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Abstract

This study investigates the determinants of green energy penetration in the Next Eleven
(N-11) economies over the period 2000-2022, with a particular focus on the roles of for-
eign direct investment (FDI), green transition, governance quality, industrial growth, and
urbanization. The primary objective of the study is to assess how investment flows, struc-
tural transformation, and institutional capacity jointly shape the adoption of renewable
energy in fast-growing emerging economies. To achieve this goal, the study employs a
second-generation panel econometric and machine-learning framework that accounts for
cross-sectional dependence, slope heterogeneity, and long-run equilibrium relationships.
Specifically, cross-sectional dependence and slope homogeneity tests are conducted, fol-
lowed by CADF and CIPS unit root tests and the Westerlund cointegration approach. Long-
run effects are then estimated using Partialing-Out LASSO and Cross-Fit machine-learning
estimators, complemented by SHAP analysis to interpret nonlinear and heterogeneous
effects. The results indicate that green transition, governance quality, and urbanization
significantly promote green energy penetration. In contrast, FDI and industrial growth
exert adverse effects, reflecting carbon-intensive investment and production structures.
The findings highlight the importance of coordinated investment strategies, institutional
strengthening, and urban planning in accelerating renewable energy transitions in emerg-
ing economies. These results provide policy-relevant insights for achieving sustainable
energy development while supporting long-term economic growth in the N-11 countries.
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1. Introduction

The worldwide energy system is changing drastically, as nations work harder to curb
climate change, reduce carbon emissions, and ensure long-term energy security [1]. The
rise in the frequency of climate-related tragedies, the increase in atmospheric carbon levels,
and the growing instability in fossil fuel markets have heightened the urgency of shifting to
clean, renewable energy systems [2]. In this regard, the green energy penetration, which is
the proportion of renewable energy to the total final energy consumption, is becoming a key
parameter of sustainable progress in energy [3]. Increasing the share of renewables not only
helps reduce greenhouse gas emissions and air pollution but also increases energy security,
stabilizes long-term energy costs, and supports the development of new technologies and
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green jobs [4]. Consequently, the growing penetration of green energy has been seen as a
pillar of national and international sustainable development policies [5].

Although the shift towards renewable energy is a global concern, success in this area is
increasingly influenced by ongoing changes in emerging economies. Out of them, a strategi-
cally important role in the global energy arena is taken by the Next Eleven (N-11) countries,
i.e., Bangladesh, Egypt, Indonesia, Iran, Mexico, Nigeria, Pakistan, the Philippines, South
Korea, Turkey, and Vietnam. Rapid industrialization, accelerating urbanization, increased
energy consumption, and further involvement in global investment chains are character-
istic of such economies. Concurrently, they have considerable potential for renewable
energy [6]. Nevertheless, the development of green energy in the N-11 has been uneven,
revealing disparities in economic structures, policy commitments, institutional capacities,
and investment conditions. Given their growing manufacturing output, large populations,
and increasing contributions to global emissions, the future trajectory of green energy
penetration in the N-11 will be critical to mitigating climate change worldwide.

Foreign direct investment (FDI) is one of the most significant drivers of energy change
in emerging economies [7]. The international transfer of capital, technology, and managerial
skills occurs through FDI, which, in turn, shapes production systems and energy structures
in host countries [8]. FDI can accelerate the adoption of renewable energy technologies,
energy-efficient production processes, and low-carbon innovations through technological
spillovers, supply-chain linkages, and demonstration effects. In doing so, FDI can boost the
supply of renewable energy and increase the share of green energy [9]. Simultaneously, the
environmental impact of the same remains highly contextual. Although green-oriented FDI
enhances the implementation of renewable energy, investment in sectors that rely heavily
on fossil fuels can slow the pace of the energy transition, especially where environmental
regulation is weak [10].

In addition to investment flows, green transition policies play a key role in the re-
design of national energy systems [11]. The institutional support for the green transition
includes policy tools such as renewable energy targets, subsidy reforms, carbon pricing,
and government investment in clean technologies [12]. These will lower the cost barriers
to renewable implementation, increase investor confidence, and enable rapid, large-scale
implementation of clean energy infrastructure [13]. With growing climate commitments
worldwide, green transition plans continue to dictate the pace and intensity of renewable
energy penetration into national energy systems [14].

Simultaneously, the dynamics of green transitions heavily depend on the processes
of industrial structure and urbanization [15]. The expansion of industries contributes
significantly to energy demand. It may trigger the use of renewable energy sources through
clean technologies, or may strengthen reliance on fossil fuels in the absence of regulations
aimed at sustainability [16]. On the same note, urbanization transforms consumption
patterns, infrastructure demands, and energy demands. Although rapid urban growth
can lead to increased reliance on traditional energy sources, well-planned urbanization
offers practical opportunities to adopt green energy through intelligent grids, mass transit,
and energy-saving buildings [17]. Accordingly, industrialization and urbanization are both
simultaneous drivers and potential facilitators of the infiltration of green energy [18].

The quality of governance and institutional effectiveness eventually determines the
success of these processes. Good governance guarantees stable regulations, credibility, and
the effectiveness of energy and environmental policies, which are necessary for investing
in renewable energy sources and sustaining long-term change [19]. Conversely, incentives
may be misaligned due to weak governance, regulatory uncertainty, and institutional
inefficiencies, thereby discouraging private investment and slowing the adoption of re-
newable energy [20]. Thus, the quality of governance is a basic determinant of the success
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of investment, transition, and structural change policies in achieving high green energy
penetration [21].

Despite the growing literature on renewable energy and environmental sustainability,
important gaps remain in understanding how investment flows, structural transforma-
tion, and institutional quality jointly shape green energy penetration. Existing studies,
such as Haseeb et al. [22], rely on second-generation panel estimators applied mainly to
developed-country contexts and do not capture nonlinear or high-dimensional interactions,
while Uddin & Shahbaz [23] employ causal machine-learning frameworks that omit key
structural and institutional determinants of green energy outcomes. Moreover, rapidly
growing emerging economies particularly the Next Eleven (N-11) countries have not been
systematically examined under a unified analytical framework, despite their rising energy
demand, industrial expansion, and increasing contribution to global emissions.

This study makes three original contributions. First, it provides the first comprehen-
sive analysis of green energy penetration in the N-11 economies over the period 2000-2022,
focusing on the joint roles of foreign direct investment, green transition policies, gover-
nance quality, industrial growth, and urbanization. Second, it integrates second-generation
panel econometric diagnostics with advanced causal machine-learning methods such as
Partialing-Out LASSO and Cross-Fit estimators to address cross-sectional dependence, het-
erogeneity, endogeneity, and nonlinear relationships within a single empirical framework.
Third, it employs SHAP-based interpretability techniques to decompose machine-learning
predictions and quantify the relative contribution of each determinant to green energy
penetration, thereby enhancing transparency and policy relevance. Collectively, these
contributions extend the energy transition literature by offering robust, policy-relevant
evidence on how emerging economies can align rapid economic growth with sustainable
energy transitions.

The remainder of this paper is organized into five sections. Section 2 reviews the
relevant literature on the penetration of green energy and its major determinants. Section 3
presents the theoretical framework, develops the research hypotheses, and describes the
data and methodology. Section 4 reports and discusses the empirical findings. Finally,
Section 5 concludes with key policy implications and directions for future research.

