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Abstract

As the global economy rapidly shifts toward digital transformation and sustainable development, understanding the environmental
consequences of technological and financial expansion has become increasingly important. This study investigates the impact of
Artificial Intelligence (Al) innovation, environmental taxation, and financial accessibility on environmental sustainability in Nordic
economies within the framework of the Load Capacity Curve (LCC) hypothesis. Using balanced panel data covering the period
from 1990 to 2022, the analysis also incorporates economic growth and urbanization as additional determinants of ecological
sustainability, measured through the Load Capacity Factor (LCF). To address Cross-Sectional Dependence (CSD) and
heterogeneity across countties, the study employs advanced panel econometric techniques, including second-generation unit root
tests, panel cointegration analysis, and the Panel Autoregressive Distributed Lag (ARDL) model to estimate both short-run and
long-run relationships. The findings validate the LCC hypothesis by revealing a U-shaped relationship between income and
environmental sustainability. Moreover, Al innovation and environmental taxation significantly enhance ecological capacity,
whereas financial accessibility and urbanization intensify ecological pressure. Robustness tests further confirm the reliability of the

results, offering important policy insights for achieving sustainable and technology-driven economic development.
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1| Introduction

Environmental degradation has emerged as one of the most pressing global challenges, driven by the
combined effects of rapid economic expansion, rising urban populations, and intensified resource
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consumption [1]. While economic growth has historically been associated with improved living standards, it
has also contributed to increased energy demand, environmental pollution, and depletion of natural resources
[2], [3]. In recent decades, both developed and developing economies have experienced substantial growth in
greenhouse gas emissions, largely attributed to industrialization, financial expansion, and technological
transformation [4]. Urbanization further amplifies these pressures by increasing demand for infrastructure,
transportation, and energy-intensive activities [5]. Although various indicators, such as carbon emissions and
ecological footprint, have been widely used to assess environmental quality, they often capture only the
demand side of environmental pressure and fail to account for the regenerative capacity of ecosystems [0],
[7]. This limitation has led to growing interest in more comprehensive measures that incorporate both
environmental demand and supply. In this context, the concept of environmental sustainability requires a
broader analytical framework to effectively assess the balance between human activities and the ecological
system's capacity to sustain them over time.

To address the limitations of conventional environmental indicators, recent literature has increasingly
emphasized the use of the Load Capacity Factor (LCF) as a more comprehensive measure of environmental
sustainability. The LCF captutes the balance between ecological demand and nature's regenerative capacity
by integrating both ecological footprint and biocapacity into a single indicator [8]. A value greater than 1
indicates that an ecosystem can sustain human demand, whereas a value below 1 reflects an ecological deficit
and environmental stress [9]. Building on this measure, the Load Capacity Curve (LCC) hypothesis extends
the traditional Environmental Kuznets Curve framework by examining how economic growth influences
ecological balance rather than focusing solely on emissions. The LCC suggests a non-linear relationship in
which environmental pressure initially intensifies with economic expansion but improves after a certain
income threshold due to technological progress, structural transformation, and stronger environmental
policies [10], [11]. This framework provides a more nuanced understanding of sustainability dynamics by
capturing both the degradation and recovery phases of environmental systems.

In this context, several economic and technological factors play a decisive role in shaping environmental
sustainability outcomes [12], [13]. Among them, Artificial Intelligence (Al) innovation has gained considerable
attention due to its potential to enhance energy efficiency, optimize resource allocation, and support
environmentally friendly production processes [14], [15]. Al-driven systems can improve monitoring,
forecasting, and decision-making, thereby reducing waste and environmental pressure. At the same time,
environmental taxation has emerged as a key policy instrument to internalize pollution's external costs and
encourage cleaner production and consumption [16]. By increasing the cost of environmentally harmful
activities, such taxes can incentivize tirms and households to adopt greener alternatives. Conversely, financial
accessibility, while essential for economic development, may exert mixed environmental effects by facilitating
higher consumption, industrial expansion, and investment in energy-intensive sectors [17], [18]. Similarly,
urbanization introduces structural changes that often increase energy demand, expand infrastructure, and
increase environmental stress [19]. The combined influence of these factors creates a complex and dynamic

relationship with environmental sustainability, necessitating a comprehensive empirical investigation.

The Nordic region provides a compelling context for examining these relationships, given its strong
commitment to environmental sustainability, advanced technological development, and well-established
financial systems. Countries such as Denmark, Sweden, Finland, and Norway are widely recognized for their
leadership in renewable energy adoption, environmental governance, and climate policy implementation [20].
At the same time, these economies are characterized by high levels of digital innovation, including rapid
advancements in Al, as well as broad access to financial services [21], [22]. Environmental taxation has also
been extensively utilized in these countries as a policy tool to reduce emissions and promote green transitions
[23]. Despite these achievements, the region continues to face environmental challenges arising from urban
expansion, resource consumption, and economic activity. This apparent paradox, where environmentally
advanced economies still experience ecological pressure, makes the Nordic countries an ideal setting to

reassess the drivers of environmental sustainability. Examining this region offers valuable insights into
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whether technological progress, fiscal instruments, and financial development can collectively support long

term ecological balance.

