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Abstract 

In response to increasing environmental challenges, the United States has deliberately adopted technical 

advancements to promote sustainable development. This includes efforts to decrease pollution, improve energy 

efficiency, and encourage the use of environmentally friendly technology in different industries. This study 

investigates the role of Artificial Intelligence (AI) technology in promoting environmental sustainability in the 

United States from 1990 to 2019. It also examines the impacts of financial development, ICT use, and economic 

growth on the Load Capacity Factor (LCF). Various unit root tests revealed no unit root issues and mixed 

integration orders among variables. The Autoregressive Distributive Lag (ARDL) model explored cointegration, 

indicating long-run relationships among the variables. The ARDL findings confirm the Load Capacity Curve 

hypothesis for the United States, with AI technology and ICT use positively correlating with LCF in both the short 

and long run. Conversely, financial development and population growth significantly reduce LCF. Robustness 

checks using FMOLS, DOLS, and CCR estimation approaches align with the ARDL results. Granger causality 

tests reveal unidirectional causality from economic growth, AI, financial development, and ICT use to LCF and 

bidirectional causality between population and LCF. Diagnostic tests confirm the results are free from 

heterogeneity, serial correlation, and specification errors. This study underscores the importance of AI and ICT in 

enhancing environmental sustainability while highlighting the adverse impacts of financial development and 

population growth on LCF. 

Keywords: Artificial Intelligence; Financial Development; ICT Use; Load Capacity Factor; United States 

Introduction 

In the modern world, environmental deterioration is a reason to be concerned (Usman et al., 2020). The main driver 

of rising temperatures, which promotes climate change, is fossil fuel breakdown (Isfat and Raihan, 2022; Polcyn 

et al.2023). Our planet will suffer tremendously due to this temperature rise phenomenon, with severe weather 

events, increasing sea levels, and the eventual extinction of numerous species (Raihan and Tuspekova, 2022; Pattak 

et al.2023). 
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The implications of global warming and strategies to lessen their effects on the ecosystem as a whole were 

explained by Rafindadi et al.(2018), Alola et al.(2019a, 2019b), and Raihan et al.(2024a). To mitigate such 

catastrophic repercussions, organizations and lawmakers must set policies in effect focused on reducing emissions 

of carbon dioxide. This may be implemented by boosting the efficiency of energy usage as well as transitioning to 

a more sustainable power system (Tian et al., 2022; Voumik and Ridwan, 2023). The second-highest CO2 generator 

in the globe, underlying China, with around 4833.1 million tons of emissions, and the third-largest transmitter of 

CO2 per individual is the USA (Germanwatch, 2019). The USA has a 133% shortage in biological capacity, which 

indicates that the ecological footprint exceeds the biocapacity (Alola et al.,2020). By 2018, the contribution of 

primary power utilized globally derived from fossil fuels, nuclear power, and green energy sources was around 

85%, 4%, and 11%, respectively (BP, 2019). Due to the burning of fossil fuels, this overreliance on natural energy 

sources creates severe ecological issues like air pollution, rising temperatures, and climate (Bilgili et al.2017; 

Danish and Ulucak 2020).  Moreover, the country has the biggest GDP in the globe and spends a lot of money on 

its power system (Danish and Ulucak , 2021). Thus, the World Bank (2020) revealed that in 2018, the US 

economy's share of the global GDP (constant 2010 USD) was around 21.6%.  The alarming data mentioned earlier 

inspired this author to investigate the environmental sustainability of the USA, even despite the nation's abundance 

of clean energy sources and the adoption of legal initiatives intended to promote environmental sustainability. In 

order to combat global warming and fostering sustain prosperity, policymakers must recognize the country's ability 

to minimize pollution. How the USA can cut emissions is an urgent issue, which might be accomplished by 

assessing the implications of financial development, ICT utilization, and AI innovation on the LCF. 

For monitoring, anticipating, and reducing ecological risks, artificial intelligence (AI) is now a transforming force 

(Rane, 2023; Kunduru, 2023; Ukoba and Jen, 2022; Bahroun et al., 2023). Nonetheless, ICT can decrease damage 

to the environment by boosting public awareness of sustainability issues while encouraging the utilization of 

innovative technologies (Plepys, 2002; Laschkarizadeh and Salatin, 2012). 

Conversely, the ecological footprint solely considers the demand side of the natural ecosystem and ignores its 

supply side (Adebayo and Samour, 2024; Voumik et al.2023a). To get over this issue, multiple research studies 

such as Pata (2021), Shang et al. (2022), and Xu et al. (2022) considered the level of ecology by utilizing the LCF 

to provide precise information on the quality of the environment. Furthermore, Siche et al. (2010) and Pata (2021) 

considered an LCF less than one, suggesting that the present biodiversity condition is not green, but a value greater 

than 1 indicates that the current system is stable. As a result, the sustainability limit is 1 (Akadiri et al.,2022). 