2. Literature Review
2.1. Integrated Literature Overview and Theoretical Foundations

The growing urgency of climate change mitigation and energy security has positioned
green energy penetration (GEP) at the center of sustainable development strategies world-
wide [24]. A substantial body of literature recognizes that a single factor does not drive the
expansion of renewable energy; rather, it arises from the complex interplay of international
capital flows, structural economic transformation, urban dynamics, and institutional qual-
ity [25]. Among these drivers, foreign direct investment (FDI) has received considerable
attention for its role in facilitating technology transfer, knowledge spillovers, and access to
modern energy infrastructure, thereby supporting the deployment of renewable energy
in host economies [26]. At the same time, green transition, including renewable energy
targets, carbon regulations, and clean energy subsidies, is increasingly seen as the institu-
tional backbone shaping long-term energy restructuring [27]. Complementing these forces,
industrial growth and urbanization significantly alter national energy demand patterns and
investment needs, potentially accelerating the adoption of renewables through scale effects,
infrastructure expansion, and market deepening, while also posing risks of fossil-fuel
lock-in [28]. Finally, the effectiveness of all these mechanisms is fundamentally conditioned
by governance quality, which determines regulatory credibility, policy enforcement, and
investor confidence. Together, this literature suggests that the penetration of green energy
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results from an integrated system in which investment, transition strategies, structural
change, urban expansion, and institutional capacity jointly shape the pace and direction of
renewable energy development [29].

This study is grounded in structural change theory, ecological modernization theory,
urban transition theory, and investment-led technology diffusion theory, which together
explain how foreign direct investment, green transition policies, governance quality, in-
dustrialization, and urbanization jointly shape green energy penetration. Building on this
theoretical foundation, Figure 1 presents the conceptual framework linking key economic,
policy, structural, and institutional factors to green energy penetration. The following
subsections review the literature on each determinant individually to motivate hypothe-
sis development.

Green
Transition (GT)

Foreign Direct - Green Energy Gove.rnance
Investment (FDI) Penetration (GEP) Quality (GQ)

Industrial Urbanization
Growth (UB)
(IG)

Figure 1. Theoretical Framework for N-11 Countries. Note: Green arrows indicate positive effects,
while red arrows denote negative effects.

2.2. FDI and Green Energy Penetration

The existing literature offers diverse opinions on the association between FDI and
renewable energy penetration. Two schools of thought exist that explain the relationship
between FDI and renewable energy penetration. The first school of thought follows the
pollution haven hypothesis, which posits that enterprises that pollute the environment
shift their operations to countries with weaker environmental regulations to avoid such
restrictions, and that these enterprises then set up operations in developing countries that
depend mainly on non-renewable energy sources, thereby contributing to environmental
degradation. From this perspective, FDI is considered a significant factor in reducing the
penetration of renewable energy. Recent studies in the literature confirm this hypothesis
and show that FDI significantly reduces the use of renewable energy, particularly when
regulatory stringency is not up to standard [10]. Certain mechanisms explain the association
between FDI and renewable energy consumption. These mechanisms specifically involved
the Scale effect, technique effects, and regulatory effect [30]. The scale effects support the
pollution haven hypothesis and indicate that increased FDI in the host country is associated
with greater production. To reduce production costs, firms typically rely on low-cost
non-renewable energy sources, thereby decreasing renewable energy use and contributing
to environmental degradation [31]. Additionally, the regulatory effects revealed that
the developing economies face both challenges of economic growth and environmental
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sustainability, and to improve the economic growth, they have relaxed environmental
regulations and attracted polluting FDI that discourages the use of renewable energy and
compromises environmental sustainability [32]. In addition to these results, many studies
report an inverse association between FDI and renewable energy penetration, as in Kang
et al. [33], who used data on South Asian economies from 1990 to 2019. This study revealed
that increasing FDI reduces renewable energy penetration by 3.36%. Similar results are
reported by Grabara et al. [34] in Kazakhstan and Uzbekistan, who found that FDI is
negatively associated with renewable energy penetration because it is primarily used in
highly polluting industries, such as mining. In addition, numerous studies in the literature
document a negative association between FDI and renewable energy penetration [35].

On the other hand, the pollution halo hypothesis holds that FDI brings technological
innovation to the host country and is involved in green transformation and the use of
renewable energy resources, thereby promoting environmental sustainability [36]. Many
studies in the existing literature support this hypothesis and reveal that, due to technical ef-
fects, FDI drives technological innovation and uses renewable energy resources in economic
activities, thereby promoting environmental sustainability [37]. Recently, many studies
investigated the role of FDI on economic growth and environmental quality in China and
found that FDI brings positive change in promoting sustainable economic development by
introducing technological innovation in the country [38].

Although these studies make significant contributions to the existing literature on the
effects of FDI on renewable energy penetration, there is no consensus among scholars on the
association between FDI and renewable energy penetration; therefore, further studies are
warranted to investigate the impact of FDI on renewable energy penetration across different
regions and economies. Based on the above discussion, the present study hypothesized that

H1. FDI has a positive effect on the renewable energy penetration.

2.3. Green Transition Policies and Renewable Enerqy Penetration

The green energy transition refers to the shift from traditional, carbon-intensive energy
sources to renewable, environmentally friendly sources. This transition has a significant
impact on environmental preservation [39]. Recently, Haseeb et al. [22] examined the effects
of the green transition on renewable energy penetration, using data from five developed
European economies from 2000 to 2022. This study revealed that green transition initiatives
significantly enhance the penetration of renewable energy. Zhang et al. [40] investigated
the impact of green transition policies on energy firms in China from 2004 to 2021. The
study documented that policies relevant to the green transition are significantly helpful
in green energy development. Yeboah et al. [41] suggested that targeted green policies
are necessary to establish renewable energy infrastructure. These results are also reported
by Xue et al. [42], who argue that green industrial policies are essential to the green
transition and decarbonization. This study also revealed that green investment is helpful
for green transition and global decarbonization. Another study by Javed et al. [43] also
investigated the impact of green policies and green technological innovation on renewable
energy consumption and sustainable economic development. This study revealed that
stringent renewable energy policies in G-7 countries significantly increase the consumption
of renewable energy relative to non-renewable energy. Moros-Daza et al. [44] demonstrate
that targeted policy instruments such as subsidies, tax incentives, and environmental
regulations are essential for advancing the green transition and promoting renewable
energy penetration. Ma et al. [45] recently conducted a study using data on the top and
least green economies for the period 1990 to 2021. This study found that environmental
protection policies are effective in achieving the carbon-neutrality target. This study further
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suggested that the least green economies require strict implementation of green policies to
achieve sustainability targets. Based on the above discussion, we hypothesize that

H2. Green transition policies have a positive impact on renewable energy penetration.

2.4. Governance Quality and Renewable Energy Penetration

Governance quality is generally referred to as the effectiveness of governance, the rule
of law, regulatory quality, accountability, and overall performance. Effective governance
is essential for facilitating economic activities and leveraging environmental technologies
to address environmental concerns. It is also involved in a smooth taxation system that
supports innovative technologies, promotes the use of renewable energy resources, and
ensures sustainable growth [46]. Many studies in existing literature found governance qual-
ity to be an essential determinant of green transformations. For instance, Shang et al. [47]
revealed that effective governance not only sets policies for green energy utilization but
also implements them and adopts renewable energy resources effectively. Haseeb et al. [22]
revealed that effective governance is necessary for the transition from conventional carbon-
emitting energy resources to renewable, environmentally friendly energy resources. This
study further revealed that policies such as environmental taxes, cost-effective energy
resources, and green financing direct resources towards green energy and environmental
sustainability. Similar results are also reported by Mahmood et al. [48], who revealed that
good governance increases energy consumption across all sectors and leads to a preference
for renewable energy over non-renewable energy.

On the other hand, some studies report diverse results regarding the impact of gover-
nance quality on green transition. For example, Asongu et al. [49], using data from African
economies, found an inverse relationship, indicating that high governance quality is asso-
ciated with a slower green transition. Similar findings are reported by Gyimah et al. [50]
who document an adverse association between governance quality and environmental
sustainability, indicating that higher governance effectiveness is linked to increased carbon
emissions through greater reliance on non-renewable energy sources.