Despite the growing body of literature on environmental sustainability, several important gaps remain. First,
a large proportion of existing studies relies on traditional indicators such as carbon emissions or ecological
footprint, which primarily capture environmental pressure from the demand side and overlook the
regenerative capacity of ecosystems [24], [25]. As a result, the use of the LCF as a more comprehensive
sustainability measure remains relatively limited, particularly in advanced economies. Second, while previous
research has examined the individual roles of economic growth, financial development, or technological
innovation, there is a lack of integrated analysis that simultaneously considers Al innovation, environmental
taxation, and financial accessibility within a unified framework. Third, empirical evidence focusing specifically
on the Nordic region remains scarce, despite its global prominence in sustainability practices and policy
innovation. Moreover, the combined effects of these emerging drivers on ecological balance have not been
sufficiently explored using advanced panel econometric methods that address Cross-Sectional Dependence
(CSD) and heterogeneity [26], [27]. These gaps highlight the need for a more comprehensive and
methodologically robust investigation to better understand the determinants of environmental sustainability.

2| Literature Review

The literature on environmental sustainability has increasingly shifted from narrow pollution-based indicators
toward broader measures that capture the interaction between human demand and ecological capacity [28],
[29]. Earlier studies mainly relied on carbon emissions and ecological footprint to evaluate environmental
pressure. Still, these indicators provide only a partial understanding of sustainability because they do not fully
account for nature's regenerative capacity [30], [31]. In response, recent studies have introduced the LCF as
a more comprehensive indicator, as it reflects whether an economy's ecological resources can support its
environmental demand. Alongside this shift, the LCC hypothesis has gained attention as a useful framework
for examining the non-linear relationship between income growth and environmental sustainability [7].
However, the existing literature remains fragmented, particularly regarding the combined role of technological
innovation, environmental taxation, financial accessibility, and urbanization. While these factors have been
studied separately, their joint influence on ecological capacity remains underexplored. Therefore, this review
discusses the relevant literature on economic growth, Al innovation, environmental tax, financial accessibility,

and urbanization in relation to environmental sustainability.

The relationship between economic growth and environmental sustainability remains one of the most debated
issues in environmental economics. Traditional growth models suggest that higher income levels often
increase energy demand, resource extraction, industrial activity, and waste generation, thereby placing greater
pressure on ecological systems [32], [33]. In this regard, many studies have found that economic expansion
may reduce environmental quality, especially when growth depends heavily on fossil energy, material
consumption, and urban industrial development [34]. However, the LCC perspective offers a more balanced
explanation, suggesting that the environmental effects of growth may change after a certain income threshold
[35]. At eatly stages, growth may reduce the LCF by increasing ecological footprint, but at later stages, higher
income can supportt cleaner technologies, stronger environmental regulation, and more efficient resource use
[36]. This argument implies a possible U-shaped association between income and LCF. Therefore, examining
both Gross Domestic Product (GDP) and GDP squared is essential to determine whether economic growth
in advanced economies contributes to ecological degradation or supports long-term environmental recovery.

Al innovation has emerged as a transformative force with significant implications for environmental
sustainability. Existing studies show that Al-driven technologies can enhance energy efficiency, improve
resource allocation, and support real-time environmental monitoring, thereby reducing ecological pressure
[37-39]. Through applications such as smart grids, predictive maintenance, and optimized supply chains, Al
can lower energy consumption and emissions while increasing productivity [40]. Moreover, technological

innovation associated with Al can facilitate structural transformation toward cleaner industries and accelerate
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the adoption of renewable energy systems [41]. However, the environmental impact of Al is not entirely
unidirectional. Some studies point out that the expansion of digital infrastructure, data centers, and
computational processes may increase energy demand and carbon intensity, especially in the absence of green
energy sources [42], [43]. As a result, the net effect of Al on environmental sustainability depends on the
balance between efficiency gains and additional energy use. Despite growing interest in this area, empirical
evidence examining the relationship between Al innovation and LCF remains limited, particularly within
advanced regional contexts.

Environmental taxation is widely recognized as an effective policy instrument for improving environmental
quality by internalizing the external costs associated with pollution and resource depletion [20]. The theoretical
foundation of environmental taxes lies in their ability to discourage environmentally harmful activities by
increasing the cost of emissions and encouraging firms and households to adopt cleaner technologies and
sustainable practices [44]. A substantial body of empirical research suggests that well-designed environmental
taxes can reduce emissions, promote energy efficiency, and support the transition toward low-carbon
economies [45], [46]. However, the effectiveness of such taxes is often context-dependent. Some studies

report that environmental taxation significantly enhances ecological performance.

In contrast, others find limited or even adverse effects due to factors such as weak policy enforcement,
structural rigidities, or the shifting of tax burdens across sectors [47], [48]. In addition, the interaction between
environmental taxes and other economic factors, such as technological innovation and financial systems, can
influence their overall impact. Despite the growing importance of fiscal instruments in environmental policy,

limited research has examined their role within the LCC framework, particularly in advanced economies.

Financial accessibility plays a crucial role in shaping economic activity and, consequently, environmental
outcomes. On one hand, improved access to financial services can support sustainable development by
facilitating investments in green technologies, renewable energy projects, and environmentally friendly
infrastructure [49], [50]. Access to credit and financial instruments enables firms to adopt cleaner production
methods and enhances households' ability to invest in energy-efficient technologies [51]. On the other hand,
expanded financial accessibility may also intensify environmental pressure by stimulating consumption,
industrial expansion, and resource-intensive economic activities [52]. Empirical evidence on this relationship
remains mixed. Some studies suggest that financial development improves environmental quality by
promoting technological innovation and efficient resource allocation.

In contrast, others argue that it contributes to ecological degradation, particularly in economies where
financial resources are directed toward high-emission sectors [53], [54]. The environmental impact of financial
accessibility, therefore, depends on the structure and orientation of financial systems. Despite its importance,
limited research has explored how financial accessibility influences the LCF, especially when considered
alongside emerging factors such as Al and environmental taxation.

