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Amid growing climate and resource pressures, E7 countries face the urgent challenge of aligning economic growth with ecological sustainability. The current study examines the influence of population growth, industrial development, mineral resource rents, institutional quality, and green finance on environmental sustainability in E7 nations using annual data from 1996 to 2023. Environmental sustainability is measured using the Load Capacity Factor (LCF), contributing to the literature by applying a comprehensive and balance-sensitive metric rarely used in emerging economy contexts. Using 196 observations and advanced panel methods—MMQR, GMM, FGLS, and CCEMG—the analysis addresses key econometric challenges, including endogeneity, slope heterogeneity, non-stationarity, and cross-sectional dependence. Results show that industrial growth consistently harms sustainability, while green finance has a robust, non-linear positive effect, particularly in higher-performing countries. Mineral resource rents improve sustainability in countries with stronger institutions, revealing the moderating role of governance. The CCEMG findings confirm the sensitivity of these effects to common shocks, and GMM models validate the persistence of sustainability outcomes. This study offers robust empirical evidence for policymakers in emerging markets, emphasizing the conditional benefits of green finance and institutional governance in supporting long-term ecological sustainability.
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1 INTRODUCTION
The E7 nations (China, Brazil, India, Mexico, Indonesia, Russia, and Turkey) represent some of the fastest-growing economies in the world, yet their rapid industrialization, urbanization, and resource utilization have intensified environmental challenges (Dai et al., 2024; Hassan et al., 2024; H. Liu et al., 2022; Wang and Xu, 2024). As these countries try to make their economies better, they are under more and more pressure to find a balance between growth and protecting the environment. In this case, it is important to uncover how socio-economic development and environmental resilience are linked (Imran et al., 2024; Melnyk et al., 2023; Scown et al., 2023; Terra dos Santos et al., 2023). E7 economies are pursuing growth to reduce poverty and build infrastructure, but this often makes environmental problems worse because it relies on sectors that use a lot of energy and produce a substantial carbon emissions (Alhashim et al., 2024; Ameer et al., 2024; Hao and Yang, 2024). Population growth (PG) makes these problems worse by raising the demand for natural resources and public services, which in turn raises ecological footprints (Li et al., 2024; Tal, 2025). Green innovation and efficiency gains do not change the fact that industrial growth (IG) is a major cause of pollution and resource depletion (Akram et al., 2024; Caglar et al., 2023; Cai et al., 2025).
Mineral resource rents (MRR), when poorly managed, can deepen ecological stress and institutional vulnerabilities (Bilgili et al., 2023; L. Li et al., 2024). However, under sound governance, they can serve as a strategic fiscal tool to support environmental investments (Christmann, 2021). Green finance (GF), emerging as a transformative mechanism, offers a pathway to shift capital flows toward low-carbon, climate-resilient development (Xing et al., 2024; Xu et al., 2025).
While a growing body of literature has begun to examine the environmental implications of green finance in E7 economies, using methods like panel quantile regression, NARDL, and difference-in-differences approaches (e.g., Sun and Rasool, 2024; Simeon et al., 2024; Dai et al., 2024; Liu et al., 2022), critical gaps remain regarding indicator robustness, distributional heterogeneity, and the role of governance. Many existing studies emphasize CO2 emissions or energy intensity, but such metrics provide only partial perspectives on ecological pressure. This study contributes to the literature by using the Load Capacity Factor (LCF), defined as the ratio of biocapacity to ecological footprint, which reflects whether a country’s natural capital can support its consumption demands. A value greater than one indicates ecological surplus, while a value below one reflects ecological deficit. By integrating both consumption and regenerative capacity, LCF offers a more comprehensive and policy-relevant sustainability metric, particularly suited for assessing ecological balance in emerging economies.
The research adds important regional depth to the sustainability debate by focusing on E7 countries: Brazil, China, India, Indonesia, Mexico, Russia, and Turkey. We selected these countries because their economies are growing quickly, they use a lot of resources, and their digital and financial infrastructures are getting better (Dai et al., 2024; Wang and Xu, 2025).
According to Hussain et al. (2022), E7 economies will probably grow faster than G7 economies in the next few decades. In the last few years, the World Bank highlighted that its share of the world’s economy has grown from 13% to 26% (World Bank, 2025). On the contrary, this path of growth puts more strain on the environment (Xu et al., 2022). This demonstrates the significance of implementing regulations that protect the environment while still letting technology move forward. Because of their changing industries, large natural resource reserves, and demographic advantages, the E7 is an excellent environment for testing new digital and financial technologies (Duan, 2025; Liang et al., 2024). But the institutions, energy systems, and reliance on extractive resources are very different in these countries. Brazil gets most of its energy from renewable sources, while Russia gets most of its energy from fossil fuels. Turkey’s economy is based on services, while Indonesia’s is based on resources (Zhu et al., 2024). The study employs the Method of Moments Quantile Regression (MMQR) to deal with this issue. MMQR enables the marginal effects of explanatory variables change based on the quantile of the sustainability level.
The Common Correlated Effects Mean Group (CCEMG) and dynamic two-step System Generalized Method of Moments (GMM) estimators are also used in this study to deal with slope heterogeneity, cross-sectional dependence, endogeneity, and changes in sustainability trends over time. These methods show that the effects of green finance, industrial growth, resource rents, and the quality of institutions are different for countries with strong or weak sustainability. When combined, they provide a strong empirical basis for evaluating the pros and cons of the environmental approach and formulating specific policies for the E7’s ecological resilience.
This research looks at how substantial factors like the economy, population, institutions, and capital affect the environment in the E7 countries. It uses seminal theories like IPAT, the Porter Hypothesis, the Environmental Kuznets Curve (EKC), and resource-curse theory to test five hypotheses in order to explain the complex interactions between factors influencing environmental sustainability in developing nations:
H1. Population growth negatively affects environmental sustainability.
Rooted in the IPAT identity (Impact = Population × Affluence × Technology), increasing population is expected to escalate pressure on ecological resources through higher consumption and urban expansion. Thus, we expect a negative marginal effect.
H2. Industrial growth undermines environmental sustainability.
Guided by the Porter Hypothesis and structural transformation theory, industrial growth—unless accompanied by green innovation—typically leads to increased emissions and resource depletion. In rapidly industrializing economies, this relationship is expected to be adverse.
H3. Mineral resource rents reduce sustainability outcomes in the absence of strong governance.
The resource-curse theory suggests that natural resource wealth can degrade environmental and institutional quality if not managed effectively. As such, mineral rents are expected to negatively impact sustainability.
H4. Green finance enhances environmental sustainability, with a non-linear effect at higher levels.
Drawing on the theory of sustainable finance and the Environmental Kuznets Curve (EKC) hypothesis applied to financial flows, green finance is anticipated to contribute positively to sustainability. However, its effectiveness may diminish at higher levels due to inefficiencies or absorptive constraints, leading to a hypothesized inverted-U shape:
H5. Institutional quality strengthens the positive environmental impact of mineral resource rents.
According to institutional resource-curse theory and the environmental governance hypothesis, effective governance structures can transform extractive rents into sustainability-supporting investments. This moderating effect is captured through an interaction term (MRR × IQ).
These hypotheses are operationalized in three econometric models:
	• Linear baseline model testing H1–H5 directly
	• Non-linear specification including GF2 to test H4
	• Interaction model testing conditional effects between MRR and IQ (H5)

By incorporating the Load Capacity Factor (LCF), defined as the ratio of biocapacity to ecological footprint, as the dependent variable, this study applies a more comprehensive measure of environmental sustainability than conventional CO2-based metrics. LCF captures both consumption intensity and ecological regeneration capacity, offering a more balanced and policy-relevant perspective on sustainability in emerging economies.
Through this theoretical and empirical structure, the study links macro-financial mechanisms, demographic transitions, and governance quality to ecological resilience in the E7. It provides a robust foundation for analyzing how policy instruments like green finance and institutional reforms can be leveraged to reconcile development goals with environmental limits.
The rest of the paper is structured as follows: In Section 2, we review the prior literature. The third section describes data, models, the theoretical framework, and empirical methods. The fourth section discusses the results. Section 5 concludes the research and provides policy recommendations.
2 REVIEW OF LITERATURE
A few studies have examined how IG, PG, GF, and MRR affect load capacity factor.
2.1 Ecological sustainability and industrial growth
Recent studies provide valuable insights into how industry can balance growth with ecological sustainability through innovation, policy frameworks, and technological advancements (Waris et al., 2023; Zhang et al., 2022). Ramesh et al. (2024) highlighted the role of industrial development in promoting environmental sustainability and green development. Their study highlighted the necessity of reducing pollution and managing resources efficiently to ensure long-term ecological balance. Setyadi et al. (2025) conducted a systematic review analyzing key dimensions of sustainable manufacturing from 2019 to 2024. They recommended the integration of emerging technologies like AI-driven circular economy solutions and blockchain, which may significantly improve sustainability outcomes. A study by Sun et al. (2023) focuses on how green innovation contributes to industrial ecosystem reconstruction and environmental sustainability. It inspects global efforts toward carbon neutrality and the impact of industrial spatial co-agglomeration on green economic efficiency.