Based on the above discussion, it is evident that governance quality has diverse
effects on energy utilization. In some regions, it increases the use of non-renewable energy,
whereas in others it promotes the use of renewable energy. These findings suggest that
further studies should be conducted to explore its impact across areas and then compare
these regions. This study aims to identify the effect of governance quality on renewable
energy penetration in the Next eleven countries. The study hypothesized that

H3. Governance quality has a positive impact on renewable energy penetration.

2.5. Industrial Structure and Renewable Energy Penetration

Industrial structure is another major determinant of renewable energy penetration
in an economy. When countries make a transition from a traditional to a green economy,
they make major legislative and policy decisions and invest in technologies to reshape the
industrial structure that supports the penetration of renewable energy. Zhao et al. [51]
revealed that the upgradation of industrial structure helps to alter the change in energy
resources and results in the adoption of renewable energy in China. Fu et al. [52] sug-
gested that countries with high economic growth should pay more attention to changing
the industrial structure to reduce carbon emissions. Countries should restructure their
industrial base and adopt renewable energy to improve environmental quality. This study
concludes that industrial structure and renewable energy penetration are interconnected
and significantly contribute to environmental sustainability. Liu [53] reported that the use
of robots in industries significantly reduces the use of fossil fuels and changes the industrial
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structure, resulting in the optimization of the energy structure of highly industrialized
countries. Recently, Haseeb et al. [22] revealed that rapid industrial growth has a significant
positive impact on the penetration of renewable energy. Further analysis showed that
governments should develop industrial planning to transition from traditional energy
resources to environmentally efficient ones.

These results suggest that industrial structure is another major determinant of the
use of traditional energy resources or the shift from these to environmentally efficient
renewable energy resources. Based on this discussion, we hypothesized that

H4. Industrial structure has a positive impact on renewable energy penetration.

2.6. Urbanization and Renewable Energy Penetration

Existing literature presents diverse views on the relationship between urbanization
and the penetration of renewable energy. Overall, the literature identifies two competing
perspectives on the relationship between urbanization and renewable energy penetration.
One school of thought argues that urbanization promotes renewable energy adoption,
while the other suggests that it hampers the transition toward clean energy. For instance,
Zhao et al. [54] demonstrate that urbanization plays a pivotal role in advancing the green
energy transition in China by facilitating the adoption of clean energy resources, thereby
increasing renewable energy penetration and reducing environmental degradation. Sim-
ilar evidence is provided by [55] who show that urbanization increases overall energy
demand, thereby stimulating the use of renewable energy and contributing positively to
environmental sustainability.

Conversely, recent studies report that rapid urbanization may hinder renewable energy
adoption. For instance, ref. [22] find that accelerated urbanization in China reduces the use
of renewable energy and argue that substantial industrial restructuring and stronger green
energy policies are necessary to support renewable energy penetration. Similar evidence is
provided by Salim et al. [56] who show that urbanization significantly constrains renewable
energy use and reinforces reliance on traditional industrial structures. Their findings
further indicate that urbanization promotes dependence on non-renewable energy sources,
thereby exacerbating environmental degradation [57]. Vo et al. [58] report that urbanization
adversely affects renewable energy penetration in the short run but exerts a positive effect
in the long run across ASEAN countries, highlighting dynamic adjustment effects. In line
with this long-run perspective, Dilanchiev et al. [59] found a positive association between
urbanization and renewable energy penetration.

The above discussion of the association between urbanization and renewable energy
penetration demonstrates the diversity of scholarly opinion. These results indicate that
further studies are warranted to obtain additional evidence and to conclude the discussion.
For this purpose, the present research hypothesized that

H5. Urbanization has a positive impact on the penetration of renewable energy in the Next
11 countries.

3. Data and Methodology
3.1. Variables of the Study

The study aims to examine the effects of foreign direct investment, green transition,
Industrial Growth, Urbanization, and Governance quality on the green energy penetration
of Next Eleven (N-11) countries, including Vietnam, Turkey, South Korea, the Philippines,
Pakistan, Nigeria, Mexico, Iran, Indonesia, Egypt, and Bangladesh. Due to data availabil-
ity, we used data from the World Development Indicators (WDI) database (World Bank,
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Washington, DC, USA), the World Governance Indicators (WGI) database (World Bank,
Washington, DC, USA), and the International Renewable Energy Agency (IRENA) database
(IRENA, Abu Dhabi, United Arab Emirates) for the period 2000-2022. Table 1 presents the
definitions of the variables, their units of measurement, and the data sources.

Table 1. Variable Definitions and Data Sources.

Variables Symbols  Definitions/Measurements Sources

. Share of renewable energy consumption in total final World Development
Green Energy Penetration =~ GEP energy use (%) Indicators (WDI)
Foreign Direct Investment  FDI FDI stock as a percentage of GDP World Development

Indicators (WDI)

-, - . International R bl
Green transition GT Share of renewable electricity generation (%) niernational Renewab e

Energy Agency (IRENA)
Industrial growth IG Industry value added as a percentage of GDP }/r\gli‘ijt](:))fsv(e\}\(])]grgent
Urbanization URB Urban population as a percentage of total population Kgﬁi:ﬁ;"fxg rIr)lent
Governance quality GQ Composite index of government effectiveness, regulatory ~ Worldwide Governance

quality, and control of corruption Indicators (WGI)

Note: This table summarizes variable definitions, measurements, and data sources used in the analysis.

3.2. Descriptive Statistics

Table 2 reports descriptive statistics for all variables across the N-11 economies over
the period 2000-2022, including the mean, median, standard deviation, minimum, and
maximum values. The statistics summarize key characteristics of green energy penetration
(GEP), foreign direct investment (FDI), green transition (GT), industrial growth (IG), ur-
banization (URB), and governance quality (GQ). The penetration of green energy averages
28.7%, ranging from 0.4% to 88.1%. The increasing penetration of green energy over time
indicates sectoral progress. The mean value of outward foreign direct investment is 0.66,
with a minimum of —1.24 and a maximum value of 3.93. The average share of green
transition is 20.66, with a minimum of 0.99 and a maximum of 52.67. This trend indicates
a significant shift from nonrenewable to renewable energy. Industrial growth averages
30.6 and ranges from 17.16 to 49.64, with a standard deviation of 7.67. This implies relatively
stable industrial development across countries; however, notable structural changes and
shifts in industrial capacity were observed. Urbanization has a mean of 48.72 and a high
range of 23.59 to 81.73. Standard deviation was calculated at 18.63. These values highlight
a significant disparity in population density and urban population patterns across the
panel of N-11 countries. Finally, governance quality averages at —0.76, with a minimum
of —1.54, a maximum of 1.02, and a standard deviation of 0.49. The negative mean value
of governance quality indicates a lower level of governance quality across the panel, and
the high range suggests significant variation in governance effectiveness and institutional
structures across the N-11 countries. For completeness, country-level trends in green energy
penetration are illustrated in Figure Al in the Appendix A.

Table 2. Descriptive Statistics.

GEP OFDI GT IG URB GQ
Mean 28.76 0.66 20.60 30.60 48.72 —-0.76
Minimum 0.4 —1.24 0.99 17.16 23.59 —1.54
Maximum 88.1 3.93 52.67 49.64 81.73 1.02
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Table 2. Cont.

GEP OFDI GT IG URB GQ
Median 26.1 0.26 17.12 31.40 42.84 —0.82
Std. Dev.  21.70 0.95 14.70 7.67 18.63 0.49
Obs. 253 253 253 253 253 253

Note: The table presents descriptive statistics for all variables for the N-11 economies over 2000-2022.

