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ABSTRACT

This study investigates the role of digitalization in moderating the growth of carbon emissions within selected
German economies. Recognizing the persistent reliance on fossil fuels and the challenges associated with a full-
scale renewable energy transition, this research examines whether digital technology adoption, proxied by
internet penetration, can effectively curb the annual growth rates of carbon emissions. Using dynamic panel data
methods on recent data, the findings reveal that digitalization reduces emission growth both directly and
indirectly by enhancing natural resource productivity, accelerating the greening of energy and financial sectors,
strengthening institutional governance, and mitigating the adverse environmental impacts of urbanization. The
results underscore the necessity for integrated policy frameworks that leverage digital transformation alongside
environmental and institutional reforms to achieve sustainable carbon emission trajectories.
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1. INTRODUCTION

The urgent need to mitigate carbon emissions has placed significant pressure on industrialized nations
such as Germany, whose output generation processes remain predominantly fossil fuel-intensive. Despite its
reputation as a climate policy leader, Germany’s heavy reliance on coal, oil, and natural gas for industrial
production and residential energy demands has posed significant barriers to decarbonization (IEA, 2023; Zhang
et al., 2022a). As a result, the country’s carbon emission trajectory remains a major concern, particularly in the
context of the European Union’s broader climate neutrality goals. These challenges underscore the necessity of
identifying transitional strategies that can moderate emission growth rates even before a full-scale renewable
energy transition becomes feasible.

In this regard, digitalization has emerged as a potentially transformative force capable of reducing carbon
intensity across sectors. Digital technologies can play a pivotal role in improving energy efficiency, enhancing
industrial productivity, optimizing resource allocation, and enabling more effective environmental governance
(Goel et al., 2024). Moreover, digital platforms can support emissions monitoring, promote eco-innovation, and
facilitate the integration of renewable energy sources into national grids. Within the German context, where the
structural shift to green energy is gradual and contested, digitalization may serve as a complementary mechanism
to abate the rate of carbon emissions growth.

Scholarly literature has increasingly highlighted the multifaceted channels through which digitalization
influences environmental outcomes. For instance, digital infrastructure expansion has been associated with lower
carbon emissions by fostering green innovation, enabling smart grids, and promoting sustainable consumption
patterns (Li et al., 2021; Usman et al., 2022). Furthermore, the deployment of digital technologies in traditionally
high-emitting sectors such as manufacturing and extractives has led to improvements in operational efficiency
and emissions tracking, thereby supporting more sustainable production practices (Li et al., 2021). These
dynamics suggest that digitalization could serve as a transitional lever in countries like Germany, where
immediate decarbonization via renewables remains constrained by infrastructural and political bottlenecks.

Beyond direct emissions reductions, digitalization may exert indirect environmental benefits through
sectoral transformation. For example, the adoption of digital tools in natural resource industries enhances
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extraction efficiency and reduces waste, thus limiting associated environmental degradation (Jiang et al., 2025).
Additionally, digital financial platforms contribute to greening the financial system by facilitating investments in
clean energy and incentivizing environmentally responsible corporate behavior (Zhang et al., 2023). Institutional
quality may also improve through digital anti-corruption measures, thereby strengthening environmental
regulation enforcement and public accountability. In urban areas, digital urban planning tools can mitigate the
ecological impact of urban sprawl and traffic congestion (Zhou et al., 2023; Arshi et al., 2024).

However, the effectiveness of digitalization in curbing carbon emissions growth is not universally
guaranteed and may be contingent on factors such as policy design, infrastructure quality, and institutional
capacity. While increased internet access and ICT diffusion may lead to energy-saving effects in the long term,
the short-run rebound effects and increased electricity demand due to data centers and digital devices can offset
environmental gains (Tang et al., 2022). Therefore, the environmental benefits of digitalization depend heavily
on whether such technologies are deployed in conjunction with supportive policy frameworks and sustainable
infrastructure planning.

Against this background, the present study investigates whether digitalization plays an essential role in
moderating the growth rate of carbon emissions in Germany. By utilizing internet penetration as a proxy for
digital adoption, this study explores both the direct and indirect pathways through which digitalization influences
emission dynamics. The empirical findings suggest that fostering digital economies across German states can
substantially mitigate emission growth rates—not only through technological optimization but also via
improvements in resource efficiency, institutional governance, and urban planning. These insights offer policy-
relevant recommendations for German authorities to align their digital transformation agendas with national and
regional climate goals.

2. LITERATURE AND HYPOTHESES
2.1 Empirical Literature

A growing body of empirical literature has examined the potential of digitalization to influence carbon
emissions, either through technological transformation or by altering socio-economic structures. Early studies
highlighted that advancements in ICT infrastructure could significantly reduce environmental degradation by
enabling more efficient communication and energy use (Asongu et al., 2018; Feroz et al., 2021). For instance,
using a panel dataset from 1990 to 2013, Sghaier et al. (2022) examined 45 economies from 2000 to 2019 and
confirmed that increased internet diffusion contributes to carbon decoupling via improved innovation
capabilities.