2.2 Ecological sustainability and mineral rents
A study by Qian and Chen (2025) focusing on G7 countries analyzed how different types of resource rents (oil, coal, minerals, and natural gas) affect green growth. The outcomes propose that coal and natural gas rents negatively impact sustainability, while oil rents have a positive effect, and mineral rents show an insignificant impact. Zambrano-Monserrate and Ormeño-Candelario (2023) explore the association between ecological sustainability and revenues derived from natural gas, oil, and mineral resources. They find that oil rents have a more pronounced effect on environmental degradation compared to mineral and natural gas rents. Research by Aboulajras et al. (2025) investigates the role of natural resource rents, energy efficiency, and economic growth in environmental sustainability. It highlights that renewable energy and resource rents significantly diminish CO2 emissions, improving environmental quality (Usman et al., 2021). Bilgili et al. (2023) further stated that MRR is linked to environmental damage, which reinforces concerns about the resource curse and the ecological cost of mining and drilling.
2.3 Ecological sustainability and green finance
Mudalige (2023) conducted a systematic literature review that revealed important themes in GF, such as its role in environmental sustainability, investments, innovation, policy frameworks, and corporate social responsibility. The research shows how important green financial tools are for promoting long-term growth (Dong and Yu, 2024). Khan et al. (2024) use a systematic review and bibliometric analysis to study the complicated link between GF and ES. They analyze how GF has become an important tool for promoting environmental sustainability by encouraging investments that support the environment (X. Liu et al., 2025). Xing et al. (2024) study the connection between green finance, environmental deterioration, and long-term growth. They used robust methods to find out how GF helps protect the environment and encourage long-term growth. These studies show that green finance can enhance environmental sustainability by promoting investments and policies that are good for the environment (Wang et al., 2025; Wei et al., 2024). Ali et al. (2025) discuss how GF and health expenditures (HE) can help new economies lower their ecological footprint (EF). Using panel data and advanced econometric methods, the study illustrates that both GF and HE are helpful in protecting the environment.
2.4 Gap in the literature and study contributions
This work adds to the growing body of research on ES, green finance, and resource management, especially in the context of developing economies like E7. A lot of research has used carbon dioxide emissions or energy intensity to measure ecological damage, but these indicators fail to illustrate how environmental systems recover themselves. This study, on the other hand, uses the Load Capacity Factor (LCF) as the main dependent variable. The LCF is a more complete ecological indicator that shows the ratio of biocapacity to ecological footprint. Despite its robustness and policy relevance, LCF remains underutilized in empirical analyses, especially for emerging markets.
Second, the study enhances GF measurement by constructing a Principal Component Analysis (PCA)-based proxy that integrates renewable electricity generation (excluding hydro) and foreign direct investment (FDI). This multi-dimensional indicator captures both domestic financial flows and cross-border investments in green infrastructure, overcoming the limitations of single-variable green finance proxies.
Third, the study addresses the distributional analysis gap in the sustainability literature by employing the Method of Moments Quantile Regression (MMQR). While most studies estimate mean effects, MMQR uncovers how the relationships between environmental sustainability and its determinants vary across the distribution of LCF, highlighting, for example, that green finance and institutional quality are more effective in higher-performing countries. This approach better reflects the policy diversity and structural heterogeneity within the E7.
Fourth, it addresses the issue of endogeneity and simultaneity, which are often ignored or inadequately treated in sustainability studies. We use the Durbin-Wu-Hausman test and simultaneity diagnostics to check that variables like green finance, industrial growth, and mineral resource rents are not affected by other factors. The work then uses a two-step System Generalized Method of Moments (GMM) technique to fix endogeneity, unobserved heterogeneity, and dynamic persistence in environmental sustainability.
Fifth, the research uses the Common Correlated Effects Mean Group (CCEMG) estimator to deal with the problem of cross-sectional dependence due to global shocks, like changes in commodity prices or coordinated climate finance initiatives. Adding cross-sectional averages to the model makes the estimates more accurate when economies are very dependent on each other, as shown by CD tests.
Sixth, the study uses Variance Inflation Factor (VIF) diagnostics to check for possible multicollinearity among regressors. This ensures that the coefficient estimates are free from multicollinearity. Furthermore, to deal with heteroskedasticity and serial correlation, Feasible Generalized Least Squares (FGLS) is used for robustness checks.
Finally, the study adds to the existing research by looking at the non-linear effects of green finance (through GF2) and the interaction effects between mineral resource rents and institutions (MRR × IQ). This latter shows how the quality of institutions affects the environmental impact of mineral resource rents. These factors are rarely examined together in one framework, especially when it comes to emerging economies with high growth rates.
The study as a whole gives an ecologically significant and methodologically robust analysis of factors influencing environmental sustainability in E7. By combining relevant and understudied indicators with advanced econometric methods, it gives useful information into how green finance policies, institutional reforms, and industrial strategies affect environmental quality in emerging nations.
3 THEORETICAL FRAMEWORK AND EMPIRICAL METHODS
3.1 Data description
Table 1 shows the main variables used in this study, which focuses on E7 countries—Brazil, China, India, Indonesia, Mexico, Russia, and Turkey—between 1996 and 2023. We chose 1996 as the start year because it was the first year with consistent data on institutional quality. This also ensures that the panel dataset is consistent across all indicators. We used the exponential smoothing method to fill in any gaps in the data. The advantage of this method is that it fills gaps in the dataset while keeping the time series patterns as close to their original shape as possible.
TABLE 1 | Data description and sources.	Symbol	Description	Proxy and measurement unit	Source
	ES	Environmental sustainability	Load capacity factor as a ratio of biocapacity by ecological footprint (gha per capita)	Global Footprint Network (GFN, 2025)
	PG	Population growth	Population growth (annual%)	WDI (2025)
	GF	Green finance	PCA of electricity production from renewable sources, excluding hydroelectric (kWh) and foreign direct investment, net inflows (% of GDP)	WDI (2025)
	MRR	Mineral resource rents	Mineral rents (% of GDP)	WDI (2025)
	IG	Industrial growth	Industry (including construction), value added (% of GDP)	WDI (2025)
	IQ	Institutional quality	PCA of voice and accountability, rule of law, regulatory quality, control of corruption, government effectiveness, and political stability and absence of violence/terrorism	WGI (2025)


Each variable in the dataset has a different but complementary role in reflecting the dynamics of green finance, sustainability, and development. LCF, which is the ratio of a country’s biocapacity to its ecological footprint (measured in global hectares per capita), is a proxy for environmental sustainability (ES). This metric is very important for assessing the resilience of environmental performance over time. Population growth (PG) is an important socioeconomic factor to understand how population growth influences the environment.
As a key variable in this study, green finance (GF) is represented by electricity production from renewable sources (not including hydroelectric) and foreign direct investment inflows as a percentage of GDP (see Appendix 1). This composite indicator shows both the effects on the environment of expanding green infrastructure and financial resources that makes such progress possible. It gives a more complete picture of how green finance may drive sustainable outcomes. Mineral resource rents (MRR) as a percentage of GDP show how much a country relies on extractive mining industries. This provides an idea of the trade-offs that may need to be made in resource-rich economies to become more sustainable. Finally, industrial growth (IG), measured as the value added of industry, including construction, displays the structure of the economy and its implications for emissions, resource use, and the shift toward greener production models. The data were sourced from official global databases, including the Global Footprint Network (GFN, 2025) and World Development Indicators (WDI, 2025), confirming consistency, comparability, and credibility across indicators.
Together, these indicators represent a multidimensional dataset that enables assessing how environmental outcomes, financial mechanisms, institutions and green finance interact in E7 economies.
3.2 Theoretical framework and model formulation
The econometric models specified in this inquiry are designed to identify the drivers of environmental sustainability (ES) in the E7 nations, with a specific focus on the role of green finance (GF). Equations 1–3 present the models employed in this study.
Equation 1 posits environmental sustainability (ES) as a function of five independent variables: institutional quality (IQ), population growth (PG), industrial growth (IG), mineral resource rents (MRR), and green finance (GF). This model is grounded in multiple theoretical frameworks. Population growth is included based on the IPAT identity (Impact = Population × Affluence × Technology), where increasing population directly escalates environmental pressure (Ehrlich and Holdren, 1971). Industrial growth, a component of structural economic transformation, is included due to its dual potential: it can drive resource use and emissions, but may also facilitate cleaner production technologies and green industrial policies, as suggested by the Porter Hypothesis (Porter and Van Der Linde, 2017). Mineral resource rents are included following the resource curse theory, which posits that reliance on natural resource revenues can undermine sustainable development unless managed through strong institutions and green policy frameworks (Sachs and Warner, 1995). Finally, green finance is included as a contemporary mechanism intended to bridge financial markets and environmental objectives. The theory of sustainable finance and stakeholder theory underpin its relevance, arguing that financial systems can be reoriented to support long-term environmental and social goals.
Institutional quality (IQ) is added to reflect the governance mechanisms that can amplify or dampen the impact of other drivers, including rents and green finance, on sustainability (Zhang et al., 2025). Strong institutions support regulatory enforcement, reduce corruption, and improve the allocation efficiency of green and resource revenues.
ES=f PG,IG,MRR,GF,IQ(1)
ES=f PG,IG,MRR,GF,IQ,GF2(2)
ES=f PG,IG,MRR,GF,IQ,MRR×IQ(3)
Equation 2 builds on this framework by introducing a squared term for green finance (GF2), enabling the detection of a non-linear (typically inverted U-shaped) relationship. This reflects the possibility that while initial increases in green finance may enhance sustainability, excessive or inefficient allocation may lead to diminishing or even adverse returns due to issues such as greenwashing, misalignment with local needs, or absorptive capacity constraints in developing economies.