3.3. Model Specification

This study adopts a second-generation panel econometric and machine-learning es-
timation strategy. The empirical model is specified with green energy penetration (GEP)
as the dependent variable, foreign direct investment (FDI), green transition (GT), and
governance quality (GQ) as the main regressors, and industrial growth (IG) and urban-
ization (URB) as control variables. Cross-sectional dependence is examined using the
Breusch-Pagan LM [60], Pesaran scaled LM [61], bias-corrected LM [62], and Pesaran
CD tests [61], followed by the Pesaran and Yamagata [62] slope homogeneity test to
assess parameter heterogeneity. Given the presence of cross-sectional dependence, second-
generation CADF and CIPS unit root tests are applied to determine the order of inte-
gration [63]. Long-run equilibrium relationships are then examined using Westerlund’s
(2007) [64] error-correction-based panel cointegration test, using both group-mean and
panel statistics. Conditional on cointegration, long-run effects are estimated using Least
Absolute Shrinkage and Selection Operator (LASSO) [65] based Partialing-Out LASSO
Regression (POLR) [66] and its Cross-Fit (double machine learning) [67] extension to allow
for causal inference under high-dimensional controls. To address potential endogeneity and
reverse causality, an instrumental variable two-stage least squares (IV-2SLS) approach is
implemented using lagged values of FDI and GT as instruments, and consistency between
the machine-learning and IV estimates is used to confirm the robustness and causal stability
of the results [68].

Lastly, to increase the transparency and applicability of the machine-learning estimates,
the paper uses Shapley Additive Explanations (SHAP) [69] to decompose the estimated
green energy penetration into variable-specific explanations. The SHAP model enables
the determination of the relative significance, direction, and nonlinear impact of FDI,
the green transition, industrial growth, urbanization, and governance quality. To ensure
robustness, an alternative tree-based boosting algorithm is used to validate the SHAP
estimates, and consistency in dominance rankings across models indicates that the estimates
are not sensitive to the choice of algorithm. For completeness, a schematic overview of the
empirical estimation strategy is provided in Figure A2 in Appendix A.

Haseeb et al. [22] adopt a dynamic panel framework that allows for both short-run and
long-run relationships among the variables. The study examines the effects of foreign direct
investment, the green transition, governance quality, industrial growth, and urbanization
on green energy penetration, integrating a comprehensive empirical framework. The
mentioned explanatory variables are essential for capturing their associations with the
dynamics of green energy penetration. Accordingly, the econometric model underlying
this investigation is presented in Equation (1).

GEP; = f(FDIy, GTR;;, GQTjt, IGR;;, URBy) (1)

where i denotes the country, and t represents time. GEP denotes green energy penetration,
which represents the share and diffusion of renewable energy within the total energy
system. FDI denotes foreign direct investment, GT represents the green transition, and
GQ denotes governance quality; together, these constitute the core explanatory variables.
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Meanwhile, IG and URB represent industrial growth and urbanization, respectively, and are
included as control variables to capture structural economic and demographic influences
on the penetration of green energy.

For econometric estimation, the functional relationship in Equation (1) is further
expressed in a linear panel data framework as follows:

GEP;t = &g + B1FDIjt + BoGTit + B3GQijr + BalGy + BsURBj; + € )

wherei =1,2,...,n, denotes countries, i = 1,2,...,n shows the time period and «ay is the
intercept term. B1,.., Bs are the slope parameters to be estimated. ¢;; is the error term.

3.3.1. Cross-Sectional Dependence Test

Countries are closely interconnected through socio-economic activities such as trade,
foreign direct investment, financial integration, and energy market interactions, which
generate strong interdependencies across economies. These linkages may give rise to
cross-sectional dependence (CD) in panel data due to common global shocks, spillover
effects, and model misspecification, as highlighted by Chudik et al. [70]. Ignoring such
dependence can lead to biased and inconsistent parameter estimates, as documented by
Breusch et al. [60], Pesaran [61], and Phillips et al. [71]. Therefore, testing for cross-sectional
dependence is a crucial prerequisite for producing reliable and robust panel data estimates.

The general panel regression model used to test cross-sectional dependence is
specified as:

Yie = o + B Xit + € 3)

where Xj; is a vector of explanatory variables.
To detect cross-sectional dependence, the Lagrange Multiplier (LM), introduced by
Breusch et al. [60], is employed, which is defined as:

N-1 N -3
=T ) o @
i=1 j=i+1

where g/)g represents the estimated pairwise correlation coefficient of the residuals obtained
from the OLS estimation of Equation (3), N denotes the number of cross-sectional units,
and T is the time period.

The null hypothesis of the LM test assumes no cross-sectional dependence, which is

expressed as:
Hy : Cov(ej, ejt) =0 (5)

while the alternative hypothesis assumes the existence of cross-sectional dependence:
H] : COV(&it, sjt) 7é 0 (6)

For panels with large cross-sectional dimensions, an adjusted version of the LM test
proposed by Pesaran is applied to correct for size distortions. The Pesaran CD test is
given as:

>oT N-I N
D~y L ¥ i ?
N(N_ 1) i=1 j=i+1
where p;; refers to the pairwise correlation coefficient obtained from the residuals of
Equation (3). The CD statistic follows a standard normal distribution under the null
hypothesis of cross-sectional independence.
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3.3.2. Slope Homogeneity

In conventional panel data models, it is often assumed that slope coefficients are
homogeneous across cross-sectional units. However, this assumption is highly restrictive
in practice, particularly in multi-country panels where economies differ substantially in
institutional structures, economic development, energy systems, and policy frameworks.
Ignoring slope heterogeneity can lead to biased and misleading inferences, emphasized by
Pesaran and Yamagata [62]. To examine whether the slope coefficients are homogeneous
across countries, this study applies the Pesaran and Yamagata slope homogeneity test,
which is based on the Swamy (1970) [72] test statistic. The standardized Delta test is

defined as: B
~ S—K
A=+VN (m) (8)

where S represents Swamy’s test statistic, N denotes the number of cross-sectional units,
and K is the number of explanatory variables.

To improve the small-sample properties of the test, Pesaran and Yamagata further
propose an adjusted Delta statistic, which is given by:

co S—E(K)
Badj = m( Var(K)) ®)

where E(K) and Var(K) denote the expected value and variance of K, respectively.
The null hypotheses for both tests assume slope homogeneity, which can be
expressed as:

Ho:B1=Br=--=Bn (10)

while the alternative hypothesis allows for slope heterogeneity across cross-sectional units:
Hy:B; # B; for at least one i # j (11

Rejection of the null hypothesis implies that the slope coefficients vary across countries,
thereby justifying the use of heterogeneous panel estimators and machine-learning-based
methods in subsequent estimations.

3.3.3. Unit Root Test

Before proceeding to long-run estimation, it is essential to examine the stationarity
properties of the variables, as the presence of non-stationary series may lead to spurious
regression results. Since the cross-sectional dependence test indicates strong interde-
pendence among countries, the use of first-generation unit root tests is inappropriate.
Hence, consistent with the recent panel econometrics literature, this study employs second-
generation unit root tests that explicitly account for cross-sectional dependence, namely the
Cross-Sectionally Augmented Dickey—Fuller (CADF) and Cross-Sectionally Augmented
Im-Pesaran-Shin (CIPS) tests, as proposed by Pesaran [63].

The CADF regression is specified as follows:

P P
Ayip = &+ BiYis—1 + Vi1 + Y 0iiAyi—j+ Y 8iiAYi—j + €ir (12)
= =

where y;; denotes the series under consideration, ¥; is the cross-sectional average of y_t, o;
individual-specific intercept, and is the error term. The inclusion of cross-sectional averages
and their first differences enables the CADF test to control for unobserved common factors
and cross-sectional dependence effectively.

https:/ /doi.org/10.3390/en19020541


https://doi.org/10.3390/en19020541

Energies 2026, 19, 541

12 of 27

Based on the individual CADF statistics, the CIPS test is constructed as the simple
average across all cross-sections:

1 N
CIPS = NZ CADF; (13)
i=1
The null hypothesis of both the CADF and CIPS tests assumes the presence of a unit
root in the series:
Hp:B; =0 (non — stationarity)

while the alternative hypothesis implies that the variable is stationary:
Hy:B; <0 (stationarity)

These tests are applied to all variables included in the model, including green energy
penetration (GEP), outward foreign direct investment (OFDI), green transition (GT), gover-
nance quality (GQ), industrial growth (IG), and urbanization (URB), both at levels and first
differences. The results determine the integration order of each series and provide the basis
for subsequent panel cointegration analysis.