3| Data and Methodology

This study uses a balanced panel dataset covering the Nordic countries from 1990 to 2022. The LCC
framework and the growing literature on environmental sustainability guide the selection of variables. The
dependent variable is the LCF, which captures the balance between ecological demand and biocapacity and
provides a comprehensive measure of environmental quality. Economic growth is proxied by GDP and its
squared term to examine the non-linear relationship between income and environmental sustainability. Al
innovation is measured using patent-based indicators that reflect technological advancement in digital
systems. Environmental taxation is included as a policy variable to assess its role in regulating ecological
pressure, while financial accessibility is represented through indicators related to financial system depth and
access. Urbanization is incorporated to capture structural changes in population distribution and resource
demand. All variables are transformed to logarithms to ensure consistency, reduce heteroskedasticity, and
facilitate elasticity-based interpretation of the estimated coefficients.



Balancing digital growth and ecological limits: Environmental taxation and ... 36

This study adopts a comprehensive panel econometric framework to examine the dynamic relationship
between environmental sustainability and its key determinants within the LCC perspective. The empirical
analysis begins with testing for CSD to account for potential interlinkages among Nordic economies, followed
by Slope Homogeneity (SH) tests to determine parameter variability across countries. Given the presence of
CSD, both first- and second-generation panel unit root tests are employed to ensure the stationarity properties
of the variables. After confirming the order of integration, panel cointegration techniques are applied to verify
the existence of a long-run equilibrium relationship among the variables. To estimate both short- and long-
run dynamics, the Panel Autoregressive Distributed Lag (ARDL) model is used for its flexibility in handling
variables integrated at different orders and its ability to capture adjustment processes through the error
correction mechanism. The model allows for heterogeneity across cross-sections while maintaining consistent
long-run estimates.

Furthermore, robustness of the results is assessed using alternative estimators such as Fully Modified Ordinary
Least Squares, Dynamic Ordinary Least Squares, and Fixed Effects with robust standard errors. Finally, the
Dumitrescu and Hurlin causality test is applied to explore the direction of causal relationships among the
variables. Accordingly, this study is executed in five well-defined phases, as shown in Fig. 7.
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Fig. 1. Schematic illustration of the estimation procedure.

4| Results and Discussion

Table 1 presents the descriptive statistics of the variables used in the study. The results show that the mean
value of the Logarithm of Load Capacity Factor (LLCF) is 0.041, indicating that the Nordic economies
maintain a moderate level of ecological capacity during the study period. The logarithm of Gross Domestic
Product (LGDP) has a mean of 10.914. At the same time, Squared Logarithm of Gross Domestic Product
(LGDP2) records a higher mean value of 119.125, reflecting the squared transformation of income used to
test the LCC hypothesis. The average value of the Logarithm of Artificial Intelligence Innovation (LAI) is
3.214, suggesting a steady level of Al-related innovation across the region. The Logarithm of Environmental
Taxes (LENT) and the Logarithm of Financial Accessibility (LFA) show moderate variation, indicating
differences in environmental taxation and financial accessibility across Nordic economies. The logarithm of
Utrbanization (LURBA) shows a high mean value, reflecting the region's highly urbanized nature. Overall, the
standard deviation values suggest reasonable dispersion across the variables, while the minimum and
maximum values confirm sufficient variation for panel estimation.

Table 1. Descriptive statistics.

Variable Obs. Mean Std. Dev. Min Max
LLCF 110 0.041 0.574 -0.914 0.889
LGDP 110 10.914  0.326 10.138 11.602
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LGDP2 110 119.125  7.104 102.779  134.607
LAI 110 3.214 0.537 1.946 4.018
LENT 110 5.463 4.218 -0.972 9.486
LFA 110 3.958 0.391 3.287 4.783
LURBA 110 4.461 0.056 4.329 4.556

The presence of CSD is examined using the Pesaran CD test, and the results are reported in Table 2. The
findings indicate that the CD statistics for all variables are statistically significant at the 1% level. The
corresponding probability values are below the conventional threshold, leading to the rejection of the null
hypothesis of cross-sectional independence. It suggests that shocks or structural changes in one Nordic
country are likely to be transmitted to others, reflecting the region's high degtee of economic and
environmental interdependence. Such interlinkages may arise due to shared policy frameworks, integrated
financial systems, and similar technological advancements. The existence of CSD implies that first-generation
panel techniques may produce biased estimates. Therefore, it becomes necessary to employ second-generation
unit root and cointegration methods that explicitly account for this dependence structure. These results justify
the use of advanced econometric approaches in the subsequent analysis to ensure robustness and reliability
of the findings.

Table 2. CSD test.

Variables CD Statistic P-value
LLCF 4.1 2%k 0.000
LGDP 10.87#k* 0.000
LGDP2 11,94k 0.000
LAI 5.7 3k 0.000
LENT 6.28%%* 0.000
LFA 7.1 5%k 0.000
LURBA 13.02%%* 0.000

Note: *** denotes significance level at 1%.

To examine whether the slope coefficients are homogeneous across the Nordic countries, the Pesaran and
Yamagata SH test is applied. The results are presented in Table 3. The estimated test statistics are statistically
significant at the 1% level, as indicated by the corresponding probability values below the conventional
threshold. Therefore, the null hypothesis of SH is rejected, implying that the relationship between the
explanatory variables and the LCF differs across countries. This outcome reflects structural heterogeneity
among Nordic economies, which may arise from differences in environmental policies, technological
adoption, financial systems, and levels of urban development. The rejection of homogeneity suggests that a
common slope assumption is not appropriate for this dataset. Consequently, econometric techniques that
allow for cross-sectional heterogeneity are better suited to capture country-specific dynamics. These findings
further support the use of the Panel ARDL approach, which accommodates heterogeneity in short-run
adjustments while maintaining consistent long-run estimates. Overall, the results highlight the importance of
considering heterogeneous effects when analyzing environmental sustainability in a 7multi-country
framework.