According to Worldometer (2024), 339,996,563 people are expected to live in the United States by the halfway 

point of 2023. Furthermore, the population (281,984,165 in 2023) constitutes 4.23% of the global population, and 

about 82.9% of the people reside in urban areas. In 2022, the United States' GDP expanded by 2.1%, the highest 

yearly growth since 1984 in 2021 (ECLAC,2023). However, global carbon emissions must drop by 7.6% annually 

to stay beneath the 1.5 °C rise in temperatures beyond the era of industrialization, which signals the existence of 

the biggest disastrous ecological risks (Evan, 2020; UNEP, 2021 IPCC, 2018). Researchers in the fields of software 

development and digital innovation are growing increasingly engaged in using ICT to promote awareness and 

boost sustainable endeavors and behaviors (Adisa and Porras, 2024; Ridwan et al.2024). Asongu et al. (2018), for 

instance, underlined how modern technological solutions might encourage clean environments, specifically in poor 

nations, by rendering education more accessible and spreading ecological practices. 

Using AI to its full potential will enable us to reduce ecological damage, maximize the utilization of resources, 

and uncover new insights (Akter,2024; Voumik et al.2023b). According to a 2018 Microsoft/PwC study, for 

instance, using AI for sustainability initiatives might raise global economic output by 3.1% to 4.4% while cutting 

GHG pollution by 1.5% to 4% by 2030 (Microsoft, 2018; Hasan et al.2024). Moreover, cities can shift toward a 

more circular economy model, minimizing environmental effects and boosting sustainability, by using AI for 
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garbage reduction and recycling (Verma et al.,2022; Magazzino et al.,2021; Rana et al.2024). Artificial intelligence 

(AI) tools can also aid in predicting severe weather conditions that are getting more frequent due to global warming, 

such as forest fires (Jaafari et al. 2019), extreme rainfall damage (Choi et al. 2018), and the level of human 

movement (Robinson and Dilkina 2018; Shium et al.2024a). Frequently, artificial intelligence (AI) methods can 

boost present forecasting as well as prediction systems. For instance, they can be used to automatically label 

information obtained from climate simulations (Chattopadhyay et al. 2020) and distinguish across indicators and 

noise in the assessment of climate change (Barnes et al. 2019). Both developed and emerging nations' GDPs are 

greatly impacted by the monetary sector (Haseeb et al., 2018; Shium et al.2024b). An efficient financial system 

draws in investors, strengthens the stock market, and increases the productivity of economic activity (Sadorsky, 

2011). Furthermore, a substantial amount of empirical research suggests that growth in finances is influencing the 

quality of the natural ecosystem (Khan et al., 2018; Charfeddine and Kahia, 2019). Our research contributed to 

several distinctive perspectives. First off, the United States' huge population has accelerated economic growth and 

exacerbated ecological concerns. Second, the environmental effects of these factors will fluctuate considerably 

depending on different levels of financial development and AI technology in the USA.  Therefore, goals related to 

sustainability might shift as development moves forward. Thirdly, this research contrasts with other studies like 

Dahmani et al. (2023), which emphasized multiple environmental variables in that it examines the expected 

advantages of ICT, AI innovation, and financial development on LCF. Furthermore, compared to the Ecological 

Footprint (EF), LCF offers an advanced approach to accounting for biodiversity loss. The combined effect of ICT 

use and AI innovation is significant in the context of ensuring ecological viability in the USA, and its 

implementation of the LCC hypothesis offers an exceptional contribution. In conclusion, the ARDL method is 

adopted in this study to explore the implications of several indicators and to assure robustness. FMOLS, DOLS, 

and CCR techniques are also utilized. Depending on the outcomes, we discuss the policy implications for 

enhancing environmental sustainability. 

This investigation is structured into several key sections. The "Literature Review" provides an overview of relevant 

studies. The "Data and Methodology" section details the data sources and empirical techniques used for analysis. 

Findings and their interpretations are presented in the "Results and Discussion" section. Finally, the "Conclusion 

and Policy Implications" section offers concluding insights and recommendations for further research on green 

ecosystems. 

Literature Review 

Numerous experiments looked at how the usage of ICT, financial development, and GDP expansion affect the 

LCF. While multiple studies have used the ARDL framework, most of the studies have focused on how population 

density and advances in technology affect environmental quality. Other studies examined the link between the 

globalization of finance, ICT usage, and LCF; however, the variable innovation in AI has received less attention 

in those studies. Thorough research remains inadequate in the US literature on AI innovation and environmental 

sustainability. Nonetheless, a few previous investigations have offered insight into the factors and techniques of 

investigation applied. The next part goes over a few of those queries. 

Substantial monetary growth and resource wealth are related to higher ecological degradation (Hunjra et al., 2024). 