3.3.4. Panel Co-Integration Test

After confirming that all series are non-stationary and integrated of order one, the
next step is to investigate whether a long-run equilibrium relationship exists among the
variables. Given cross-sectional dependence and slope heterogeneity, first-generation panel
cointegration tests may yield biased and inconsistent results. Therefore, this study adopts
the second-generation panel cointegration test proposed by Westerlund (2007) [64], which
is based on an error-correction mechanism (ECM) and is robust to both cross-sectional
dependence and heterogeneous slope coefficients.

The Westerlund cointegration test is based on the following error-correction represen-
tation:

p q
Ayit = &+ 8it + & (Vig—1 — Bixip—1) + ) Viidyis—j + Y, 05jAx; 1 + €3t (14)
= j=0

The Westerlund framework provides four test statistics, namely two group-mean
statistics and two panel statistics, which are defined as follows:
Group-Mean Statistics

 RANOY
Ge== 1 (15)
N= SE(cb,»)
1N T,
Ga =+ = (16)
Nz‘; 02

The group-mean statistics Gy and G test the null hypothesis of no cointegration for
at least one cross-sectional unit.
Panel Statistics .
TN, SE(&) i
P = (17)
N N2
Y, SE(4)

N —~
Py = Z d)i (18)
i=1
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The panel statistics P and Py test the null hypothesis of no cointegration for the
entire panel.
The null hypothesis of the Westerlund cointegration test is expressed as:

Hy:¢; =0 (no cointegration)
while the alternative hypothesis implies the existence of a long-run cointegrating relationship:
Hj : ¢; < 0 (cointegration)

Rejection of the null hypothesis indicates the presence of a stable long-run equilibrium
relationship among green energy penetration (GEP), outward foreign direct investment
(OFDI), green transition (GT), governance quality (GQ), industrial growth (IG), and ur-
banization (URB). Establishing cointegration justifies estimating long-run elasticities using
advanced econometric and machine-learning-based methods in the subsequent sections.

3.3.5. Machine Learning Regression Methods

After establishing the presence of cross-sectional dependence, slope heterogeneity, non-
stationarity, and cointegration, this study employs a causal machine-learning framework
to estimate the determinants of green energy penetration. Specifically, the analysis relies
on Partialing-Out LASSO Regression (POLR) and its Cross-Fit (Double Machine Learning,
DML) extension, which are well-suited for causal inference in high-dimensional panel
settings characterized by many controls, potential endogeneity, and nonlinear relationships.

The POLR framework allows consistent estimation of causal effects by separating
the variables of primary interest from a potentially large set of control variables, thereby
reducing omitted-variable bias while avoiding overfitting. This approach is particularly
advantageous when conventional parametric estimators may suffer from regularization bias
or model misspecification due to complex interactions among regressors. The conditional
expectation function of the model is specified as:

E(GEPy | dy, xit) = dftp + x;t (19)

where dj; is a vector of core explanatory variables, which includes foreign direct investment
(FDI), green transition (GT), and governance quality (GQ), and x;; denotes the vector of
control variables, namely industrial growth (IG) and urbanization (URB).

To isolate the causal effect of the core regressors on green energy penetration, the
POLR approach residualizes both the dependent variable and the core regressors with
respect to the control variables as follows:

~

Yir = GEPy — E(GEPy | xi) (20)

Dy = di — E(dir | xit) (21)

The final estimation equation is then obtained by regressing the residualized depen-
dent variable on the residualized core regressors:

~ ~

Yit = Djyp + it (22)
To eliminate overfitting bias and ensure orthogonality between nuisance functions

and structural parameters, this study applies the Cross-Fit (Double Machine Learning)
framework based on repeated sample splitting. The sample is divided into K folds, and
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nuisance functions are estimated on training subsamples, while causal parameters are
calculated on the corresponding hold-out samples. The final estimator is

5(—¥)

. 1 K
Ocr=—)_0 (23)
Kk:l

3.3.6. SHAP-Based Model Explainability

To ensure model transparency, Shapley Additive Explanations (SHAP) are employed to
decompose the predicted values of green energy penetration into the marginal contributions
of each explanatory variable. Formally, the machine-learning prediction is expressed as

5
GEPy; = ¢o+ ) b;Xji 24)
j=1
where ¢ represents the baseline prediction and ¢; denotes the Shapley value, measuring
the contribution of a variable j € {FDI, GT, GQ, IG, URB}. The SHAP framework com-
putes these contributions as weighted marginal effects across all possible feature coalitions,
ensuring fair attribution and allowing consistent interpretation of variable importance,
nonlinear effects, and directional influence.

SHAP framework computes these contributions as weighted marginal effects across all
possible feature coalitions, ensuring fair attribution and allowing consistent interpretation
of variable importance, nonlinear effects, and directional influence.

3.3.7. Robustness and Endogeneity

Although causal machine-learning estimators provide flexible and robust estimates
in high-dimensional environments, concerns related to endogeneity and reverse causality
may still arise. In particular, foreign direct investment (FDI) and green transition (GT)
may be endogenously determined with respect to green energy penetration (GEP) due to
simultaneity, omitted variables, or feedback effects. To address these concerns and further
validate the robustness of the main findings, this study employs an instrumental variable
(IV) estimation strategy within a two-stage least squares (2SLS) framework.

Lagged values of the potentially endogenous regressors are used as instruments,
defined as:

Zi = {L.FDIy, L2.OFDI;;, L.GT, L2.GTy } (25)

These instruments satisfy the relevance condition, as past values of FDI and GT are
highly correlated with their current realizations, and the exogeneity condition, as lagged
values are assumed to be uncorrelated with the contemporaneous error term.

The IV-25LS estimation proceeds in two stages. In the first stage, the potentially
endogenous regressors are projected onto the instrument set:

OFDI;; = m L.OFDI; + 1 L2.0FDI;; 4 v (26)

GTi; = 01L.GTj; + 0,L2.GT; + 1y (27)

In the second stage, the fitted values obtained from the first stage are used to estimate
the structural equation:

GEPy = p1FDI; + p,GTy + p3GQit + p4IGit + psURBy; + 1y (28)

To ensure statistical reliability and to control for heteroskedasticity and serial corre-
lation, cluster-robust standard errors are employed. The consistency of coefficient signs
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and statistical significance across the machine learning estimators (POLR and Cross-Fit
POLR) and the IV-2SLS framework confirms the robustness and causal stability of the
estimated relationships.

Furthermore, the IV estimates serve as a robustness check for the machine learning
results, demonstrating that the positive effects of the green transition and governance
quality, as well as the adverse effect of outward foreign direct investment, on green energy
penetration persist after explicitly correcting for endogeneity. This convergence across
estimation techniques strengthens confidence in the validity and policy relevance of the
study’s core empirical findings.

Beyond statistical robustness, this study further validates the stability of its core find-
ings using Shapley Additive Explanations (SHAP) as a complementary machine-learning-
based tool for robustness and interpretability. While the IV-2SLS approach corrects for
endogeneity within a parametric framework, SHAP provides a nonparametric assessment
of variable influence based on marginal contributions to predicted outcomes. The SHAP
decomposition is expressed as:

. 5
GEP;; = ¢ + Z $;Xjit, j€{FDI GT, GQ, 1IG, URB} (29)
j=1

The relative magnitudes, signs, and stabilities of the SHAP values across observations
confirm whether the variables that are statistically significant in the IV-2SLS and Cross-
Fit POLR estimations also dominate the machine-learning prediction mechanism. The
convergence of evidence from IV-based causal estimation, causal machine learning, and
SHAP-based explainability analysis provides strong triangulated validation that the effects
of FDI, green transition, governance quality, industrial growth, and urbanization on green
energy penetration are structurally embedded, robust, and policy-relevant.

