

min(∆TFCim, 0) (5)

INOV+
it =

t

∑
m=1

∆INOV+
im =

t

∑
m=1

max(∆INOVim, 0) (6)

INOV−
it =

t

∑
m=1

∆INOV−
im =

t

∑
m=1

min(∆INOVim, 0) (7)

where TFC+
it and TFC−

it correspondingly indicate the positive and negative shocks in fi‑
nancial commitment to renewable enterprise. Similarly, INOV+

it and INOV−
it consist of

cumulative increase and decrease in innovation proxies in the production function at time
t and country i, correspondingly. Thus, our testable nonlinear models can be set as follows:

CO2it = a0 + a1Yit + Y2
it + a3 INOV+

it + a4 INOV−
it + a5TFC+

it + a6TFC−
it + µit (8)

Yit = a0 + a1TFC+
it + a2TFC−

it + a3 INOV+
it + a4 INOV−

it + a5URBit + µit (9)

where INOVit includes R&D proxy variables in CO2 model, while INOVit includes EPT
proxy variable in the economic growth model; i refers to countries, t shows the period,
and µit indicates error terms. These models help to understand how CO2e and economic
growth respond to positive and negative changes in green financial commitments to renew‑
able energy projects and energy technology innovation with some other control variables
such as GDP in the CO2e model and urbanization in the economic growth model.

4. Materials and Methods
To examine how economic growth and CO2e react to changes in “financial commit‑

ments to the renewable project, energy technology innovation, and public R&D expendi‑
ture” under the nonlinear scenario, the current study utilizes annual data spanning 2010–
2019 that were selected based on the data availability for 34 countries, namely, “Armenia,
Austria, Belarus, Belgium, China, Germany, India, Indonesia, Italy, Jordan, Kazakhstan,
Kyrgyzstan, Malaysia, Norway, Pakistan, Philippines, Poland, Portugal, Moldova, Serbia,
Spain, Sweden, Thailand, Türkiye, Ukraine, United Kingdom, Uzbekistan, Vietnam, Brazil,
Canada, Russian Federation, South Africa, United States of America, and France”. These
countries have been chosen due to the presence of comprehensive data on the financial obli‑
gations of renewable energy projects. The primary aim of this research is to investigate the
asymmetric impact of financial commitment; however, due to limited data availability, we
were constrained to restrict the selection of countries and time frames. All variables were
transformed into their logarithmic forms to handle the multiple units of measurement and
to express the coefficients as elasticities. Table 1 provides detailed information on our uti‑
lized data.
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Table 1. The variables and sources.

Variable Description Source

CO2
“CO2 emissions (metric tons
per capita)

World Bank (World
Development Indicators)

TFC

The financial commitments in
this context refer to the
monetary transactions
(measured in 2020 USD
million) made as
commitments from public
institutions, such as
governments, multilateral
development banks, and
other public finance
institutions. These
commitments are formal
agreements to allocate
financial resources to one or
more countries. The reported
flows are adjusted to account
for currency exchange rates
and inflation, bringing them
to a standardized base year.

International Renewable
Energy Agency (IRENA)

R&D

Public research and
development expenditure,
measured in millions of
dollars

World Bank (World
Development Indicators)

EPT Patents on environmental
technologies

World Bank (World
Development Indicators)

Y Gross domestic product per
capita (constant 2015 USD)

World Bank (World
Development Indicators)

URB Urban population growth
rate (annual %)

World Bank (World
Development Indicators)”

The study applies the Panel NARDL (PNARDL) model, also known as asymmetric
panel ARDL. Following the theoretical arguments, one can assume that the positive and
negative changes in energy technological innovation and public spending for research and
development do not have the same effect in terms of size and sign. Therefore, the panel ver‑
sion of Shin et al. [63] is used considering the following versions of Equations (10) and (11):