Achieving sustainable development goals, addressing environmental problems, and ensuring financial stability are 

all possible with a green growth approach (Ridwan et al.,2023, Urbee et al.2024). By utilizing the ARDL approach, 

Raihan et al. (2023) demonstrated that Mexico's LCF decreases when economic expansion occurs. Adebayo and 

Samour (2024) employed the PNARDL method and showed that economic development is a major reason for 

environmental damage in BRICS countries. Moreover, several investigations, for example, Nathaniel et al.(2019), 

Nathaniel et al.(2020), Ahmed et al.(2020a), Ahmed et al.(2020b); Raihan et al.(2022a), Raihan et al.(2022b) 
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Raihan et al.(2024b) and Sun et al.(2024) concluded that expansion of economy degrades ecosystem quality. In 

response to this, Solarin et al. (2021), who utilized the ARDL approach for Nigeria, discovered that although 

growth in the economy first degrades the environment, it eventually improves it. Additionally, the link between 

GDP growth and CO2 emissions in India from 1965 to 2022 was investigated by Raihan et al. (2024a). The ARDL 

long-run elasticity's findings suggest that economic expansion helped to mitigate some emissions. Several works 

by Hassan et al. (2019) and, Baloch et al.(2021) in Pakistan and Bento and Moutinho (2016) in Italy show that 

economic expansion causes environmental unsustainability. Moreover, Balcilar et al. (2018) asserted that 

ecological quality in Germany and the UK is unaffected negatively by monetary expansion. 

There is a substantial deficiency in achieving the SDG goals due to the absence of research on the use of AI for 

environmental concerns. AI is crucial in mitigating the urgent problems of global warming, biodiversity loss, and 

ecological loss, which are becoming increasingly evident as humanity struggles to solve these issues (Akter, 2024). 

AI, in its simplest form, comprises computers or other devices that imitate the cognitive functions regarding 

intelligence in humans, like learning and solving problems (Khanzode and Sarode, 2020). Four primary domains 

broadly define the intersection of AI and green environment: pollution and waste administration, preservation of 

natural assets, agricultural sustainability, and monitoring of pollution and treatment (Qian et al., 2018; Granata and 

Nunno, 2021). Leveraging artificial intelligence (AI) technological advances is an appropriate strategy to promote 

systemic modifications and advance sustainable development (Jarrahi, 2018; Jeste et al., 2020). According to Ray 

et al. (2024), pollution, especially contamination with heavy metals, can be detected, examined, and regulated by 

integrating environmental research with technological advances in AI, particularly machine learning, forecasting, 

and advanced algorithms. Similarly, Yadav and Singh (2023) demonstrated that artificial intelligence (AI) may 

improve ecological sustainability by mitigating global warming and enhancing agriculture, water availability, 

marine ecosystems, prediction of weather, and resilience to disasters. 

Financial development (FD) has the potential to adversely affect the ecosystem and either raise or lower the need 

for energy (Usman et al.,2024). In addition, by expanding the financing facilities to projects in R&D, enlarging 

techno-financial support to businesses, and encouraging environmentally friendly innovations, the financial 

development intends to lower emissions of carbon and sustain the environment (Abid et al., 2021; Yao et al., 2021). 

The dynamic consequence of expansion in finances on ecological sustainability in China was investigated by Fu 

et al. (2022), who determined that monetary expansion is favorable to long-term environmental sustainability. 

Using yearly data from 1990 to 2020, Solaymani and Montes (2024) employ the ARDL approach. The empirical 

study reveals that New Zealand's FD considerably lowers carbon emissions and ensures a green ecosystem. In the 

same way, Ahmad et al. (2022) established that by raising the EFP, financial development causes environmental 

damage. Moreover, advancement in finance can promote environmental preservation in South Asia countries 

(Ozturk et al.,2024). Furthermore, Ramzan et al. (2022) investigated how financial development affected Pakistan's 

increased pollution levels. The financial sector's encouragement of the widespread industrial processes increases 

the environmental hazards (Yuxiang and Chen, 2010; Usman et al., 2022). Multiple researchers also indicated that 

development in finances degrades the level of natural health (Saqib et al.,2024; Petrović and Lobanov,2022; Khan 

et al.,2019). 

Numerous investigations into the connection between ICT and harm to the environment have produced conflicting 

findings. According to certain research, using ICTs greatly reduces environmental pollution, improving the natural 

environment (Park et al. 2018). ICT expenditure, however, has a minimal effect, mostly on ecological 

sustainability, as Ziemba and Grabara (2024) discovered. Qayyum et al. (2024) illustrate how ICT protects the 

atmosphere by lessening its ecological effect by using CS-ARDL estimators. The results of the investigation show 

that ICT invention is required to achieve the goal of a green environment in the long run. Similarly, Mensah et al. 