4. Empirical Results and Robustness Checks
4.1. Preliminary Tests

The results of the multicollinearity test indicate that all Variance Inflation Factors
(VIFs) are well below the commonly accepted threshold of 10. This confirms the absence of
multicollinearity among the explanatory variables, validating the stability and reliability of
the estimated regression coefficients.

Table 3 reports the multicollinearity diagnostics for the explanatory variables to as-
sess the stability and reliability of the estimated coefficients. The results indicate that
multicollinearity is generally not a serious concern in the model. Specifically, the results
of the Variance Inflation Factor (VIF) test values reported in the table indicate that mul-
ticollinearity is generally within acceptable bounds, with VIF values for foreign direct
investment (FDI: 2.47), green transition (GT: 4.22), industrial growth (IG: 9.72), urbaniza-
tion (URB: 11.26), and governance Quality (GQ: 2.64) mostly below the critical threshold
of 10. Only urbanization marginally exceeds this threshold, suggesting that, although
most coefficients are stable, the URB variable should be interpreted with caution due to
potential multicollinearity.

Table 3. Results of the multicollinearity test.

Variable VIF
Foreign Direct Investment (FDI) 2.473
Green Transition (GT) 4.220
Governance Quality (GQ) 2.645
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Table 3. Cont.

Variable VIF
Industrial Growth (IG) 9.724
Urbanization (URB) 11.267
Mean VIF 5.822

Note: A VIF value below 10 indicates the absence of severe multicollinearity.

Table 4 provides strong evidence of cross-sectional dependence across the N-
11 economies, as indicated by the statistically significant Breusch-Pagan LM, Pesaran
scaled LM, bias-corrected LM, and Pesaran CD test statistics. These results confirm the
presence of cross-country interdependence among the variables, thereby justifying the
use of second-generation panel econometric and machine-learning techniques. ***, **, and
* denote statistical significance at the 1%, 5%, and 10% levels, respectively.

Table 4. Cross-Sectional Dependence.

Variable Breusch-Pagan LM Pesaran Scaled LM Bias-Corrected Scaled LM Pesaran CD
Foreign Direct Investment (FDI) 134.57 *** 7.34 *** 7.34 *** 2.80 ***
Green Transition (GT) 254.22 *** 18.76 *** 18.76 *** 3.23 ***
Industrial Growth (IG) 235.53 *** 16.97 *** 16.97 *** 0.99 **
Urbanization (URB) 852.38 *** 75.79 *** 75.79 *** 22.39 ***
Governance Quality (GQ) 324.66 *** 25.47 *** 25.47 *** 0.95*

Note: *, **, and *** indicate significance levels of 10%, 5%, and 1%, respectively.

Table 5 reports the Pesaran and Yamagata slope homogeneity test results. The Delta
(8.38) and adjusted Delta (6.25) statistics are both significant at the 1% level (p = 0.000), lead-
ing to rejection of the null hypothesis of homogeneous slopes across cross-sectional units.
These findings confirm the presence of heterogeneous country-specific effects, indicating
that changes in foreign direct investment, green transition, industrial growth, urbanization,
or governance quality do not exert uniform impacts on green energy penetration across
the N-11 economies. This heterogeneity justifies the application of heterogeneous panel
estimators and highlights the importance of country-specific policy considerations.

Table 5. Slope Homogeneity.

Delta p-Value
8.38 *** 0.000
adj. 6.25 *** 0.000

Note: *** indicates 1% significance level.

Table 6 reports the CADF and CIPS second-generation panel unit root test results,
which account for cross-sectional dependence across the N-11 economies. The findings
indicate that none of the variables are stationary in levels, as most test statistics fail to
reject the null hypothesis of non-stationarity. However, after first differencing, all CADF
and CIPS statistics become significantly more negative and exceed the relevant critical
values, confirming stationarity. These results indicate that green energy penetration (GEP),
foreign direct investment (FDI), green transition (GT), industrial growth (IG), urbanization
(URB), and governance quality (GQ) are all integrated of order one, I(1), thereby satisfying
the necessary conditions for panel cointegration analysis and justifying the application of
Westerlund’s (2007) [64] error-correction-based cointegration test.
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Table 6. Unit Root Analysis.
Variable CADF CADF CIPS CIPS Order of
Level 1st Diff Level 1st Diff Integration

GEP 1.85 —2.57 *** 1.85 —4.22 *** I(1)

FDI —-3.75 —2.65 —-3.72 —5.45 *** I(1)

GT —1.34 —2.24 —1.81 —3.51 *** I(1)

IG —2.59 —2.32 % —1.86 —3.89 *** I(1)
URB —2.49 —1.98 *** —-1.89 —3.56 *** I(1)

GQ —1.64 —2.44 —2.14 —4.13 *** I(1)

Note: *** indicates significance levels of 1%.

4.2. Panel Cointegration Results

Table 7 presents the Westerlund (2007) [64] error-correction-based panel cointegration
test results. All four test statistics (Gt, Ga, Pt, and Pa) are highly significant at the 1%
level, leading to a decisive rejection of the null hypothesis of no cointegration. These
findings provide strong evidence of a stable long-run equilibrium relationship between
green energy penetration and its key determinants, foreign direct investment, green transi-
tion, governance quality, industrial growth, and urbanization across the N-11 economies.
Consequently, the results validate the application of long-run estimation techniques in the
subsequent analysis.

Table 7. Westerlund Co-integration Test.

Statistic Value p-Value
Gt 8.38 **+ 0.000
Ga 10.43 *** 0.000
Pt 6.25 *** 0.000
Pa 8.65 *** 0.000

Note: *** indicates significance levels of 1%.

4.3. Machine Learning Regression

Table 8 reports the long-run coefficient estimates obtained from the baseline machine-
learning estimators, namely Partialing-Out LASSO (POLR) and Cross-Fit POLR. The results
show a high degree of consistency in coefficient magnitudes and statistical significance
across both estimators, indicating stable and causally reliable relationships.

Table 8. Machine Learning Estimators.

Variable Izj?)l';fR Std. Error PSIE)I:S&I;: £ Std. Error
Foreign Direct Investment (FDI) —1.834 * 0.681 —1.485 ** 0.651
Green Transition (GT) 0.290 * 0.053 0.278 * 0.054
Governance Quality (GQ) 22.767 * 1.519 22.998 * 1.551
Industrial Growth (IG) —0.042 0.031 —0.038 0.030
Urbanization (URB) 0.356 0.144 0.331 0.138

Note: * and ** indicate significance levels of 10% and 5%, respectively.

Foreign direct investment (FDI) exhibits a negative and statistically significant effect
on green energy penetration, with coefficients of —1.834 in the POLR model and —1.485 in
the Cross-Fit POLR model. The persistence of this adverse effect across both estimators
suggests that FDI inflows in the N-11 economies remain predominantly oriented toward
carbon-intensive activities rather than renewable energy development. In contrast, green
transition (GT) and governance quality (GQ) display strong positive and highly significant
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effects on green energy penetration across all specifications. Improvements in the green
transition index are associated with an increase in green energy penetration of approx-
imately 0.28-0.29 units, highlighting the effectiveness of renewable energy policies and
clean energy investments. Governance quality shows the largest marginal effect, with
coefficients ranging from 22.7 to 23.0, underscoring the critical role of institutional capacity
and regulatory effectiveness in facilitating long-term energy system transformation.