∆CO2it =∝1i +β1i CO2it−1 + ϕ+
1i INOV+

it−1 + ϕ−
1i INOV−

it−1 + δ+1i TFC+
it−1

+δ−1i TFC−
it−1 + η1iXit−1

+
k1
∑

j=1
ψ1ij∆CO2it−j

+
k2
∑

j=1
(∅+

1ij∆INOV+
it−j +∅−

1ij∆INOV−
it−j + δ+1i TFC+

it−j

+δ−1i TFC−
it−j + γ1ij∆Xit−j) + δ1i + E1it

(10)
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∆Yit =∝2i +β2i Yit−1 + ϕ+
2i INOV+

it−1 + ϕ−
2i INOV−

it−1 + δ+2i TFC+
it−1 + δ−2i TFC−

it−1
+η2iXit−1

+
k1
∑

j=1
ψ2ij∆Yit−j

+
k2
∑

j=1
(∅+

2ij∆INOV+
it−j +∅−

2ij∆INOV−
it−j + δ+2i TFC+

it−j

+δ−2i TFC−
it−j + γ2ij∆Xit−j) + δ2i

+E2it

(11)

where INOV+
it and INOV−

it are the associated negative and positive shocks in innovation
proxy in the respective model, correspondingly. Xit is a vector of regressors (control vari‑
ables) entering the model symmetrically. The long‑term coefficients are computed as ϕ+

1i
β1i

,
ϕ−

1i
β1i

, δ+1i
β1i

, δ−1i
β1i

, and, η1i
β1i

in Equation (10), while for Equation (11), the long‑term coefficients

are computed as ϕ+
1i

β2i
, ϕ−

1i
β2i

, δ+1i
β2i

, δ−1i
β2i

, and, η1i
β2i

in both equations; correspondingly, the negative
and positive shocks are computed as partial sum processes of the changes in regressors as
specified in Equations (4)–(7). Following Altıntaş and Kassouri [7] and Alnour et al. [64]
the linear symmetrical version of ECT can be modified to account for asymmetries. Thus,
the asymmetrical models of Equations (10) and (11) can be defined as follows:

∆CO2it = ῼ1iῷ1it−1

+ϑ1iXit−1

k1
∑

j=1
ψ1ij∆CO2it−j

+
k2
∑

j=1
(∅+

1ij∆INOV+
it−j +∅−

1ij∆INOV−
it−j + δ+1i TFC+

it−j

+δ−1i TFC−
it−j + γ1ij∆Xit−j) + δ1i + E1it

(12)

∆Yit = ῼ2iῷ2it−1 +ϑ2iXit−1

k1
∑

j=1
ψ2ij∆Yit−j

+
k2
∑

j=1
(∅+

2ij∆INOV+
it−j +∅−

2ij∆INOV−
it−j + δ+2i TFC+

it−j

+δ−2i TFC−
it−j + γ2ij∆Xit−j) + δ2i

+E2it

(13)

“where the nonlinear error correction terms (ῷ1it−1 and ῷ2it−1) correspondingly identify
the long‑run equilibrium in Equations (12) and (13), while ῼ1i and ῼ2i show the speed of
adjustment towards the long‑run equilibrium after the shocks”.

5. Results and Discussion
5.1. Preliminary Analysis

Table 2 outlines some important descriptive statistics for our proposed datasets, in‑
cluding “economic growth measured as per capita GDP, total financial commitments to in‑
vestment in renewable energy projects, CO2e, public R&D expenditure, energy patent, and
urban population growth rate”. Clearly, economic growth is by far the variable with the
highest average (18,582.94) over the sample period, varying between 966.15 and 76,005.22
with a standard deviation of 19,685.52. Moreover, financial commitments to clean energy
enterprises also show a notable fluctuation, ranging from 0.0012 to 11,354.16 with a mean
value of 299.29. In addition, energy patents demonstrate almost a consistent trend with a
mean value of 12.02. Carbon emissions, urban population growth, and research and devel‑
opment expenditure have an annual average of 5.84, 1.32, and 1.13, respectively.
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Table 2. Descriptive statistics.

Variables Mean Std. Dev. Min. Max.