(2024) found that IQ and ICT collaborate to improve the environment and reduce footprint by 0.0748%. The 
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majority of research indicates that using ICT facilities helps lower pollution (Ozcan and Apergis 2018). Moreover, 

Coroama et al. (2012) state that ICT might mitigate GHG emissions by promoting energy-efficient production and 

consumption practices. Similar findings also concluded by Lu (2018) in 12 Asian countries, Ahmad et al.(2023) 

in OECD countries,  N’dri et al.(2021) in developing countries, Sahoo et al.(2021) in India and Chien et al.(2024) 

in Indonesia. However, a small number of additional studies suggest that using ICT leads to increased 

environmental contamination and environmental degradation (Asongu et al. 2018). By adopting the ARDL 

approach, Lin and Ullah (2023) observed that ICT hinders environmental sustainability in Pakistan. Ulucak and 

Khan (2020) concluded that ICT has a detrimental implication on GHG pollution in the BRICS nations. 

Additionally, Salahuddin et al. (2016) indicated that a 1% expansion in internet use generates a spike in carbon 

emissions in the OECD nations of 0.16%. 

Growing populations are considered to have an unfavorable impact on the environment as individuals need more 

places to live, healthcare, schooling, and transportation options (Isik et al., 2019; Wu et al., 2022b, Raihan, 2023). 

However, since it lessens carbon emissions, population growth (POP) which is planned leads to environmental 

sustainability (Katircioglu et al., 2018; Dogan et al., 2020, Oje, 2024). Voumik et al. (2023c) used the ARDL 

approach to evaluate the impact of the population on Kenya's carbon emissions. They proved that the country's 

CO2 emissions may climb in tandem with its growing population. Similarly, using data from 1990 to 2019 in 

Malaysia, Raihan (2024) adopted the ARDL approach and concluded that population growth has an encouraging 

association with long-term carbon pollution. By using the recently developed LCC hypothesis, Erdogan (2023) 

observed that an ecosystem is diminished by a high population in Africa. Additionally, Adebayo (2023) used the 

BDS test to investigate Turkey's ecological impact. They found that high population density is the major cause of 

ecological destruction in the majority of quantiles. Using a geographic semi-parametric panel technique, Xie et al. 

(2023) found similar results in China's environment, demonstrating that the country's population growth 

exacerbates damage to the environment. Additionally, Bangladesh's ecology suffers from high population density 

(Rahman and Alam, 2021, Datta, 2024). Conversely, Wu et al. (2021a) noted that China's increasing population 

might also have a short- and long-term beneficial impact on the reduction in biodiversity loss. 

Ultimately, our literature assessment has proven that a few studies explicitly examine the LLC hypothesis for the 

USA while considering the consequences of financial development, ICT use, economic expansion, population, and 

AI innovation. Many studies examined the LLC hypothesis in emerging economies, but their study has been 

specific and fails to take other economic sectors into account. It seems reasonable to investigate the LLC hypothesis 

as the USA is an expanding nation with distinctive ecological variables.  The literature that is currently available 

on AI for environmental sustainability addresses several topics, including power, transport, water, and biological 

diversity. On the other hand, relatively no research is being done on the real-world uses of AI innovation on load 

capacity factor, especially when it comes to solving sustainability problems. Even though certain useful 

applications, such as the disposal of trash using sophisticated navigation strategies and protecting animals for 

increased biodiversity, have been seen in developed nations, additional studies and research are still required. The 

absence of knowledge on how AI might be used to effectively safeguard the environmental sustainability of the 

United States creates a research gap. Additional research is required to discover and develop innovative 

applications of AI that can help the chosen area achieve the Sustainable Development Goals (SDGs). By bridging 

the knowledge and implementation gaps, closing this research gap would make it possible to apply AI and ICT 

effectively to address ecological sustainability concerns across different regions. 
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Methodology  

Data 

Table 1 is an essential feature of the study as it offers a comprehensive overview of all the variables examined. It 

offers insightful details on their descriptions, units of measurement, and sources. The LCF information for the US 

is obtained from the Global Footprint Network (GFN, 2022). A higher LCF is representative of a better ecosystem 

as it incorporates EF and biocapacity in the denominator (Pata and Kartal, 2023). Numerous independent factors 

were also included in this research, all of which depended on meticulously gathered data. World Development 

Indicators (WDI, 2022) offered statistics on GDP, GDP squares, and population; trustworthy Our World in Data 

(2022) was implemented to gather information on other significant elements such as Artificial Intelligence 

innovation and ICT usage. However, data regarding financial development is collected from the IMF. Therefore, 

by improving the accessibility and reliability of the study's methodology, the thorough documentation guarantees 

a clear and coherent analysis. 