Table 3. SH test.

Test Statistic P-value
Delta test 3.462F 0,001
Adjusted Delta test  4.118*** 0.000

Note: *** denotes significance level at 1%.
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To ensure the validity of the econometric analysis, the stationarity properties of the variables are examined
using both first- and second-generation panel unit root tests. Given the presence of CSD, reliance on second-
generation techniques becomes essential to obtain reliable results. The findings from the Im—Pesaran—Shin
(IPS) test indicate that only the Al innovation variable is stationary at the level, while the remaining variables
become stationary after first differencing. Cross-sectionally Augmented Im—Pesaran—Shin (CIPS) and Cross-
sectionally Augmented Dickey—Fuller (CADF) tests further confirm this pattern, showing that most variables
are integrated of order one, while Al innovation is integrated of order zero. These results imply that the
variables exhibit mixed integration orders, with none exceeding second-order integration. It satisfies the key
requirement for applying the Panel ARDL model, which allows for a combination of 1(0) and I(1) variables.
The consistency across different unit root tests strengthens the reliability of the findings and confirms the
absence of spurious relationships in the dataset. Overall, the results justify proceeding with cointegration
analysis to explore the existence of long-run equilibrium relationships among the variables.

Table 4. Unit root test.

Variable IPS CIPS CADF
1(0) 1(1) 1(0) 1(1) 1(0) 1(1)
LLCE 2114  6592%% 2087 5218 1902 43867+
LGDP  -2.083 3387F6E 2041 3A5TRER 0214 4207
LGDP2  -2.057 34620 2015 3498%kx 1,084 54020k
LAI 331K 8 E2IRER  327GRk 5 08%KE  3205k6k 4 (] 2%k
LENT  -2.041 4.103%% 2118 -3.764%* 1438 4512k
LFA 0264 -3438% 1598 3382+ 0,603 3,245k
LURBA  -0.612 4.098%% 2031 -4.102% 1721 41555k

Note: ##* and ** denote significance level at 1% and 5%, respectively.

After confirming the stationarity of the variables, the next step is to examine the existence of a long-run
equilibrium relationship among them. For this purpose, the Pedroni panel cointegration test is employed, and
the results are reported in Table 5. The test provides both within- and between-dimension statistics to assess
cointegration across the panel. The findings reveal that several key statistics, particulatly the Panel PP statistic
and Panel ADF statistic, are statistically significant at the 1% level, leading to the rejection of the null
hypothesis of no cointegration. Similarly, the Group PP and Group ADF statistics in the between-dimension
analysis also indicate strong evidence of long-run relationships among the variables. Although a few statistics,
such as the Panel v and Panel rho statistics, are not significant, the majority of the results consistently support
the presence of cointegration. These outcomes confirm that the variables move together in the long run,
indicating a stable equilibrium relationship between environmental sustainability and its determinants. This
argument provides a strong justification for proceeding with the Panel ARDL estimation to capture both

short-run dynamics and long-run effects.

Table 5. Panel cointegration test results.

Statistic Value Prob.
Panel v-Statistic 0.412 0.336
Panel rho-Statistic 0.684 0.742

1
Panel PP-Statistic -4.028%*¥*  0.000
Panel ADF-Statistic  -3.517**  0.000

Note: *#* denotes significance level at 1%.

The results of the Panel ARDL model are presented in Table 6, capturing both the long- and short-run
dynamics of environmental sustainability in the Nordic region. The long-run estimates reveal that economic
growth (LGDP) exerts a negative, statistically significant effect on the LCF, indicating that the initial stages
of economic expansion contribute to ecological pressure. However, the coefficient of GDP squared (LGDP2)
is positive and significant, confirming the validity of the LCC hypothesis. It suggests that beyond a certain
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income threshold, economic growth supports environmental recovery through technological advancement
and structural transformation [8]. Al innovation (LAI) demonstrates a positive and significant relationship
with LCF in both the short run and long run, highlighting its role in enhancing energy efficiency and
promoting sustainable practices. Similarly, environmental taxation (LENT) shows a positive and significant
impact, indicating that fiscal policy instruments effectively improve ecological quality by discouraging
pollution-intensive activities. In contrast, Financial Accessibility (LFA) exhibits a negative and statistically
significant effect, suggesting that increased financial expansion may stimulate environmentally harmful
economic activities [24]. Urbanization (LURBA) also negatively affects LCF, reflecting the environmental
pressure associated with rapid urban growth and increased resource demand [26]. In the short run, the error
correction term is negative and significant, confirming the existence of a stable long-run equilibrium and
indicating a moderate speed of adjustment toward equilibrium after short-term shocks. Overall, the findings
provide strong empirical support for the LCC framework and highlight the contrasting roles of technological
innovation, fiscal policy, and economic structure in shaping environmental sustainability.

Table 6. Panel ARDL results.

