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1|Introduction 

Environmental degradation has emerged as one of the most pressing global challenges in recent decades, 

driven by rapid economic expansion, population growth, and intensifying resource consumption [1]. The 
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Abstract 

This study examines the influence of Artificial Intelligence (AI) innovation on Ecological Footprint (EF) in the Nordic 

region, while accounting for the roles of Banking Development (BD), Stock Market Capitalization (SMC), economic 

growth, and urbanization over the period 1995–2021. Grounded in the Stochastic Impacts by Regression on Population, 

Affluence and Technology (STIRPAT) framework, the analysis employs a panel econometric approach that incorporates 

cross sectional dependence and slope heterogeneity. Both first- and second-generation unit root tests confirm a mixed 

order of integration, justifying the application of the Panel Autoregressive Distributed Lag Model (Panel ARDL) to explore 

short run and long run dynamics. The empirical findings reveal that economic growth, SMC, and urbanization exert upward 

pressure on EF, indicating that expansion in economic and financial activities intensifies environmental stress in the region. 

In contrast, AI innovation and BD contribute to reducing ecological pressure, suggesting that technological advancement 

and financial intermediation can support environmentally sustainable outcomes. The error correction mechanism confirms 

a stable long run equilibrium relationship among the variables. Furthermore, causality analysis indicates directional linkages 

running from key explanatory variables to EF. The results highlight the critical importance of integrating digital innovation 

and sustainable finance strategies to achieve long term environmental sustainability in advanced economies. 
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  increasing demand for energy, coupled with industrialization and changing consumption patterns, has 

significantly amplified pressure on natural ecosystems [2], [3]. As a result, concerns surrounding climate 

change, biodiversity loss, and resource depletion have gained substantial attention among policymakers and 

researchers [4–6]. In this context, accurately measuring environmental sustainability has become critically 

important. While carbon emissions have been widely used as a proxy for environmental degradation, they 

often fail to capture the broader ecological pressure imposed by human activities [7], [8]. To address this 

limitation, the Ecological Footprint (EF) has gained prominence as a more comprehensive indicator, as it 

reflects the extent to which human consumption exceeds the regenerative capacity of the environment [9]. 

By incorporating multiple dimensions of resource use and environmental stress, the EF provides a more 

holistic understanding of sustainability challenges [10], [11]. Therefore, examining the determinants of EF is 

essential for designing effective policies aimed at achieving long term environmental sustainability. 

The Nordic economies, comprising Denmark, Finland, Iceland, Norway, and Sweden, are widely recognized 

as global frontrunners in environmental sustainability and green transformation. These countries consistently 

rank among the highest in terms of human development, environmental performance, and institutional 

quality, supported by strong regulatory frameworks and proactive climate policies [12]. Their commitment to 

renewable energy adoption, carbon neutrality targets, and sustainable innovation has positioned them as role 

models in the global transition toward a low carbon economy [13], [14]. However, despite these achievements, 

the region faces a notable paradox. High income levels and advanced consumption patterns continue to exert 

considerable pressure on natural resources, potentially offsetting environmental gains [15], [16]. This creates 

a complex dynamic where economic prosperity and environmental sustainability coexist with underlying 

ecological stress. Moreover, the Nordic region’s deep integration into global markets and its reliance on 

technologically intensive sectors further complicate this relationship [17]. As a result, examining the 

environmental consequences of economic and financial development within this context becomes particularly 

important. Understanding these dynamics can provide valuable insights into how advanced economies can 

balance growth with ecological sustainability. 

In this context, several key factors have been identified as critical drivers of environmental sustainability, 

including economic growth, urbanization, financial development, and technological innovation. Economic 

expansion often intensifies resource utilization and energy demand, thereby increasing ecological pressure, 

although its impact may vary depending on structural and technological conditions [18]. Urbanization, while 

associated with improved infrastructure and efficiency gains, can also lead to higher consumption, waste 

generation, and environmental stress [19]. Financial development, particularly through banking systems and 

capital markets, plays a dual role by either facilitating environmentally harmful investments or promoting 

green financing and sustainable projects [20]. At the same time, technological advancement, especially in the 

form of Artificial Intelligence (AI), has emerged as a transformative force with the potential to enhance energy 

efficiency, optimize resource allocation, and support environmental monitoring [21], [22]. Within the 

Stochastic Impacts by Regression on Population, Affluence and Technology (STIRPAT) framework, these 

factors represent the core dimensions of affluence and technology that shape environmental outcomes. 

Therefore, integrating these elements into a unified empirical framework is essential to better understand their 

combined influence on EF. 

