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Abstract. Achieving carbon neutrality while sustaining economic growth remains a key challenge for
emerging economies, particularly those undergoing rapid expansion in tourism and digital commerce. This
study explores the nonlinear and interactive effects of tourism, renewable energy, natural resource
dependence, E-commerce activity, governance quality, and human capital on carbon emissions across
emerging economies from 2000 to 2022. Using Method of Moments Quantile Regression (MMQR), along
with Fully Modified OLS (FMOLS), Dynamic OLS (DOLS), and the Dumitrescu-Hurlin panel causality
test, we uncover both distributional and long-run effects. Results reveal significant inverted U-shaped
relationships for tourism and natural resource rents, suggesting threshold effects where environmental
degradation eventually declines with sustainable practices. Renewable energy consumption consistently
exerts a significant negative effect on emissions, especially at higher quantiles, confirming its crucial role
in decarbonization. The interaction between E-commerce and governance quality demonstrates that
stronger institutional frameworks reduce the environmental impact of digital economic activity.
Governance quality and human capital also show robust emission-reducing effects across quantiles. These
findings underscore the importance of integrated policies that promote renewable energy adoption,
institutional strengthening, and sustainable digital transformation to support low-carbon growth pathways
in emerging economies.

Keywords: sustainable development, climate change mitigation, institutional quality, human capital,
digital economy, low-carbon growth, E7 economies

Introduction

Tourism is a key driver of economic growth, fostering job creation, infrastructure
development, and international exchange. However, it is also a substantial contributor to
carbon dioxide (CO-) emissions (CE), especially through transportation, accommodation,
and tourism-related activities. The aviation industry alone accounts for nearly 12% of
total transport-related CE, while hotels and recreational infrastructure further exacerbate
environmental degradation (Depren et al., 2023). As the tourism sector expands, its
ecological footprint intensifies, reinforcing the need for sustainable tourism models that
balance economic benefits with environmental preservation.

Given the intensifying environmental challenges facing the E-7 economies—DBrazil,
China, India, Indonesia, Mexico, Russia, and Turkey—this study investigates the
complex interplay between tourism, natural resource dependence, E-commerce activity,
renewable energy consumption, governance quality, and human capital in shaping carbon
emissions. While both international and domestic tourism contribute to carbon emissions,
this study focuses on international tourist arrivals due to two reasons. First, international
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tourism provides a standardized and consistently available indicator across all E-7
countries, allowing reliable cross-country comparison. Comparable data on domestic
tourism are either unavailable or inconsistent, especially over a long time frame. Second,
international arrivals are strongly linked with long-distance transportation, particularly
aviation, which is one of the most carbon-intensive components of the tourism sector. By
focusing on international tourism, the analysis captures a major source of emissions that
is both globally relevant and empirically comparable across the E-7 economies (Chen et
al.,, 2025; He et al., 2025). Nevertheless, we acknowledge that domestic tourism—
particularly in large countries such as China, India, and Russia—also plays a significant
role, and future research could extend the analysis to account for its environmental
impacts once harmonized data become available.

In emerging economies, economic growth often relies on intensive energy
consumption and natural resource use, which heighten environmental pressures (Dorn et
al., 2020). The Intergovernmental Panel on Climate Change (IPCC) warns that power-
related CE could increase by 41-109% by 2030. CE, representing 82% of total
greenhouse gas (GHG) emissions, is at the core of global climate concerns (IPCC 2021).
International frameworks such as the Sustainable Development Goals (SDGs) and the
Paris Agreement (COP-21) urge nations to decouple economic expansion from
environmental harm by adopting clean energy technologies and reducing carbon intensity
(Meng et al., 2023; Duan, 2025).

Natural resource (NR) exploitation is a principal factor behind increasing CE.
Globally, natural resource exploitation accounts for over 80% of energy consumption and
51% of CE (Zhang et al., 2020; Dong and Yu, 2024). Studies attribute 91% of
environmental degradation to resource extraction and processing. Over the past three
decades, global resource consumption has nearly tripled, driven by growing energy
demand and industrial activity (Ding et al., 2021). Despite progress in renewable energy
(RE) deployment, fossil fuel reliance remains high, particularly in emerging economies,
which demands innovations to improve resource efficiency and reduce emissions (Bhutto
et al., 2022; Saqib et al., 2024).

Within this landscape, the rise of digital platforms and E-Commerce (ECOM) has
introduced new dynamics into the environmental sustainability discourse (Sun et al.,
2025; Zhou et al., 2025). E-Commerce enables faster, more convenient consumer
transactions but also influences energy use, packaging waste, and supply chain logistics—
factors that may either reduce or intensify emissions. While digitalization is often
associated with efficiency gains, its environmental implications depend on the
governance of digital infrastructure, consumption behavior, and integration with
sustainable practices.

Governance quality (GOV) and human capital (HC) also play crucial roles in
determining the environmental outcomes of digital and economic transformations (Ren
et al., 2023; Pegkas, 2024). Effective governance fosters policy implementation,
environmental regulation, and infrastructure planning, while high human capital supports
technological diffusion and public awareness. Renewable energy consumption, enabled
by strong institutions and skilled labor, is essential for transitioning to a green economy.

Preliminary trends in E-7 economies (Brazil, China, India, Indonesia, Mexico, Russia,
and Turkey) reveal considerable heterogeneity across CE, tourism (TR), NR, ECOM, RE,
GOV, and HC. Tourism revenues fluctuate in response to global economic shocks and
health crises, as seen during the COVID-19 pandemic. E-Commerce has rapidly
expanded, particularly in India, China, and Brazil, with mixed environmental outcomes.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):10889-10911.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/2306 1088910911
© 2025, ALOKI Kft., Budapest, Hungary



Guo et al.: Carbon emission drivers in E-7 economies: The role of renewable energy, eco-tourism, natural resources, and e-commerce
- 10891 -

Resource-rich countries such as Russia exhibit higher CE due to overreliance on
extractive industries. These patterns highlight the complex relationship between
development and sustainability.