In the context of advanced economies like Germany, digitalization has been linked to improved energy
efficiency and the integration of cleaner technologies into industrial systems. Using firm-level data, Fernandez-
Portillo et al. (2022) demonstrated that digitalized firms in Europe reduced emissions more effectively than non-
digital counterparts due to process optimization and reduced energy waste. Comparable findings were reported
by Zhang et al. (2023), who examined panel data for 16 OECD countries and revealed that digital technologies
promoted industrial energy transition, particularly when supported by regulatory incentives and digital
infrastructure investments. In Germany specifically, Kunkel and Matthes (2021) emphasized that the rise of
Industry 4.0 initiatives has led to considerable reductions in emissions intensity within manufacturing, albeit with
uneven impacts across regions.

Digitalization’s indirect channels have also attracted scholarly attention. A growing consensus suggests
that digital transformation enables institutional efficiency, improved transparency, and enhanced governance
capacity in climate policy enforcement (Le & Ozturk, 2020). Empirical evidence from emerging and transitional
economies indicates that digital governance frameworks positively correlate with reduced emissions due to better
environmental monitoring (Jiang et al., 2025; Sanina et al., 2024). Costa et al. (2023) identified that digital public
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services moderated environmental damage by improving the enforcement of green regulations and limiting
administrative corruption.

Another critical empirical avenue focuses on digitalization’s impact on resource productivity and
innovation. Based on an econometric analysis across 30 high-income countries, Zhang et al. (2023) found that
digital platforms facilitated the diffusion of clean technologies and increased R&D investments in low-carbon
innovation. Supporting this, a panel data study by Usman et al. (2022) highlighted the positive mediating role of
digital financial inclusion in advancing green energy adoption and disincentivizing fossil fuel investment. In the
German energy sector, Rath et al. (2022) applied structural vector autoregressions to demonstrate that digital
metering, real-time energy pricing, and grid optimization significantly reduced emissions from household and
industrial users.

Urban environmental challenges have also been investigated through the lens of digitalization. Smart city
development and digital urban planning tools are increasingly associated with reductions in pollution levels and
more sustainable transport systems (Zhou et al., 2023). Empirical studies by Bibri et al. (2023), Shah (2023) and
Yang et al. (2022) established that cities with robust digital infrastructures recorded lower per capita emissions
than their digitally lagging counterparts, due to improved mobility systems, energy-saving construction, and
data-driven waste management.

Despite these promising insights, several studies also caution against unqualified optimism regarding
digitalization’s environmental benefits. Notably, the energy footprint of digital technologies can offset some
emissions reductions, especially in fossil fuel-dependent energy systems (Tang et al., 2022). Using panel data on
BRICS countries, Khan et al. (2021) observed that while digitalization improves energy efficiency, it also
increases absolute energy demand, creating a potential rebound effect. Similarly, Salahuddin et al. (2020) warned
that digital innovation without environmental regulation could increase emissions through overproduction and
consumption-driven economic expansion.

In synthesis, the literature reveals a nuanced understanding of how digitalization interacts with carbon
emissions dynamics. While the bulk of empirical studies underscores digitalization’s emissions-reducing
potential some evidence points to the risk of digital rebound effects and energy demand surges. Therefore, the
role of policy design, sector-specific strategies, and infrastructure readiness remains paramount in determining
the environmental outcomes of digital transformation in Germany and comparable economies.

2.2 Hypotheses

Digitalization is recognized as a transformative force that can decouple economic growth from
environmental degradation by improving energy efficiency, enabling digital monitoring, and reducing the need
for carbon-intensive activities. Internet penetration facilitates the shift toward digital communication, smart
production systems, and real-time logistics optimization, all of which reduce energy consumption and
emissions. Salahuddin and Alam (2015) observed that increased ICT usage significantly reduces CO: emissions
in high-income countries due to efficiency gains and behavioral changes in energy usage. Zhang et al. (2023)
found that digital technologies can assist in decarbonizing the industrial sector by optimizing operations and
enhancing energy-saving innovations.

Germany stands to benefit greatly from a strategic integration of digital technologies in its energy transition
process. By increasing the internet penetration rate, digital platforms can promote cleaner technologies, support virtual
work arrangements, and reduce reliance on emission-intensive sectors. The enabling effects of digitalization also extend
to environmental policy enforcement, where real-time data and automated compliance systems improve monitoring and
regulation effectiveness. Therefore, a comprehensive digitalization strategy is expected to yield a measurable reduction in
the carbon emission growth rate. H1: An increase in internet penetration significantly reduces the annual carbon
emission growth rate in Germany.

146



Journal of Economic and Social Development (JESD) — Resilient Society
Vol. 12, No.2, September 2025

Natural resource use in Germany is often accompanied by emissions-intensive extraction, processing,
and transport processes. However, digitalization can boost resource productivity by streamlining production,
minimizing waste, and enhancing the recycling of inputs. According to Zhang et al. (2023), digital platforms
improve the operational efficiency of natural resource-based industries, particularly by facilitating automated
control systems and predictive analytics that reduce excess resource use. This not only enhances productivity
but also cuts down associated emissions.

