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Abstract

This study investigates the impact of the digital economy on CO, emissions using a panel dataset of 140 Belt and Road Initiative
(BRI) countries over the period 2001-2023. The analysis employs a comprehensive panel data framework to examine both the
direct and nonlinear effects of digital development on environmental degradation. The digital economy is measured using both a
composite index and individual indicators, including internet usage, fixed broadband subscriptions, mobile cellular subscriptions,
and secure internet servers. The empirical results show that the digital economy has a significant and nonlinear relationship with
CO: emissions. At early stages of development, digitalization tends to increase emissions due to higher energy consumption
associated with ICT infrastructure expansion. However, at more advanced stages, digital development contributes to emissions
reduction, indicating the presence of a “digital Kuznets curve” effect. Among control variables, GDP, population, and energy
consumption consistently increase CO; emissions, while trade openness shows a mitigating effect in some specifications. Foreign
direct investment is found to exert a positive impact on emissions in dynamic models, suggesting a pollution-intensive composition
of capital inflows in BRI economies. Overall, the findings highlight that the environmental impact of the digital economy is
heterogeneous and depends on the level of digital development. The results suggest that policy efforts should focus on promoting
energy-efficient digital infrastructure and supporting green digital transformation to ensure that digitalization contributes to
sustainable environmental outcomes.

Keywords: Digital economy, CO; emissions, Panel Data, System GMM, Environmental Kuznets Curve, ICT, Renewable
Energy, Economic Growth, Sustainability.

1. Introduction

Climate change remains one of the most pressing global challenges of the twenty-first century, primarily driven by the continuous
increase in greenhouse gas emissions, particularly carbon dioxide (COz). Despite international efforts such as the Paris Agreement
and various national decarbonization strategies, global CO; emissions continue to rise due to economic growth, population
expansion, and increasing energy demand [1, 2]. Consequently, identifying sustainable pathways that reconcile economic
development with environmental protection has become a central objective for policymakers and researchers worldwide.

In recent years, the rapid expansion of the digital economy has emerged as a transformative force reshaping production
systems, consumption patterns, communication networks, and business operations. The digital economy encompasses a broad
range of technologies and activities, including internet connectivity, broadband infrastructure, mobile communications, cloud
computing, artificial intelligence (AI), and digital services. These technologies have significantly enhanced productivity,
innovation, and economic efficiency, thereby contributing to economic growth and social development [3].

However, the environmental implications of digitalization remain controversial. On the one hand, digital technologies can
facilitate energy efficiency, optimize resource allocation, promote smart manufacturing, support remote working, and reduce
transaction costs, all of which may contribute to lower carbon emissions [4, 5]. On the other hand, the expansion of digital
infrastructure—including data centers, communication networks, and cloud-computing facilities—requires substantial electricity

consumption, potentially increasing carbon emissions, particularly in countries that rely heavily on fossil-fuel-based energy
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systems [6, 7]. The rapid growth of Al applications and data-intensive technologies has further intensified concerns regarding the
environmental footprint of the digital sector.

Existing empirical evidence on the relationship between the digital economy and environmental quality remains inconclusive.
Some studies report that digitalization contributes to emission reductions through technological innovation, improved efficiency,
and structural transformation toward less carbon-intensive economic activities [3, 8]. Conversely, other studies suggest that digital
development may initially increase emissions because of higher energy consumption associated with information and
communication technology (ICT) infrastructure and digital services [6, 9]. These contrasting findings imply that the environmental
impact of digitalization may not be linear but may vary across different stages of digital development.

This argument is closely related to the emerging concept of the Digital Environmental Kuznets Curve (DEKC), which
proposes that digitalization initially increases environmental pressure but eventually contributes to environmental improvement
once digital technologies reach a sufficiently advanced stage [9, 10]. Under this framework, the scale effects associated with
expanding digital infrastructure may dominate during the early stages of development, whereas efficiency gains, technological
innovation, and smart resource management become more important as digital maturity increases.

Although the literature on digitalization and environmental sustainability has grown rapidly, several important gaps remain.
First, many studies focus on individual countries or specific regions, limiting the generalizability of their findings. Second,
existing research often relies on a single proxy for digitalization, which may not adequately capture the multidimensional nature of
the digital economy. Third, evidence from Belt and Road Initiative (BRI) countries remains relatively limited despite their growing
importance in global economic activity, digital transformation, and carbon emissions.