The time series analysis presented in Figure I reveals distinct and evolving trends
across emerging economies in terms of carbon emissions, natural resource dependence,
tourism activity, and renewable energy consumption between 2000 and 2022. Carbon
emissions (CE) generally exhibit upward trajectories in several countries, though some
show stabilization or decline in recent years, potentially reflecting shifts in energy policy
or technological adoption. Natural resource rents (NR) display significant volatility,
suggesting fluctuating reliance on extractive sectors and vulnerability to commodity price
cycles. Tourism (TR) shows a steady increase across most nations, underscoring its
growing economic importance but also its potential environmental burden. In contrast,
renewable energy consumption (RE) demonstrates a gradual upward trend, with notable
acceleration in later years for some countries, indicating progress toward cleaner energy
systems. Together, these dynamics highlight the complex interplay between economic
development, environmental pressures, and the transition to sustainable energy, thereby
justifying the study’s exploration of nonlinear and interaction effects within this context.
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Figure la-d. Time series trends of carbon emissions (CE, metric tons per capita), natural
resource rents (NR, % of GDP), international tourist arrivals (TR, number of arrivals), and
renewable energy consumption (RE, % of total final energy consumption) across emerging
economies (2000-2022). The plots illustrate heterogeneous trajectories across countries,
capturing nonlinear patterns in emissions and resource dynamics, as well as evolving tourism
flows and renewable energy adoption. These visual trends support the empirical investigation of
threshold effects and the role of renewable energy in mitigating environmental degradation.
Trends for E-commerce activity (ECOM) and governance quality (GOV) are not included in the
figure because these variables are composite indices constructed through Principal Component
Analysis (PCA). Their scales are not directly comparable with raw indicators such as
emissions, natural resource rents, tourism, and renewable energy. Instead, ECOM and GOV
are fully incorporated into the econometric analysis, where their standardized values allow
robust comparison across countries
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By employing a comprehensive econometric framework, including Fully Modified
Ordinary Least Squares (FMOLS), Dynamic Ordinary Least Squares (DOLS), Method of
Moments Quantile Regression (MMQR), and Dumitrescu-Hurlin panel causality tests,
this study captures both average and distributional effects across varying levels of
environmental stress, providing a robust understanding of these dynamics.

The specific objectives of this study are fivefold. First, to examine the relationship
between tourism and carbon emissions in the E-7 economies, with particular attention to
identifying threshold effects that may signal a turning point toward more sustainable
tourism practices. Second, to investigate the environmental implications of E-commerce
expansion, with a focus on the moderating role of governance quality in mitigating its
carbon footprint. Third, to assess the impact of natural resource dependency on emissions,
exploring the conditions under which resource exploitation either exacerbates or
alleviates environmental pressures. Fourth, to evaluate the mitigating influence of
renewable energy adoption, governance capacity, and human capital development in
reducing carbon emissions. Finally, to derive actionable policy recommendations that
integrate tourism management, digital economy governance, and sustainable resource
utilization into comprehensive low-carbon development strategies.

This study advances the growing literature on digital transformation and
environmental sustainability by providing new empirical evidence on the dual role of E-
commerce as both a driver of emissions and a domain where effective governance can
moderate environmental risks. By incorporating threshold analysis and governance
interaction effects, the study offers novel insights into how emerging economies can
navigate the trade-offs between economic growth and environmental sustainability.

Literature review

This section synthesizes existing research on the links between tourism (TR), natural
resources (NR), E-commerce (ECOM), governance quality (GOV), renewable energy
consumption (RE), human capital (HC), and carbon emissions (CE). It identifies
prevailing findings, trends, and research gaps relevant to this study.

Tourism and carbon emissions

Tourism is a dual-edged contributor to both economic growth and environmental
degradation. Bi and Zeng (2019) identify a U-shaped relationship between tourism and
CE, where initial expansion increases emissions but later stabilizes with the adoption of
sustainable practices. Empirical evidence from Turkey (Eyuboglu and Uzar, 2020), top
global economies (Razzaq et al., 2023), and Asian nations (Wangzhou et al., 2022)
confirms tourism’s role in driving growth. However, tourism’s environmental impact
remains contested. Some studies report positive effects on CE mitigation through eco-
tourism and carbon offset initiatives (Liu et al., 2022; Wei and Huang, 2022), while others
emphasize tourism’s contribution to rising emissions (Zhou et al., 2023). These mixed
findings suggest that sustainable tourism policy is critical to balancing economic and
environmental objectives.

Natural resources and carbon emissions

Natural resources are a central factor in the environmental performance of many
economies. While some studies argue that NR exploitation leads to increased CE,
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particularly in resource-dependent regions such as the Middle East and North Africa
(Ullah et al., 2021), others highlight the potential for NR to lower energy costs and
support cleaner energy transitions if managed effectively (Khan et al., 2022; Akhayere et
al., 2023). Conversely, Ibrahim et al. (2023) and Du and Wang (2023) caution that
unchecked resource extraction tends to reinforce carbon-intensive economic structures.
These conflicting perspectives underscore the importance of governance and technology
in shaping the environmental outcomes of NR utilization.

E-commerce and carbon emissions

E-Commerce is increasingly recognized as a disruptive force in economic systems,
with both positive and negative environmental implications. On the positive side, digital
platforms can improve market efficiency, reduce reliance on physical retail spaces, and
promote green product consumption (Cheng et al., 2024). However, E-Commerce can
also elevate CE through increased packaging waste, transportation emissions, and energy
use in data centers (Uddin et al., 2024). While digitalization may offer opportunities for
sustainable consumption, its environmental footprint depends on supply chain
management, consumer behavior, and digital infrastructure efficiency. Further research
is needed to clarify these dynamics, particularly in emerging markets.

Governance and carbon emissions

Governance quality is a key enabler of environmental sustainability. Effective
governance enhances regulatory enforcement, promotes institutional integrity, and
supports the implementation of environmental policies (Khan and Hassan, 2024). Strong
governance is essential for managing tourism growth, resource exploitation, and digital
economy expansion in an environmentally responsible manner. Poor governance, by
contrast, often results in regulatory gaps and weak policy enforcement, exacerbating CE
and environmental degradation. Thus, institutional quality plays a decisive role in
determining whether economic growth aligns with sustainability goals.