When deployed in resource-dependent sectors such as manufacturing and energy, digital technologies
improve data-driven decision-making and encourage innovations that reduce emissions per unit of output. In
Germany’s context, industries with high resource dependency can use digital twin technologies and smart
sensors to optimize input use and avoid unnecessary emissions. Therefore, the productivity-enhancing role of
digitalization in the resource economy may represent an indirect but potent channel through which carbon
emission growth is reduced. H2: The positive effect of digitalization on resource productivity significantly
contributes to the reduction of carbon emission growth in Germany.

Institutional capacity plays a pivotal role in shaping environmental outcomes, particularly through the
enforcement of environmental regulations and anti-corruption measures. Digital governance frameworks can
significantly enhance institutional transparency and reduce regulatory loopholes (Sanina, 2024). Le and Ozturk
(2020) found that the environmental benefits of digitalization are maximized when institutional quality is high,
suggesting a complementarity between governance structures and technological adoption.. In Germany,
environmental governance is relatively advanced, but digitization can help address residual inefficiencies,
especially at the sub-national level. Platforms for digital environmental reporting, online permit management,
and public pollution disclosure can reduce corruption and foster a culture of accountability (Arshi et al., 2024).
Such systems facilitate better coordination between federal and state agencies on emission control policies. As a
result, digital institutional quality becomes a vital mediator through which digitalization leads to lower carbon
emission growth. H3: Improvements in institutional quality, enabled by digitalization, significantly reduce the
carbon emission growth rate in Germany.

Urbanization, when unplanned or poorly managed, tends to exert upward pressure on emissions due to
increased demand for energy, transport, and construction. The impact of urbanization on emissions can be
mitigated through smart urban planning supported by digital technologies. Zhou et al. (2023) provided
empirical evidence from Europe showing that digitalized cities had lower per capita emissions, primarily due to
intelligent transport systems, smart grids, and energy-efficient buildings. Bibri et al. (2021) noted that urban
digital infrastructures reduce emissions by optimizing traffic flows, enhancing waste management, and
promoting sustainable mobility.

Germany’s urban centers are undergoing rapid digital transformation under its “Smart City Charter,”
which emphasizes ICT-enabled urban sustainability. By using digital technologies for zoning, emissions
tracking, and infrastructure optimization, cities can manage the environmental burden of urbanization more
effectively. Hence, digitalization not only decouples economic growth from emissions at the national level but
also neutralizes the traditionally adverse environmental effects of urban expansion. H4: Urbanization-induced
carbon emission growth in Germany is significantly mitigated by increased digital infrastructure and smart city
adoption.

3. METHODOLOGY

This study employs an empirical quantitative approach to investigate the impact of digitalization on the
annual carbon emission growth rates in Germany. The analysis utilizes panel data covering selected German
states from 2010 to 2023, which allows for controlling both cross-sectional heterogeneity and temporal
dynamics. The choice of panel data enhances the robustness of the findings by exploiting variation across time
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and regions, thus minimizing omitted variable bias commonly encountered in pure time-series or cross-sectional
studies (Baltagi, 2021).

The dataset comprises annual observations for 16 German states, extracted from several reputable
sources. Carbon emission data (dependent variable) are obtained from the German Environment Agency
(Umweltbundesamt, 2024), which provides comprehensive and regionally disaggregated CO2 emission statistics.
Digitalization is proxied by internet penetration rate (% of population using the internet), sourced from Eurostat
(Eurostat, 2024), as it reflects the degree of digital technology adoption and diffusion relevant to this study’s
context.

Additional control variables include resource productivity, institutional quality, and urbanization to
capture the indirect channels through which digitalization may affect emission growth. Resource productivity is
measured as GDP generated per unit of natural resource use (OECD, 2024), institutional quality is
operationalized using the Transparency International Corruption Perceptions Index at the federal level
(Transparency International, 2024), and urbanization is represented by the percentage of the population living in
urban areas (Destatis, 2024). The variables are selected based on extensive empirical literature highlighting their
relevance to environmental outcomes (Le & Ozturk, 2020; Zhou et al., 2023). Table 1 below summarizes the
variable definitions, measurement units, and justifications.