Equation 3 empirically operationalizes the linear form of the full theoretical model, capturing the marginal effects of each determinant, demographic, industrial, financial, and institutional, on environmental sustainability. It establishes the baseline relationships by including the interaction term between mineral resource rents and institutional quality.
The empirical counterparts of these functional forms are expressed in Equations 4–6, which are linear panel regression models estimated over the E7 countries across the 1996–2023 period. Equation 4 is expressed as follows:
ESit=αit+β1PGit+β2IGit+β3MRRit+β4GFit+β5IQit+εit(4)
The dependent variable ESit denotes the environmental sustainability in country i at time t. The term αit captures country-specific fixed or random effects, allowing the model to control for unobserved heterogeneity, while ϵit represents the idiosyncratic error term. The coefficients β1 through β5 measure the marginal impact of each explanatory variable on environmental sustainability.
Equation 5 extends this model to incorporate a quadratic term for green finance: GFi,t2. This extension tests the hypothesis of a non-linear influence of green finance, consistent with the Environmental Kuznets Curve logic applied to financial mechanisms. A significant and negative β6 would support the inverted U-shaped relationship, indicating that beyond a certain threshold, increases in green finance could yield diminishing or even counterproductive environmental outcomes.
ESit=αit+β1PGit+β2IGit+β3MRRit+β4GFit+β5IQit+β6GFi,t2+εit(5)
ESit=αit+β1PGit+β2IGit+β3MRRit+β4GFit+β5IQit+β6MRR×IQi,t+εit(6)
Equation 6 introduces an interaction term between mineral resource rents and institutional quality (MRR × IQ), grounded in the institutional resource-curse literature. This specification tests the conditional hypothesis that the ecological impact of resource rents depends on the strength of governance. In countries with higher institutional quality, extractive revenues may be channeled into environmentally beneficial outcomes through targeted investment, stronger environmental oversight, and reinvestment strategies. A significant and positive β6 would suggest that institutional quality moderates and potentially reverses the negative effect of resource rents on sustainability.
In general, these models are based on theory and are structured to uncover the complicated connections between the macroeconomic, demographic, industrial, and financial factors that affect environmental sustainability in developing economies. Adding non-linear and interaction terms is especially helpful for understanding how green finance and mineral rents behave in complicated and conditional approaches.
Taiwo Onifade et al. (2021) provide empirical evidence of a troubling paradox in E7 economies: their impressive progress in financial and economic development has come at a high cost to biodiversity. As these countries have grown, so have their ecological footprints. This is because of rapid industrialization and urban growth. This dual path, progress along with stress on ecosystems, lays the groundwork for the current study’s investigation into how socio-technical systems and macro-financial dynamics affect ecological resilience and sustainability in these rapidly changing nations (Huang et al., 2025).
Population growth (PG) puts stress on ecosystems by increasing the need for energy, the spread of cities, and the use of natural resources. The IPAT framework (Impact = Population × Affluence × Technology) indicates that a growing population makes the environment worse unless technology becomes more efficient or policies are implemented to address the issue. So, in these economies, a growing population is likely to make the environment less sustainable, which means there is a negative relationship β1=∂ESit∂PGit <0.
Industrial growth (IG), used as a proxy for the scale and intensity of industrialization, is traditionally associated with increased emissions, higher fossil fuel consumption, and expanded material flows. Unless accompanied by green technologies or circular economy practices, industrial expansion tends to exacerbate environmental stress. This aligns with the theory that uncontrolled industrial growth undermines ecological resilience, particularly in resource- and energy-intensive sectors. Thus, the expected coefficient is negative: β2=∂ESit∂IGit<0.
Mineral resource rents (MRR) convey how much of a country’s GDP comes from natural resources. They also indicate whether the economy depends on a limited number of environmentally harmful economic activities. The “resource curse” theory suggests that relying heavily on resources can harm the environment, lead to bad governance, and discourage ecologically friendly investments. These rents are usually linked to deforestation, contaminated soil, and degraded water, which are likely to harm the environment: β3=∂ESit∂MRRit <0.
Green finance (GF) is the allocation of financial resources to projects with positive consequences on the environment. In this study, it is defined as the main component that includes both renewable electricity production (excluding hydro) and foreign direct investment as a share of GDP. It supports the shift to energy systems with less carbon, more efficient energy use, and infrastructure resilient to climate change (Fu et al., 2023; K. Liu et al., 2025). GF is based on the idea that financial capital can be aligned with environmental goals, which is the idea behind sustainable finance. Green finance is expected to affect the environment in a positive way: β4=∂ESit∂GFit >0.
Institutional quality (IQ) refers to the effectiveness of governance systems in shaping the environment. When institutions are strong, it is possible to establish rules, enforce them, and ensure transparency. The fight against corruption, the quality of laws, and the rule of law all influence the effectiveness of environmental regulation and the proper use of green finance flows. People are more responsible and involved in high-quality institutions, which allows protecting the environment and makes policies more stable over time. When it comes to mineral rents or industrial externalities, institutions can help protect the environment by ensuring that businesses reinvest their profits effectively, respect the rules, and reach their sustainability goals. Consequently, better institutions lead to a healthier environment, so that β5=∂ESit∂IQit >0.
To summarize, the model employed in this study shows how demographic trends, industrial growth, resource rents, institutional quality, and long-term financial mechanisms affect the environment. It additionally enables to understand how these factors shape the future of ecological sustainability in the E7 countries.
3.3 Estimation techniques
The current study uses a broad econometric approach designed for panel data to identify factors affecting environmental sustainability in E7 economies from 1996 to 2023. The procedure consists of the following steps: diagnostic testing, checking for stationarity, cointegration analysis, estimation using MMQR, and checking for robustness.
3.3.1 Slope heterogeneity and cross-section dependency
The initial task in the empirical study is to explore two main issues with panel data: cross-sectional dependency (CD) and slope homogeneity (SH). It is important to test for cross-sectional dependence because economies are connected through shared trade systems, financial flows, and geopolitical shocks, including the COVID-19 pandemic or the Russia-Ukraine conflict. The Pesaran (2004) CD test is used to find interdependencies between the E7 countries, which ensures that the findings are appropriate and consistent.
The study uses the slope homogeneity (SH) test that Pesaran and Yamagata (2008) developed to assess whether the parameter estimates might be different in various countries. This test checks if the slope coefficients are the same for all panel units. The adjusted test statistic (ΔASH) gives a more accurate result. Equations 7 and 8 provide the formulas of the ΔSH and ΔASH statistics:
ΔSH=N12 2K121NS−K(7)
ΔASH=N12 2kT−k−1T+112 1NS−2K(8)
3.3.2 Stationarity tests
Following the confirmation of CD and SH, the stationarity of the series is tested using the second-generation cross-sectionally augmented Im-Pesaran-Shin (CIPS) test as proposed by Pesaran (2007). Unlike first-generation unit root tests, the CIPS test accounts for cross-sectional dependencies, providing more reliable inferences in globally integrated datasets. The stationarity equation is given in Equation 9:
ΔWi,t=φi+φiZi,t-1+φiW¯t-1+∑l=0p φilΔWt-1+∑l=1p φilΔWi,t-1+ut(9)
where Wi,t is a linear combination of explanatory variables such as EG, PG, IG, MRR, and GF. The average CIPS statistic is computed in Equation 10:
CIPS^=N−1∑l=1n CDFi(10)
3.3.3 Cointegration test
After stationarity is established, the long-run equilibrium relationship between ES and its drivers is investigated using the Westerlund (2007) cointegration test. Unlike traditional tests (e.g., Pedroni), this second-generation method accommodates cross-sectional dependence and checks cointegration through an error-correction framework. The core equation is given in Equation 11:
αiLΔyit=γ1i+γ2it+βiyit−1−áixit−1+γiL′vit+ηi(11)
This formulation produces four statistics reported in Equations 12–15 (Gt, Ga, Pt, Pa), where Gt and Ga assess average group cointegration and Pt and Pa assess full-panel cointegration:
Gt=1N∑i=1N  á iSE á i (12)
Ga=1N∑i=1N Ta´i ái i1(13)
PT= á SE á (14)
Pa=T á(15)
3.3.4 Multicollinearity check
Before model estimation, multicollinearity among independent variables is checked using the Variance Inflation Factor (VIF) test. High VIF values (typically above 10) indicate problematic multicollinearity, which could bias coefficient estimates and standard errors. The test confirms that all VIF values fall within acceptable limits, ensuring the reliability of estimated parameters.
3.3.5 MMQR test
The primary estimation technique is the Method of Moments Quantile Regression (MMQR), developed by Machado and Santos Silva (2019). MMQR captures the full conditional distribution of the dependent variable, here, environmental sustainability (ES), rather than mean effects. This method is particularly suited for environmental data, where relationships may differ across quantiles (e.g., high vs. low sustainability contexts).
Unlike conventional OLS or basic quantile regression, MMQR is robust to outliers, nonlinearities, and unobserved heterogeneity, and avoids quantile crossing. It allows for differential policy insights across low- and high-performing nations, enhancing the depth of ecological analysis.
The MMQR method has gained substantial adoption in recent environmental economics literature, as evidenced by applications in diverse contexts by Miao et al. (2022) and Dogan et al. (2021), further validating its suitability for complex and nonlinear environmental-economic models like the one adopted in this study.