Y 18,582.94 19,685.52 966.15 76,005.21
TFC 299.29 995.53 0.0012 11,354.11
CO2 5.84 3.82 0.76 17.43
R&D 1.13 0.96 0.08 3.39
EPT 12.02 5.75 2.75 55.29
URB 1.32 1.39 −1.62 12.77

5.2. Panel Unit Root and Cointegration Tests
Prior to performing the PNARDL analysis, the stochastic properties of the underly‑

ing series were investigated. In that respect, this research considered both “PP and ADF—
Fisher chi‑square panel unit root tests” after the non‑validation of the “cross‑sectional de‑
pendence (CSD)” across the sample countries, as most of the variables, including “carbon
emissions, financial commitments to renewable energy, and R&D”, cannot reject the H0 of
no CSD across the panel members (Table 3). Table 4 reports the panel unit root test results.
Obviously, both PP and ADF panel unit root tests demonstrate first‑order integration for
all the study variables, while both tests assume that public R&D spending and financial
pledges for green investment are stationary at levels. In addition to that, the PP panel unit
root test CO2e and energy patent are integrated at levels as well as at first difference. As
in the case of panel unit root tests, this study tested for cointegration by using Pedroni and
Kao tests to estimate the long‑run association between the variables (Table 5). Overall, both
test results validate the existence of a long‑run relationship among the studied variables in
both models.

Table 3. Average correlation coefficients and CD test.

Variable CD‑Test p‑Value Corr. Abs (Corr)

LCO2 11.51 0.01 0.12 0.56
LY 41.60 0.00 0.58 0.77
LY2 41.60 0.00 0.58 0.77
LTFC 10.63 0.02 0.11 0.24
LR&D 11.37 0.01 0.22 0.43
LEPT 13.27 0.00 0.18 0.34

“Notes: Under the null hypothesis of cross‑section independence, CD ~ N (0,1)”.

Table 4. Panel unit root tests.

PP—Fisher Chi‑Square ADF—Fisher Chi‑Square

Level First‑Difference Level First‑Difference

LCO2 97.99 (0.01) * 179.24 (0.00) * 82.10 (0.11) 108.56 (0.001) *
LY 55.47 (0.86) 152.53 (0.00) * 36.98 (0.99) 115.01 (0.000) *
LY2 49.34 (0.96) 134.95 (0.00) * 33.13 (0.99) 107.27 (0.001) *
LTFC 160.52 (0.00) * 302.12 (0.00) * 73.91 (0.001) * 79.42 (0.00) *
LR&D 160.52 (0.00) * 302.13 (0.00) * 73.91 (0.00) * 79.42 (0.00) *
LEPT 105.95 (0.00) * 290.98 (0.00) * 63.07 (0.43) 119.22 (0.00) *

“Note: Probabilities for Fisher tests are computed using an asymptotic Chi‑square distribution. Between paren‑
theses are p‑values. * Indicates significant level at 1%.”
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Table 5. Cointegration test.

Pedroni Test
Environmental Model Economic Growth Model

Statistic p‑Value Statistic p‑Value

“Modified
Phillips–Perron t 6.08 0.00 6.40 0.00

Phillips–Perron t −1.87 0.03 −0.22 0.41
Augmented

Dickey–Fuller t −3.24 0.00 −2.49 0.00

Kao test
Modified

Dickey–Fuller t 2.76 0.00 3.94 0.00

Dickey–Fuller t 2.00 0.02 3.67 0.00
Augmented

Dickey–Fuller t 2.52 0.00 3.64 0.00

Unadjusted
Modified

Dickey–Fuller t
0.49 0.32 3.38 0.00

Adjusted
Dickey–Fuller t” −0.32 0.37 2.78 0.00

“Note: H0: Ho: No cointegration. Ha: All panels are cointegrated.”

5.3. Nonlinear Panel ARDL Results
5.3.1. Environmental Sustainability Model

With the presence of a cointegration relation between the variables of interest, the
study proceeds to perform the PNARDL for environmental sustainability and economic
growth models. The selection of an efficient estimate is based on the Hausman test out‑
comes. Accordingly, the PNARDL model is a more appropriate technique to estimate
the asymmetric nexus between “financial commitments to the investment in clean energy
projects, public R&D expenditure, energy technology innovation, and GDP” over the pe‑
riod extending 2010–2019. Tables 6 and 7 correspondingly portray the PNARDL results
for the environmental sustainability and economic growth models.