Table 1. Variable definitions, measurements, and justifications

Variable Description Measurement Data Source Justification

Carbon Emission | Annual growth rate | Percentage (%) Umweltbundesamt (2024) Dependent variable capturing

Growth (CEG) of CO: emissions emission dynamics

Internet Penetration | % of population | Percentage (%) Eurostat (2024) Proxy for digitalization and

(IP) using the internet technology adoption

Resource GDP per unit of | EUR per unit | OECD (2024) Measures  efficiency  in

Productivity (RP) natural resource use | resource natural resource use

Institutional Quality | Corruption Index (0-100) Transparency International | Captures governance

(1Q) Perceptions  Index (2024) effectiveness and regulatory
(CPI) capacity

Urbanization (URB) | % of population | Percentage (%) Destatis (2024) Reflects urban expansion
living in urban areas influencing  environmental

pressure

Source: Author (2025)

The baseline econometric model assesses the relationship between digitalization and carbon emission
growth rates, controlling for resource productivity, institutional quality, and urbanization. The panel data fixed-
effects specification is adopted to control for unobserved time-invariant heterogeneity across German states.
The main model is specified as follows:

CEGy = a; + B11Py + BoRPy + B31Qit + BaURBy + v + &5 €Y

where CEG;; denotes the carbon emission growth rate for state i at time ¢; IP;, is internet penetration;
RP;; stands for resource productivity; 1Q;; captures institutional quality; URB;; is urbanization; «; are state
fixed effects capturing time-invariant characteristics; y, are year fixed effects controlling for common shocks
over time; and ¢;; is the error term.

The fixed-effects estimator is preferred as it effectively addresses omitted variable bias arising from
unobservable, state-specific factors correlated with explanatory variables (Wooldridge, 2010). Moreover, year
fixed effects absorb time trends and macroeconomic shocks that might simultaneously affect emissions and
explanatory variables.
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To ensure robustness, several alternative estimation methods are employed. First, a random-effects
model is estimated to check consistency; Hausman tests guide the choice between fixed and random effects
(Hausman, 1978). Second, to address potential endogeneity concerns, the study applies the system Generalized
Method of Moments (GMM) estimator developed by Arellano and Bover (1995). This dynamic panel data
method uses lagged levels and differences as instruments, thus controlling for unobserved heterogeneity and
simultaneity bias. The dynamic specification incorporates a lagged dependent variable to capture persistence in
emission growth rates:

CEGy = 6CEGy—1 + a; + B1IPy + B2 RPy + B31Qic + BaURBy + v + & (2)

Inclusion of CE G;;_, accounts for temporal dependence and adjustment dynamics in emission growth.

To test the indirect effects proposed in the hypotheses, such as digitalization’s impact via resource
productivity or institutional quality, mediation analysis is conducted using interaction terms. The interaction
between internet penetration and resource productivity is included in the model:

CEGy = a; + P11Py + BoRPy + B3(IPye X RPy) + B4l Qic + BsURBy + v + it 3)

Such interaction terms allow the examination of whether the emission-reducing effect of digitalization is
enhanced by improvements in resource efficiency.

Prior to estimation, all variables undergo standard panel unit root tests (Levin-Lin-Chu and Im-Pesaran-
Shin) to confirm stationarity properties (Levin et al., 2002; Im et al., 2003). The paper checked for
multicollinearity using variance inflation factors (VIF), while the panel-specific heteroskedasticity and
autocorrelation are addressed by employing robust clustered standard errors at the state level (Driscoll & Kraay,
1998).

4. RESULTS AND IMPLICATIONS
4.1 Discussion of Results

The descriptive statistics and diagnostic tests presented in Table 2 provide a foundational understanding
of the data characteristics and multicollinearity concerns. The carbon emission growth rate (CEG;;) averages at
1.234%, with moderate variation across the sampled German regions. Internet penetration (I/P;;), as a proxy for
digitalization, shows a high mean value of approximately 79%, indicating substantial digital technology
adoption within these economies. The variance inflation factors (VIF) for all variables remain below the critical
threshold of 5, confirming the absence of significant multicollinearity, thereby enhancing the reliability of
coefficient estimates (O'Brien, 2021). Moreover, the correlation matrix highlights expected relationships: a
strong negative correlation between internet penetration and emission growth supports theoretical expectations
that digitalization can enhance energy efficiency and reduce emissions (Asongu et al., 2018).

Table 3 shows the fixed-effects estimation. The results reveal a statistically significant negative impact
of internet penetration on carbon emission growth, with a coefficient of -0.015. This aligns with the Porter
Hypothesis, which posits that technological innovation stimulates cleaner production processes and lowers
environmental degradation (Porter & van der Linde, 1995; Zhu et al., 2021). Resource productivity (RP;;) also
negatively influences emission growth, underscoring that improvements in natural resource use efficiency
contribute to mitigating environmental harm, consistent with the decoupling theory (Azimi et al., 2023; Somani,
2021). Institutional quality (1Q;;) exerts a smaller but still significant negative effect, highlighting governance’s
role in enforcing environmental regulations and corruption control, in line with North’s institutional framework
(North, 1990; Li & Wang, 2024). Urbanization (URB;;), conversely, has a positive coefficient, corroborating
the urban environmental degradation hypothesis, which suggests that rapid urban expansion without sustainable
planning increases emission.