To address these gaps, this study investigates the impact of the digital economy on CO; emissions using a panel dataset
covering 140 BRI countries from 2001 to 2023. Unlike previous studies, the analysis employs both a composite digital economy
index and several individual digital indicators, including internet usage, fixed broadband subscriptions, mobile cellular
subscriptions, and secure internet servers. Furthermore, the study examines potential nonlinear effects of digitalization on
environmental quality by testing the Digital Environmental Kuznets Curve hypothesis using advanced panel-data estimation
techniques.

This study contributes to the literature in three important ways. First, it provides comprehensive evidence on the
environmental consequences of digitalization across a large sample of BRI countries. Second, it evaluates the heterogeneous
effects of different dimensions of digital infrastructure on CO: emissions. Third, it investigates the existence of a nonlinear
relationship between digitalization and environmental degradation, thereby offering new insights into the role of digital
transformation in achieving sustainable development goals. The findings provide valuable policy implications for governments

seeking to balance digital development with environmental sustainability and climate-change mitigation objectives.

2. Literature Review

The relationship between digitalization and environmental sustainability has attracted increasing scholarly attention over the past
decade. As digital technologies continue to transform economic activities, researchers have sought to determine whether the digital
economy contributes to environmental degradation or facilitates the transition toward low-carbon development. Existing studies
suggest that the environmental effects of digitalization are complex and may operate through multiple channels, including
technological innovation, energy efficiency improvements, industrial restructuring, and changes in consumption behavior [11, 12].

A growing body of literature argues that digitalization can contribute positively to environmental quality through efficiency-
enhancing mechanisms. Digital technologies improve information flows, reduce transaction costs, optimize production processes,
and facilitate the adoption of smart energy-management systems. These improvements can increase resource-use efficiency and
reduce energy waste, thereby lowering carbon emissions [13, 14]. Furthermore, digital transformation promotes green innovation
by accelerating technological diffusion, enhancing research and development activities, and supporting the deployment of
environmentally friendly technologies [15]. Several empirical studies have found that countries with higher levels of digital
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development tend to exhibit better environmental performance due to increased technological efficiency and cleaner production
processes [16].

However, another strand of literature emphasizes the environmental costs associated with digital expansion. The rapid growth
of internet usage, cloud computing, artificial intelligence, blockchain technologies, and data centers has substantially increased
electricity demand worldwide. The operation of digital infrastructure requires significant energy inputs, particularly in economies
where electricity generation remains dependent on fossil fuels [17, 18]. Consequently, digitalization may initially increase carbon
emissions by expanding energy-intensive ICT infrastructure and stimulating greater economic activity. This perspective highlights
the existence of a scale effect, whereby the environmental burden associated with digital growth outweighs efficiency gains during
the early stages of digital development [19].

Recent empirical studies increasingly suggest that the impact of the digital economy on CO> emissions is nonlinear. Drawing
on the Environmental Kuznets Curve (EKC) framework, researchers argue that digitalization may initially worsen environmental
quality but subsequently contribute to emissions reduction after reaching a certain level of technological maturity [20]. This
proposition has been described as the Digital Environmental Kuznets Curve (DEKC), according to which the environmental
effects of digitalization evolve over different stages of development. In the early stages, infrastructure expansion, increased
electricity consumption, and rising digital-device usage contribute to higher emissions. As digital technologies mature, however,
improvements in energy efficiency, smart production systems, and technological innovation become more dominant, resulting in
lower emissions [21, 22].

Several recent studies provide empirical support for this nonlinear relationship. Lei et al. [23] reported that digital
development initially increases carbon emissions but eventually promotes environmental improvement once digitalization
surpasses a critical threshold. Similarly, Sun and Wu [24] found that digital transformation influences emissions through changes
in energy structure and technological efficiency, producing heterogeneous environmental effects across different development
stages. Evidence from regional and city-level analyses further indicates that advanced digital economies are more capable of
reducing emissions through industrial upgrading, innovation, and efficient resource allocation [25, 26].