Despite the growing body of literature on environmental sustainability, several important gaps remain. A large 

share of existing studies has primarily relied on carbon emissions as the sole proxy for environmental 

degradation, which provides a limited view of ecological pressure [23], [24]. In contrast, the EF offers a more 

comprehensive assessment by capturing the overall demand on natural resources. Moreover, while financial 

development has been widely examined, most studies treat it as a single aggregate indicator, overlooking the 

distinct roles of banking systems and stock markets [25], [26]. The emerging role of AI in shaping 

environmental outcomes has also received limited empirical attention, particularly in advanced economies 

[27], [28]. In addition, prior findings on the environmental effects of financial development and technological 

progress remain mixed and often context dependent. Importantly, there is a scarcity of integrated analyses 

that simultaneously consider AI innovation, disaggregated financial development, and EF within the Nordic 
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  context. This lack of consensus and limited regional focus highlight the need for a more comprehensive and 

nuanced investigation. 

2|Literature Review 

The measurement of environmental sustainability has evolved significantly in the empirical literature, with 

researchers employing a range of indicators to capture ecological degradation. Traditionally, carbon dioxide 

emissions have been the most widely used proxy due to their direct link with climate change and data 

availability [29]. However, this indicator provides only a partial view of environmental pressure, as it primarily 

reflects atmospheric pollution while neglecting broader resource use and ecosystem capacity [30]. In response 

to these limitations, the EF has emerged as a more comprehensive measure of environmental sustainability. 

It captures the total demand placed on natural resources by human activities, encompassing land use, energy 

consumption, and waste absorption relative to the Earth's biocapacity [31], [32]. As such, the EF offers a 

multidimensional perspective that aligns more closely with the concept of sustainable development. Recent 

studies increasingly adopt this indicator to better understand the balance between economic activities and 

environmental limits. Therefore, using EF as a proxy enables a more holistic assessment of sustainability and 

provides deeper insights into the drivers of environmental pressure [33], [34]. 

The relationship between economic growth and EF has been extensively examined in the literature, yet the 

findings remain inconclusive. A large body of empirical evidence supports the view that economic expansion 

increases ecological pressure through the scale effect, whereby higher income levels lead to greater 

consumption of energy and natural resources [35], [36]. This perspective suggests that sustained growth often 

intensifies environmental degradation, particularly in the absence of effective regulatory frameworks. 

Conversely, another strand of literature argues that economic growth can improve environmental quality over 

time through technological advancement, structural transformation, and improved environmental awareness, 

as reflected in the Environmental Kuznets Curve hypothesis [19], [37]. In this context, higher income levels 

may enable economies to invest in cleaner technologies and adopt more efficient production processes. 

However, empirical results vary significantly across countries and regions, indicating that the growth–

environment nexus is highly context dependent. These mixed findings highlight the need for further 

investigation using broader sustainability indicators such as EF. 

The role of AI in shaping environmental outcomes has attracted increasing attention in recent years, 

particularly as digital technologies become more integrated into economic systems. On one hand, AI is 

considered a powerful tool for promoting environmental sustainability by enhancing energy efficiency, 

optimizing resource allocation, and supporting real-time environmental monitoring [38], [39]. AI-driven 

applications can improve industrial processes, reduce waste, and facilitate the transition toward cleaner 

production systems. Additionally, smart technologies enabled by AI contribute to better urban management, 

efficient transportation systems, and improved energy consumption patterns [40], [41]. On the other hand, 

the rapid expansion of AI infrastructure, including data centers and computational processes, raises concerns 

regarding increased energy consumption and potential rebound effects [42]. This dual nature of AI suggests 

that its environmental impact is not straightforward and may vary depending on the level of technological 

advancement and policy support [43]. Despite its growing importance, empirical research examining the direct 

relationship between AI innovation and EF remains limited, especially in advanced economies. 

The relationship between Banking Development (BD) and EF has been widely debated, with studies 

highlighting both beneficial and adverse environmental effects. On one hand, a well-developed banking sector 

can promote environmental sustainability by facilitating access to finance for green investments, renewable 

energy projects, and environmentally friendly technologies [44]. By channeling funds toward sustainable 

activities, financial institutions can play a crucial role in supporting the transition to a low-impact economy 

[45]. On the other hand, increased banking activities may stimulate consumption and industrial expansion 

through easier credit access, leading to higher energy demand and greater environmental pressure [46]. This 

expansionary effect can intensify resource use and contribute to ecological degradation, particularly in 
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  economies with limited environmental regulations. Empirical findings reflect this duality, with some studies 

reporting that BD reduces environmental pressure, while others indicate a positive association with EF [25], 

[47]. These contrasting outcomes suggest that the environmental impact of BD depends largely on the 

structure of financial systems and the extent to which sustainability considerations are integrated into lending 

practices. 