 

Table 1: Source and Description of Variables 

Variables Description Logarithmic Form Unit of 

Measurement 

Source 

LCF Load Capacity 

Factor 

LLCF Gha per person GFN (2022) 

GDP Gross Domestic 

Product 

LGDP GDP per capita 

(current US$) 

WDI (2022) 

GDP2 Square of Gross 

Domestic Product 

LGDP2 GDP per capita 

(current US$) 

WDI (2022) 

AI Artificial 

Intelligence 

Innovation 

LAI Annual patent 

applications related 

to artificial 

intelligence 

 

Our World in Data 

(2022) 

FD Financial 

Development  

LFD Financial 

Development Index 

IMF (2022) 

ICT ICT use LICT ICT goods imports 

(% of total imports) 

Our World in Data 

(2022) 

     

POP Population LPOP Population, total WDI (2022) 

 

Theoretical Framework   

The LCC theory depends on the LCF statistic, which takes prospects for ecological provision and human-made 

demand for resources into consideration (Pata et al.,2023). Through a contrast of ecological footprint and 

biocapacity, the LCF offers an additional assessment of the environment (Dogan and Pata, 2022).  By comparing 

EFP and biocapacity, the LCF examines a specific ecological threshold; an upward trend in the LCF indicates a 

better ecosystem and a fall in the LCF suggests a surge in environmental deterioration (Alola et al.,2023).  

Moreover, the LCC emphasizes the interdependence of sustainability problems, such as resource scarcity, 
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destruction of natural assets, and temperature rise (Wu et al.,2024). Ulucak et al. (2020) revealed that 

manufacturing pollution and waste are exacerbated by economic expansion, and production procedures and 

emissions are influenced by sectoral composition. Countries all around the world use a variety of petroleum-based 

products, including natural gas, coal, and fuel, to encourage growth in GDP, growth in population, and 

industrialization, all of which harm the planet (Chen et al.,2022). Similarly, financial development can also degrade 

biodiversity. 

Now, we have created the following equation (1) for LCC theory: 

                         𝐿𝑜𝑎𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑓(𝐺𝐷𝑃, 𝐺𝐷𝑃2, 𝐾𝑡)                                                   (1) 

In this case, the variables for wealth in equation (1) are GDP and GDP squared, while the parameter for other 

factors affecting the LCF is  𝐾𝑡. The purpose of equation (2) is to provide an expanded view of the factors changing 

the LCF by consisting of several relevant factors such as population, development in finances, ICT use, and AI 

innovation. 

        𝐿𝐶𝐹 = 𝑓(𝐺𝐷𝑃, 𝐺𝐷𝑃2, 𝐴𝐼, 𝐹𝐷, 𝐼𝐶𝑇, 𝑃𝑂𝑃)                                                              (2)  

In equation (2), the load capacity factor is represented by LCF, GDP stands for economic growth, AI 

represents artificial intelligence innovation, FD refers to financial development, and POP indicates population. The 

econometric justification of equation (3) is given above. 

                        𝐿𝐶𝐹𝑖𝑡 = 𝛿0 + 𝛿1𝐺𝐷𝑃𝑖𝑡 + 𝛿2𝐺𝐷𝑃𝑖𝑡
2 + 𝛿3𝐴𝐼𝑖𝑡 + 𝛿4𝐹𝐷𝑖𝑡 + 𝛿5𝐼𝐶𝑇𝑖𝑡 + 𝛿6𝑃𝑂𝑃𝑖𝑡    (3) 

In scientific and financial research, logarithmic scaling is a particularly helpful adjustment for consolidating broad 

ranges as it efficiently stabilizes fluctuation. It improves perception and facilitates the formulation of conclusions 

based on statistics by bringing down complex connections into simpler linear forms. Equation (4) illustrates the 

variables' logarithmic values.  

𝐿𝐿𝐶𝐹𝑖𝑡 = 𝛿0 + 𝛿1𝐿𝐺𝐷𝑃𝑖𝑡 + 𝛿2𝐿𝐺𝐷𝑃𝑖𝑡
2 + 𝛿3𝐿𝐴𝐼𝑖𝑡 + 𝛿4𝐿𝐹𝐷𝑖𝑡 + 𝛿5𝐿𝐼𝐶𝑇𝑖𝑡 + 𝛿6𝐿𝑃𝑂𝑃𝑖𝑡     (4) 

Here, within the parameter range of 𝛿0 to  𝛿6, the coefficients of the research variables are listed. 

 

Econometric Framework 

This research uses multiple stages in its estimate technique to address frequent problems. The ADF, P-P, and DF-

GLS examinations are utilized to check stationarity and confirm independence among the variables. Next, the 

ARDL method is used to discover both immediate and long-term relationships. The research then makes use of 

the FMOLS, DOLS, and CCR to confirm the accuracy of the long-run estimation. The associated relationships 

between GDP, financial development, ICT use, AI innovation, population, and LCF in the USA were then 

examined using the Pairwise Granger causality test. Finally, we performed three diagnostic tests to check 

autocorrelation, heteroscedasticity, and multicollinearity. 
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Stationarity test 

In order to provide accurate statistical modeling, non-stationary data must be used as non-stationary regressions 

might produce deceptive findings. A series with a unit root suggests that systemic shocks have a lasting impact on 

the series' long-term behavior (Ridwan, 2023). In order to attain stationarity and guarantee precise forecasting and 

inference, researchers can distinguish between stationary and non-stationary processes by identifying unit roots. 