Starting with the environmental sustainability model (model 1) in Table 6, the results
indicate that an increase or a decrease in financial commitments to renewable energy en‑
terprises has an insignificant effect on CO2e in the shorter run; however, in the longer run,
the commitments to the investment in clean energy projects significantly affect the levels
of pollution. More precisely, this study observed that negative shocks in green investment
(TFC−) has a significant reducing effect on CO2e, while the positive impulses in TFC+)
increase the pollution. The insignificant effect of both positive and negative shock in TFC
in the short run (D.TFC− and D.TFC+

)
on CO2e was unexpected. However, a cursory

review of the literature would reveal that it is not surprising, considering the intricate na‑
ture of green finance regulations and the criteria used to make green investment decisions.
These measures are employed by the corporate sector and other public funding organiza‑
tions to choose whether to invest in sustainable energy projects.
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Table 6. Environmental quality model.

Variable Coef. Std. Err. Z P > Z [95% Conf. Interval]
TFC− 0.0012481 0.0001959 6.37 0.000 0.0008641 0.001632
TFC+ 0.0003351 0.0000611 5.49 0.000 0.0002154 0.000454
Y −0.0001732 0.000024 −7.21 0.000 −0.0002203 −0.00012
Y2 −1.84 1.85 −9.95 0.000 −2.20 −1.48
ECM −0.4055122 0.06801 −5.96 0.000 −0.5388093 −0.27221
D.TFC− −0.0027711 0.0063226 −0.44 0.661 −0.0151631 −0.009620
D.TFC+ −0.0002685 0.0015033 −0.18 0.858 0.0032148 −0.002677
D.Y 0.0006952 0.0004596 1.51 0.130 0.0002056 0.001596
D.Y2 1.39 7.40 0.19 0.851 −2.20 −1.48
CONS 3.683747 0.7250567 5.08 0.000 2.262662 0.104832
Log Likelihood: 178.2417 Hausman 3.53 (0.1708)
Wald LR: 30.30 (0.0000)
Wald SR: 0.84 (0.3588)

Model with R&D
R&D− −2.249939 0.1382759 −16.27 0.000 −2.520955 −1.97892
R&D+ −2.190718 0.1343457 −16.31 0.000 −2.45403 −1.92740
ECM −0.3400508 0.0606919 −5.60 0.000 −0.4590046 −0.22109
D.R&D− 0.0055994 0.0121095 0.46 0.644 −0.0181347 0.029333
D.R&D+ 0.0055759 0.0111451 0.50 0.617 −0.0162681 0.027419
CONS 2.011629 0.3630252 5.54 0.000 1.300112 2.723145
Log Likelihood: 169.4319 Hausman 0.30 (0.8599)
Wald LR: (4.21) (0.0402)
Wald SR: (0.62) (0.4292)

Table 7. Economic growth model.

Variable Coef. Std. Err. Z P > I z I [95% Conf. Interval]
TFC− −3.858376 0.3468152 −11.13 0.000 −4.538121 −3.17863
TFC+ −1.44266 0.3303983 −4.37 0.000 −2.090229 −0.795091
URB 5870.268 116.8475 50.24 0.000 5641.251 6099.285
ECM 0.0456333 0.0269012 1.70 0.090 −0.0070921 0.0983587
D.TFC− −17.03118 16.8422 −1.01 0.312 −50.04129 15.97893
D.TFC+ 0.2769759 0.2185172 1.27 0.205 −0.15131 0.7052618
D.URB 522.5783 349.5142 1.50 0.135 −162.457 1207.614
CONS −85.02652 807.1955 −0.11 0.916 −1667.101 1497.048
Log Likelihood: −1709.617
Wald LR: 89.84 (0.000)
Wald SR: 1.06 (0.3588)