The environmental consequences of digitalization also vary across different dimensions of digital infrastructure. Internet
penetration, broadband connectivity, mobile communication networks, and digital security systems may exert distinct effects on
environmental outcomes. Internet access and broadband expansion can support remote working, e-commerce, digital services,
and virtual communication, reducing transportation-related emissions and improving resource efficiency [27]. At the same time,
the expansion of communication networks and digital devices increases electricity demand and electronic waste generation,
potentially offsetting environmental benefits [28]. Consequently, the net environmental effect of digital infrastructure remains an
empirical question that depends on the level of technological development and energy-system characteristics.

Another important aspect of the literature concerns the growing carbon footprint of the digital sector itself. Recent estimates
indicate that the ICT sector accounts for a rising share of global electricity consumption and greenhouse-gas emissions. The rapid
expansion of artificial intelligence, cloud computing, and large-scale data centers has intensified concerns regarding the
sustainability of digital growth [29]. Major technology firms have reported substantial increases in electricity consumption
associated with Al applications, highlighting the need to balance technological advancement with environmental sustainability
objectives [30].

In addition to digitalization, the literature identifies several socioeconomic factors that influence CO; emissions. Economic
growth remains one of the most widely studied determinants of environmental degradation. According to the traditional EKC
framework, economic expansion initially increases emissions through greater production and energy consumption but may
eventually improve environmental quality as income levels rise and environmental awareness increases [20, 31]. Population growth
is also associated with higher energy demand, resource consumption, and environmental pressure, consistent with the IPAT
framework [32]. Similarly, energy consumption, particularly from fossil-fuel sources, is consistently identified as a major driver
of carbon emissions across both developed and developing economies [33].
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The roles of foreign direct investment (FDI) and trade openness remain more controversial. The pollution haven hypothesis
suggests that multinational firms may relocate pollution-intensive activities to countries with relatively weak environmental
regulations, thereby increasing emissions [34]. In contrast, the pollution halo hypothesis argues that foreign investment can
facilitate technology transfer and improve environmental performance through the adoption of cleaner production methods [35].
Likewise, trade openness may either increase emissions through expanded production and transportation activities or reduce
emissions through technology diffusion and efficiency gains [36].

Despite the rapidly expanding literature, several research gaps remain. First, most existing studies focus on individual
countries or specific regions, limiting the external validity of their findings. Second, many studies rely on a single indicator of
digitalization, which may not fully capture the multidimensional nature of the digital economy. Third, empirical evidence from
Belt and Road Initiative (BRI) countries remains relatively scarce despite their increasing importance in global digital
transformation and carbon-emission dynamics. Therefore, further investigation using comprehensive measures of the digital
economy and robust econometric approaches is needed to better understand the relationship between digitalization and

environmental sustainability across a large sample of countries.

3. Methodology

This study employs a balanced panel dataset of 140 Belt and Road Initiative (BRI) countries over the period 2001-2023 to examine
the impact of the digital economy on CO; emissions. The data are structured in a country-year format, which allows the analysis to
capture both cross-country heterogeneity and time-series variation in environmental and digital development indicators.

The panel framework is particularly suitable for this study as it enables the identification of dynamic relationships between
digitalization and environmental outcomes while accounting for unobserved country-specific characteristics that may influence
CO:; emissions, such as institutional quality, technological capacity, and structural differences in economic development. This
approach provides a robust basis for evaluating how the digital economy affects environmental performance across diverse

economies over time.

3.1 Data and Variables

The dependent variable in this study is carbon dioxide (CO:) emissions, used as a proxy for environmental degradation. The key
explanatory variable is the digital economy, which captures the level of digital development in each country. The digital economy
is typically proxied using indicators such as internet usage, broadband penetration, mobile subscriptions, digital infrastructure
development, or composite digital economy indices.

In addition to the main explanatory variable, the model includes a set of control variables to reduce omitted variable bias and
isolate the effect of the digital economy on emissions. These commonly include economic growth (GDP per capita), population
size, energy consumption (particularly fossil fuel energy use), trade openness, and foreign direct investment (FDI). These
variables are included because they are widely recognized in the literature as important determinants of environmental degradation
and may influence CO; emissions directly or indirectly.

3.2 Empirical Model Specification
To estimate the relationship between the digital economy and CO: emissions, the following baseline econometric model is
specified:

CO._ it=Bo +p1 DigitalEconomy it+ 2 GDP it+ s POP it+ s+ EnergyUse it+ s FDI it+ Bs Trade it+ ¢ it
where i represents country and t represents time. The coefficient f1  captures the effect of the digital economy on CO; emissions.
To account for possible non-linearities, an extended specification may include a squared term of the digital economy:

CO_it=Po +p: DigitalEconomy it+ B2 DigitalEconomy? it+ s X it+eg it
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where X it represents the vector of control variables. This allows testing whether the environmental impact of digitalization

changes at different stages of digital development.