This distinction helps researchers select the right models and transformations, such as differencing (Ridzuan et 

al.2023). Three stationarity tests were performed in this research: the Augmented Dickey-Fuller (ADF) test, which 

Dickey and Fuller (1981) introduced, the Phillips and Perron (1988), and the DF-GLS examination, which Elliot 

et al. (1996) suggested. When variables are stationary but have a root close to a non-stationary frontier, the ADF 

and Phillips-Perron tests have drawn criticism for their inadequate efficiency (Brooks, 2014). When serial 

correlation is present in the residuals, the Phillip-Perron test was designed to remove the asymptotic bias that was 

present in the original ADF test (Davidson and MacKinnon, 1993).  According to Elliot et al. (1996), the DF-GLS 

assessment is more robust compared to the ADF and Phillips-Perron tests when there is an uncertain mean or trend. 

The Monte Carlo evidence given by Stock (1994) also demonstrates the improved performance of the DF-GLS 

evaluation. 

 

Autoregressive Distributive Lag model 

The cointegrating link between the variables is further captured in the research with the help of the ARDL 

bounds assessment. For series with a small sample size, this test is trustworthy. When the factors are only partially 

integrated, it is also advantageous (Akadiri, 2022). Examining the link between the aforementioned sustainable 

ecosystem indicators and the GDP, FA, AI, ICT, and POP using the ARDL model highlights the relevance of LCF. 

Pesaran et al. (2001) proposed the ARDL approach, an extensive dynamic regression model that combines the 

characteristics of autoregressive as well as distributed lag models. In comparison to conventional cointegration 

techniques, it has several benefits. First of all, variables can be integrated into various orders; variables integrated 

of order one, order zero, or even fractionally integrated, except for 1(2), can be supported. Second, this framework 

may be used for data analysis in situations when sample sizes are limited and small due to its efficiency (Kumar 

et al., 2024). Thirdly, Harris and Sollis (2003) have shown that the model yields unbiased estimates over an 

extended period. Finally, this model captures both short-term dynamics and long-run linkages by integrating short-

run adjustments with long-run equilibrium through the derivation of the Error Correction Term (ECT) via a 

straightforward linear transformation (Ali et al., 2017).  Equation (5) can be used to represent the ARDL Bound 

test: 

 

∆𝐿𝐿𝐶𝐹𝑡 = 𝜔0 + 𝜗1𝐿𝐶𝐹t−1 + 𝜗2𝐿𝐺𝐷𝑃𝑡−1 + 𝜗3LGDP2
𝑡−1

+ 𝜗4𝐿𝐴𝐼𝑡=1 + 𝜗5𝐿𝐹𝐷𝑡−1 + 𝜗6𝐿𝐼𝐶𝑇𝑡−1 + 𝜗7𝐿𝑃𝑂𝑃𝑡−1

+ ∑ 𝜔1 ∆𝐿𝐿𝐶𝐹2t−i

𝑘

𝑖=1

  + ∑ 𝜔2 ∆LGDPt−i

𝑘

𝑖=1

+ ∑ 𝜔3∆lnGDP2
t−i

𝑘

𝑖=1

+ ∑ 𝜔4∆𝐿𝐴𝐼𝑡=1

𝑘

𝑖=1

+ ∑ 𝜔5 ∆

𝑘

𝑖=1

𝐿𝐹𝐷𝑡−𝑖 + ∑ 𝜔6∆LICTt−i

𝑘

𝑖=1

+ ∑ 𝜔7∆LPOPt−i

𝑘

𝑖=1

+ 𝜀𝑡        (5)  

The alternative hypothesis (H1) and the null hypothesis (H0) are represented by equations 6 and 7.The evidence 

supporting cointegration (the alternative hypothesis) is contrasted with the null hypothesis, which claims that there 
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exit no cointegration. If the F-statistic exceeds both the lower and upper limit values, the null hypothesis cannot 

be accepted. 

  

𝐻0 = 𝜔1 = 𝜔2 = 𝜔3 = 𝜔4 = 𝜔5 = 𝜔6 ≠ 𝜔7                                   (6) 

𝐻1 = 𝜔1 ≠ 𝜔2 ≠ 𝜔3 ≠ 𝜔4 ≠ 𝜔5 ≠ 𝜔6 ≠ 𝜔7                                (7) 

After confirming cointegration among the parameters, the short-run coefficient and the ECT are assessed using the 

Engle and Granger (1987) ECM. The ECM is included in the ARDL framework in the following ways to 

accomplish this: 

∆𝐿𝐿𝐶𝐹𝑡 = 𝜔0 +  ∑  𝜗1∆LCFt−i

𝑘

𝑖=1

  +  ∑ 𝜗2∆LGDPt−i

𝑘

𝑖=1

+ ∑ 𝜗3∆lnGDP2
t−i

𝑘

𝑖=1

+ ∑ 𝜗4∆𝐿𝐴𝐼𝑡=1

𝑘

𝑖=1

+ ∑ 𝜗5∆

𝑘

𝑖=1

𝐿𝐹𝐷𝑡−𝑖

+ ∑ 𝜗6 ∆LICTt−i

𝑘

𝑖=1

+ ∑ 𝜗7∆POPt−i

𝑘

𝑖=1

+ ℵ𝐸𝐶𝑇𝑡−𝑖 + 𝜀𝑡                                      (8)  

Here, the sign ℵ is used to denote the rate of adjustment. 