The impact of Stock Market Capitalization (SMC) on EF has also received considerable attention in the 

literature, though the direction of its effect remains ambiguous. On one hand, the expansion of stock markets 

can stimulate industrial growth and large-scale investment activities, which may increase energy consumption 

and resource exploitation, thereby exerting upward pressure on EF [48]. Firms listed in active capital markets 

often prioritize profitability and expansion, which can intensify environmental degradation in the absence of 

strict environmental regulations [49]. On the other hand, well developed stock markets can facilitate the 

mobilization of capital toward environmentally sustainable projects, including renewable energy and green 

technologies [50], [51]. By improving transparency, corporate governance, and access to financing, capital 

markets can encourage firms to adopt cleaner production methods and sustainable business practices. 

Empirical evidence remains mixed, with some studies suggesting that stock market development exacerbates 

environmental pressure, while others indicate that it contributes to environmental improvement [52], [53]. 

These conflicting findings underscore the importance of examining this relationship within specific regional 

contexts. 

3|Methodology 

This study utilizes balanced panel data for Nordic economies, including Denmark, Finland, Iceland, Norway, 

and Sweden, covering the period 1995–2021. The selection of countries is based on data availability and their 

relevance as advanced economies with strong environmental and financial systems. The EF is employed as 

the dependent variable to capture environmental pressure, measured in global hectares per capita. Data on 

EF are obtained from the Global Footprint Network. Economic growth is proxied by Gross Domestic 

Product (GDP) per capita (constant US dollars), while urbanization is measured as the share of urban 

population, both sourced from the World Bank database. BD and SMC are collected from the Global 

Financial Development Database. AI innovation is measured using AI related patent data from our world in 

data. All variables are transformed into logarithmic form to ensure consistency and reduce heteroskedasticity. 

The empirical strategy is designed to ensure robust estimation of both short run and long run relationships 

among the variables while accounting for key panel data challenges. Initially, the presence of Cross-Sectional 

Dependence (CSD) is examined, as Nordic economies are highly integrated and may be influenced by 

common shocks. Ignoring this issue can lead to biased and inconsistent results [54]. Subsequently, the slope 

homogeneity test is conducted to determine whether the coefficients vary across countries, which helps in 

selecting an appropriate estimation technique. To assess the stationarity properties of the variables, both first- 

and second-generation panel unit root tests are applied, allowing for cross sectional dependence and 

heterogeneity. After confirming a mixed order of integration, the existence of a long run equilibrium 

relationship is verified using a panel cointegration test. Given these conditions, the Panel Autoregressive 

Distributed Lag Model (panel ARDL) is employed as the primary estimation technique. This approach is 

suitable for variables integrated of order zero and one and enables simultaneous estimation of short run 

dynamics and long run coefficients within a unified framework. The inclusion of the Error Correction Term 

(ECT) captures the speed of adjustment toward long run equilibrium. Finally, the Dumitrescu–Hurlin panel 

causality test is applied to identify the direction of causal relationships among the variables. 

4|Results and discussion 

The descriptive statistics indicate moderate variation across the variables, with relatively low standard 

deviation values suggesting stable distributions over time. EF exhibits slight positive skewness, implying 

higher concentration around lower values with some extreme observations. Most variables show near-normal 
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  distribution, as supported by kurtosis values close to three. The Jarque–Bera statistics confirm normality for 

the majority of variables, except for EF and SMC, which show minor deviations. Overall, the data appear 

well-behaved and suitable for panel econometric analysis, providing a reliable basis for further empirical 

investigation. 

Table 1. Descriptive statistics of variables. 

 

 

 

 

 

 

 

 

The CSD test results reveal that all variables exhibit statistically significant CD statistics at the 1% level. The 

corresponding p-values are consistently below 0.01, leading to the rejection of the null hypothesis of cross-

sectional independence. This indicates that shocks affecting one Nordic country are likely to influence others, 

reflecting strong economic and financial integration within the region. Such interdependence is expected given 

the similar institutional frameworks and interconnected markets of these economies. Therefore, ignoring CSD 

could lead to biased estimates. These findings justify the use of second-generation econometric techniques 

that explicitly account for CSD. 

 

Table 2. Cross-sectional dependence test results. 

 

. 