3.3.6 Endogeneity testing: Durbin-Wu-Hausman test and system GMM
Even though MMQR is robust enough to handle distributional asymmetry, it does not automatically fix for simultaneity or reverse causality. If green finance, industrial growth, or resource rents are determined simultaneously with environmental sustainability, endogeneity may happen. As a result, the estimates may be biased.
To fix this, we employ the Durbin-Wu-Hausman test, which uses instrumental variables to check endogeneity and ensures that the coefficient estimates are robust (Liang and Yang, 2019). This approach allows to re-estimate the key relationships while controlling for potential simultaneity, thereby validating the robustness of our main results.
Additionally, to examine dynamic effects and further control for endogeneity, we apply a two-step System Generalized Method of Moments (System-GMM) estimator (Mawutor et al., 2024). Following the methodology of Fingleton (2022), the dynamic panel model incorporates a lagged dependent variable (ES) and instruments endogenous regressors using their own lagged values, as shown in Equation 16:
ESi,t=αi+λ1ESi,t-1+β1PGi,t+β2IGi,t+β3GFi,t+β4IQi,t+β5MRRi,t+φt+εi,t(16)
Here, the lag of the dependent variable (ES) of a country i at time t–1 is denoted by ESi,t−1. This approach is particularly effective for addressing endogeneity when valid external instruments are limited, and the time dimension is relatively short—conditions often met in sustainability-focused panel datasets.
3.3.7 Robustness tests
This study employs two additional robustness checks, the Feasible Generalized Least Squares (FGLS) method and the Common Correlated Effects Mean Group (CCEMG) estimator, to make sure that the MMQR results are reliable and that the estimated relationships are robust.
The FGLS method deals with problems of panel-level heteroskedasticity and autocorrelation, which can make standard error estimates less accurate in regular fixed or random effects models. FGLS gives better and more reliable coefficient estimates when there is cross-sectional heterogeneity by modeling error variance structures. Using FGLS allows concluding if the mean-based effects match up with the quantile-specific results from the MMQR framework.
In addition, the study applies the Common Correlated Effects Mean Group (CCEMG) estimator, developed by Pesaran (2006), to account for cross-sectional dependence due to unobserved common factors. This is particularly relevant for globally exposed economies like the E7, which are influenced by shared macroeconomic shocks (e.g., commodity price fluctuations, financial crises). CCEMG incorporates cross-sectional averages of all variables into the regression, thereby avoiding bias from unobserved but correlated shocks across countries.
Together, these robustness estimators strengthen the empirical analysis. FGLS checks the direction and consistency of relationships at the mean level, while CCEMG validates the findings under broader cross-sectional dependence structures. This triangulated approach ensures that the observed patterns, especially the role of green finance, industrial growth, and mineral rents, do not depend on a specific estimation method, but instead reflect consistent and methodologically sound results.
These steps reflect rigorous practices in environmental econometrics and enhance the credibility of the study’s policy-relevant conclusions for improving ecological sustainability in emerging economies.
4 RESULTS AND DISCUSSION
Table 2 presents the descriptive statistics for the key variables included in the empirical analysis: Environmental Sustainability (ES), Population Growth (PG), Industrial Growth (IG), Mineral Resource Rents (MRR), Green Finance (GF), and Institutional Quality (IQ), based on 196 observations across the E7 countries for the 1996–2023 period.
TABLE 2 | Descriptive statistics.	Statistics	ES	PG	IG	MRR	GF	IQ
	Mean	1.032	0.934	32.593	0.706	0.065	−1.87E-09
	Median	0.544	1.044	31.127	0.545	0.035	−0.029
	Maximum	3.760	1.998	48.061	4.489	2.222	2.167
	Minimum	0.219	−0.460	18.188	0.010	−3.492	−2.377
	Std. Dev.	1.002	0.583	7.958	0.640	0.948	1.000
	Jarque-Bera	46.460***	11.960***	17.410***	73.470***	7.290**	8.160**
	Obs.	196	196	196	196	196	196


Note: The significance level is denoted as *** for 1% and ** for 5%. (Reference: Authors’ compilation).
The mean value of Environmental Sustainability (ES), measured via the Load Capacity Factor (LCF), is 1.032, suggesting that, on average, biocapacity slightly exceeds ecological footprint across the panel. However, the wide standard deviation (1.002) and the range between the minimum (0.219) and maximum (3.760) reveal considerable heterogeneity in sustainability performance among E7 countries. The high Jarque-Bera statistic (46.460, p < 0.01) indicates strong non-normality, justifying the use of distribution-sensitive methods such as MMQR.
Population Growth (PG) averages around 0.93% annually, with a slightly positive skew indicated by the median (1.044) exceeding the mean. The variation is modest (SD = 0.583), but the non-normality (Jarque-Bera = 11.960, p < 0.01) may reflect demographic transitions across countries like China and Russia versus younger populations in Indonesia.
Industrial Growth (IG) shows a high mean (32.59%) and substantial variation (SD = 7.96), consistent with structural differences in industrial intensity across the E7 bloc (Figure 1). The range (18.19%–48.06%) underscores diverse industrial pathways, while the significant Jarque-Bera test (17.410, p < 0.01) suggests non-normality—likely driven by transition economies or resource-heavy industries.
[image: Bar chart titled "Industrial Growth" showing the value added of industry as a share of GDP for Brazil, China, India, Indonesia, Mexico, Russia, and Turkey from 1996 to 2023. Each country is represented by different colored bars. China consistently shows the highest percentage, while other countries vary. The y-axis is labeled "% of GDP" ranging from -5 to 55.]FIGURE 1 | Temporal variations of IG during 1996–2023 across E7 nations.Mineral Resource Rents (MRR) average 0.706% of GDP but range from 0.01% to 4.49%, reflecting large asymmetries in natural resource endowments—most notably between heavily extractive economies like Russia and Brazil versus service- or manufacturing-oriented nations like Turkey. The high skewness is confirmed by the Jarque-Bera statistic of 73.470 (p < 0.01).
Green Finance (GF), a PCA-derived index, has a low mean (0.065) but a wide range (from −3.492 to 2.222), with a large standard deviation (0.948). This dispersion reflects divergent trends in renewable electricity deployment and foreign capital inflows. The Jarque-Bera value (7.290, p < 0.05) indicates modest but statistically significant deviation from normality. Average trend of GF is shown in Figure 2.
[image: Bar chart showing average Green Finance (GF) scores by country. Turkey, Indonesia, India, and Russia have negative scores, with Turkey lowest at around -0.6. Mexico, Brazil, and China have positive scores, with China highest at about 0.8.]FIGURE 2 | Average trends of GF in E7 economies.Institutional Quality (IQ) centers near zero (mean ≈ −1.87e-09), as expected for PCA-constructed governance indices normalized across countries. However, the large standard deviation (1.000) and wide range (−2.377 to 2.167) highlight stark institutional disparities within the E7 group. The distribution is also non-normal (Jarque-Bera = 8.160, p < 0.05), consistent with differing governance models and political stability scores across countries.
In sum, the descriptive statistics suggest substantial variation and significant departures from normality across all key variables. These patterns underscore the importance of adopting flexible, distribution-sensitive econometric techniques—such as MMQR and CCEMG—to capture underlying heterogeneity and avoid biased inferences.
The wavelet power spectra of MRR across E7 countries in Figure 3 reveal diverse temporal patterns. Brazil and Russia show sustained high-power periods, indicating long-term resource dependence. China and India exhibit moderate, shifting patterns, reflecting economic diversification. Indonesia and Mexico display intermittent spikes, tied to commodity cycles, while Turkey shows minimal activity. Overall, these patterns highlight structural differences in resource reliance and underscore the importance of tailored, yet coordinated, resource and sustainability policies across the E7.
[image: Wavelet power spectra of MRR (Maximum Rainfall Rate) from 1995 to 2020 for seven countries: Brazil, China, India, Indonesia, Mexico, Russia, and Turkey. Each spectrum shows scale on the y-axis, year on the x-axis, and power intensity in color gradients from blue (low) to red (high). Brazil and Russia display higher intensity in recent years, while China and Indonesia have earlier peaks.]FIGURE 3 | Wavelets for MRR in E7 nations.The correlation matrix presented in Table 3 provides a comprehensive view of the relationships between the key variables used in this study, based on 196 annual observations (1996–2023). Several important insights emerge from the correlations, which help to understand the dynamics influencing ES in the E7 countries.
TABLE 3 | Correlation analysis.	Variables	ES	PG	IG	MRR	GF	IQ
	ES	1.000					
	PG	−0.128*	1.000				
	IG	−0.520***	−0.056	1.000			
	MRR	0.240***	−0.239***	0.086	1.000		
	GF	0.242***	−0.118*	−0.021	0.145**	1.000	
	IQ	−0.042	0.544***	−0.418***	−0.152**	−0.037	1.000


Note: Significance levels are denoted as *** for 1%, ** for 5%, and * for 10%. (Reference: Authors’ compilation).
The negative correlation between ES and PG (−0.128, p < 0.10) suggests that higher population growth is linked to lower environmental sustainability. This finding is consistent with the IPAT framework, which posits that growing population can put increasing pressure on environmental resources, thus undermining sustainability. Industrialization, represented by IG, shows a stronger negative correlation with ES (−0.520, p < 0.01), indicating that industrial expansion, particularly in energy-intensive sectors, tends to deteriorate environmental outcomes. This result reinforces the conventional understanding that industrial growth can contribute to environmental degradation unless accompanied by cleaner technologies or effective environmental policies.