Robustness Check 

To assess the feasibility of ARDL results, we employed the FMOLS, DOLS, and CCR methodologies. When 

examining a single cointegrating link with a mixture of integrated orders of I(1) variables, the FMOLS approach 

is applied (Ahmad et al., 2019). The FMOLS analysis, a nonparametric method, has the benefit of simultaneously 

accounting for sequence correlation, endoplasmic error, and simultaneous bias (Hamit-Haggar.,2012). It also 

considers the possibility of heterogeneity in the long-run parameters (Phillips and Hansen, 1990). In the 

meanwhile, DOLS successfully combats potential endogeneity and sample bias difficulties and minimizes 

feedback in the cointegrating equation with its enhanced regression technique, which incorporates leads and lags 

of the initial differences of regressors (Idores et al., 2024). Kao and Chiang (1999) provided the DOLS as an 

alternative (parametric) estimator for predicting the long-run interaction of variables using first differenced 

regressor leads and lags. Additionally, the CCR approach established by Park (1992) could be utilized for testing 

for cointegrating vectors in a model with an integrated process of order I(1). Consistent estimates are produced by 

this approach in a variety of situations, including those involving extremely persistent time series. According to 

Kinnunen et al. (2024), CCR is particularly recognized for its flexibility in handling a wide range of difficulties 

that can be created with cointegrated regression analysis. 

Granger Causality test  

 

Our methodology is based on Granger (1969), who suggested using time-series data to establish the association 

between financial variables. Whether one factor may aid in the forecasting of another parameter is a usual inquiry 

in time series analysis (Kumo,2012). Granger causality has two main implications: either x must Granger cause Y 

or vice versa if two variables say x and y, are co-integrated (Awe,2012). Two variables are cointegrated if they 

have a shared stochastic trend (Engle and Granger, 1987). A pair of elements are considered cointegrated in a 

broader sense if their linear combinations are stationary (I(0)) and if they are not stationary in and of themselves 

but are stationary in their initial differences (Yousefi, 2015). It was possible to get a more complete and nuanced 

view of the links and linkages that occur in our analysis by incorporating pairwise Granger causality tests within 

our research. 
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Diagnostic test 

To assess the accuracy of the information utilized for the factors selected in this work, we make use of the Breusch-

Godfrey Lagrange Multiplier test to identify serial correlation issues, the Breusch-Pagan-Godfrey test is used to 

examine heteroskedasticity, and the Jarque-Bera test is used to confirm residual normality (Gupta and Singh, 

2016). The sample skewness S and kurtosis K from the observed time series data are measured by the Jarque-Bera 

test statistics. According to the normality concept, S and K have values of 0 and 3, respectively (Thadewald & 

Büning 2007). Mokhtar (1994) argues that autocorrelation typically happens in both time-series and cross-sectional 

data. However, we know that time is the factor that causes autocorrelation in time series data. Unreliable research 

findings will emerge from a model with a heteroscedasticity issue, and the estimated model will not be appropriate 

for application (Lun and Samsudin, 2022).  

Results and Discussion 

Summary Statistics 

Using the different results of many normality assessments (skewness, probability, kurtosis, and Jarque-Bera), 

Table 2 showcases the outcomes of the summary measurements among the variables. Additionally, it offers basic 

descriptive statistics for factors in the actual and logarithmic forms, including mean, standard error, median, 

standard deviation, and lowest and highest figures. Time series data for the USA from 1990 to 2019 is included in 

each parameter, with 32 observations. All of the elements appear to follow normality based on the negative values 

of skewness by the variables. In addition, the research used kurtosis to determine if the series exhibited a strong or 

weak tail compared to a normal distribution. Furthermore, the Jarque-Bera probability calculations demonstrate 

that every parameter is normal. We moved further with the component correlation assessment based on this 

information.  