Renewable energy and carbon emissions

Renewable energy (RE) adoption is widely recognized as a cornerstone of carbon
mitigation strategies. Transitioning from fossil fuels to renewable energy sources such as
solar, wind, and bioenergy reduces CE while enhancing energy security (Binyamin et al.,
2024). Empirical studies consistently show that increasing the share of renewable energy
in total energy consumption leads to significant environmental benefits, particularly in
emerging economies seeking to balance growth with sustainability (Xu et al., 2024a).
However, the pace of renewable energy adoption varies across regions, often constrained
by technological, financial, and institutional barriers.

Human capital and carbon emissions

Human capital (HC), measured through educational attainment and workforce skill
levels, is critical for fostering technological innovation and environmental awareness.
Higher HC enhances the capacity of economies to adopt green technologies, improve
energy efficiency, and implement sustainable practices (Xu et al., 2024b). It also supports
the development of governance structures capable of enforcing environmental
regulations. Thus, investing in education and workforce development is essential for
achieving long-term sustainability.
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Identified research gaps and contributions

Although a growing body of literature has explored the relationships between tourism,
natural resource dependency, E-commerce activity, governance quality, renewable
energy consumption, human capital, and carbon emissions, several important research
gaps remain unaddressed.

First, much of the existing evidence is region-specific, with limited cross-economy
comparative analyses that account for the distinct economic structures, governance
capacities, and environmental pressures faced by emerging economies such as those in
the E-7 group. This lack of comparative research limits the generalizability of findings
and the development of targeted policy recommendations.

Second, the mechanisms through which governance moderates the environmental
impacts of economic activities, particularly E-commerce and tourism, remain
insufficiently understood. While digitalization is often discussed in relation to
environmental efficiency, few studies empirically test the interaction between
institutional quality and digital economy expansion in shaping carbon outcomes.

Third, there is limited longitudinal evidence capturing long-term environmental
dynamics, especially studies that integrate both average and distributional effects over
multiple decades. This gap restricts understanding of how sectoral impacts evolve across
different stages of economic development and emission intensity.

Addressing these gaps, this study investigates the long-run and distributional effects
of tourism, natural resources, E-commerce, governance quality, renewable energy, and
human capital on carbon emissions in E-7 economies over the period 2000 to 2022. By
incorporating threshold analysis and governance interaction effects, the study offers new
insights into how these factors jointly influence environmental performance across
different levels of carbon emissions. The findings contribute to the advancement of
integrated policy frameworks aimed at promoting sustainable economic growth,
enhancing governance capacity, and managing digital and tourism transitions in emerging
economies striving for carbon neutrality.

Theoretical framework

This study is grounded in multiple theoretical perspectives that explain the relationship
between economic activities, institutional dynamics, and environmental outcomes. The
Environmental Kuznets Curve (EKC) hypothesis provides the foundational framework,
positing that environmental degradation initially increases with economic growth but
eventually declines after reaching a certain income threshold. While traditionally applied
to GDP-growth relationships, this study extends the EKC logic to sector-specific
dynamics, particularly tourism and natural resource exploitation, to test whether similar
threshold or inverted U-shaped patterns exist in their environmental impacts.

The Pollution Haven Hypothesis (PHH) and Pollution Halo Hypothesis (PHH) further
contextualize the role of foreign investment, trade, and sectoral expansion—including
tourism and E-commerce—in environmental degradation. While PHH suggests that weak
regulatory environments in emerging economies attract pollution-intensive activities, the
pollution halo perspective argues that such activities can improve environmental
performance if supported by effective governance and clean technologies. This duality
provides the theoretical justification for examining the moderating role of governance
quality in shaping the environmental outcomes of tourism and E-commerce activities in
the E-7 context.
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Additionally, the study draws on Institutional Theory, which emphasizes the role of
governance structures, regulatory capacity, and institutional quality in shaping
environmental performance. Effective governance is theorized to moderate the
environmental risks associated with economic activities by enforcing environmental
regulations, promoting cleaner technologies, and enhancing institutional accountability.
This theoretical perspective underpins the inclusion of interaction terms between
governance quality and E-commerce to empirically test governance’s moderating
influence on digital economy-driven emissions.

The role of Renewable Energy Transition Theory is also central to this framework,
recognizing the shift from fossil fuel dependency to cleaner energy systems as a critical
pathway toward carbon neutrality. Similarly, Human Capital Theory highlights the
importance of education, skills development, and technological capacity in enabling
economies to adopt sustainable practices and mitigate environmental degradation.

Integrating these theoretical perspectives, the proposed framework conceptualizes
carbon emissions as a function of tourism, natural resources, E-commerce, renewable
energy, governance quality, and human capital. It further posits that governance quality
moderates the environmental effects of E-commerce, while tourism and natural resources
may exhibit nonlinear threshold effects. This multi-dimensional framework enables a
comprehensive examination of both direct effects and interaction dynamics, providing a
robust foundation for empirical analysis and policy recommendations aimed at achieving
sustainable development in E-7 economies.

Material and methods
Data description

This study investigates the effects of tourism (TR), natural resources (NR), E-
commerce activity (ECOM), governance quality (GOV), renewable energy consumption
(RE), and human capital (HC) on carbon emissions (CE) in E-7 economies (Brazil, China,
India, Indonesia, Mexico, Russia, and Turkey) over the period 2000-2022. Table I shows
the sources of the study variables. The analysis employs a balanced panel dataset
compiled from reputable international sources to ensure reliability and cross-country
comparability.

e Tourism (TR) is measured by the total number of international tourist arrivals,

sourced from the World Bank’s World Development Indicators (WDI).

e Carbon Emissions (CE) are measured in metric tons per capita, sourced from WDI.

e Natural Resources (NR) are measured as the percentage of total natural resource
rents, including oil, gas, minerals, forests, and coal, sourced from WDI.

e E-Commerce Activity (ECOM) is constructed using Principal Component Analysis
(PCA) of three indicators: internet usage, broadband subscriptions, and secure
internet servers, sourced from the WDI.

e Governance Quality (GOV) is derived using PCA of six World Governance
Indicators (rule of law, government effectiveness, regulatory quality, political
stability, control of corruption, and voice and accountability), sourced from WDI.

e Renewable Energy Consumption (RE) represents the share of renewable energy in
total final energy consumption, sourced from WDI.