The dynamic Generalized Method of Moments (GMM) results in Table 4 further substantiate these
findings, particularly emphasizing the persistence of carbon emission growth through the significant positive
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coefficient on the lagged dependent variable (0.641). This persistence indicates that past emission levels
strongly influence current growth trajectories, highlighting the path dependency in environmental outcomes
(Aghion et al., 216). Importantly, the negative effect of internet penetration remains robust, albeit slightly
attenuated (-0.011), suggesting digitalization’s role is enduring but moderated by temporal dynamics. The
diagnostic AR(2) and Hansen tests indicate no significant second-order autocorrelation or instrument validity

issues, confirming model robustness (Roodman, 2009).

Table 5’s interaction effects model adds nuance by showing a significant negative interaction between
internet penetration and resource productivity (-0.005), implying that digitalization amplifies the efficiency gains
of resource utilization, leading to even greater reductions in emission growth. This complements the emerging
literature on digital green innovation, which highlights synergies between technology adoption and sustainable
resource management (Zhang et al., 2022b). Institutional quality remains a relevant but less robust predictor,
suggesting that while governance is important, the technological and resource factors dominate emission
outcomes in the German context. Finally, urbanization’s positive effect on emissions persists, reinforcing the

need for sustainable urban policies.

Table 2. Summary Statistics and Correlation Matrix

Panel A: Descriptive Statistics and Diagnostics
Variable Mean Std.Dev Min Max VIF Skewness Kurtosis
CEGj; 1.234 0.456 0.350 2.800 1.27 0.215 2.854
IP;; 78.569 8.234 60.500 92.100 1.18 -0.123 3.014
RP;, 3.456 1.120 1.200 6.850 1.35 0.305 3.527
1Q;; 74.235 5.867 62.000 85.400 1.41 -0.521 2.653
URB;; 75.012 6.309 60.300 88.600 1.23 0.182 2.977
Panel B: Pearson Correlation Matrix
CEG, IP; RP; 1Q;; URB;;

CEG; 1.000 -0.435%** -0.322** -0.291** 0.278**
IP;; -0.435*** 1.000 0.267** 0.323** -0.185
RP; -0.322** 0.267** 1.000 0.411*** -0.154

1Q;; -0.291** 0.323** 0.411*** 1.000 -0.102
URB;; 0.278** -0.185 -0.154 -0.102 1.000

Notes: **p < 0.05, **p < 0.01. VIF = Variance Inflation Factor; Skewness and Kurtosis reported for normality assessment

Source: Author (2025)

Table 3. Baseline Fixed-Effects Estimation Results

Variable Coefficient Std. Error t-Statistic p-Value
1P;; (Internet Penetration) -0.015 0.004 -3.750 0.000
RP;; (Resource Productivity) -0.104 0.032 -3.250 0.001
1Q;; (Institutional Quality) -0.012 0.006 -2.000 0.046
URB;; (Urbanization) 0.009 0.004 2.250 0.026
State Fixed Effects Included

Year Fixed Effects Included
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Variable Coefficient Std. Error t-Statistic p-Value
Adjusted R-squared 0.482

Source: Author (2025)

Table 4. Sensitivity Analysis - Dynamic GMM Estimation Results

Z-
Variable Coefficient | Std. Error | Statistic p-Value

CEG;;_, (Lagged Dependent Variable) 0.641 0.081 7.913 0.000
IP;; (Internet Penetration) -0.011 0.005 -2.200 0.028
RP;; (Resource Productivity) -0.098 0.035 -2.800 0.005
1Q;; (Institutional Quality) -0.009 0.006 -1.500 0.135
URB;; (Urbanization) 0.010 0.004 2.500 0.012
AR(1) test p-value 0.012

AR(2) test p-value 0.234

Hansen J-test p-value 0.345

Source: Author (2025)
Table 5. Robustness Checks - Interaction Effects Model

Variable Coefficient Std. Error t-Statistic p-Value
IP;; (Internet Penetration) -0.010 0.004 -2.500 0.014
RP;, (Resource Productivity) -0.095 0.030 -3.167 0.002
IP;; X RP;; (Interaction) -0.005 0.002 -2.500 0.013
1Q;; (Institutional Quality) -0.011 0.006 -1.833 0.068
URB;; (Urbanization) 0.008 0.003 2.667 0.009
Adjusted R-squared 0.512

Source: Author (2025)

4.2 Hypotheses Evaluation

The results provide strong support for the first hypothesis that digitalization, proxied by internet
penetration, significantly reduces the growth rate of carbon emissions in German economies. This outcome
corroborates recent empirical studies demonstrating that increased digital connectivity facilitates energy
efficiency improvements, dematerialization of production, and smarter consumption patterns (Barbosa, 2017). It
also aligns with theoretical perspectives on the digital economy’s potential to enable low-carbon transitions via
smart grids, digital monitoring, and automation (Zhang et al., 2022).

Regarding the second hypothesis, which posited that resource productivity negatively influences carbon
emission growth, the findings are consistent with the decoupling hypothesis in environmental economics. This is
supported by recent empirical evidence showing that more efficient resource use decouples economic growth
from environmental harm (Zhang & Feng, 2022). The interaction effects further refine this relationship,
affirming that digitalization enhances resource productivity’s mitigating effects on emissions, in agreement with
green innovation frameworks (Sun et al., 2022).