Model with EPT
EPT− −4.999979 3.058467 −1.63 0.102 −10.99446 0.9945061
EPT+ −2.717644 2.756065 −0.99 0.324 −8.119431 2.684144
ECM −0.0637964 0.0412281 −1.55 0.122 −0.144602 0.0170092
D.EPT− 10.77495 23.44446 0.46 0.646 −35.17533 56.72524
D.EPT+ 10.3029 21.61027 0.48 0.634 32.05245 52.65824
CONS 899.2992 649.0195 1.39 0.166 −372.7557 2171.354
Log Likelihood: 2171.354
Wald LR: 0.60 (0.4382)
Wald SR: 0.78 (0.3762)

Possibly, supported by some statistics, this result might be a clear indication that the
volume of investments made and/or the commitment to renewable energy enterprises are
insufficient to prevent the climate catastrophe. Recent statistics reveal that to keep the tem‑
perature ‘well below’ 2 ◦C, nations must invest at least 1.8$ trillion in renewable energy
technologies [10,65] to mitigate global CO2e by 7.6% every year and realize our climate
goals based on the Paris Agreement [42]. Following the recent report by IRENA, invest‑
ment in renewable energy has hit 0.5$ trillion; however, this represents less than one third
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of the average investment needed each year [66]. Furthermore, the increasing effect of in‑
vestment in renewable energies (TFC+) on CO2e supports the arguments put forward by
the argument of the green paradox, which claims that inappropriate policies and environ‑
mental regulation could prevent clean technologies from having a desirable effect on the
environment since they enhance over‑exploitation of resources, resulting in more pollu‑
tion [67]. In this respect, policymakers should ensure appropriate green finance policies to
attract the private sector into the renewable energy market.

Turning to the R&D expenditure, it is found that government spendings on research and
development have no significant implications on CO2e in the short run, while the opposite
influence of R&D on CO2e in the long run was observed (R&D− and R&D+). It is found
that a rise in public R&D spending is associated significantly with a decrease in CO2e; a 1%
rise in R&D leads to a 2.19% dwindle in CO2e. This result, demonstrating the significant long‑
term effect of R&D, is compatible with the results of previous studies [7,68,69]. Therefore, our
results validate the argument that government policy support plays a pivotal role in fostering
the long‑term development of renewable energy through research expenditure.

Moving on to the control variable (GDP), the findings uncover that there is a signifi‑
cant reducing impact of the GDP and the square GDP on CO2e in the long run, while the
impact of the same variables in the short term is an insignificant effect. The reducing effect
of economic growth (GDP, GDP2) in the long term is consistent with the findings of [7].
From the theoretical viewpoint, there are two ways to investigate the conformity of the
EKC hypothesis; this study can conduct a comparison between the short‑run and long‑run
coefficients to analyze the relationship, as done by [70] or, alternatively, the coefficient of
the GDP and GDP2 can be compared [42]. In both strategies, our results do not explic‑
itly support the validity of the EKC hypothesis across the study sample. The asymmetric
“Error Correction Mechanisms (ECM)” with TFC (−0.4055) and R&D (−0.34005) are neg‑
ative and statistically significant. Moreover, the Wald test results in Table 6 confirm the
asymmetric effect of FTC and R&D on CO2e in the long run (Wald LR).

5.3.2. Economic Growth Model
ThePNARDL outcomes involving economic growth as a dependent variable are shown

in Table 7. As with the environmental sustainability model, the financial commitments to
renewables have an insignificant effect on economic growth in the short run (D.TFC−,
D.TFC+), while the opposite is true in the longer term. It was found that a negative shock
associated with TFC (TFC−) increases economic growth while a positive shock (TFC+)
significantly reduces economic growth. Although renewable energy investments are es‑
sential for achieving sustainable growth and environmental advantages, they can present
obstacles to long‑term economic growth due to the significant upfront expenses, oppor‑
tunity cost, risks associated with technology and the market, concerns about efficiency,
challenges related to infrastructure, and costs associated with transitioning to renewable
energy sources. To avoid adverse effects and facilitate a seamless transition to a sustain‑
able energy future, it is crucial to strike a balance between these investments and other eco‑
nomic priorities. Furthermore, urbanization has a significant positive impact on long‑term
economic growth, whereas its effect is not significant in the short term. Urbanization can
promote sustained economic growth by increasing productivity through the advantages
of scale and agglomeration, stimulating innovation and knowledge spillovers, improving
infrastructure and services, creating vibrant labor markets, increasing consumption and
demand, attracting investment, and benefiting from efficient governance [71].