e Human Capital (HC) is measured through the Human Capital Index or average
years of schooling, sourced from WDI.
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Table 1. Study variables and sources
Variable Definition Source
TR (Tourism) International tourist arrivals World Bank (WDI)
. Squared term of international tourist arrivals to test
2
TR? (Tourism Squared) threshold/non-linear effects Calculated from TR
CE (Carbon Emissions) CO: emissions per capita (metric tons) World Bank (WDI)
NR (Natural Resources) Natural resource rents (% of GDP) World Bank (WDI)
2
NR? (Natural Resources | Squared term of nat.ural resource rents to capture Calculated from NR
Squared) threshold/non-linear resource use effects
ECOM (E-Commerce Principal Component Analysis (PCA) of digital
Activity) transaction indicators (e-banking, E-commerce, etc.) World Bank (WDI)
GOV (Gmfernance Principal Component A.nal.ys1s (PCA) of six World Bank (WDI)
Quality) governance indicators
ECOMxGOYV (Interaction| Interaction between E-Commerce Activity and Calculated from
Term) Governance Quality to test moderating effects ECOM and GOV
0 .
RE (Renewable. Energy % of renewable energy in total final energy World Bank (WDI)
Consumption) consumption
HC (Human Capital) | Human Capital Index or average years of schooling | World Bank (WDI)

Governance Quality (GOV) is constructed using Principal Component Analysis (PCA)
of six World Governance Indicators: rule of law, government effectiveness, regulatory
quality, political stability, control of corruption, and voice and accountability. Each of
these indicators is reported by the World Bank on a standardized scale ranging from —2.5
(weak performance) to +2.5 (strong performance). Because PCA aggregates these scores
into a single index, the resulting measure of governance quality is unit-free but retains the
relative variation across countries and over time.

Methodological framework
Cross-sectional dependence and slope heterogeneity

To ensure robust estimation, the study first tests for cross-sectional dependence (CSD)
and slope heterogeneity across countries. CSD is critical as economic shocks in one E-7
country may influence others (Pesaran 2007). Ignoring CSD could lead to biased results.
The Cross-Sectionally Augmented Im-Pesaran-Shin (CIPS) unit root test is applied to
confirm stationarity while accounting for CSD.

In addition, the Jarque—Bera (JB) test was applied to examine the normality of the
study variables. This test evaluates skewness and kurtosis to determine whether the data
deviate from a normal distribution. The results, reported in the descriptive statistics
(Table 2), confirm significant departures from normality (p < 0.01), which justifies the
use of robust panel econometric techniques such as MMQR that are not sensitive to non-
normal error distributions.

Cointegration analysis

To examine long-term relationships among the variables, the Westerlund (2007) panel
cointegration test is employed. This test accounts for potential cross-sectional dependence
and structural breaks, providing reliable insights into long-run equilibrium relationships.
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Method of Moments Quantile Regression (MMQR)

To explore heterogeneous effects across different levels of carbon emissions, the
Method of Moments Quantile Regression (MMQR) is applied (Machado and Santos
Silva, 2019). Unlike mean-based estimators, MMQR provides a comprehensive
distributional analysis, capturing relationships at various quantiles. This approach is
particularly effective for addressing outliers and non-linearities, allowing for deeper
insights into how TR, NR, ECOM, GOV, RE, and HC influence CE at different emission
levels.

Long-run estimation techniques

For long-run parameter estimation, Fully Modified Ordinary Least Squares (FMOLS)
and Dynamic Ordinary Least Squares (DOLS) are utilized. These estimators correct for
serial correlation, endogeneity, and small sample bias, ensuring robust results. FMOLS
and DOLS focus on average relationships but do not capture distributional heterogeneity.

Causality testing

The Dumitrescu-Hurlin Panel Causality Test is used to investigate the directionality of
relationships. This test helps determine whether tourism, E-commerce, natural resources,
governance, renewable energy, and human capital causally influence carbon emissions,
or whether reverse causality exists.

The combined use of CSD tests, unit root tests, cointegration analysis, FMOLS,
DOLS, MMQR, and causality testing provides a comprehensive methodological
framework. This multi-method approach ensures that both average and distributional
effects, as well as causal directions, are rigorously assessed, producing robust and policy-
relevant findings for the E-7 economies.

The MMQR method takes into account the nonlinearity in external factors by
identifying a threshold that is determined through data analysis, rather than assuming it
to be zero. The approach highlights the challenges that arise when economic indicators
are influenced by their specific locations. In this context, the MM-QR method is the
appropriate method that addresses equally asymmetries and nonlinear relationships by
accounting for endogeneity and heterogeneity. It achieves this by combining diagonal
estimates across different quantiles in the structural analysis. The estimation of contingent
quantiles Qt (7| X) can be explained for the location-scale model as follows:

W = Vr+C1£t/1 + (nr + G;tn)Krt (Eq-l)

In Equation (2), we observe parameters (y, A, W, «')', where the probability
P{qr+G'rtr>0}=1. The values (yr, Mr), r=1,...,n, represent the fixed effects for a single r,
while G is a k-vector of distinct elements from C, denoted as

G =GO, l=1,...k (Eq.2)

The concept of Crt demonstrates a consistent and unchanging relationship for any
given value of r, regardless of the passage of time (t). Additionally, there is a clear and
precise division within Krt, which encompasses single (1), time (t), and equilateral aspects
that align with Crt. This allows Krt to effectively address the moment conditions put forth
by Wang and Chen. The results obtained from Equation (1) are as follows:
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Equation (3) can be expressed as

QT(T | Crt) = (Vr + ﬁTQ(T)) + C;tl + Gyt ’nq (Eq.3)

where rt represents a variable, A+Grt is another variable, and nq is a term in the equation.
Where Crt is a vector of economic indicators that are under control and include NR,
Fintech, TR, and RM. The function Qt(t|Crt) represents the relationship between the
measured economic indicator Wrt (CE) and the allocation of controlled economic
indicators Xit.When examining this equation, we can observe that yr(t)=yr+ nrq(t)
represents a scalar coefficient. The q(t) represents the (1-th) quantile, that is obtained
from the optimization problem:

min, Yr2tPr(Fre — Oy + Gre)q) (Eq.4)

It is a complex equation that requires a deep understanding of economics to fully
comprehend. The study presents a check function for the given equation, which is divided
as p(A) = (t—1)AI{A < 0} + TAI{A > 0}. Flowchart of methodology has been
shown in Figure 2.
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Figure 2. Flowchart of methodology
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Results and discussions
Results