Variable Coefficient Std. Error t-Statistic Prob.
Long Run

LGDP -0.289** 0.118 -2.451 0.016
LGDP2 0.094#%* 0.031 3.032 0.003
TAI 0.136%+* 0.042 3.214 0.002
LENT 0.481+%% 0.152 3.165 0.002
LFA -0.872%** 0.129 -3.451 0.000
LURBA -0.523** 0.211 -2.478 0.014
Short Run

ECT(-1) -0.462%** 0.168 -2.750 0.007
D@LGDP) -0.301 0.198 -1.520 0.072
D@LGDP2) 0.652%** 0.204 3.196 0.001
D(LAI) 0.241%* 0.119 2.025 0.045
D(LENT) 0.398** 0.182 2.187 0.031
D(LFA) -0.138** 0.067 -2.060 0.041
D@LURBA) -0.812* 0.439 -1.850 0.066
C 5.184++% 1.624 3.191 0.002

Note: #** and ** denote significance level at 1% and 5%, respectively.

The main empirical findings of the study are visually summarized in Fig. 2.
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5| Conclusion and Policy Recommendations

This study examines the dynamic relationship between Al innovation, environmental taxation, financial
accessibility, urbanization, and environmental sustainability in the Nordic region within the LCC framework.
Using advanced panel econometric techniques, the findings confirm the existence of a long-run equilibrium
relationship among the vatiables and provide strong empirical support for the LCC hypothesis. The results
reveal that economic growth initially exerts pressure on environmental quality. Still, its squared term
contributes positively to ecological recovery in the long run, indicating a transition toward sustainable
development at higher income levels. Furthermore, Al innovation and environmental taxation are found to
enhance environmental sustainability, highlighting the importance of technological progress and policy
intervention in improving ecological outcomes. In contrast, financial accessibility and urbanization negatively
affect the LCF, suggesting that unregulated financial expansion and rapid urban growth can intensify
environmental degradation. The error correction mechanism confirms a stable adjustment toward the long-
run equilibrium following short-term shocks.

The findings of this study provide important guidance for policymakers aiming to strengthen environmental
sustainability in advanced economies. First, the LCC confirmation suggests that economic growth alone is
insufficient to ensure ecological balance. Governments should therefore accelerate the transition toward
sustainable growth by promoting green technologies, clean energy adoption, and resource-efficient
production systems. In this regard, Al emerges as a key driver, and policymakers should encourage its
development and application in environmental monitoring, smart energy management, and sustainable
industrial processes through targeted incentives and research support. Second, environmental taxation is an
effective tool for improving ecological outcomes. Authorities should design well-structured and progressive
environmental tax systems that discourage pollution-intensive activities while supporting green innovation.
Revenue generated from such taxes can be reinvested in renewable energy, environmental infrastructure, and
public awareness programs. However, the negative impact of financial accessibility highlights the need for
regulatory frameworks that guide financial flows toward environmentally sustainable investments. Financial
institutions should be encouraged to prioritize green financing and limit support for high-emission sectors.
Similarly, urbanization policies should focus on sustainable urban planning, including efficient public
transportation, green buildings, and preservation of natural ecosystems. Integrating environmental
considerations into financial and urban development strategies is essential for achieving long-term

sustainability.

Despite its contributions, this study has several limitations. First, the analysis is limited to Nordic countries,
which may restrict the generalizability of the findings to other regions with different economic and
institutional structures. Second, the measurement of Al relies on patent-based indicators, which may not fully
capture actual adoption and practical implementation. Third, potential interaction effects among variables are
not explicitly examined. Future research can extend this study by incorporating broader country samples,
alternative proxies for Al and finance, and interaction terms to explore deeper mechanisms influencing

environmental sustainability.
Authors' Contributions

K. M.: writing-original draft, methodology, data curation, conceptualization, software, and visualization, and
validation. S. I. T.: validation, writing-review and editing, and formal analysis. M. O. F.: writing-review and
editing, formal analysis, and investigation. T. T'.: writing-review and editing, formal analysis, and investigation.
The authors have read and agreed to the published version of the manuscript.

Funding

No external funding was received for this research.



M

Tasnuva et al. | Innov. Environ. Econ. 2(1) (2026) 32-44

Data Availability

The data is available on request from the corresponding author.

Conflict of Interest

There ate no competing interests to declare.

Consent for Publication

The authors have given consent for the publication of this manuscript.

Ethics Approval and Consent to Participate

The authors confirm that this research did not involve human participants or animal subjects.

References

(1]

(2]

[3]

[4]

[5]

6]

[7]

8]

[%]

[10]

Aytun, C,, Erdogan, S., Pata, U. K,, & Cengiz, O. (2024). Associating environmental quality, human
capital, financial development and technological innovation in 19 middle-income countries: A
disaggregated ecological footprint approach. Technology in society, 76, 102445.
https://doi.org/10.1016/j.techsoc.2023.102445

Ko, J., Leung, C. K., & Ridwan, M. (2026). Freezing economies, melting futures: The impact of sanctions on
climate adaptation readiness—Panel evidence from 68 targeted developing countries. Sustainable
development. https://doi.org/10.1002/sd.70674

Urbee, A. ], Hasan, M. A., Ridwan, M., & Dewan, M. F. (2025). Adaptation and resilience in the face of
climate-induced migration: Exploring coping strategies in the urban economy of barishal metropolitan city.
Environment, innovation and management, 1, 2550005. https://doi.org/10.1142/S306090112550005X

Tithi, S. I. (2025). Pathways to carbon neutrality in the united states: Evaluating private Al investment,
financial development, and macroeconomic forces. International journal of business and economic studies, 7(4),
231-242. https://doi.org/10.54821/uiecd. 1831647

Voumik, L. C,, Ridwan, M., Hasanur Rahman, M., & Raihan, A. (2023). An investigation into the primary
causes of carbon dioxide releases in Kenya: Does renewable energy matter to reduce carbon emission?
Renewable energy focus, 47, 100491. https://doi.org/10.1016/j.ref.2023.100491