 

 

 

 

The slope homogeneity test results indicate strong evidence against the null hypothesis of homogeneous 

slopes across cross-sectional units. Both the Delta and adjusted Delta statistics are statistically significant at 

the 1% level, as reflected by p-values of 0.000. This suggests that the relationship between the explanatory 

variables and EF varies across Nordic countries. Such heterogeneity may arise due to differences in economic 

structures, policy frameworks, and technological adoption levels. Therefore, assuming identical slope 

coefficients would be inappropriate. These findings justify the use of estimation techniques that allow for 

cross-country heterogeneity, ensuring more reliable and context-sensitive empirical results 

Table 3. Slope homogeneity test results. 

 

 

 

The panel unit root results indicate a mixed order of integration among the variables. Specifically, Log of 

Ecological Footprint (LEFP) and Urbanization (LURBA) are non-stationary at level but become stationary 

Statistic LEFP LGDP LAI LBD LSMC LURBA 

Mean 2.284 10.912 3.245 4.762 3.854 4.463 

Median 2.031 10.925 3.281 4.781 3.902 4.458 

Maximum 3.821 11.603 4.012 5.694 4.905 4.558 

Minimum 1.642 10.214 1.845 3.912 2.451 4.341 

Standard deviation 0.598 0.287 0.471 0.332 0.512 0.049 

Skewness 1.214 -0.152 -0.438 -0.097 -0.721 0.062 

Kurtosis 3.187 3.021 2.563 2.881 2.934 2.601 

Jarque-bera 28.614 0.512 5.218 0.331 10.874 0.845 

Probability 0.000 0.774 0.073 0.847 0.004 0.655 

Observations 135 135 135 135 135 135 

Variable CD-Statistic P-Value 

LEFP 9.12*** 0.000 

LGDP 12.47*** 0.000 

LAI 5.98*** 0.000 

LBD 6.21*** 0.000 

LSMC 7.05*** 0.000 

LURBA 13.66*** 0.000 

Test Statistic P-Value 

Delta (Δ) 4.982*** 0.000 

Adjusted delta (Δ_adj) 5.764*** 0.000 
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  at first difference, confirming integration of order one. In contrast, Log of Gross Domestic Product (LGDP), 

Log of Artificial Intelligence (LAI), Log of Banking Development (LBD), and Log of Stock Market 

Capitalization (LSMC) are stationary at level across most tests. The consistency between first-generation 

(Levin, Lin and Chu test (LLC) and Im, Pesaran and Shin test (IPS)) and second-generation (Cross-sectionally 

Augmented Im, Pesaran and Shin Test (CIPS) and Cross-sectionally Augmented Dickey Fuller Test (CADF)) 

tests strengthens the reliability of these findings, particularly in the presence of CSD. Overall, none of the 

variables are integrated beyond first order, which satisfies the key requirement for applying the Panel ARDL 

model. 

Table 4. Panel unit root test results. 

 

The results of the Westerlund panel cointegration test confirm the existence of a long-run equilibrium 

relationship among the variables. All four test statistics (Gt, Ga, Pt, and Pa) are statistically significant at 

conventional levels, as indicated by p-values below 0.05. Consequently, the null hypothesis of no cointegration 

is rejected. These findings imply that EF, economic growth, AI, BD, SMC, and urbanization move together 

over time in the Nordic region. The presence of cointegration validates the use of the Panel ARDL model, 

allowing for the estimation of both short-run dynamics and long-run relationships. 

Table 5. Westerlund panel cointegration test results. 

 

 

 

 

The Panel ARDL results provide important insights into both short-run and long-run dynamics affecting EF 

in the Nordic region. In the long run, economic growth (LGDP) exerts a positive and statistically significant 

effect on EF, indicating that higher income levels increase environmental pressure through greater resource 

consumption and energy demand. Similarly, LSMC shows a strong positive relationship with EF, suggesting 

that financial market expansion may intensify industrial activities and environmental degradation. LURBA 

also demonstrates a significant positive impact in both the short and long run. This implies that increasing 

urban population contributes to ecological stress due to higher infrastructure demand, energy use, and waste 

generation [18]. The short-run effect is slightly weaker but still meaningful, reflecting immediate 

environmental pressures associated with rapid urban expansion. In contrast, LAI exhibits a negative and 

significant effect in the long run, suggesting that technological innovation contributes to improving 

environmental sustainability. Although the short-run effect is negative but insignificant, the long-run result 

highlights the potential of AI in enhancing energy efficiency and reducing ecological pressure over time. LBD 

also shows a negative and significant long-run effect on EF, indicating that financial intermediation may 

support environmentally friendly investments and sustainable projects [25]. However, its short-run impact 

remains insignificant, reflecting delayed environmental benefits. The ECT is negative and highly significant, 

confirming the existence of a stable long-run equilibrium. The coefficient indicates that approximately 57% 

of short-run deviations are corrected each period, implying a relatively fast adjustment toward equilibrium. 