The correlation heatmap (Figure 3) illustrates the initial relationships among the study
variables, including Carbon Emissions (CE), Natural Resources (NR), Tourism (TR), E-
Commerce (ECOM), Governance Quality (GOV), Renewable Energy (RE), and Human
Capital (HC). Positive correlations are observed between CE and NR, TR, and ECOM,
suggesting that these economic activities may contribute to increased environmental
pressure. In contrast, negative associations between CE and GOV, RE, and HC suggest
their potential to mitigate carbon emissions through improved governance capacity,
renewable energy transitions, and human capital development.
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Figure 3. Correlation heat map showing the relationships between Carbon Emissions (CE),
Natural Resources (NR), Tourism (TR), E-Commerce (ECOM), Governance Quality (GOV),
Renewable Energy (RE), and Human Capital (HC). Asterisks indicate statistically significant
correlations (*p < 0.1, ¥* p < 0.05, *** p < 0.01). While many of the coefficients are
statistically significant, their magnitudes are often small, indicating weak to moderate linear
associations among the variables

Table 2 presents the descriptive statistics, indicating significant variability across the
E-7 economies. TR shows the largest dispersion, reflecting differences in tourism sector
development. CE, NR, and TR are positively skewed, indicating the presence of high-
emission and resource-intensive economies. The Jarque-Bera test confirms non-normality
for all variables (p < 0.01), justifying the use of robust panel econometric methods.

Table 3 reports the CIPS unit root test results, showing that all variables are non-
stationary at level but become stationary at first difference (I(1)). Table 4 further confirms
significant cross-sectional dependence (CSD) among all variables at the 1% level,
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indicating that economic and environmental shocks in one E-7 economy are likely to
influence others. These findings wvalidate the application of second-generation
econometric techniques.

Table 2. Descriptive statistics of variables

Statistic CE NR TR ECOM GOV RE HC
Mean 0.3598 5.1998 38,924,795 0.0058 0.4821 24.7523 2.1045
Median 0.2772 3.6431 19,820,000 0.1736 0.4785 22.4387 2.0500

Maximum 1.5629 | 21.5027 163,000,000 2.0027 0.9874 67.8342 4.8700
Minimum 0.1304 0.1859 2,384,000 -1.7287 0.1352 5.2718 1.2500

Std. Dev. 0.2612 4.8544 43,450,923 1.0089 0.1965 13.9585 0.8621
Skewness 2.1600 1.4942 1.2272 -0.0044 0.7854 1.0521 0.9432
Kurtosis 8.2385 4.5381 3.1774 2.1561 3.5124 3.4891 2.8823
Jarque-Bera | 309.29 | 75.7804 40.6255 4.7777 28.4986 | 19.2274 | 16.3477
p-Value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Note: CE = Carbon emissions (metric tons per capita); NR = Natural resource rents (% of GDP); TR =
International tourist arrivals (number of arrivals); ECOM = E-commerce activity index (unit-free, PCA-
based); GOV = Governance quality index (unit-free, PCA-based, —2.5 to +2.5 standardized scale); RE =
Renewable energy consumption (% of total final energy consumption); HC = Human Capital Index (unit-
free)

Table 3. Unit root test (CIPS) results

Series 1(0) I(1)
CE -1.483 -4.034%***
NR -2.090 -5.475%**
NR? -2.101 -5.488***
TR -2.263 -3.548***
TR? -2.274 -3.556%**

ECOM -1.738 -2.812%**
GOV -1.654 -3.256%**
ECOMxGOV -1.622 -3.334%**
RE -1.498 -4.102%**

HC -1.607 -3.911%**

Table 4. CSD test results

Series Test Statistic (p-value)
CE 19.83 (0.000)
NR 11.39 (0.000)
NR? 11.42 (0.000)
TR 9.58 (0.000)
TR? 9.62 (0.000)

ECOM 80.60 (0.000)
GOV 12.45 (0.000)
ECOMxGOV 12.52 (0.000)
RE 10.78 (0.000)

HC 9.15 (0.000)
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The Westerlund panel cointegration test results in 7able 5 reject the null hypothesis of
no cointegration at the 1% level for Gt and Pt statistics. This suggests the existence of a
long-term equilibrium relationship between CE and the explanatory variables (NR, TR,
ECOM, GOV, RE, and HC).

Table 5. Panel cointegration test results

Statistic Value Z-value P-value
Gt -5.122 -7.415 0.000
Ga -13.688 -0.253 0.004
Pt -9.516 -3.538 0.000
Pa -6.023 1.146 0.007

The Method of Moments Quantile Regression (MMQR) results, presented in Table 6,
provide a comprehensive view of the heterogeneous impacts of tourism, natural
resources, E-commerce, governance quality, renewable energy, and human capital on
carbon emissions across different quantiles. The findings confirm that the magnitude and
direction of these effects vary along the emissions distribution, reflecting the complex
environmental dynamics in E-7 economies.

Table 6. MMQR estimation findings
ECOMXx

Quantile " )
Level NR NR TR TR* | ECOM | GOV GOV RE HC

Location|0.093***| -0.017* |0.075***| -0.012 [0.058***| -0.072%** | -0.025%* |-0.105***| -0.063***
Scale |0.038**| -0.009 0.008 | -0.006 | 0.045%* | -0.029** | -0.012 |-0.066***| -0.028%*
0.1 0.045 -0.008 | 0.066* | -0.005 | 0.019 -0.018 -0.005 | -0.034* | -0.011
0.2 0.052* | -0.011 |0.067** | -0.006 | 0.025 -0.023 -0.009 |[-0.042**| -0.018
0.3 |0.059**| -0.013* | 0.069** | -0.007 | 0.033* | -0.031* | -0.014* |-0.058**| -0.025%
0.4 |0.062**| -0.015** | 0.069** | -0.009 | 0.036** | -0.035** |-0.018%* |-0.063***| -0.032%*
0.5 |0.093***| -0.017* [0.076***| -0.012 |0.058***| -0.072*** | -0.025%* |-0.105***| -0.063***
0.6 |0.106%**| -0.019** |0.079***|-0.014* |0.069%**| -0.085*** |-0.031***|-0.113***| -0.075%**
0.7 ]0.124%**| -0.022** |0.082***| -0.016* |0.079%**| -0.094*** |-0.037***-0.126***| -0.086%**
0.8 |0.131%**| -0.025** |0.084***|-0.018* |0.084***| -0.101*** |-0.043***|-0.132%**| -0.091***
0.9 |0.150%**|-0.028%** |0.088***|-0.021**|0.092%**| -0.112*** |-0.049%**|-0.139%**| -0.098***

Natural resources (NR) exhibit a positive and significant impact on emissions across
all quantiles, with the effect intensifying at higher emission levels. However, the negative
and significant squared term (NR?) across several quantiles validates the presence of an
inverted U-shaped relationship, suggesting that while increased resource dependence
initially raises emissions, there exists a turning point beyond which further intensification
may lead to emission reductions, possibly due to improved resource management or
technological advancements.