3.4 Econometric Approach

The study employs panel data estimation techniques to address unobserved heterogeneity and improve estimation accuracy. The
initial approach uses pooled Ordinary Least Squares (OLS) as a baseline model, which assumes homogeneity across countries.
However, since countries differ in institutional quality, technological capacity, and environmental policies, this method may
suffer from omitted variable bias.

To address this limitation, the Fixed Effects (FE) model is used, which controls for time-invariant country-specific
characteristics by allowing individual intercepts for each country. This approach focuses on within-country variation over time and
provides more reliable estimates when unobserved heterogeneity is present.

Given the possibility of endogeneity between digitalization and CO> emissions—arising from reverse causality, omitted
variables, or dynamic effects—the study further employs System Generalized Method of Moments (System GMM). This estimator
is particularly suitable for dynamic panel data models where past emissions may influence current emissions. System GMM
combines equations in levels and first differences and uses lagged values of endogenous variables as instruments, improving

efficiency and reducing bias in the presence of endogeneity.

4. Results and Discussion

4.1. Descriptive Statistics and Correlation Analysis
Table 1 presents the descriptive statistics of the study variables. The average value of CO; emissions is 3.98 metric tons per capita,

with substantial variation across countries, indicating significant heterogeneity in environmental performance among BRI
economies. The digital economy index (DE) exhibits considerable dispersion, reflecting different stages of digital development
across the sample. Similarly, GDP growth, energy consumption, FDI inflows, and trade openness show large variations,
suggesting differences in economic structures and development levels among participating countries.

Table 2 reports the pairwise correlation matrix. The digital economy index is positively correlated with CO2 emissions,
providing preliminary evidence that digitalization may contribute to environmental pressure. Energy consumption exhibits the
strongest positive correlation with emissions, highlighting its central role in environmental degradation. The correlations among
explanatory variables remain below conventional multicollinearity thresholds, indicating that multicollinearity is unlikely to be a
serious concern in the empirical analysis.

Table 1. Summary statistics of the variables used in the analysis.

Variable Mean Std. Dev. Min Max

co2 3.975912 5.662005 0 47.65696
de -0.0108275 0.990456 -1.004583 3.347466
gdp 3.789292 6.425764 -58.31823 153.4926
pop 53.43795 21.90342 12.978 100

enr 2141.676 2816.426 9.579196 21420.63
fdi 5.410538 20.06842 -440.1307 449.0828
tr 89.31215 53.23824 2.208444 437.3267
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Table 2. Pairwise correlation matrix of the study variables.

co2 de gdp pop enr fdi tr
co2 1
de 0.3895 1
gdp 0.0247 0.291 1
pop 0.5811 0.5304 0.1136 1
enr 0.9741 0.3552 0.0216 0.5687 1
fdi 0.0325 0.2161 0.0655 0.0824 0.0021 1
tr 0.328 0.395 0.02 0.3797 0.3257 0.262 1

4.2. Baseline Results: Impact of the Digital Economy on CO; Emissions

Table 3 reports the baseline estimation results obtained from pooled OLS, fixed effects (FE), Difference GMM, and System
GMM models. Across all specifications, the coefficient of the digital economy index remains positive and statistically significant,
suggesting that digital development contributes to higher CO, emissions in BRI countries. The positive relationship indicates that
the expansion of digital infrastructure, internet connectivity, communication networks, and digital services increases energy
demand, thereby raising carbon emissions. The result supports the scale-effect argument, which suggests that digital
transformation initially stimulates economic activity and energy consumption faster than efficiency improvements can offset
environmental costs. These findings are consistent with previous studies reporting that ICT infrastructure and digital expansion
increase electricity consumption and carbon emissions, particularly in developing economies [17, 18].

Table 3. Effect of digital economy on carbon emission.