Raihan, A., Voumik, L. C,, Ridwan, M., Ridzuan, A. R,, Jaaffar, A. H., & Yusoff, N. Y. M. (2023). From growth
to green: Navigating the complexities of economic development, energy sources, health spending, and
carbon emissions in Malaysia. Energy reports, 10, 4318-4331. https://doi.org/10.1016/j.egyr.2023.10.084
Ridwan, M., Urbee, A. ]., Voumik, L. C,, Das, M. K., Rashid, M., & Esquivias, M. A. (2024). Investigating the
environmental Kuznets curve hypothesis with urbanization, industrialization, and service sector for six
South Asian Countries: Fresh evidence from Driscoll Kraay standard error. Research in globalization, 8,
100223. https://doi.org/10.1016/j.resglo.2024.100223

Ridwan, M., Akther, A., Tamim, M. A., Ridzuan, A. R, Esquivias, M. A., & Wibowo, W. (2024).
Environmental health in BIMSTEC: the roles of forestry, urbanization, and financial access using LCC
theory, DKSE, and quantile regression. Discover sustainability, 5(1), 429. https://doi.org/10.1007/s43621-024-
00679-4

Rafi, A. H,, Tithi, S. I, Faruk, M. O., Ahsan, M. T., Hasan, M., Islam, M. S., & Zani, S. (2025). Digital finance
and ecological sustainability: Revisiting the load capacity curve in the United States. Kristu jayanti journal of
management sciences (KJMS), 4(2), 67-86. https://doi.org/10.59176/kjms.v4i2.2576

Ridwan, M., Aspy, N. N,, Bala, S., Hossain, M. E., Akther, A., Eleais, M., & Esquivias, M. A. (2024).
Determinants of environmental sustainability in the United States: Analyzing the role of financial
development and stock market capitalization using LCC framework. Discover sustainability, 5(1), 319.
https://doi.org/10.1007/s43621-024-00539-1



Balancing digital growth and ecological limits: Environmental taxation and ... 42

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Fakher, H. A. (2020). Analytical insights on the relationship between economic growth and environmental
degradation in framework of EKC Hypothesis and various environmental indicators. Innovation
management and operational strategies, 1(3), 252-268. (In Persian).
https://doi.org/10.22105/imos.2021.272348.1032

Fakher, H. A. (2023). The impact of gross domestic product, financial development, energy consumption
on environmental quality: With emphasis on six environmental indicators. Journal natural environment,
76(2), 345-363. (In Persian). http//doi.org/10.22059/jne.2023.346356.2469

Fakher, H. A. (2022). Threshold impact of financial development on the composite environmental quality
index with emphasis on the role of research and development: Using multi-criteria decision makin and
principal component analysis. Journal of decisions and operations research, 6(Spec. Issue), 1-25. (In Persian).
https://doi.org/10.22105/dmor.2021.272043.1321

Tithi, S. L., Faruk, M. O,, Rafi, A. H., Ahsan, M. T., Hasan, M., Islam, M. S., & Zani, S. (2025). Artificial
intelligence-driven decarbonization in the United States: The roles of energy use, foreign direct
investment, and economic growth (1990-2022). Kristu jayanti journal of management sciences (KJMS), 4(2), 1-
22. https://doi.org/10.59176/kjms.v4i2.2573

Singla, B., Dyczek, B., Soto, R. M. H., & Mukthar, K. J. (2021). Whatever is seen is sold: Merchandise mantra.
Webology, 18(3), 451-461. https://doi.org/10.14704/WEB/V18S103/WEB18106

Sifat, A. 1., Zare, Z., & Ridwan, M. (2025). Forecasting drivers of green economy in the United States: Role
of FDI and information technology using machine learning approach. Environment, innovation and
management, 1, 2550023. https://doi.org/10.1142/53060901125500231

Raihan, A., Joarder, M. S., Rahman, S. M., Bari, A. B. M. M., Ridwan, M., & Sarker, T. (2025). Renewable
energy resources for green development in Bangladesh: Perspectives, challenges, and opportunities.
Innovation and green development, 4(5), 100298. https://doi.org/10.1016/j.igd.2025.100298

Nagadeepa, C., Mukthar, K. P. J., Ramirez-Asis, E., Nivin-Vargas, L., Castillo-Picon, J., & Saenz-Rodriguez,
R. (2024). The "metaverse mania" in healthcare education: students' technology acceptance. Global economic
revolutions: Big data governance and business analytics for sustainability (pp. 157-174). Cham: Springer Nature
Switzerland. https://doi.org/10.1007/978-3-031-50518-8_13%0A%0A

Voumik, L. C., & Ridwan, M. (2023). Impact of FDI, industrialization, and education on the environment in
Argentina: ARDL approach. Heliyon, 9(1), e12872. https://doi.org/10.1016/j.heliyon.2023.e12872

Ridwan, M., Antor, Z. A., Ko, ], Akther, A, Leung, C. K., & Ming, W.-K. (2026). Carbon taxes and industrial
competitiveness: Evidence from energy-intensive industries in the Nordic region. Frontiers in sustainability,
7, 1-16. https://doi.org/10.3389/frsus.2026.1732459

Isik, C., Ongan, S., & Islam, H. (2026). Driving energy transition through artificial intelligence: integrating
economic, environmental, social, and governance (ECON-ESG) factors in OECD countries. Journal of the
Knowledge Economy, 17(1), 750-776. https://doi.org/10.1007/s13132-025-02687-9