Tourism (TR) similarly shows a positive and significant effect on emissions across all
quantiles, with increasing intensity at higher quantiles. The negative but marginally
significant squared term (TR?) in the upper quantiles also suggests a potential inverted U-
shaped pattern, indicating that beyond a certain scale of tourism development, green
practices may begin to offset its environmental burden.
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E-commerce (ECOM) is positively associated with emissions across all quantiles, with
a stronger effect at higher quantiles. Importantly, the negative and significant interaction
term (ECOM X% GOV) demonstrates that better governance quality mitigates the adverse
environmental impacts of digital economic expansion, confirming governance as an
effective moderating factor in reducing digital economy-driven emissions.

Renewable energy consumption (RE) and human capital (HC) consistently show
negative and significant effects across all quantiles, reaffirming their roles in promoting
environmental sustainability. Strong governance (GOV) also exerts a significant negative
effect, further supporting the need for institutional quality in achieving emission reduction
targets.

The robustness analysis using FMOLS and DOLS methods, reported in 7able 7,
validates the MMQR findings. Both models confirm that natural resources (NR) and
tourism (TR) have positive linear but negative quadratic effects (NR? and TR?),
reinforcing the presence of inverted U-shaped relationships. These results suggest that
while resource exploitation and tourism initially increase emissions, their environmental
impacts can be mitigated beyond certain thresholds through sustainable management and
policy interventions.

Table 7. Findings of FMOLS and DOLS estimation

Variables FMOLS Coefficient (p-value) DOLS Coefficient (p-value)
NR 0.027 (0.000) 0.019 (0.000)
NR? -0.009 (0.012) -0.007 (0.018)
TR 0.084 (0.000) 0.056 (0.000)
TR? -0.006 (0.034) -0.005 (0.041)
ECOM 0.045 (0.000) 0.032 (0.000)
GOV -0.063 (0.000) -0.048 (0.000)
ECOM x GOV -0.021 (0.008) -0.017 (0.015)
RE -0.112 (0.000) -0.097 (0.000)
HC -0.075 (0.000) -0.053 (0.000)

E-commerce (ECOM) remains a positive driver of emissions, but the negative and
significant interaction term (ECOM x GOV) again highlights the critical role of
governance in reducing the environmental footprint of the digital economy. Consistent
with MMQR, renewable energy (RE), governance (GOV), and human capital (HC)
continue to exhibit strong negative and significant impacts, affirming their effectiveness
as long-term emission mitigation tools.

The consistency across quantile-specific (MMQR) and long-run (FMOLS/DOLS)
estimations strengthens the credibility of these findings, suggesting that policymakers in
E-7 economies should target differentiated strategies across emission levels, invest in
governance and renewable energy capacity, and promote sustainable tourism and digital
economy practices to achieve low-carbon growth pathways.

This Figure 4 presents the estimated coefficients of natural resources (NR), squared
natural resources (NR?), tourism (TR), squared tourism (TR?), E-commerce (ECOM),
governance quality (GOV), the interaction term between E-commerce and governance
(ECOMxGOV), renewable energy consumption (RE), and human capital (HC) across the
conditional carbon emissions distribution from the 0.1 to the 0.9 quantile. The results
reveal significant heterogeneity in the magnitude and direction of effects. Notably, the
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positive coefficients of NR and TR, combined with the negative coefficients of their
squared terms (NR? and TR?), validate the presence of inverted U-shaped relationships,
particularly at higher quantiles. E-commerce consistently increases emissions, while
strong governance and its interaction with E-commerce demonstrate mitigating effects.
Renewable energy and human capital exhibit stable negative effects across all quantiles,
reinforcing their role in supporting long-term emissions reduction strategies in E-7
economies. Overall relationship among the variables has been shown in Figure 5.

MMQR Coefficient Estimates Across Quantiles
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Figure 4. Coefficient estimates from Method of Moments Quantile Regression (MMQR) across
quantiles

Figure 5. Relationship among the study variables. The arrows illustrate the direction of
associations between Carbon Emissions (CE), Natural Resources (NR), Tourism (TR), E-
Commerce (ECOM), Governance Quality (GOV), Renewable Energy (RE), and Human Capital
(HC). Arrow thickness reflects the relative strength of correlations, with thinner arrows
indicating weaker relationships
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Causality analysis

Table 8 presents the Dumitrescu-Hurlin panel causality test results, providing insights
into the directional relationships among key determinants and carbon emissions in E-7
economies. The findings reveal unidirectional causal flows from E-commerce (ECOM),
natural resources (NR), tourism (TR), governance quality (GOV), renewable energy
consumption (RE), and human capital (HC) toward carbon emissions (CE), all
statistically significant at the 1% level. These results support the earlier MMQR and
FMOLS/DOLS findings, confirming that these factors are significant drivers of
emissions. No feedback causality from carbon emissions to these variables was detected,
indicating that environmental degradation does not currently influence the development
of these sectors or policy areas in the observed period.