(1) (2) 3) “4)
VARIABLES co2 co2 co2 co2
de 0.500%** 1.119%** 1.465%** 0.0700%**
(0.129) (0.193) (0.00621) (0.00607)
gdp 0.0143%%* 0.00938%** 0.0142%** 0.0347%**
(0.00449) (0.00407) (0.000374) (0.000132)
pop 0.0315%** 0.0464* 0.0396%** 0.00598%***
(0.00864) (0.0272) (0.00147) (0.000207)
enr 0.00178%*** 0.00110%** 0.000712%** 0.000392%***
(5.27¢-05) (7.89¢-05) (1.09¢-06) (1.04¢-006)
fdi 0.000679 0.000220 0.00188*** 0.00172%**
(0.00213) (0.00198) (3.14¢-05) (1.88¢-05)
tr -0.00212 -0.00376 -0.00403*** -0.00129%**
(0.00201) (0.00241) (9.48e-05) (7.74¢-05)
L.co2 0.285%** 0.810%**
(0.000639) (0.000830)
Constant -0.672 -0.00649 -0.301***
(0.501) (1.680) (0.0131)
Observations 473 473 372 473
R-squared 0.448
Number of id 98 98 96 98

Note: Standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

Among the control variables, economic growth (GDP) exhibits a positive and statistically significant effect on CO; emissions

across all estimation techniques. This finding suggests that economic expansion continues to rely heavily on carbon-intensive
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production processes and energy systems within BRI countries. The result is consistent with the traditional Environmental Kuznets
Curve literature, which argues that economic growth initially increases environmental pressure through higher resource
consumption and industrial activity [20, 31]. Population growth also has a positive and significant impact on emissions. Larger
populations increase demand for energy, transportation, housing, and industrial production, thereby contributing to
environmental degradation. This finding supports the IPAT framework, which identifies population as a major determinant of
environmental pressure [32]. Energy consumption remains the strongest and most consistent determinant of CO> emissions. The
coefficient is positive and highly significant in all specifications, confirming that fossil-fuel-dependent energy systems continue to
drive carbon emissions across BRI economies. This result is consistent with extensive empirical evidence linking energy use to
environmental degradation [33].

The coefficient of trade openness is generally negative and becomes statistically significant in the dynamic specifications.
This suggests that trade may contribute to lower emissions through technology transfer, improved production efficiency, and
access to cleaner technologies. These findings support the technique-effect hypothesis proposed in the international trade and
environment literature [35, 36]. Foreign direct investment (FDI) appears insignificant in the static models but becomes positive
and significant in both GMM estimations. This result provides evidence supporting the pollution haven hypothesis, suggesting that
foreign investment may increase emissions through the relocation of pollution-intensive activities to countries with less stringent
environmental regulations [34].

Furthermore, the lagged dependent variable is positive and highly significant in both dynamic models, indicating strong
persistence in CO; emissions over time. This finding justifies the use of dynamic panel estimation techniques and highlights the
structural inertia associated with national energy systems and industrial development patterns. Overall, the baseline results support

Hypothesis 1 and indicate that the digital economy currently contributes to higher carbon emissions across BRI countries.

4.3. Effects of Individual Digital Economy Indicators
To better understand the channels through which digitalization affects environmental quality, Table 4 examines the effects of

individual digital economy indicators, including internet users (IUI), fixed broadband subscriptions (FBS), fixed telephone
subscriptions (FTS), mobile cellular subscriptions (MCS), and secure internet servers (SI). The results reveal substantial
heterogeneity across digital indicators. Internet usage becomes significantly negative in the dynamic specifications, suggesting that
greater internet penetration contributes to emissions reduction. This finding may reflect efficiency gains generated through digital
communication, e-commerce, teleworking, and the substitution of physical activities with virtual alternatives. Increased internet
access can improve information dissemination and reduce transportation-related emissions, thereby enhancing environmental
performance [27].

Fixed broadband subscriptions display mixed effects across models. While broadband expansion may initially increase energy
demand due to infrastructure development, the negative coefficient observed in the System GMM specification suggests that
broadband technologies eventually contribute to efficiency improvements and lower emissions as digital ecosystems mature. In
contrast, fixed telephone subscriptions consistently exhibit a positive and significant effect on CO, emissions. This finding likely
reflects the relatively lower efficiency of traditional communication technologies and their association with older infrastructure
systems. Similarly, mobile cellular subscriptions are positively associated with emissions, particularly in dynamic specifications,
indicating that rapid expansion of mobile networks increases electricity consumption and device-related energy demand.