Interestingly, MRR shows a positive correlation with ES (0.240, p < 0.01), suggesting that mineral resource rents may support environmental sustainability. This could be due to the effective reinvestment of resource rents into sustainable development initiatives or the use of these funds to support environmental governance, which mitigates the negative effects of resource dependence. This result contrasts with the expectations set by the resource curse theory, which generally predicts adverse environmental impacts due to over-reliance on extractive industries. However, this positive correlation may reflect that better governance or reinvestment policies can reduce the ecological risks associated with mineral extraction.
The correlation between GF and ES (0.242, p < 0.01) further underscores the positive role that financial investments in sustainable initiatives can play in promoting environmental resilience. Green finance, which includes funding for renewable energy and climate-related projects, appears to significantly contribute to improving environmental sustainability in the E7 countries. This supports the growing literature on sustainable finance, which suggests that aligning financial systems with environmental goals is crucial for advancing ecological outcomes.
IQ shows a strong positive correlation with PG (0.544, p < 0.01), indicating that countries with stronger institutions tend to manage population growth more effectively. This could be due to better governance systems that promote sustainable urbanization, family planning policies, or resource-efficient practices. Additionally, IQ is negatively correlated with Industrial Growth (IG) (−0.418, p < 0.01), suggesting that countries with stronger institutions may be able to mitigate the environmental impacts associated with industrial expansion. This finding is consistent with the idea that effective governance can promote the adoption of cleaner industrial practices, reducing the negative ecological consequences of industrialization.
The relationship between IQ and MRR is also negative (−0.152, p < 0.05), albeit modest. This indicates that countries with better institutional frameworks may be more adept at managing the potentially harmful environmental effects of resource extraction. Strong institutions may facilitate policies that regulate the use of resource rents and direct them towards environmentally sustainable uses, thereby mitigating the adverse effects typically associated with reliance on mineral resources.
In summary, the correlation matrix highlights the complex interactions between the various determinants of ES in the E7 nations. While industrial growth and population pressure are negatively correlated with sustainability, green finance and mineral resources appear to support environmental resilience. The positive relationship between mineral resource rents and environmental sustainability suggests that institutional quality plays a critical role in mediating the effects of resource dependence, which may offer useful insights for policy design aimed at fostering sustainability in emerging economies.
Table 4 presents the results of the cross-sectional dependence (CD) test for the key variables in this study. The test statistics are significant at the 1% or 5% levels, indicating the presence of strong cross-sectional dependence among the variables. Specifically, ES, PG, IG, and MRR exhibit high test statistics with p-values of 0.000, confirming significant interdependencies across the E7 countries. This suggests that these variables are influenced by shared global shocks, such as economic or environmental crises, which impact multiple countries simultaneously.
TABLE 4 | CD test results.	Variables	Statistics	P-value
	ESi,t	13.150***	0.000
	PGi,t	12.090***	0.000
	IGi,t	7.320***	0.000
	MRRi,t	13.650***	0.000
	GFi,t	2.110**	0.035
	IQi,t	−2.260**	0.024


Note: The significance levels are denoted as *** for 1% and ** for 5%. (Reference: Authors’ compilation).
The GF variable shows a weaker but still significant result (coefficient = 2.110, p < 0.05), indicating some degree of cross-sectional dependence in the green finance data. Similarly, IQ shows significant dependence (coefficient = −2.260, p < 0.05), suggesting that governance quality in these countries may be similarly impacted by global or regional factors.
Given the significant cross-sectional dependence, we recognize that MMQR, as implemented, assumes independent errors across units, which may not be appropriate in the presence of strong dependence. To address this concern and improve the robustness of our findings, we also employ the Common Correlated Effects Mean Group (CCEMG) estimator. As suggested in recent econometric literature, CCEMG is a useful method for dealing with cross-sectional dependence by incorporating cross-sectional averages of the variables in the regression. This adjustment accounts for unobserved common factors influencing all panel units simultaneously.
By employing CCEMG, we can more effectively mitigate the bias introduced by cross-sectional dependence, offering more reliable estimates and enhancing the robustness of the study’s conclusions. This ensures that the empirical results are not driven by shared global trends and better reflect the underlying relationships within the E7 countries.
Table 5 presents the results of the Slope Homogeneity (SH) test, which assesses whether the slope coefficients are homogeneous across the E7 countries. The test statistics, Δ̂Δ^SHT = 7.352 and Δ^^adj. SHT = 8.490, are both highly significant with p-values of 0.000, indicating that the null hypothesis of homogeneity is rejected at the 1% level. This suggests that there is significant variation in the relationships between the explanatory variables and environmental sustainability across the E7 countries, highlighting the importance of accounting for slope heterogeneity in the analysis. This result justifies the use of methods, such as MMQR and CCEMG, which can capture these country-specific differences in the data.
TABLE 5 | SH test.	Test	Coefficient	P-value
	Δ^SHT	7.352***	0.000
	Δ^^adj. SHT	8.490***	0.000


Note: The significance level is denoted as *** for 1%. (Reference: Authors’ compilation).
The findings from the CIPS unit root test in Table 6 indicate that most of the key variables, including PG, IG, and IQ, are non-stationary at levels and require differencing to achieve stationarity. In addition, the test statistics for variables, such as ES (−5.671) and IG (−4.677), exceed the critical values for I(1) at the 1% significance level. In contrast, PG and IQ show significant I(1) results. Because these variables are not stationary, there is a risk of endogeneity, which means that they could create spurious relationships if they are not handled correctly. To deal with this, the Durbin-Wu-Hausman test is used to check endogeneity, and instrumental variables are used to ensure that estimates are consistent.
TABLE 6 | CIPS unit root test.	Variables	I(0)	I(1)
	ESi,t	−2.950**	−5.671***
	PGi,t	−1.811	−2.804*
	IGi,t	−1.999	−4.677***
	MRRi,t	−3.095**	−5.562***
	GFi,t	−4.151***	−5.629***
	IQi,t	−1.856	−4.592***
	Critical values at	10%	5%	1%
		−2.730	−2.860	−3.100


Note: Significance levels are denoted as *** for 1%, ** for 5%, and * for 10% (Reference: Authors’ compilation).
MMQR is also used to reduce the risk of spurious relationships due to non-stationary variables. This method allows for robust estimates even with data that is not stationary. It captures the full range of environmental sustainability without relying on mean-based methods. MMQR avoids the problems of traditional regression methods that need stationarity. It gives more reliable and detailed information about how key variables are related to each other across different quantiles. Finally, the CCEMG method is used to account for cross-sectional dependence, which is important because the E7 countries are connected to each other. This method adds cross-sectional averages to the regression, which mitigates bias caused by shocks that affect the whole world or a region and ensures that the results are robust in a wide range of economic situations.
The Durbin-Wu-Hausman test, MMQR, and CCEMG provide a comprehensive econometric framework for addressing endogeneity, non-stationarity, and cross-sectional dependence. This gives a better and more reliable picture of the potential drivers of environmental sustainability in E7 countries.
Table 7 shows the results of the simultaneity test for two specifications focusing on GF, with MRR and IG as possible endogenous variables. The tests for simultaneity examine if the explanatory variables and the dependent variable are determined at the same time. This means that instrumental variable methods are needed to handle this particular issue.
TABLE 7 | Simultaneity test.	Test	Test 1 (GF and MRR)	P-value 1 (GF and MRR)	Test 2 (GF and IG)	P-value 2 (GF and IG)
	For Model 1:
	 Durbin Chi-square	12.678***	0.0004	42.899***	0.0000
	 Wu-Hausman F-statistic	27.881***	0.0000	106.423***	0.0000
	For Model 2:
	 Durbin Chi-square	10.639***	0.0011	44.283***	0.0000
	 Wu-Hausman F-statistic	23.904***	0.0000	111.885***	0.0000
	For Model 3:
	 Durbin Chi-square	13.324***	0.0003	43.129***	0.0000
	 Wu-Hausman F-statistic	29.054***	0.0000	104.522***	0.0000


Note: Significance level is denoted as *** for 1%.
In all models, both chi2(1) and F-statistics are statistically significant, with p-values below 0.01. For Model 1, the robust score chi2 and robust regression F-statistics for both GF and MRR (12.678, 27.881) and GF and IG (42.899, 106.423) indicate strong evidence of simultaneity, suggesting that GF, MRR, and IG are endogenous in these regressions.
Similarly, Models 2 and 3 confirm simultaneity for both pairs of variables, with statistically significant chi2 and F-statistics across the tests. The high values for the robust regression F-statistics further emphasize the need to address the simultaneity bias.
In summary, the simultaneity test results provide compelling evidence that GF, MRR, and IG are jointly determined with the dependent variable, reinforcing the necessity of using instrumental variable techniques to mitigate simultaneity bias.
The results of Westerlund’s cointegration test (Table 8) provide insights into the long-run equilibrium relationships between environmental sustainability and its key determinants in the E7 economies. The test produces four statistics, Gt, Ga, Pt, and Pa, which test different aspects of cointegration across the panel.
TABLE 8 | Westerlund’s cointegration test.	Statistic	Value	Z-value	P-value
	Gt	−5.187	−7.055	0.000
	Ga	−16.215	−0.398	0.345
	Pt	−12.290	−5.561	0.000
	Pa	−14.497	−1.010	0.156


Reference: Authors’ compilation.