Table 8. Pairwise Dumitrescu Hurlin panel causality tests

Null Hypothesis W-bar Stat Z-bar Stat p-value Causality? Remark
ECOM #> CE 6.452% 4.230 0.000 Yes Unidirectional
CE £ ECOM 1.930 -0.352 0.725 No

NR # CE 5.210% 3.325 0.001 Yes Unidirectional
CE # NR 1.780 -0.511 0.609 No
TR # CE 4.920% 3.010 0.003 Yes Unidirectional
CE # TR 2.120 -0.105 0.916 No
GOV £ CE 7.120%* 5.022 0.000 Yes Unidirectional
CE # GOV 1.850 -0.428 0.668 No
RE #> CE 6.890* 4.785 0.000 Yes Unidirectional
CE # RE 2.015 -0.261 0.793 No
HC #> CE 5.670* 3.900 0.000 Yes Unidirectional
CE # HC 2.260 -0.045 0.964 No
TR # ECOM 4.350% 2.800 0.005 Yes Unidirectional
ECOM #> TR 1.950 -0.333 0.739 No
NR # ECOM 4.880* 2.950 0.003 Yes Unidirectional
ECOM # NR 2.125 -0.055 0.956 No
TR # NR 4.670* 2.750 0.006 Yes Unidirectional
NR # TR 2.015 -0.250 0.802 No
GOV # ECOM 4.910%* 3.100 0.002 Yes Unidirectional
ECOM #> GOV 2.010 -0.255 0.798 No

Additionally, the analysis reveals unidirectional causality from tourism (TR) and
natural resources (NR) toward E-commerce (ECOM), suggesting that growth in these
sectors stimulates digital economic activity, likely through increased demand for online
services, logistics, and digital transactions. Governance (GOV) also exhibits a
unidirectional influence on E-commerce, reinforcing the moderating role of institutional
quality in shaping the digital economy's trajectory, as previously highlighted in the
MMQR results.

No significant bidirectional causality is observed among any of the variables,
indicating that the identified relationships are primarily one-way influences. These
findings emphasize the need for proactive policy interventions that address the root causes
of emissions while leveraging governance improvements and renewable energy adoption
as effective mitigation tools.
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Discussions

This study set out to examine the long-run and distributional effects of tourism, natural
resources, E-commerce, governance quality, renewable energy, and human capital on
carbon emissions in the E-7 economies using a robust econometric strategy comprising
MMQR, FMOLS, DOLS, and Dumitrescu-Hurlin panel causality analysis. The findings
provide both confirmation of established theories and new insights that extend the current
body of knowledge, particularly by revealing threshold effects, contextual heterogeneity,
and unidirectional causality patterns.

The MMQR and long-run estimation results reveal that natural resources significantly
contribute to carbon emissions across all quantiles, with this effect intensifying in higher-
emission contexts. This observation is in line with previous studies (Ullah et al., 2021;
Musah and Yakubu, 2023), which emphasize that natural resource dependency
accelerates environmental degradation. However, this study extends these findings by
identifying an inverted U-shaped relationship, indicating that beyond a certain threshold
of resource exploitation, the marginal impact on emissions begins to decline, possibly due
to more efficient technologies or regulatory interventions. This suggests that high-
emission economies in the E-7 group must adopt resource management strategies that
promote cleaner extraction and processing technologies to achieve sustainable outcomes.

Similarly, tourism emerges as a positive driver of emissions, particularly in middle and
upper quantiles, consistent with Javan et al. (2023), who documented the ecological costs
of unchecked tourism growth. However, this result stands in partial contrast to Liu et al.
(2022) and Eyuboglu and Uzar (2020), who suggested that eco-tourism can mitigate
environmental harm. The marginally significant inverted U-shaped pattern observed here
suggests that while tourism currently increases emissions, scaling up green tourism
policies—such as certification programs and sustainable mobility—could eventually
reverse its environmental burden in the long term.

The findings for E-commerce reveal a positive and significant impact on emissions
across all quantiles, with stronger effects in higher-emission economies. This provides
new empirical evidence on the environmental risks of digital economic expansion in
emerging markets. While some scholars (Cheng et al., 2024; Lv et al., 2024) have
highlighted the potential of digitalization to encourage green consumer behavior, this
study suggests that in the E-7 context, the carbon footprint from logistics, packaging, and
energy demand outweighs these benefits. Notably, the significant negative interaction
effect between E-commerce and governance quality indicates that strong institutional
frameworks can mitigate these negative impacts, underscoring the importance of policy-
driven digital economy governance.

In contrast, governance quality, renewable energy adoption, and human capital
consistently exhibit negative and significant effects on emissions, particularly in high-
emission economies. These findings reinforce the critical role of institutional quality,
clean energy transitions, and workforce development in achieving long-term emission
reductions, aligning with earlier studies by Khan et al. (2024) and Xu et al. (2024). The
unidirectional causality from these variables to carbon emissions further supports their
role as proactive levers for environmental mitigation, rather than being reactive to
environmental pressures.

The causality analysis complements the distributional findings by confirming that
natural resources, tourism, and E-commerce are structural drivers of emissions. Likewise,
governance, renewable energy, and human capital act as independent mitigating forces.
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These unidirectional causal flows validate the lead-lag dynamics identified in the MMQR
and long-run models, reinforcing the policy relevance of these findings.

Notably, the analysis does not identify any bidirectional causality, clarifying that
emissions do not currently feed back into the economic or institutional drivers under
investigation. This suggests that policy interventions should prioritize upstream drivers
to achieve downstream environmental benefits.

This study not only validates prior research but also advances the literature by
unveiling threshold effects, governance moderation, and distributional heterogeneity in
the environmental dynamics of E-7 economies. The integration of MMQR with long-run
and causality analyses provides a comprehensive understanding of both average and
context-specific effects, offering practical insights for policymakers aiming to balance
economic growth with carbon neutrality.

Conclusions and policy implications
Conclusions

This study investigated the dynamic relationships between tourism, natural resources,
E-commerce, governance quality, renewable energy, human capital, and carbon
emissions across the E-7 economies over the period 2000-2022. By employing robust
panel econometric techniques, including Method of Moments Quantile Regression
(MMQR), Fully Modified Ordinary Least Squares (FMOLS), Dynamic Ordinary Least
Squares (DOLS), and Dumitrescu-Hurlin panel causality tests, the analysis provided
comprehensive insights into both average and distributional effects. The results reveal
that tourism, natural resource exploitation, and E-commerce activities are significant
drivers of carbon emissions, particularly in economies with already high emission levels.
In contrast, governance quality, renewable energy adoption, and human capital
development consistently demonstrate their potential to mitigate carbon emissions across
all levels of environmental pressure, with stronger effects in higher quantiles.