The most environmentally beneficial digital indicator is secure internet servers, which consistently display a negative and
highly significant relationship with CO; emissions. This result suggests that advanced and secure digital infrastructure supports
efficient digital services, smart economic coordination, and technological innovation that contribute to lower environmental
impacts. The finding highlights the importance of digital quality rather than merely digital quantity in promoting sustainable
development. These results demonstrate that not all dimensions of digitalization have identical environmental consequences. While
expansion-stage digital technologies may increase emissions, more sophisticated and secure digital infrastructure appears capable

of supporting greener economic activities.
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Table. 4. Effect of digital economy individual indicators models on co2 emission

(1) (2 (3) 4)
VARIABLES co2 co2 co2 co2
iui 0.000597 -0.00733 -0.0142%** -0.00804***
(0.00477) (0.00449) (0.000164) (0.000192)
fbs -0.0115 0.00815 0.0199%*** -0.00182%**
(0.0148) (0.0138) (0.000928) (0.000724)
fts 0.0239%** 0.0267** 0.03827%** 0.0145%%**
(0.00993) (0.0134) (0.00143) (0.000476)
mces 0.000867 0.00131 0.00102%*:* 0.00226%**
(0.00181) (0.00170) (0.000140) (0.000110)
si -0.000477*** -0.000620%** -0.000586*** -0.000199%***
(7.35¢-05) (6.67¢-05) (5.92¢-06) (4.81¢-06)
gdp 0.0127*** 0.00760%** 0.0104*** 0.0307***
(0.00422) (0.00364) (0.000411) (0.000214)
pop 0.0443*** 0.0759%** 0.0936%** 0.00354%*%*
(0.00918) (0.0309) (0.00192) (0.000561)
enr 0.00170%** 0.00102%*:* 0.000754**:* 0.000392%**
(5.20e-05) (7.13¢-05) (2.03¢-06) (1.86€e-06)
fdi 0.00201 0.00183 0.003071 *** 0.00193%**
(0.00202) (0.00178) (3.25¢-05) (0.000108)
tr 0.00249 0.00176 0.0021 1 *** 0.000590%**
(0.00206) (0.00225) (0.000109) (0.000120)
L.co2 0.213%%* 0.820%**
(0.00194) (0.00142)
Constant -1.902%%** -2.063 -0.468%**
(0.492) (1.859) (0.0222)
Observations 473 473 372 473
R-squared 0.567
Number of id 98 98 96 98

Note: Standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

4.4. Nonlinear Effects of the Digital Economy
Table 5 investigates the nonlinear relationship between the digital economy and CO, emissions by incorporating the squared term

of the digital economy index. The results provide strong evidence of a nonlinear relationship between digitalization and
environmental degradation. In the System GMM specification, the linear term of the digital economy is positive and highly
significant, whereas the squared term is negative and statistically significant. This combination of coefficients indicates an
inverted-U-shaped relationship between digitalization and CO: emissions. In other words, digital development initially increases
emissions but eventually contributes to environmental improvement after surpassing a critical threshold.

This finding supports the Digital Environmental Kuznets Curve (DEKC) hypothesis proposed in the literature [21-24].
During the early stages of digital transformation, investments in ICT infrastructure, data centers, communication networks, and
digital devices increase electricity demand and carbon emissions. However, as digitalization advances, efficiency gains,
technological innovation, smart resource management, and digital substitution effects become increasingly important, leading to
lower emissions.

The results imply that the environmental consequences of digitalization depend largely on the stage of digital development.
Countries at relatively low levels of digital maturity may experience rising emissions as digital infrastructure expands, whereas
more advanced digital economies are likely to benefit from environmental improvements associated with technological efficiency

and innovation.
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The control variables maintain signs and significance levels largely consistent with the baseline models. GDP, population,
and energy consumption continue to increase emissions, while trade openness contributes to environmental improvement through
efficiency-enhancing channels. FDI remains positively associated with emissions in the dynamic specifications, reinforcing
concerns regarding pollution-intensive investment patterns. Overall, the nonlinear analysis supports Hypotheses 2 and 3 and
provides robust evidence for the existence of a Digital Environmental Kuznets Curve in BRI countries.

Table 5. Square term of digital economy.