The Gt statistic is −5.187, with a Z-value of −7.055 and a p-value of 0.000, indicating strong evidence of cointegration at the 1% significance level. This suggests that there is a long-run equilibrium relationship between ES and its explanatory variables for at least some of the countries in the panel, supporting the presence of a stable long-term association.
On the other hand, the Ga statistic is −16.215, with a Z-value of −0.398 and a p-value of 0.345, which fails to reject the null hypothesis of no cointegration at any conventional significance level. This suggests that, for the group cointegration, there is no strong evidence of a long-term relationship across all countries in the panel when considering the average group effect.
Similarly, the Pt statistic is −12.290, with a Z-value of −5.561 and a p-value of 0.000, strongly indicating full-panel cointegration at the 1% level. This result further supports the existence of a long-run equilibrium relationship across the entire panel of E7 countries, consistent with the findings from the Gt statistic.
However, the Pa statistic is −14.497, with a Z-value of −1.010 and a p-value of 0.156, which does not provide strong evidence for full-panel cointegration, as the p-value is greater than the conventional significance thresholds.
In summary, the Westerlund cointegration test suggests that while there is strong evidence for cointegration between ES and its determinants in some parts of the panel (as indicated by the Gt and Pt statistics), the results are less conclusive for the overall group and full-panel cointegration (Ga and Pa). This indicates that long-run relationships may exist for specific subsets of countries, but the full-panel relationship is less certain.
Table 9 presents the multicollinearity diagnostic results using the Variance Inflation Factor (VIF). All variables have VIF values well below the critical threshold of 10, with a mean VIF of 1.470, indicating no significant multicollinearity among the regressors. This confirms that the explanatory variables in the model are sufficiently independent, ensuring stable and reliable coefficient estimates in the regression analysis.
TABLE 9 | Multicollinearity check.	Variables	VIF	1/VIF
	PGi,t	1.690	0.592
	IGi,t	1.590	0.627
	MRRi,t	1.090	0.919
	GFi,t	1.050	0.949
	IQi,t	2.060	0.486
	Mean VIF	1.470	-


Reference: Authors’ compilation.
The MMQR results presented in Table 10 provide a detailed exploration of the relationships between environmental sustainability (ES) and its key drivers across different quantiles (Q0.25, Q0.50, Q0.75, Q0.90). The outcomes show that the explanatory variables have different effects on ES at different levels of sustainability, both linear and non-linear.
TABLE 10 | MMQR results.	Variables	Location	Scale	Quantiles
	Q0.25	Q0.50	Q0.75	Q0.90
	ES=f PG,IG,MRR,GF,IQ
	PGi,t	0.164	0.338***	−0.148*	0.104	0.503**	0.836***
	IGi,t	−0.084***	−0.028***	−0.059***	−0.080***	−0.112***	−0.140***
	MRRi,t	0.380***	0.076	0.310***	0.366***	0.456**	0.532*
	GFi,t	0.202***	0.093*	0.116**	0.186***	0.296**	0.388**
	IQi,t	−0.332	−0.145**	−0.197***	−0.306***	−0.478***	−0.621***
	Constant	3.350***	1.130***	2.308***	3.152***	4.485***	5.600***
	ES=f PG,IG,MRR,GF,IQ,GF2
	PGi,t	0.134	0.253*	−0.093*	0.069	0.377	0.627*
	IGi,t	−0.087***	−0.022**	−0.067***	−0.081***	−0.108***	−0.130***
	MRRi,t	0.350**	0.081	0.277***	0.329**	0.427*	0.507**
	GFi,t	0.228**	0.090	0.147***	0.205**	0.315*	0.403
	IQi,t	−0.294**	−0.116	−0.190***	−0.264***	−0.404**	−0.519*
	GFi,t2	0.130**	−0.003	0.133***	0.131***	0.127	0.123*
	Constant	3.350***	1.000**	2.447***	3.092***	4.310***	5.300***
	ES=f PG,IG,MRR,GF,IQ,MRR×IQ
	PGi,t	0.166	0.359***	−0.164	0.104	0.512***	0.825***
	IGi,t	−0.084***	−0.028***	−0.059***	−0.080***	−0.111***	−0.135***
	MRRi,t	0.375***	0.068	0.313**	0.363***	0.441***	0.500**
	GFi,t	0.196***	0.076*	0.126**	0.182***	0.269***	0.336***
	IQi,t	−0.368***	−0.248***	−0.141	−0.326**	−0.607***	−0.822***
	MRR×IQi,t	0.048	0.126	−0.068	0.026	0.170*	0.279*
	Constant	3.350***	1.120***	2.323***	3.157***	4.429***	5.403***


Note: Significance levels are denoted as *** for 1%, ** for 5%, and * for 10%. (Reference: Authors’ compilation).
In the first model, where PG, IG, MRR, GF, and IQ are used to predict ES, we note that PG has a positive effect on ES at the higher quantiles (Q0.75 and Q0.90). The coefficients are significant at Q0.75 (0.503, p < 0.05) and Q0.90 (0.836, p < 0.01). This means that population growth is more likely to be linked to sustainability in countries with good environmental quality, possibly because they handle population pressures better. Muhammad et al. (2020) support these results. On the other hand, IG always has a negative effect across all quantiles, with significant coefficients at all quantiles (for example, Q0.25: −0.059, p < 0.01; Q0.50: −0.080, p < 0.01). This shows that industrial growth generally makes the environment less sustainable, especially in countries with higher levels of sustainability performance. Caglar et al. (2023) corroborate this finding.
At lower quantiles (Q0.25: 0.310, p < 0.01), MRR and ES are positively related, but this relationship gets stronger at higher quantiles. This means that resource rents may help protect the environment in all countries, particularly in those with a better initial environmental quality. Ajayi (2024) and Caglar et al. (2025) support these results. Across all quantiles, the link between GF and ES is always positive and strong, getting stronger at higher quantiles (Q0.90: 0.388, p < 0.05). This shows how important green finance is for promoting sustainability, especially in countries that are already doing well in terms of sustainability. Jin et al. (2024) confirm these results.
IQ and ES are always negatively related, and the effect gets stronger at higher quantiles (Q0.90: −0.621, p < 0.01). This means that there may be stronger regulatory controls and governance mechanisms in countries with better performance. These could limit the positive effects of other factors, like green finance or population growth, on sustainability. This could show the complicated choices that have to be made when putting sustainability policies into action with stronger institutions.
In the second model, which introduces GF2 (the squared term for green finance), the results suggest a non-linear relationship between green finance and environmental sustainability. The positive coefficient of GF2 at higher quantiles (Q0.5: 0.131, p < 0.01; Q0.90: 0.123, p < 0.10) suggests that the impact of green finance on sustainability remains positive at higher levels of sustainability (de Angelis et al., 2019). However, at Q0.9, GF shows a non-significant effect, and the squared term (GF2) also becomes less significant. This finding supports the Environmental Kuznets Curve (EKC) hypothesis, where green finance’s effectiveness is most noticeable in higher-performing countries, but its marginal impact diminishes or becomes negative in lower-performing nations. This outcome contradicts the study by Trabelsi and Fhima (2025), which reveal that enhancing financial inclusion, often linked to green finance initiatives, can lead to increased CO2 and total GHG emissions.
Lastly, in the third model, which includes the interaction term MRR × IQ, we see that IQ has a stronger negative relationship with ES at the higher quantiles (Q0.90: −0.822, p < 0.01). On the other hand, MRR × IQ is positive at the higher quantiles (Q0.90: 0.279, p < 0.10). This means that the quality of institutions can influence how mineral resource rents affect the environment. Countries with stronger institutions may be better able to manage mineral resource rents and use them to protect the environment, like through sovereign wealth funds or reinvesting in green projects. This is due to the positive interaction term at higher quantiles.
In summary, the MMQR results highlight the heterogeneous and non-linear effects of the different variables on environmental sustainability across different quantiles (Figure 4). The findings emphasize the critical role of green finance in promoting sustainability, particularly in high-performing countries, while also illustrating the mixed effects of industrial growth and mineral resource rents. The incorporation of institutional quality further underscores the complexity of these relationships, suggesting that governance has a key role in mediating the effects of economic and financial factors on sustainability.
[image: Three sets of line graphs labeled Model 1, Model 2, and Model 3 compare metrics: PG, IG, MRR, GF, and IQ over quantiles from 0 to 100. Each graph shows shaded areas representing variability or confidence intervals. Model 2 includes an additional metric, GF2, and Model 3 includes MRRxIQ.]FIGURE 4 | MMQR graphical results.Table 11 presents the results of the dynamic panel data estimation using two-step system GMM, examining the effects of various factors impacting environmental sustainability (ES). The system GMM method is used to control for endogeneity, unobserved heterogeneity, and reverse causality, providing more reliable coefficient estimates in the presence of these issues. The results are divided into three models, each with different specifications of the key independent variables.