Surprisingly, energy patents (EPT) have no significant effect on economic growth ei‑
ther in the short run or in the long run. “This outcome potentially suggests that transition‑
ing from fossil fuels to renewable energy sources could have counterproductive effects
for countries with lower levels of economic development.” Therefore, it becomes crucial
for these countries to attain a stage of economic development known as the “structural
effect stage.” This stage is characterized by promoting and facilitating the utilization of
renewable energy, ensuring that the shift away from fossil fuels aligns effectively with the
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country’s developmental needs [7,22]. The asymmetric ECM is found to be negative and
significant (−0.40551). It is worth emphasizing that “the long‑run Wald tests, specifically
the Wald LR test, reject the null hypothesis of long‑run impact and asymmetry at the 1%
level of significance for the model.”

6. Conclusions and Policy Implications
6.1. Concluding Remarks

Climate change and global warming are undeniably becoming paramount challenges
facing the global community today. Aligning the economic objectives with environmental
sustainability is not a choice; rather, it is necessary. This study is an endeavor to dissect
the prevailing trend in the economic and environmental asymmetric impact of financial
commitments to renewable energy projects, R&D spending, and environmental technolo‑
gies. To this end, this study considers employing a panel approach for 34 countries during
the period 2010–2019, utilizing the PNARDL approach to disentangle the asymmetric ef‑
fects among the purposed variables. In addition, the environmental sustainability model
incorporates GDP per capita as a control variable, whereas the economic growth model
incorporates urbanization as a control variable.

The results revealed that financial commitment to renewable projects significantly af‑
fects CO2e only in the long term. Similarly, an increase in public R&D expenditure is signif‑
icantly associated with the decline in CO2e. This outcome clearly reveals that government
policy support is the key to the development of renewable energies. However, green finan‑
cial commitments are found to have a significant reducing effect on economic growth in
the long run. Meanwhile, this research found that energy patents have no reliable power
to explain the variation in economic growth. In addition, our results do not explicitly dis‑
close the validity of the EKC argument; however, GDP is found to have an undesirable
implication on environmental quality in all terms. On the other hand, it has been shown
that urbanization promotes economic growth, which supports the claims made by devel‑
opment organizations that urbanization drives development or that cities act as “engines
of growth”.

6.2. Policy Insights
Overall, our results have several practical relevance. First, policymakers must in‑

crease the amount of financial investment in renewable energy enterprises. To do so, the
government can implement several attractive green finance policies to motivate the private
sector to invest in renewable energies. Several policies can be implemented including feed‑
in tariffs, production tax credits/reliefs, and subsidized investment loans. Each of these
measures can potentially impact the “rise in grid electricity prices,” hence encouraging
investments in renewable energy. In addition, it is important to encourage the adoption
of green certificates as transferable certifications that represent the verified production of
renewable energy units. These certificates enable consumers and producers to exchange
their commitments to using renewable electricity. Second, increasing public R&D expen‑
diture can potentially increase energy efficiency and reduce the amount of energy needed
for production. This will reduce the overutilization of natural resources and prevent the
green paradox. Third, countries should prioritize incorporating public spending in energy
technology research, development, and deployment (RD&D) into their agenda for environ‑
mental sustainability as a crucial measure to mitigate CO2e.

As most of our datasets are subject to fiscal conditions (expansionary and contrac‑
tionary), estimation methods should be able to deal with the dynamic regime. In that
respect, although asymmetric analysis may partially detect the nonlinear behavior, the dy‑
namic regime differences are more powerful. Thus, future research may consider applying
different models such as “Markov Regime Difference, Wavelet Coherence Transforms, and
Quantile on Quantile model.” Furthermore, future studies can utilize the most recent data
based on their availability.
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