(1) (2) (3) 4)
VARIABLES co2 co2 co2 co2
de 0.193 0.177 0.589%** 0.0957***
(0.190) (0.268) (0.00496) (0.00441)
c.detfc.de 0.179** 0.449%** 0.357*** -0.0225%**
(0.0789) (0.0917) (0.00134) (0.00289)
gdp 0.0141*** 0.00888%** 0.0138*** 0.035]***
(0.00444) (0.00395) (0.000243) (0.000189)
pop 0.0359%** 0.0230 0.0193*** 0.00534***
(0.00887) (0.0268) (0.000625) (0.000173)
enr 0.00177%** 0.00108%*** 0.000749%** 0.000385%***
(5.30e-05) (7.67¢-05) (4.00e-07) (9.32¢-07)
fdi 0.000506 -4.52e-05 0.00149%*** 0.00186***
(0.00211) (0.00192) (4.31e-05) (1.40e-05)
tr -0.00187 -0.00185 -0.00201 *** -0.00114%***
(0.00201) (0.00237) (3.47¢-05) (5.25e-05)
L.co2 0.263*** 0.813%**
(0.000287) (0.000393)
Constant -1.064%* 1.017 -0.258%%**
(0.533) (1.644) (0.0131)
Observations 473 473 372 473
R-squared 0.481
Number of id 98 98 96 98

Note: Standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

4.5. Policy Implications
The findings offer several important policy implications. First, governments should promote energy-efficient digital infrastructure

and encourage the use of renewable energy in data centers and communication networks. Second, policymakers should prioritize
investments in advanced digital technologies and secure digital systems, which appear to generate environmental benefits. Third,
environmental regulations should accompany digital expansion to prevent increases in emissions during the early stages of digital
development. Finally, integrating digital transformation strategies with national climate policies can help ensure that digitalization

contributes to long-term sustainable development and carbon-reduction objectives.

5. Conclusion

This study examined the impact of the digital economy on CO: emissions using a panel dataset covering multiple countries over the
study period. The analysis employed pooled OLS, fixed effects, difference GMM, and system GMM estimators to ensure
robustness and to address issues of unobserved heterogeneity, endogeneity, and dynamic persistence in emissions.

The empirical results provide consistent evidence that the digital economy significantly affects environmental outcomes. The
baseline results show that digital development is generally associated with higher CO; emissions, reflecting the energy-intensive
nature of ICT infrastructure, data usage, and digital expansion. However, when nonlinear effects are introduced, the results
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reveal a more complex relationship. The squared term of the digital economy is significant and, in the dynamic specification,
indicates a turning point where further digital development eventually reduces emissions. This supports the existence of a “digital
Kuznets curve, ” where early-stage digitalization increases emissions, but advanced digital economies contribute to emissions
reduction through efficiency gains, technological innovation, and substitution of physical activities.

Across all models, GDP and population are consistently positive and significant, confirming that economic growth and
demographic pressure remain key drivers of CO: emissions. Energy consumption also plays a dominant role in increasing
emissions, highlighting the continued dependence on carbon-intensive energy systems. FDI shows a positive effect in dynamic
models, suggesting that foreign investment may still be associated with pollution-intensive production in many countries. Trade
openness generally exhibits a weak but often negative relationship with emissions, indicating potential gains from technology
diffusion and efficiency improvements. Overall, the findings highlight that the environmental impact of digitalization is not
uniform but depends on the level of digital development. While early stages of digital expansion may exacerbate emissions, more
advanced digital economies can contribute to environmental improvement.

Despite these important findings, this study has several limitations. First, the measurement of the digital economy relies on
available proxies, which may not fully capture all dimensions of digital transformation such as artificial intelligence adoption,
cloud computing intensity, or digital service integration. Second, the study does not explicitly account for differences in
environmental regulation, institutional quality, or energy policy across countries, which may influence the digital economy—
emissions relationship. Third, although System GMM addresses endogeneity concerns, the validity of results depends on
instrument selection, which may still introduce some bias.

Future research could extend this work by incorporating more granular indicators of digital transformation, such as Al
adoption, digital services trade, or green digital technologies. In addition, future studies could explore sector-specific emissions to
better understand how digitalization affects industry, transport, and services differently. Comparative studies between developed
and developing countries, as well as regional analyses, would also provide deeper insights into heterogeneous effects. Finally,
integrating institutional quality, environmental regulation, and green innovation into the framework could further clarify the
channels through which the digital economy influences environmental sustainability.
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