TABLE 11 | Outcomes of factors impacting environmental sustainability: two-step system GMM results.	Dependent variable: ES	Dynamic panel data, two-step system GMM
	ES=f PG,IG,MRR,GF,IQ
	L.ESi,t	1.178***
	PGi,t	−0.232
	IGi,t	−0.039
	MRRi,t	−0.189
	GFi,t	−0.054
	IQi,t	−0.070
	AR1	−1.430
	AR2	−0.650
	Sargan test	121.750***
	Hansen test	0.000
	No. of instruments/J-stat.	33
	Wald/Chi2 test	12498.300***
	ES=f PG,IG,MRR,GF,IQ,GF2
	L.ESi,t	0.585**
	PGi,t	0.167
	IGi,t	0.002
	MRRi,t	0.140
	GFi,t	0.074**
	IQi,t	−0.038
	GFi,t2	0.034**
	AR1	−1.330
	AR2	−0.710
	Sargan test	119.500***
	Hansen test	0.000
	No. of instruments/J-stat.	34
	Wald/Chi2 test	100682.330***
	ES=f PG,IG,MRR,GF,IQ,MRR×IQ
	L.ESi,t	0.765***
	PGi,t	0.101
	IGi,t	0.002
	MRRi,t	0.066
	GFi,t	0.032
	IQi,t	0.020
	MRR×IQi,t	0.034*
	AR1	−1.500
	AR2	−0.540
	Sargan test	121.710***
	Hansen test	0.000
	No. of instruments/J-stat.	34
	Wald/Chi2 test	112873.72***


Note: The significance level is indicated as ***<1%, **<5%, and *<10%.
The coefficient for the lagged dependent variable (L.ES) is highly significant (1.178, p < 0.01), indicating strong persistence in environmental sustainability. This suggests that past levels of environmental sustainability strongly influence current sustainability outcomes. Among the explanatory variables, PG, IG, MRR, GF, and IQ are all insignificant, with their coefficients being negative or close to zero. The lack of significance for PG (−0.232), IG (−0.039), MRR (−0.189), GF (−0.054), and IQ (−0.070) suggests that these variables may not directly influence environmental sustainability in the short run, or their effects are masked by the persistence in sustainability levels captured by the lagged dependent variable.
The AR1 statistic is −1.430, and AR2 is −0.650, both of which suggest no significant autocorrelation in the model (AR1 is significant, but AR2 is not), indicating the absence of first- and second-order autocorrelation in the model residuals. This is an important diagnostic result, as serial correlation in the residuals could indicate model misspecification.
The Sargan test statistic of 121.750, which is significant at the 1% level, and the Hansen test statistic (0.000) suggest that the instruments used in the model are valid and that there is no problem with over-identification. The Wald Chi2 test (12498.300, p < 0.01) indicates that the model is statistically significant as a whole.
In this model, the inclusion of GF2 (the squared term for green finance) tests the potential non-linearity in the relationship between green finance and environmental sustainability. The lagged dependent variable (L.ES) remains significant (0.585, p < 0.05), indicating persistence in environmental sustainability. However, the effects of PG, IG, MRR, and IQ are still largely insignificant, except for GF the 5% level (0.074, p < 0.05) and GF2 (0.034, p < 0.05). The positive coefficient for GF2 indicates that green finance may have a positive, albeit non-linear, effect on sustainability at higher levels of environmental performance.
The diagnostics in this model show similar results to Model 1. The AR1 value (−1.330) and AR2 value (−0.710) suggest no first- or second-order autocorrelation. The Sargan test (119.500, p < 0.01) and Hansen test (0.000) confirm the validity of the instruments, and the Wald Chi2 test (100682.330, p < 0.01) indicates that the model is statistically significant.
In Model 3, the interaction term between MRR and IQ is introduced to examine how institutional quality (IQ) moderates the effect of mineral resource rents (MRR) on environmental sustainability. The coefficient for L. ES (0.765, p < 0.01) remains significant, further indicating persistence in sustainability outcomes. While PG, IG, MRR, and GF remain largely insignificant, the interaction term MRR × IQ is positive and significant at the 10% level (0.034, p < 0.10). This suggests that stronger institutions may help mitigate the adverse effects of mineral resource rents on sustainability, potentially through improved governance mechanisms and policies that direct resource rents toward sustainable production.
Again, the AR1 (−1.500) and AR2 (−0.540) values suggest no significant autocorrelation, and the Sargan test (121.710, p < 0.01) and Hansen test (0.000) confirm the validity of the instruments. The model’s overall significance is indicated by the Wald Chi2 test (112873.72, p < 0.01).
In conclusion, the system GMM results indicate that lagged environmental sustainability plays a crucial role in determining current sustainability levels, with green finance and institutional quality showing varying effects across different models. The interaction term between MRR and IQ in Model 3 suggests that stronger institutions can moderate the negative impact of resource rents on sustainability. While industrial growth and population growth do not appear to have significant short-term effects on sustainability, the results underscore the importance of green finance and institutional governance in driving sustainability outcomes. The diagnostic tests confirm the robustness of the models, with valid instruments and no autocorrelation, further reinforcing the reliability of the findings.
Table 12 presents the robustness tests results using two alternative estimation methods: Feasible Generalized Least Squares (FGLS) and Common Correlated Effects Mean Group (CCEMG). These tests help to verify the robustness of the baseline findings using different modeling techniques that account for potential issues such as heteroskedasticity, autocorrelation, and cross-sectional dependence. The analysis of these results is essential for confirming the validity and reliability of the conclusions drawn from the three models.
TABLE 12 | Robustness test.	Variables	FGLS	CCEMG
	Coefficient	Std. error	Coefficient	Std. error
	ES=f PG,IG,MRR,GF,IQ
	PGi,t	0.164	0.114	0.047	0.048
	IGi,t	−0.084***	0.008	−0.004***	0.001
	MRRi,t	0.380***	0.086	0.018*	0.010
	GFi,t	0.202***	0.057	0.005	0.005
	IQi,t	−0.332***	0.071	−0.010	0.010
	Constant	3.350***	0.257	−0.024	0.184
	ES=f PG,IG,MRR,GF,IQ,GF2
	PGi,t	0.134	0.110	0.088**	0.034
	IGi,t	−0.087***	0.007	−0.002	0.001
	MRRi,t	0.350***	0.084	0.030**	0.012
	GFi,t	0.228***	0.055	0.027**	0.012
	IQi,t	−0.294***	0.070	0.002	0.009
	GFi,t2	0.130***	0.036	−0.004	0.012
	Constant	3.350***	0.249	−0.050	0.229
	ES=f PG,IG,MRR,GF,IQ,MRR×IQ
	PGi,t	0.166	0.114	0.019	0.065
	IGi,t	−0.084***	0.007	−0.004**	0.002
	MRRi,t	0.375***	0.087	0.082**	0.039
	GFi,t	0.196***	0.058	0.011*	0.007
	IQi,t	−0.368***	0.110	−0.020	0.021
	MRR×IQi,t	0.048	0.110	0.069**	0.032
	Constant	3.350***	0.257	−0.098	0.136


Note: The significance level is denoted as *** for 1%, ** for 5%, and * for 10%. (Reference: Authors’ compilation).
In the first model, FGLS results indicate significant effects for IG, MRR, GF and IQ, with IG having a negative and significant impact on ES (−0.084, p < 0.01), while MRR (0.380, p < 0.01) and GF (0.202, p < 0.01) both show positive effects on sustainability. This is in line with the main findings from the baseline model. The CCEMG results, however, reveal that MRR and GF become less significant, with the coefficient for MRR (0.018, p < 0.10) and GF (0.005) turning insignificant. This suggests that while green finance and mineral resource rents might be important drivers in the FGLS model, their impact appears to diminish when controlling for unobserved common factors across countries using the CCEMG approach. Interestingly, IQ maintains its negative relationship with ES across both models, though it becomes insignificant in the CCEMG model (−0.010), implying that institutional quality might not be a direct driver of environmental sustainability when common shocks are accounted for.
In the second model, which introduces the quadratic term for green finance (GF2), FGLS results show that GF (0.228, p < 0.01) and GF2 (0.130, p < 0.01) both significantly contribute to environmental sustainability, indicating a positive and non-linear relationship. This supports the hypothesis of a compounding benefit of green finance in driving sustainability, particularly as GF rises. However, in the CCEMG model, the coefficient for GF becomes slightly less significant (0.027, p < 0.05), and the coefficient for GF2 turns negative and insignificant (−0.004, p < 0.10), suggesting that the non-linear effect of green finance weakens when controlling for cross-sectional dependence. This result underscores the importance of accounting for common unobserved factors that may influence the relationship between green finance and environmental outcomes. PG and IQ remain relatively insignificant in both models, suggesting that their direct effects on ES are weak, particularly after introducing GF2.
In the third model, which includes the interaction term MRR × IQ, the FGLS results show that MRR and IQ have significant effects on ES (positive for MRR and negative for IQ), with the interaction term (MRR × IQ) also showing a positive but insignificant relationship. The CCEMG results present some differences, particularly for MRR and GF, where their coefficients (0.082, 0.011, respectively) become significant at the 5% and 10% levels. This indicates that MRR and GF have a significant relationship with ES when accounting for cross-sectional dependence. The interaction term MRR × IQ becomes more significant (0.069, p < 0.05), suggesting that the relationship between MRR and environmental sustainability is moderated by the quality of institutions, particularly in countries with stronger governance frameworks.
These findings generally corroborate the main results, though some differences emerge when accounting for cross-sectional dependence and unobserved heterogeneity. In terms of GF, both FGLS and CCEMG confirm the positive relationship between GF and environmental sustainability that was observed in the MMQR and system GMM models. The results for GF are consistently significant across both methods, with FGLS showing a positive effect (0.202, p < 0.01), which is similar to the findings from the previous models. However, in the CCEMG model, the effect of GF diminishes slightly (0.005) and becomes not significant, suggesting that when accounting for cross-sectional dependence, the impact of green finance is attenuated. This finding underscores the importance of considering common global or regional shocks in panel data analysis, as these can influence the relationship between GF and ES.