Among the control variables, urbanization (URB) has a positive and statistically
significant impact on green energy penetration, with coefficients between 0.33 and 0.36,
indicating that urban expansion supports renewable energy integration when supported by
adequate infrastructure. Industrial growth (IG), however, exhibits a small and statistically
insignificant negative effect, suggesting that industrial activity in the N-11 economies
remains largely fossil-fuel dependent.

Overall, the close alignment of estimates across POLR and Cross-Fit POLR confirms the
robustness and causal stability of the key results. The findings indicate that green transition
policies and governance quality are the dominant drivers of green energy penetration,
while the composition of FDI remains a critical constraint in the N-11 region.

4.4. Robustness and Endogeneity Checks

Table 9 reports robustness checks based on alternative estimation strategies and model
specifications. The consistency of coefficient signs and statistical significance across estima-
tors confirms the stability of the main findings and indicates that the results are not driven
by reverse causality or omitted-variable bias.

Table 9. Robustness and Endogeneity Checks.

Variable IV=2SLS Coef. Std. Error Cross-Fit ML Coef.  Std. Error
FDI —1.60 ** 0.80 —1.51 ** 0.78
GT 0.20 ** 0.05 0.19 ** 0.05
IG —1.27* 0.11 —-1.15* 0.12
URB —0.59 * 0.04 —0.62* 0.04
GQ 23.50 ** 1.35 23.84 ** 1.32

Note: * and ** indicate significance levels of 10% and 5%, respectively.

Under the IV-2SLS framework, foreign direct investment (FDI) maintains a negative
and statistically significant effect on green energy penetration (—1.60), suggesting that FDI
inflows in the N-11 economies remain concentrated in carbon-intensive activities even after
correcting for endogeneity. This finding is further supported by the Cross-Fit Machine
Learning (CF-ML) estimator, which produces a closely comparable coefficient (—1.51),
highlighting the robustness of the adverse FDI-GEP relationship across both conventional
econometric and machine-learning-based IV approaches. In contrast, green transition (GT)
consistently exerts a positive and statistically significant effect on green energy penetration
across both estimators, reinforcing the effectiveness of renewable energy policies, clean
energy investments, and transition-oriented reforms. Governance quality (GQ) emerges
as the most influential determinant, with large and highly significant coefficients ranging
from 23.50 to 23.84, underscoring the critical role of institutional effectiveness, regulatory
enforcement, and policy credibility in facilitating long-term energy system transformation.

Regarding the control variables, industrial growth and urbanization display nega-
tive effects, indicating that rapid industrial expansion and urban concentration in the
N-11 economies continue to rely predominantly on fossil-fuel-based energy systems in the
absence of sufficient green infrastructure. The absence of weak-instrument concerns further
strengthens the credibility of the IV estimates. Overall, the close alignment between the
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IV-2SLS and CF-ML results confirms the causal robustness and policy relevance of the
study’s main conclusions.

4.5. SHAP Robustness Analysis

Table 10 reports SHAP-based importance measures derived from the machine-learning
model, illustrating the relative contribution, direction, and heterogeneity of each explana-
tory variable’s effect on green energy penetration across the N-11 economies. By decom-
posing predicted green energy penetration into variable-specific marginal contributions,
the SHAP analysis enhances the interpretability and robustness of the machine-learning
estimates. Figure 2 visually complements these results by illustrating the SHAP-based
decomposition and the dispersion of marginal effects across observations.

Table 10. SHAP Robustness Test.

Rank Variable Mean(| SHAPI) Mean SHAP Direction Impact Range
1 URB 0.1564 0.0532 Positive [—0.482, 0.821]
2 IG 0.1352 —0.0891 Negative [—0.734, 0.514]
3 GQ 0.1278 0.0824 Positive [—0.387, 0.693]
4 FDI 0.0953 —0.0247 Negative [—0.612, 0.423]
5 GT 0.0886 0.0153 Positive [—0.498, 0.567]

Note: SHAP values indicate the direction and magnitude of the individual variable contribution to green
energy penetration.
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Figure 2. SHAP Analysis. Note: Green and red colors indicate positive and negative impact, respectively.

The results indicate that urbanization is the most influential determinant of green energy
penetration, exhibiting the highest mean absolute contribution (Mean |SHAP| = 0.1564).
On average, urbanization exerts a positive effect (Mean SHAP = 0.0532), suggesting that
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higher population density, improved infrastructure, and scale economies in urban areas
facilitate renewable energy deployment. However, the wide impact range (—0.482 to 0.821)
highlights substantial cross-country and temporal heterogeneity, indicating that the positive
effects of urbanization depend on supportive policy and institutional conditions.

Industrial growth ranks second in importance (Mean |SHAP| = 0.1352) and con-
tributes negatively to green energy penetration, as reflected by its negative mean SHAP
value (—0.0891). This finding suggests that industrial expansion in the N-11 economies
remains largely fossil-fuel dependent, constraining renewable energy diffusion. The broad
range of effects (—0.734 to 0.514) further points to nonlinearities, implying that cleaner
industrial upgrading may partially offset this adverse influence in certain contexts.

Governance quality emerges as a critical enabling factor, ranking third in importance
(Mean |SHAP| = 0.1278) with a positive average contribution (Mean SHAP = 0.0824).
This result underscores the role of institutional effectiveness, regulatory quality, and policy
credibility in promoting renewable energy adoption by reducing investment uncertainty
and strengthening policy implementation. In contrast, foreign direct investment shows a
negative average contribution (Mean SHAP = —0.0247; Mean |SHAP | = 0.0953), indicating
that FDI inflows in the N-11 economies remain biased toward carbon-intensive activities in
the absence of stringent environmental regulations. Finally, green transition policies exhibit
a positive but comparatively smaller marginal contribution (Mean SHAP = 0.0153; Mean
ISHAP | = 0.0886), suggesting that their effectiveness depends on complementarities with
governance quality, urban structure, and industrial composition rather than on isolated
policy interventions.

Overall, the SHAP results reinforce the main findings obtained from the POLR, Cross-
Fit POLR, and IV-2SLS estimations, while providing additional insights into nonlinear
and heterogeneous effects that conventional econometric models cannot capture. The
consistency in dominance rankings and directional effects across SHAP and causal esti-
mators confirms the robustness of the empirical results and highlights the pivotal role of
structural and institutional conditions in shaping green energy transitions in fast-growing
emerging economies.

4.6. Discussions

This study extends the growing literature on green energy transitions by integrating
second-generation panel econometric techniques with machine-learning methods to ex-
amine the determinants of green energy penetration in the N-11 economies. By jointly
analyzing foreign direct investment, green transition policies, industrial growth, urban-
ization, and governance quality, the study provides a comprehensive assessment of both
average causal effects and heterogeneous nonlinear dynamics shaping renewable energy
adoption in fast-growing emerging markets.

The results consistently show that foreign direct investment exerts an adverse effect
on green energy penetration in the N-11 economies, even after accounting for endogeneity,
cross-sectional dependence, and nonlinearities. This finding aligns with the argument that
FDI inflows into emerging economies are often directed toward energy-intensive manu-
facturing, construction, and extractive activities rather than renewable energy sectors [73].
In many N-11 countries, including Bangladesh, Pakistan, Nigeria, and Vietnam, foreign
investment has played a central role in export-oriented industrialization, reinforcing elec-
tricity demand that is predominantly met through fossil fuels. The SHAP analysis further
confirms that, although the impact of FDI is heterogeneous across countries and time, its
average contribution remains negative, supporting the “dirty investment” or “pollution
haven” hypothesis in the absence of stringent environmental regulation [74]. These findings
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suggest that FDI quality and sectoral composition, rather than aggregate inflows, are critical
for advancing renewable energy transitions in the N-11 context.