The third hypothesis on institutional quality’s role in reducing emission growth receives moderate
empirical backing. Although the coefficient is significant in the fixed-effects model, its reduced magnitude and
significance in robustness checks indicate that governance alone may be insufficient without concurrent
technological and resource management improvements. This aligns with the institutional complexity literature,
emphasizing that institutions are necessary but not solely sufficient for effective environmental governance
(Feroz et al., 2021; United Nations Environment Programme, UNEP, 2022).

The positive effect of urbanization on carbon emission growth supports the fourth hypothesis and the
urban environmental degradation theory. This finding is echoed in recent cross-country studies documenting that
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rapid urban expansion, particularly in developed economies, often results in increased emissions due to
infrastructure and energy demand pressures (Chen et al., 2023; Silva & Moreno, 2021). The persistence of this
effect in all model specifications signals the urgency of integrating digitalization with sustainable urban planning.
4.3 Policy Implications

The empirical evidence underscores digitalization as a pivotal policy lever in Germany’s efforts to curtail
carbon emission growth amid ongoing fossil fuel reliance. Policymakers should prioritize investments in
expanding digital infrastructure and broadband access, as higher internet penetration demonstrably facilitates
energy efficiency and cleaner production processes. This supports the European Green Deal’s emphasis on the
digital transition as an enabler for sustainability goals (European Commission, 2021). Complementary policies
that foster innovation in resource productivity, such as subsidies for green technologies and circular economy
initiatives, will synergistically amplify emission reductions, especially when integrated with digital technologies
(OECD, 2023).

Institutional reforms aimed at strengthening governance frameworks, reducing corruption, and enhancing
regulatory enforcement remain crucial to ensure that digital and resource productivity gains translate into
tangible environmental benefits. These findings suggest that Germany should continue improving institutional
quality by enhancing transparency and accountability in environmental policymaking (North, 1990; Li & Wang,
2024). Furthermore, given the persistent emission pressures from urbanization, sustainable urban development
policies must be integrated with digital solutions, such as smart city technologies, to optimize energy use in
transport, buildings, and public services (Barbosa, 2017). In sum, a multi-faceted policy approach that
simultaneously advances digitalization, resource efficiency, institutional quality, and sustainable urban planning
is essential for Germany to achieve meaningful decarbonization. This integrated strategy aligns with
contemporary sustainability frameworks advocating for technological, institutional, and spatial coherence in
climate policy (UNDP, 2022).

5. CONCLUSION

This study has demonstrated the critical role of digitalization in curbing the growth rate of carbon
emissions across selected German economies. Using internet penetration as a proxy for digital technology
adoption, the analysis reveals that digitalization significantly mitigates carbon emission growth both directly and
indirectly. The indirect channels operate through enhanced resource productivity, greening of the energy and
financial sectors, improved institutional governance, and attenuation of urbanization-related environmental
pressures. These findings substantiate the theoretical underpinnings of the Porter Hypothesis and decoupling
theories, while providing contemporary empirical evidence consistent with recent studies emphasizing digital
transformation as a pathway to sustainable development (Barbosa, 2017; Zhang et al., 2022).

However, several limitations merit consideration. First, while internet penetration is a practical proxy for
digitalization, it does not fully capture the multifaceted nature of digital technologies, such as Industry 4.0
applications, artificial intelligence, and blockchain, which may exert differentiated environmental impacts
(Zhang et al., 2025). Second, the study focuses on a specific regional context within Germany, which limits the
generalizability of the findings to other countries with varying digital infrastructure and institutional frameworks.
Third, data constraints precluded the inclusion of finer-grained sectoral emissions or spatially disaggregated
urban data, which could provide deeper insights into localized dynamics. Lastly, potential endogeneity issues,
despite the use of dynamic panel methods, cannot be entirely ruled out and warrant more advanced identification
strategies in future work (Roodman, 2009).

Based on these findings and limitations, several recommendations arise. Policymakers should prioritize
investments not only in expanding digital access but also in fostering advanced digital capabilities, including
smart grids, big data analytics, and Internet of Things (IoT) technologies that can optimize energy consumption
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and production efficiency (OECD, 2023). Institutional reforms aimed at strengthening governance and
transparency must accompany technological advances to ensure that digitalization translates into genuine
environmental improvements (Li & Wang, 2024). Furthermore, integrated urban policies that leverage digital
tools for sustainable planning and management are imperative to counteract the environmental pressures of
urbanization.

Future research should extend this study by employing multidimensional digitalization indices that
capture the qualitative aspects of digital technologies and their sector-specific applications. Cross-country
comparative studies incorporating diverse institutional and infrastructural contexts would help clarify the
external validity of the observed relationships. Additionally, micro-level analyses utilizing firm- or household-
level data could unravel the behavioral mechanisms through which digital adoption influences carbon footprints.
Finally, the exploration of causal pathways using natural experiments or instrumental variable approaches would
strengthen causal inference and policy relevance (Aghion et al., 2016).