Pushpa, A., Mukthar Kp, J., Ramya, U., Ramirez, E., & Dextre-Martinez, W. (2023). Adoption of fintech: A
paradigm shift among millennials as a next normal behaviour. In Fintech and cryptocurrency (pp. 59-89).
John Wiley & Sons, Inc. https://doi.org/10.1002/9781119905028.ch4

Ravindran, D., Jaheer Mukthar, K. P., Zarzosa-Marquez, E., Pérez Falcon, J., Jamanca-Anaya, R., & Silva-
Gonzales, L. (2023). Impact of digital marketing and IoT tools on MSME's sales performance and business
sustainability. In Technological sustainability and business competitive advantage (pp. 65-77). Cham: Springer
International Publishing. https://doi.org/10.1007/978-3-031-35525-7_5

Zani, S., Tithi, S. I, Faruk, M. O., Rafi, A. H., Ahsan, M. T., Hasan, M., & Islam, M. S. (2025). Do finance and
digitalization foster environmental sustainability? Evidence from US carbon emissions. Kristu jayanti journal
of management sciences (KIMS), 4(2), 45-66. https://doi.org/10.59176/kjms.v4i2.2575

Shantha Kumari, K. G., Jaheer Mukthar, K. P., & El Rahhani, G. N. (2024). Green finance in India: Driving
sustainable development and economic growth. In Business development via Al and digitalization: Volume 2
(pp- 283-293). Cham: Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-62106-2_23

Raihan, A., Bala, S., Akther, A, Ridwan, M., Eleais, M., & Chakma, P. (2026). Advancing environmental

sustainability in the G-7: The impact of the digital economy, technological innovation, and financial



43

Tasnuva et al. | Innov. Environ. Econ. 2(1) (2026) 32-44

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

accessibility using panel ARDL approach. Journal of economy and technology, 4, 188-205.
https://doi.org/10.1016/j.ject.2024.06.001

Ridwan, M. (2025). Artificial intelligence and green development: The role of financial market efficiency
in the United States. Development and sustainability in economics and finance, 8, 100099.
https://doi.org/10.1016/j.dsef.2025.100099

Idroes, G. M., Fakher, H. A,, Hilal, I. S., & Wiranatakusuma, D. B. (2026). N-shaped or inverted N-shaped
EKC? The role of renewable and non-renewable energy in environmental sustainability. Ekonomikalia
journal of economics, 4(1), 58-87. https://doi.org/10.60084/eje.v4i1.400

Fakher, H. A., Abedi, Z., Ahmadian, M., & Shaygani, B. (2018). Comparative examine the impact of
financial development (Based on money market and capital market) in the intensity of economic growth
effects on the environmental performance. Environmental researches, 9(17), 133-146. (In Persian).
https://www.iraneiap.ir/article_79310_77503efe6506ad671407e8c265ad63a0.pdf

Raihan, A., Ridwan, M., Rahman, S. M., Sarker, T., Atasoy, F. G, Islam, S., ... & Akter, R. (2025). Balancing
growth and sustainability: The role of women's empowerment, innovation, and green

transitions. Innovation and green development, 4(6), 100315. https://doi.org/10.1016/j.igd.2025.100315

Tithi, S. I. (2025). Decarbonizing the U.S. economy through artificial intelligence and information
technology: An empirical ARDL analysis. Information sciences and technological innovations, 2(2), 108-120.
https://doi.org/10.48314/isti.v2i2.45

Voumik, L. C.,, Rahman, M. H., Rahman, M. M., Ridwan, M., Akter, S., & Raihan, A. (2023). Toward a
sustainable future: Examining the interconnectedness among foreign direct investment (FDI), urbanization,
trade openness, economic growth, and energy usage in Australia. Regional sustainability, 4(4), 405-415.
https://doi.org/10.1016/j.regsus.2023.11.003

Mukthar, K. P. J., Chauhan, N., Al-Absy, M. S. M., Kumar, R. N., Gupta, N. R., & Gokilavani, S. (2025).
Research dynamics in Al and fintech: A bibliometric investigation using R. Discover internet of things, 5(1),
19. https://doi.org/10.1007/s43926-025-00111-x

Fakher, H. A. (2021). The role of environmental sustainability, foreign direct investment and trade openness
in economic growth: With emphasis on the causal linkage. Big data and computing visions, 1(2), 57-70.
https://doi.org/10.22105/bdcv.2021.142227

Raihan, A., Hasan, M. A., Voumik, L. C, Pattak, D. C., Akter, S., & Ridwan, M. (2024). Sustainability in
Vietnam: Examining economic growth, energy, innovation, agriculture, and forests’” impact on CO2
emissions. World development sustainability, 4, 100164. https://doi.org/10.1016/j.wds.2024.100164

Leelavathi, R., Philip, B., Madhusudhanan, R., Sony, N., & Mukthar, K. P. J. (2024). Al-driven customer
relationship management (CRM): A review of implementation strategies. In Anticipating future business
trends: Navigating artificial intelligence innovations: VOLUMe 2 (pp. 283-295). Cham: Springer Nature
Switzerland. https://doi.org/10.1007/978-3-031-63402-4_22

Ridwan, M., Hassan, M. R, Debnath, A., Akther, A., Khudoykulov, K., Haseeb, M., & Hossain, M. E.
(2025). Al innovation, globalization, and trade freedom: Drivers of environmental sustainability in BRICS-
T nations. Environment, development and sustainability, 1-25.
https://ui.adsabs.harvard.edu/abs/2025EDSus.tmp.1280R/abstract