Green transition policies are found to positively contribute to the penetration of
green energy across the N-11 economies, underscoring the importance of policy-driven
support for renewable energy deployment. This result is consistent with the literature
emphasizing the role of renewable energy targets, incentive schemes, and public investment
in accelerating clean energy adoption [75]. Countries such as South Korea and Turkey,
which have adopted relatively comprehensive renewable energy frameworks, demonstrate
more substantial progress in integrating renewables into their energy mix. However, the
SHAP results indicate that the marginal contribution of green transition policies is smaller
than that of some structural variables, suggesting that policy effectiveness depends heavily
on implementation capacity and institutional support. This finding echoes previous studies
showing that policy instruments alone are insufficient without adequate financing, grid
readiness, and regulatory enforcement [76].

Governance quality is a key enabling factor for the penetration of green energy in the
N-11 economies. Both econometric and SHAP-based results indicate that stronger institu-
tions, greater regulatory effectiveness, and higher policy credibility significantly enhance
renewable energy adoption. This finding is in line with studies emphasizing that good
governance reduces investment uncertainty, improves coordination across agencies, and
strengthens enforcement of energy and environmental regulations [77]. In N-11 countries
with relatively stronger institutional frameworks, such as South Korea and, to some extent,
Turkey, renewable energy policies tend to translate more effectively into tangible outcomes.
Conversely, weak governance limits the effectiveness of both green transition policies and
investment inflows. Overall, governance quality acts as a conditioning variable, amplifying
positive policy effects while mitigating the adverse impacts of industrial growth and FDI.

The analysis indicates that industrial growth negatively influences the penetration
of green energy in the N-11 economies, reflecting the fossil-fuel-dependent nature of
their industrialization trajectories. Many N-11 countries rely heavily on energy-intensive
industries, such as textiles, cement, chemicals, and heavy manufacturing, to drive economic
growth and exports. This pattern increases electricity demand that is supplied mainly by
conventional energy sources, particularly in countries with limited renewable capacity [78].
The SHAP results highlight substantial heterogeneity in the impact of industrial growth,
suggesting that cleaner production technologies and energy-efficient industrial upgrading
can reduce its adverse effects. Nevertheless, the overall findings indicate that, without
deliberate industrial decarbonization strategies, industrial expansion will continue to
constrain the penetration of renewable energy in the N-11 economies.

Urbanization plays a complex and conditional role in shaping the penetration of green
energy across the N-11 countries. While IV-based estimates suggest an adverse average
effect reflecting increased energy demand, transportation needs, and pressure on existing
energy systems, the machine-learning and SHAP analyses reveal a positive contribution
at higher levels of urbanization. This duality is consistent with the literature on urban
energy transitions, which emphasizes that unplanned urban expansion often reinforces
dependence on fossil fuels [79]. In contrast, well-managed urbanization can facilitate the
deployment of renewable energy through smart grids, energy-efficient buildings, and
decentralized energy systems [80]. In rapidly urbanizing N-11 countries such as Indonesia,
the Philippines, and Nigeria, inadequate infrastructure and planning limit the green poten-
tial of urban growth. In contrast, more structured urban development, as observed in South
Korea, catalyzes the integration of renewable energy through urbanization. These find-
ings highlight the importance of urban planning and governance in determining whether
urbanization supports or hinders green energy penetration.
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Taken together, the results suggest that green energy penetration in the N-11 economies
is not an automatic outcome of economic growth or investment inflows, but rather a condi-
tional process shaped by institutional quality, policy coherence, and structural transforma-
tion. While FDI and industrial growth tend to constrain renewable energy adoption under
current conditions, green transition policies and governance quality play a critical role in
redirecting development toward sustainability. Urbanization further amplifies both risks
and opportunities, depending on planning and institutional capacity. By combining causal
econometric evidence with machine-learning-based heterogeneity analysis, this study pro-
vides a nuanced understanding of why progress in renewable energy remains uneven
across the N-11 economies and identifies key leverage points for accelerating sustainable
energy transitions.

5. Conclusions and Policy Implications

This study investigates the determinants of green energy penetration in the Next
Eleven (N-11) economies using an integrated empirical framework that combines second-
generation panel econometric techniques with advanced machine-learning methods. By
employing Partialing-Out LASSO (POLR), Cross-Fit POLR, instrumental-variable estima-
tion, and SHAP-based interpretability analysis, the study provides robust and compre-
hensive evidence on how foreign direct investment, green transition policies, industrial
growth, urbanization, and governance quality jointly shape renewable energy adoption in
fast-growing emerging economies. The integration of causal econometric inference with
machine-learning-based heterogeneity analysis enables a deeper understanding of both
average effects and nonlinear, context-specific dynamics.

The empirical findings consistently indicate that foreign direct investment exerts an ad-
verse effect on green energy penetration in the N-11 economies, suggesting that investment
inflows remain predominantly concentrated in carbon-intensive sectors. Industrial growth
is also found to constrain green energy penetration, reflecting the fossil-fuel-dependent
nature of industrial expansion across these economies. In contrast, green transition policies
and governance quality emerge as strong and positive drivers, underscoring the critical role
of credible institutions, effective regulation, and sustained policy commitment in facilitating
renewable energy adoption. The results further reveal that urbanization plays a conditional
and heterogeneous role. While instrumental-variable estimates point to a negative average
effect driven by rising energy demand and fossil-fuel reliance, machine-learning and SHAP
analyses show that urbanization can support green energy penetration at higher levels
under favorable policy and institutional environments. This divergence highlights the im-
portance of accounting for nonlinearities and country-specific conditions when evaluating
the role of urban development in energy transitions.

Taken together, the convergence of results across econometric and machine-learning
approaches confirms that green energy penetration in the N-11 economies is not an auto-
matic outcome of economic growth or investment inflows. Rather, it is a conditional process
shaped by institutional quality, policy effectiveness, and structural transformation. These
findings carry important policy implications. Reorienting foreign direct investment toward
environmentally sustainable sectors through green investment screening, environmental
conditionality, and targeted incentives is essential to prevent the reinforcement of fossil-fuel
dependence. Similarly, industrial decarbonization must be integrated into national energy
transition strategies through policies that promote energy efficiency, cleaner production
technologies, and the use of renewable energy in industrial activities. Strengthening gov-
ernance quality remains a fundamental prerequisite, as effective regulatory frameworks,
enforcement capacity, and policy credibility enhance the impact of green transition policies
and attract responsible investment. Moreover, the conditional role of urbanization suggests
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that urban planning and energy policy should be closely coordinated, with investments in
smart grids, energy-efficient buildings, and decentralized renewable systems to transform
urban growth into a catalyst for green energy penetration.

Despite its contributions, this study has several limitations that open avenues for
future research. The use of aggregate national-level data may obscure sub-national and
sectoral heterogeneity in renewable energy adoption, suggesting the value of future studies
employing regional, city-level, or firm-level data. In addition, extending the framework to
include indicators of green innovation, financial development, or energy pricing mecha-
nisms could provide a more comprehensive understanding of the drivers of green energy
penetration. While SHAP analysis reveals nonlinear and heterogeneous effects, future
research could further explore dynamic thresholds and interaction effects within structural
econometric models. Expanding the analysis to other groups of emerging economies or
incorporating firm-level investment data would also deepen insights into the microfoun-
dations of green energy transitions. Addressing these extensions would further enhance
understanding of how emerging economies can reconcile rapid economic growth with
long-term environmental sustainability.
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Green Energy Penetration Trends Across N-11 Countries (2000-2022)
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Figure Al. Green Energy Penetration Trends Across N-11 Countries. Note: The figure illustrates
country-specific evolution of green energy penetration, highlighting heterogeneous transition paths
across N-11 economies.
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Figure A2. Empirical estimation scheme for the N-11 countries. Note: Empirical estimation scheme
illustrating the econometric and machine-learning framework for the N-11 countries [64].
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