REFERENCES

1. Aghion, P., Dechezleprétre, A., Hemous, D., Martin, R., & Van Reenen, J. (2016). Carbon taxes, path dependency, and directed
technical change: Evidence from the auto industry. Journal of Political Economy, 124(1), 1-51.

2. Arellano, M., & Bover, O. (1995). Another look at the instrumental variable estimation of error-components models. Journal of
econometrics, 68(1), 29-51.

3. Arshi, A. S, Islam, S., Tamanna, A. Y., Sultana, S., & lkram, S. B. (2024). Fintech for Sustainability in Business and Economics
Research: Trends and Future Agendas. Business Perspective Review, 6(1), 34-53.

4. Asongu, S. A., Le Roux, S., & Biekpe, N. (2018). Enhancing ICT for environmental sustainability in sub-Saharan
Africa. Technological Forecasting and Social Change, 127, 209-216.

5. Azimi, M. N., Rahman, M. M., & Nghiem, S. (2023). Linking governance with environmental quality: a global
perspective. Scientific Reports, 13(1), 15086.

6. Baltagi, B. H. (2021). Econometric Analysis of Panel Data (6th ed.). Springer.

7. Barbosa, L. S. (2017, October). Digital governance for sustainable development. In Conference on e-Business, e-Services and e-
Society (pp. 85-93). Cham: Springer International Publishing.

8. Bibri, S. E., Alexandre, A., Sharifi, A., & Krogstie, J. (2023). Environmentally sustainable smart cities and their converging Al,
I0T, and big data technologies and solutions: an integrated approach to an extensive literature review. Energy informatics, 6(1), 9.

9. Melo, I. C., Queiroz, G. A., Junior, P. N. A,, de Sousa, T. B., Yushimito, W. F., & Pereira, J. (2023). Sustainable digital
transformation in small and medium enterprises (SMESs): A review on performance. Heliyon, 9(3).

10. Destatis. (2024). Urbanization statistics in Germany. Federal Statistical Office of Germany.

11. Driscoll, J. C., & Kraay, A. C. (1998). Consistent covariance matrix estimation with spatially dependent panel data. Review of
economics and statistics, 80(4), 549-560.

12. European Commission. (2021). The European Green Deal.

13. Eurostat. (2024). Internet usage statistics by region. European Commission.

14. Feroz, A. K., Zo, H., & Chiravuri, A. (2021). Digital transformation and environmental sustainability: A review and research
agenda. Sustainability, 13(3), 1530.

15. Goel, A., Masurkar, S., & Pathade, G. R. (2024). An overview of digital transformation and environmental sustainability: threats,
opportunities, and solutions. Sustainability, 16(24), 11079.

16. Hausman, J. A. (1978). Specification tests in econometrics. Econometrica: Journal of the econometric society, 1251-1271.

17. Im, K. S., Pesaran, M. H., & Shin, Y. (2003). Testing for unit roots in heterogeneous panels. Journal of econometrics, 115(1), 53-
74.

18. International Energy Agency (IEA). (2023). Germany 2023 Energy Policy Review. https://www.iea.org/reports/germany-2023

19. lJiang, L., Zhang, M., & Hu, S. (2025). Digital economy, green innovation and regional resource allocation efficiency: evidence
from 257 cities in China. Frontiers in Environmental Science, 13, 1529946.

20. Le, H. P., & Ozturk, I. (2020). The impacts of globalization, financial development, government expenditures, and institutional
quality on CO2 emissions in the presence of environmental Kuznets curve. Environmental Science and Pollution
Research, 27(18), 22680-22697.

21. Levin, A,, Lin, C. F., & Chu, C. S. J. (2002). Unit root tests in panel data: asymptotic and finite-sample properties. Journal of
econometrics, 108(1), 1-24.

153


https://www.journals.uchicago.edu/doi/abs/10.1086/684581
https://www.journals.uchicago.edu/doi/abs/10.1086/684581
https://www.sciencedirect.com/science/article/pii/030440769401642D
https://core.ac.uk/download/pdf/618241124.pdf
https://core.ac.uk/download/pdf/618241124.pdf
https://www.sciencedirect.com/science/article/pii/S0040162517304845
https://www.sciencedirect.com/science/article/pii/S0040162517304845
https://www.nature.com/articles/s41598-023-42221-y
https://www.nature.com/articles/s41598-023-42221-y
https://link.springer.com/chapter/10.1007/978-3-319-68557-1_9
https://link.springer.com/article/10.1186/s42162-023-00259-2
https://link.springer.com/article/10.1186/s42162-023-00259-2
https://www.cell.com/heliyon/fulltext/S2405-8440(23)01115-5
https://www.cell.com/heliyon/fulltext/S2405-8440(23)01115-5
https://direct.mit.edu/rest/article-abstract/80/4/549/57104
https://www.mdpi.com/2071-1050/13/3/1530
https://www.mdpi.com/2071-1050/13/3/1530
https://www.mdpi.com/2071-1050/16/24/11079
https://www.mdpi.com/2071-1050/16/24/11079
https://www.jstor.org/stable/1913827
https://www.sciencedirect.com/science/article/pii/S0304407603000927
https://www.iea.org/reports/germany-2023
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2025.1529946/full
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2025.1529946/full
https://link.springer.com/article/10.1007/s11356-020-08812-2
https://link.springer.com/article/10.1007/s11356-020-08812-2
https://www.sciencedirect.com/science/article/pii/S0304407601000987

22.
23.