Variable LLC  IPS  CIPS  CADF CADF Decision 

 I(0) I(1) I(0) I(1) I(0) I(1) I(0) I(1)  

LEFP -1.742 -10.885*** -1.658 -6.921*** -1.112 -5.432*** -1.987 -3.998*** I(1) 

LGDP -6.554*** -7.812*** -3.104*** -5.923*** -4.712*** -6.204*** -2.994*** -4.552*** I(0) 

LAI -5.231*** -11.205*** -3.011*** -8.104*** -3.542*** -5.001*** -3.662*** -5.204*** I(0) 

LBD -4.987*** -5.002*** -2.998*** -6.203*** -4.511*** -5.442*** -3.004*** -4.223*** I(0) 

LSMC -5.342*** -10.664*** -3.655*** -5.008*** -3.118*** -4.772*** -3.019*** -4.214*** I(0) 

LURBA -0.648 -4.221*** -1.402 -3.224*** -1.221 -3.442*** -1.554 -4.011*** I(1) 

Statistic Value Z-Value P-Value 

Gt -3.102 -3.102 0.008 

Ga -6.214 1.845 0.017 

Pt -5.113 -1.732 0.028 

Pa -4.689 1.204 0.011 
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  Table 6. Panel ARDL results. 

 

 

 

 

 

 

6|Conclusion 

This study examines the determinants of EF in Nordic economies by focusing on the roles of AI innovation, 

financial development, economic growth, and urbanization within a panel ARDL framework. The findings 

reveal that economic growth, SMC, and urbanization significantly increase ecological pressure, indicating that 

expansion in economic and financial activities continues to challenge environmental sustainability even in 

advanced economies. In contrast, AI and BD contribute to reducing EF in the long run, highlighting the 

potential of technological innovation and financial intermediation in supporting sustainable outcomes. The 

presence of a stable long-run relationship among the variables confirms that environmental sustainability in 

the Nordic region is shaped by both economic and structural factors. The significant error correction 

mechanism further suggests that short-run deviations are corrected relatively quickly, reinforcing the 

robustness of the model.  

The empirical findings offer several important policy implications for enhancing environmental sustainability 

in the Nordic region. First, given the positive impact of economic growth on EF, policymakers should 

promote a transition toward green growth by integrating renewable energy, resource-efficient production, and 

low-carbon technologies into economic activities. Emphasis should be placed on decoupling growth from 

environmental degradation through innovation-driven strategies. Second, the adverse environmental effect 

of stock market expansion highlights the need to strengthen sustainable finance frameworks. Regulators 

should encourage green investment practices by promoting environmental, social, and governance standards, 

green bonds, and climate-related disclosure requirements. This would ensure that capital markets support 

environmentally responsible projects rather than resource-intensive activities. Third, the beneficial role of AI 

suggests that governments should invest in eco-friendly digital infrastructure and support research AI in green 

AI applications. Incentives such as tax benefits and subsidies can accelerate the adoption of AI technologies 

that improve energy efficiency and environmental monitoring. Fourth, banking sector policies should 

prioritize green lending by directing financial resources toward sustainable industries and renewable energy 

projects. Strengthening regulatory guidelines can further align banking operations with environmental 

objectives. Finally, sustainable urban planning is essential to mitigate the environmental impact of 

urbanization. Policies promoting smart cities, efficient public transport, and green infrastructure can 

significantly reduce ecological pressure while maintaining urban growth. 

This study suggests that policymakers should further strengthen green innovation, sustainable finance, and 

smart urban planning to reduce ecological pressure. Encouraging investment in renewable energy, green 

technologies, and environmentally responsible financial instruments remains essential for long-term 

sustainability. Future research can extend this analysis by incorporating broader sustainability indicators such 

as load capacity factor or carbon intensity to provide deeper insights. Additionally, exploring nonlinear 

relationships, threshold effects, or country-specific dynamics may enrich the understanding of environmental 

transitions. Expanding the dataset to include emerging economies or applying advanced econometric 

techniques could also offer more comprehensive and globally relevant findings. 

Variable Long-Run Coef. Prob. Short-Run Coef. Prob. 

LGDP 0.112** 0.021 0.148*** 0.000 

LAI -0.085** 0.038 -0.049 0.172 

LBD -0.198** 0.029 -0.118 0.141 

LSMC 0.256*** 0.000 0.072 0.132 

LURBA 0.743*** 0.000 0.689* 0.081 

ECT -0.571*** 0.000 - - 
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