For MRR, both the FGLS and CCEMG results corroborate the earlier MMQR and system GMM findings, where MRR has a positive but diminishing effect on ES. In the FGLS model, MRR remains positively significant (0.380, p < 0.01), supporting the idea that resource rents can contribute to sustainability. However, in the CCEMG model, the effect of MRR becomes less significant (0.018, p < 0.10), highlighting that when cross-sectional dependence is accounted for, the impact of resource rents is less pronounced, possibly due to the influence of shared external factors that are not captured using the FGLS method.
The negative impact of industrial growth (IG) on ES is also corroborated across both the FGLS and CCEMG models. In the FGLS results, IG consistently shows a negative effect on sustainability (−0.084, p < 0.01), which aligns with the earlier findings from MMQR and system GMM. Similarly, the CCEMG results confirm this negative relationship, though the effect is slightly weaker (−0.004, p < 0.01), suggesting that industrial growth may have a weaker adverse impact on ES when accounting for cross-sectional dependencies.
For IQ, the FGLS results show a significant negative relationship with ES (−0.332, p < 0.01), consistent with earlier models. However, in the CCEMG model, the effect of IQ is much weaker and no longer significant (−0.010), indicating that the influence of institutional quality on sustainability may be overstated when ignoring common global or regional shocks. This result suggests that the direct effect of IQ on environmental sustainability may be less significant than previous outcomes, particularly when considering the broader macroeconomic context.
In terms of the non-linear effects of green finance through the GF2 term, the FGLS results confirm a positive and significant relationship with ES (0.130, p < 0.01), which was in line with the earlier findings from the MMQR and system GMM models. However, in the CCEMG model, GF2 shows a weak and insignificant negative impact, suggesting that the non-linear effects of green finance might be overestimated when accounting for cross-sectional dependence. This indicates that the marginal returns of green finance may not be as pronounced in higher-performing countries when controlling for shared regional or global trends.
Finally, the interaction term MRR × IQ in Model 3 also shows some discrepancies between the FGLS and CCEMG results. While the FGLS results show an insignificant positive effect (0.048), the CCEMG model reveals a stronger and significant positive effect (0.069, p < 0.05), indicating that institutional quality may play a more substantial role in moderating the effects of mineral resource rents when accounting for cross-country dependencies. This suggests that the positive moderating effect of IQ on MRR is more robust when considering common regional factors influencing the economies in the panel.
In summary, the robustness checks generally support the main findings from the MMQR and system GMM models, confirming the positive role of green finance, the negative impact of industrial growth, and the complex interactions involving mineral resource rents and institutional quality. However, the CCEMG results highlight the importance of accounting for cross-sectional dependence, as some variables, particularly green finance and mineral resource rents, exhibit weaker effects when shared external shocks are considered. These results emphasize the need for robust modeling approaches that account for both heterogeneity and interdependencies in panel data analyses of environmental sustainability.
5 CONCLUSION AND POLICY RECOMMENDATIONS
This study provides a comprehensive and empirically rigorous analysis of the determinants of environmental sustainability across E7 economies over the 1996–2023 period. Drawing on a suite of advanced econometric techniques, including Method of Moments Quantile Regression (MMQR), Common Correlated Effects Mean Group (CCEMG), and system GMM, the paper addresses key challenges in panel data modeling such as cross-sectional dependence, non-stationarity, endogeneity, and slope heterogeneity. The results from the CD test justify the use of CCEMG, which effectively absorbs unobserved common factors through cross-sectional averages, improving the reliability of coefficient estimates in the presence of global or regional shocks.
The findings reveal a consistently negative and statistically significant relationship between industrial growth and environmental sustainability across all quantiles, reinforcing concerns about the environmental costs of rapid industrialization in emerging economies. Green finance emerges as a driver of environmental sustainability, with its effect strengthening at higher quantiles of environmental performance. This suggests that green finance is most effective in countries already progressing toward sustainability, consistent with the Environmental Kuznets Curve framework. The non-linear specification, incorporating a squared term of green finance, further validates this relationship, though its significance is moderated when common external shocks are controlled for using CCEMG, indicating that the marginal returns of green finance may be more sensitive to broader macroeconomic conditions than previously assumed.
Mineral resource rents show a positive impact on sustainability at higher quantiles, but this effect diminishes at lower quantiles. Importantly, the interaction between mineral rents and institutional quality becomes more pronounced in later models, particularly under CCEMG, underscoring the moderating role of governance. In contexts with stronger institutions, resource rents are more effectively managed, potentially through reinvestment in green infrastructure or the establishment of sovereign wealth funds that support sustainable development. Institutional quality on its own, however, shows an ambiguous effect: while it is negatively associated with environmental sustainability at higher quantiles in some models, its impact weakens once cross-sectional dependence is accounted for, suggesting that institutional effects may be indirect or context-specific. Dynamic panel analysis using system GMM further reinforces the persistence of environmental sustainability, with the lagged dependent variable consistently showing strong significance. The direct short-run impacts of the explanatory variables, however, are insignificant indicating that structural factors and historical sustainability trajectories may play a larger role than immediate policy shifts. Robustness tests using FGLS and CCEMG confirm the central findings, while also highlighting the importance of controlling for unobserved common factors, which, if ignored, can lead to over- or underestimation of the effects of green finance and natural resources.
In sum, the study demonstrates that environmental sustainability in E7 economies is shaped by a complex interplay of economic, financial, and institutional factors that vary across the sustainability distribution. The consistent findings across multiple estimators lend credence to the core conclusion that green finance and governance reforms, when effectively integrated, hold the potential to offset the environmental degradation associated with industrialization and resource extraction. These insights carry important implications for policy design, emphasizing the need for differentiated, institution-sensitive strategies to advance sustainability in emerging markets.
5.1 Policy suggestions
Based on the study’s findings, actionable policies should prioritize the promotion of green finance mechanisms and the reconfiguration of industrial and economic strategies to align with ecological objectives. At the national and regional levels, E7 governments should collaborate with financial regulatory bodies and development banks—such as the Central Banks of E7 nations and the New Development Bank—to mainstream green finance instruments, including green bonds, sustainability-linked loans, and tax incentives for clean energy projects. Establishing dedicated national green finance frameworks, modeled after the European Union’s Green Taxonomy, can help standardize definitions and reporting, thereby enhancing investor confidence and scaling environmental investment.
To mitigate the adverse ecological effects of rapid industrial growth, governments must integrate mandatory environmental impact assessments into industrial licensing, encourage energy efficiency in manufacturing, and promote circular economy practices. Ministries of Industry and Environment should jointly enforce decarbonization pathways, supported by mechanisms such as carbon pricing or emissions trading schemes, aligned with the guidelines of the UNFCCC and the International Energy Agency.
Globally, institutions like the World Bank and the International Monetary Fund (IMF) should expand climate-aligned funding portfolios to target green transition efforts in emerging markets, including concessional financing linked to environmental performance. Additionally, multilateral cooperation under bodies like G20 and UNEP should facilitate knowledge transfer, technology sharing, and capacity-building programs for green finance innovation and sustainability monitoring.
Finally, population-related pressures require integrated development strategies that couple demographic planning with education, urban resilience, and resource-efficient infrastructure—efforts that can be coordinated under the auspices of UNDP and UN-Habitat. Through coherent, multi-level policy action that emphasizes financial greening, industrial transformation, and responsible governance of natural resources, E7 nations can make substantive progress toward achieving ecological sustainability and advancing global environmental goals.
5.2 Limitations and future directions
While this study offers a robust analytical framework across E7 nations, several limitations warrant acknowledgment. The green finance proxy, based on principal component analysis of renewable electricity and FDI inflows, offers only a macro-level approximation, lacking project-level or taxonomy-consistent granularity. Although the 1996–2023 timeframe provides appropriate historical coverage, some data gaps were addressed through exponential smoothing, which may have dampened genuine shocks and introduced bias in slope estimations. This limitation is recognized, and future research may implement more rigorous missing-data treatments such as multiple imputation or model-based estimation frameworks.
Additionally, the analysis omits some important issues like spatial spillovers, sectoral energy transitions, and real-time policy heterogeneity. Future studies should incorporate spatial econometric techniques and machine learning models to better capture nonlinear patterns and regional interactions. The current dataset also lacks dynamic panel instrumentation to address simultaneity and endogeneity concerns in relationships like those between green finance and environmental sustainability—an issue partially addressed in this study using GMM and Durbin-Wu-Hausman tests but warranting further extension.
The study’s empirical design also does not fully capture the influence of disaggregated capital flows or institutional quality beyond broad governance indicators. Future research should integrate more refined measures, including green bond issuances and ESG-screened financial instruments, as well as moderation effects of specific governance indicators. Expanding the sample beyond E7 economies and incorporating institutional resilience, post-conflict variables, or energy security dimensions would offer broader generalizability and policy relevance in light of ongoing global disruptions.
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APPENDIX 1 GREEN FINANCE
Principal components/correlation.
Number of observations = 196.
Number of comp. = 2
Trace = 2
Rotation: (unrotated = principal)
Rho = 1.0000.
	Component	Eigenvalue	Difference	Proportion	Cumulative
	Comp1	1.079	0.158	0.540	0.540
	Comp2	0.921	.	0.460	1.000


Principal components (eigenvectors)
	Variable	Comp1	Comp2	Unexplained
	EPRS	0.701	0.701	0
	FDI	0.701	−0.701	0
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