Huerta-Soto, R., Ramirez-Asis, H.,, Mukthar, K. P. J., Rurush-Asencio, R., Villanueva-Calderén, J., &
Zarzosa-Marquez, E. (2023). Purchase intention based on the brand value of pharmacies in a locality of the
peruvian highlands. Digitalisation: opportunities and challenges for business (pp. 67-78). Cham: Springer
International Publishing. https://doi.org/10.1007/978-3-031-26956-1_7%0A%0A

Jaheer Mukthar, K. P., Nagadeepa, C., Selvaratnam, D. P., Pushpa, A., & Shukla, N. (2024). Sustainable
wardrobe: Recycled clothing towards sustainability and eco-friendliness. Discover sustainability, 5(1), 151.
https://doi.org/10.1007/s43621-024-00358-4

Adlinda, S., Brindha, G., Reshma, M., Jaheer Mukthar, K. P, Ko, J., Ridwan, M,, ... & Ming, W. K. (2026).
The mediating role of conscious consumerism in shaping sustainable consumption intentions: evidence
from Coimbatore District, India. Frontiers in sustainability, 7, 1755124.
https://doi.org/10.3389/frsus.2026.1755124



Balancing digital growth and ecological limits: Environmental taxation and ... 44

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Jubayed, A. Al (2025). Machine learning—driven insights into sustainability trends in the United States:
Examining financial and economic influences. Environment, innovation and management, 01, 2550015.
https://doi.org/10.1142/53060901125500152

Faruk, M., Tithi, S.,, Rafi, A., Hasan, M., Islam, M., Zani, S., & Ahsan, M. (2025). Artificial intelligence,
structural transformation, and carbon emissions in the United States: A Stirpat—~ARDL approach. Kristu
jayanti journal of management sciences (KJMS), 4(2), 23—44. https://doi.org/10.59176/kjms.v4i2.2574

Biju, H., Mukthar, K. P. J,, Dhia, A., Selvaratnam, D. P., Singh, S. K., & Singh, J. K. (2024). A bibliometric
analysis of financial technology: Unveiling the landscape of a rapidly evolving field. Discover sustainability,
5(1), 72. https://doi.org/10.1007/s43621-024-00256-9

Gharbj, I, Rahman, M. H., Muryani, M., Esquivias, M. A., & Ridwan, M. (2025). Exploring the influence of
financial development, renewable energy, and tourism on environmental sustainability in Tunisia. Discover
sustainability, 6(1), 127. https://doi.org/10.1007/s43621-025-00896-5

Ahmed, M. E,, Sony, R. I, Sifat, A. I, Jalal, M. M., Rahman, A., Zohora, F., ... & Kanij, H. N. (2025).
Investigating the role of education and R&D investment in reducing environmental pollution in china: An
ARDL Analysis. Environment, innovation and management, 1, 2550025.
https://doi.org/10.1142/S3060901125500255

Fakher, H. A., Panahi, M., Emami, K., Peykarjou, K., & Zeraatkish, S. Y. (2021). New insight into
development of environmental - Economic model based on a composite environmental quality index: An
application of principal components analysis. Journal of decisions and operations research, 6(2), 183-209. (In
Persian). https://doi.org/10.22105/dmor.2021.276820.1334

Raihan, A, Ridwan, M., & Rahman, M. S. (2024). An exploration of the latest developments, obstacles,

and potential future pathways for climate-smart agriculture. Climate smart agriculture, 1(2), 100020.
https://doi.org/10.1016/j.csag.2024.100020

Tithi, I. S. (2026). Towards sustainable development goals: An ARDL analysis of energy efficiency,
finance, and technology in mitigating CO: emissions in the United States. Systemic analytics, 4(1), 13-26.
https://doi.org/10.31181/sa41202667

Ko, J., Chen, X., Xin, C., Esquivias, M. A., & Ridwan, M. (2026). Divided by globalization? The impact of
globalization on divorce rates across 120 countries. International journal of sociology, 56(2), 1-27.
https://doi.org/10.1080/00207659.2026.2632635

Ahmad, S., Raihan, A., & Ridwan, M. (2024). Role of economy, technology, and renewable energy toward
carbon neutrality in China. Journal of economy and technology, 2, 138-154.
https://doi.org/10.1016/j.ject.2024.04.008

Murugesan, T. K., Asis, E. R.,, K.P,, J. M., Calder¢n, J. V., Guerrero, F. ], Picon, ]J. C,, & Diaz, G. P. (2022).
Developing and validating constructs: A pragmatic measurement of financial inclusion as a tool for
sustainable growth. Sustainability, 14(20), 1-16. https://doi.org/10.3390/su142012955

Polcyn, J., Voumik, L. C.,, Ridwan, M., Ray, S., & Vovk, V. (2023). Evaluating the influences of health
expenditure, energy consumption, and environmental pollution on life expectancy in Asia. International
journal of environmental research and public health, 20(5), 4000. https://doi.org/10.3390/ijerph20054000

Onwe, J. C,, Ridzuan, A. R, Uche, E., Ray, S., Ridwan, M., & Razi, U. (2024). Greening Japan: Harnessing
energy efficiency and waste reduction for environmental progress. Sustainable futures, 8, 100302.
https://doi.org/10.1016/j.sftr.2024.100302

Pattak, D. C., Tahrim, F., Salehi, M., Voumik, L. C., Akter, S., Ridwan, M., ... & Zimon, G. (2023). The driving
factors of Italy’s CO2 emissions based on the STIRPAT model: ARDL, FMOLS, DOLS, and CCR
approaches. Energies, 16(15), 5845. https://doi.org/10.3390/en16155845