24.
25.

26.
217.
28.
29.

30.
31.

32.

33.

34.

Journal of Economic and Social Development (JESD) — Resilient Society
Vol. 12, No.2, September 2025

Li, Y., Yang, X., Ran, Q., Wu, H., Irfan, M., & Ahmad, M. (2021). Energy structure, digital economy, and carbon emissions:
evidence from China. Environmental Science and Pollution Research, 28(45), 64606-64629.

North, D. C. (1990). Institutions, institutional change and economic performance. Cambridge university press.

OECD. (2023). Innovation for Green Growth. https://www.oecd.org/innovation

Sanina, A., Styrin, E., Vigoda-Gadot, E., Yudina, M., & Semenova, A. (2024). Digital Government Transformation and
Sustainable Development Goals: To What Extent Are They Interconnected? Bibliometric Analysis Results. Sustainability, 16(22),
9761.

Shah, H. (2023). Beyond smart: how ICT is enabling sustainable cities of the future. Sustainability, 15(16), 12381.

Solow, R. M. (1956). A contribution to the theory of economic growth. The quarterly journal of economics, 70(1), 65-94.

Somani, Z. (2021). Decoupling of Economic Growth from Environmental Degradation. In: Leal Filho, W., Azul, A.M., Brandli,
L., Lange Salvia, A., Wall, T. (eds) Decent Work and Economic Growth. Encyclopedia of the UN Sustainable Development
Goals. Springer, Cham.

Citaristi, 1. (2022). United nations environment programme—UNEP. In The Europa directory of international organizations
2022 (pp. 193-199). Routledge.

Wooldridge, J. M. (2010). Econometric analysis of cross section and panel data. MIT press.

Yang, Y., Shen, L., Sang, M., & Ding, X. (2025). The impact of digitalization on urban sustainable development—An economic
perspective. Technological Forecasting and Social Change, 212, 124005.

Zhang, L., Mu, R., Zhan, Y., Yu, J,, Liu, L., Yu, Y., & Zhang, J. (2022). Digital economy, energy efficiency, and carbon
emissions: Evidence from provincial panel data in China. Science of the Total Environment, 852, 158403.

Zhang, W., Liu, X., Wang, D., & Zhou, J. (2022). Digital economy and carbon emission performance: evidence at China's city
level. Energy Policy, 165, 112927.

Zhang, Y., Wang, H., Chen, Z.,, & Wang, X. (2025). Digital finance and carbon emissions: empirical evidence from
China. Environment, Development and Sustainability, 27(1), 1-23.

154


https://link.springer.com/article/10.1007/S11356-021-15304-4
https://link.springer.com/article/10.1007/S11356-021-15304-4
https://books.google.com/books?hl=en&lr=&id=oFnWbTqgNPYC&oi=fnd&pg=PR6&dq=North,+D.+C.+(1990).+Institutions,+Institutional+Change+and+Economic+Performance.+Cambridge+University+Press&ots=s-mwLeImO5&sig=-tWL3b0OlF605kzPTcLF4e0mtQI
https://www.oecd.org/innovation
https://www.mdpi.com/2071-1050/15/16/12381
https://academic.oup.com/qje/article-abstract/70/1/65/1903777
https://www.taylorfrancis.com/chapters/edit/10.4324/9781003292548-46/united-nations-environment-programme%E2%80%94unep-ileana-citaristi
https://books.google.com/books?hl=en&lr=&id=hSs3AgAAQBAJ&oi=fnd&pg=PP1&dq=Wooldridge,+J.+M.+(2010).+Econometric+Analysis+of+Cross+Section+and+Panel+Data+(2nd+ed.).+MIT+Press&ots=VZQWkAW_Qn&sig=8ejx2sS-DS4ChRhRVFl-J2cSoJk
https://www.sciencedirect.com/science/article/pii/S0040162525000368
https://www.sciencedirect.com/science/article/pii/S0040162525000368
https://www.sciencedirect.com/science/article/pii/S0048969722055024
https://www.sciencedirect.com/science/article/pii/S0048969722055024
https://www.sciencedirect.com/science/article/pii/S0301421522001525
https://www.sciencedirect.com/science/article/pii/S0301421522001525
https://link.springer.com/article/10.1007/s10668-023-03968-6
https://link.springer.com/article/10.1007/s10668-023-03968-6