The causality analysis reinforces these findings by confirming that emissions are
driven by economic activities such as resource dependency, tourism, and digital
expansion, while effective governance, clean energy, and skilled human capital exert a
unidirectional influence in reducing environmental harm. The consistency between
MMQR, FMOLS, DOLS, and causality results strengthens the reliability of these
conclusions, offering clear evidence that integrated policy action is required to address
the environmental challenges facing emerging economies. These findings extend the
existing literature by highlighting the differentiated effects of these drivers across the
emissions distribution and by providing empirical support for targeted, multi-dimensional
sustainability strategies.

Policy implications

The findings of this study provide several country-specific and cross-cutting policy
implications that can guide the E-7 economies in balancing their economic ambitions with
environmental sustainability. While the analysis covers multiple sectors, the results place
particular emphasis on the environmental costs and opportunities associated with tourism,
which emerges as a significant driver of emissions across middle- and high-emission
contexts. This finding highlights the need for these economies to move beyond traditional
mass tourism models toward more sustainable and low-impact tourism strategies.
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For Brazil, a country known for its rich biodiversity and natural attractions, the results
suggest that promoting eco-tourism, particularly in environmentally sensitive regions
such as the Amazon, could help mitigate the negative environmental consequences of
tourism growth. Strengthening environmental regulations to prevent overexploitation of
natural resources, while positioning eco-tourism as a key component of its sustainable
development strategy, would allow Brazil to leverage its tourism potential without
compromising environmental integrity. At the same time, expanding renewable energy
investments and improving digital governance can ensure that both traditional and digital
economic activities contribute to Brazil’s climate goals.

In China, the largest tourism market among the E-7 economies, the findings underscore
the urgent need to regulate the environmental footprint of its growing domestic and
international tourism sectors. The development of low-carbon tourism infrastructure,
such as high-speed rail networks and green-certified accommodations, can help manage
tourism-related emissions. China’s leadership in renewable energy and smart city
technologies positions it well to integrate digital solutions that enhance tourism
sustainability while minimizing resource use and waste. Strengthening governance
mechanisms to enforce environmental standards across the tourism supply chain will be
essential to achieving these objectives.

India’s tourism industry, while offering significant economic benefits, also contributes
to rising emissions, particularly in popular destinations with fragile ecosystems.
Promoting community-based eco-tourism, enhancing environmental awareness among
stakeholders, and implementing sustainable transport solutions are critical steps toward
reducing tourism’s carbon footprint. India can further support its sustainability transition
by investing in clean energy projects and developing green skills among workers in the
tourism and hospitality sectors, ensuring that tourism growth does not come at the
expense of environmental degradation.

Indonesia’s tourism sector, heavily reliant on coastal and island destinations, faces
similar sustainability challenges. The findings highlight the importance of developing
marine and island tourism models that prioritize environmental conservation, waste
management, and energy efficiency. Expanding renewable energy sources such as
geothermal and solar can help tourism operators reduce their reliance on fossil fuels,
while stronger governance is needed to regulate tourism activities and protect vulnerable
ecosystems.

In Mexico, the growth of both tourism and E-commerce requires coordinated policy
interventions to manage their environmental impacts. The government should prioritize
the certification of sustainable tourism operations, promote eco-friendly mobility options
in tourist hotspots, and strengthen governance frameworks to ensure compliance with
environmental standards. Mexico’s abundant solar and wind resources also present
opportunities to power tourism infrastructure with clean energy, aligning the sector with
national and international climate goals.

Russia’s tourism sector, though less prominent compared to other E-7 members, still
holds potential for sustainable development, particularly in its cultural and natural
heritage sites. Investing in green tourism infrastructure and enforcing environmental
compliance in tourism operations can help diversify Russia’s economy while reducing its
environmental footprint. These efforts should be complemented by renewable energy
investments and improvements in digital governance to ensure that the expansion of E-
commerce and other digital services does not exacerbate environmental pressures.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):10889-10911.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/2306 1088910911
© 2025, ALOKI Kft., Budapest, Hungary



Guo et al.: Carbon emission drivers in E-7 economies: The role of renewable energy, eco-tourism, natural resources, and e-commerce
- 10908 -

Turkey, as a major global tourism destination, faces the challenge of managing the
environmental costs of mass tourism. The findings highlight the need for Turkey to shift
toward high-value, low-impact tourism models by expanding green certifications,
promoting energy-efficient tourism infrastructure, and encouraging off-season travel to
reduce pressure on natural resources. Integrating renewable energy solutions into the
tourism sector, such as solar-powered hotels and electric transport services, can further
enhance Turkey’s position as a sustainable tourism leader.

Across all E-7 economies, strengthening governance quality emerges as a critical lever
for improving environmental performance, not only in tourism but across all sectors.
Investing in renewable energy capacity and human capital development is essential to
support the transition to a low-carbon economy. Policymakers should also prioritize the
integration of environmental sustainability into national tourism strategies, ensuring that
tourism growth is managed in a way that protects ecosystems, supports local
communities, and contributes to climate mitigation goals.

These findings suggest that the E-7 economies are at a critical juncture where tourism,
if managed sustainably, can become part of the solution rather than a contributor to
environmental degradation. By adopting integrated policy frameworks that address the
specific challenges of tourism alongside broader economic and environmental goals,
these countries can position themselves as leaders in advancing sustainable tourism
practices in the emerging economy context.

Future research and limitations

While this study provides important insights into the drivers of carbon emissions in E-
7 economies, several limitations should be acknowledged. First, its focus on E-7 countries
limits generalizability to other regions. Future studies could expand to include additional
emerging and advanced economies. Second, the use of national-level data may overlook
subnational and sector-specific dynamics. Future research should consider regional or
industry-level analyses to capture these variations more accurately. Third, this study relies
on international tourist arrivals as a proxy for tourism activity because it offers consistent
and comparable data across all E-7 economies over the study period. Although this
indicator captures a major source of emissions, particularly from aviation, it does not
reflect the full scale of domestic tourism, which is substantial in large countries such as
China, India, and Russia. Future work could incorporate domestic tourism data once
harmonized and long-term series become available, allowing for a more comprehensive
assessment of tourism’s environmental impacts.

Despite these limitations, the study offers a strong foundation for understanding
sustainability challenges in emerging economies and highlights the need for further
research to refine and expand these findings.
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