Table 2. Summary Statistics of the Variables 

Statistic LCLF LGDP  LGDP2 LAI LFD LICT LPOP 

Mean -0.835416 10.64393  113.3917 2.625053 -0.167379 19.4995 7.505506 

Median -0.822656 10.71885  114.8942 7.157725 -0.096679 2.63119 19.50906 

Maximum -0.63269 11.15938  124.5318 9.724421 -0.081949 2.871059 19.62074 

Minimum -0.970971 10.08116  101.6297 6.320768 -0.520773 2.267549 19.33546 

Std. Dev. 0.093945 0.318778  6.76113 1.035853 0.137067 0.132527 0.086792 

Skewness 0.065531 -0.255693  -0.219087 1.155679 -1.662635 -0.270512 -0.311181 

Kurtosis 1.965479 1.888894  1.876795 2.992345 4.273768 3.783686 1.894819 

Jarque-Bera 1.449882 1.994763  1.938117 7.123243 16.90654 1.209162 2.14501 

Probability 0.484353 0.368844  0.37944 0.128393 0.332213 0.546303 0.34215 

Sum -26.73331 340.6058  3628.534 240.1762 -5.356143 84.00168 623.984 

Sum Sq. Dev. 0.273596 3.150205  1417.099 33.26275 0.582405 0.544463 0.233521 

Observations 32 32  32 32 32 32 32 

 

 



Journal of Environmental Science and Economics 

Global Scientific Research   11 
 

Stationarity test 

The Table 03 below presents the findings of stationarity testing with the ADF, DF-GLS, and P-P procedures. The 

ADF test observations illustrated that after taking the first difference, LLCF, LGDP, LGDP2, and LAI became 

stationary from their non-stationary values. On the other hand, LFD, LICT, and LPOP stayed stationary at their 

levels after first differencing. For each factor, the findings of the P-P and DF-GLS assessments were identical to 

those of the ADF test. Interestingly, at first differencing, every variable in the ADF, P-P, and DF-GLS tests is 

significant at the 1% level. After first differencing, the LGDP2 variable in the DF-GLS analysis, however, is only 

significant at the 5% level. The stationarity examination findings reveal that the series is stationary at mixed levels 

of either level or first-order integration, I(0) or I(1), meaning that the ARDL bounds cointegration method might 

be applied to this study.  

 

Table 3. Results of unit root tests 

Variables ADF P-P DF-GLS Decision 

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

LLCF -0.799 -5.347*** -0.826 -5.345*** -1.475 -4.302*** I(1) 

LGDP -0.878 -4.841*** -0.953 -4.829*** -1.771 -3.137*** I(1) 

LGDP2 -0.614 -5.001*** -0.650 -4.968*** -1.142 -3.343** I(1) 

LAI -2.014 -4.881*** -1.181 -3.676*** -2.047 -4.121*** I(1) 

LFD -3.071** -4.381*** -3.108** -4.551*** -3.184** -4.221*** I(0) 

LICT -3.052** -4.585*** -3.010** -4.574*** -3.435** -3.836*** I(0) 

LPOP -4.520*** -7.341*** -7.550*** -8.112*** -3.229** -4.549*** I(0) 

 

ARDL Bound test 

We first determine the stationarity characteristics of the series and then perform the ARDL bounds technique for 

cointegration evaluation. The F-statistic was computed with suitable lag duration according to the lowest values 

of the Akaike Information Criterion in this investigation. The cointegration relationship between the variables was 

investigated using the ARDL bounds test, and the findings are displayed in Table 4. The outcomes are organized 

so that the existence of a long-term link between the variables is demonstrated if the estimated value of the F-test 

is greater than the values of both limits (upper and lower bound). Our findings support the rejection of the null 

hypothesis by indicating that the variables have a long-term connection. The approximate F-statistic value 

(9.129832) is greater than 10%, 5%, 2.5%, and 1% of the critical upper limit in the order zero and one, accordingly. 

Therefore, we conclude that variations in each of these factors have a consequence on the LCF in the USA. 

. 

Table 4. Results of ARDL bound test 

Test Statistic Value Signif. I(0) I(1) 

F-statistic 9.129832 10% Asymptotic: n=1000 1.99 

  6% 2.27 3.28 

  2.50% 2.55 3.61 

  1% 2.88 3.99 
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ARDL short-run and Long-run 

The ARDL results for each variable can be seen in Table 5. The short and long-term dynamics' findings revealed 

that GDP has an adverse effect on the LCF; that is, for every 1% rise in LGD, the ecosystem's quality will decline 

by 0.899% and 0.360%, respectively. This suggests that when economies evolve, they correspondingly increase 

the need for goods, power, and natural assets, which leads to greater production of pollutants, which worsen 

environmental conditions. According to the expected outcomes, economic expansion is not an indication of a 

sustainable US atmosphere. Conversely, the coefficient LGDP2 is positively and significantly correlated with 

LLCF. A 1% increase in LGDP2 leads to corresponding increases of 0.652% and 0.969% in LCF. This finding 

suggests that the United States environmental quality will benefit from a short- and long-term increase in LGDP 

squared. According to He et al. (2024), increased economic activity deteriorates ecological conditions in OECD 

nations. Numerous studies by Ali et al. (2024), Ullah et al. (2024), Mughal et al. (2022), and Rahman et al. (2022) 

concurred that a rise in economic growth led to a heightened rate of destruction of the environment. However, 

GDP expansion may also enhance the ecosystem (Jabeen et al.,2024; Mohammed et al.,2024).  

Likewise, there exists an encouraging correlation between the LAI coefficient and the LCF over both terms. An 

increase of 1% in AI innovation will result in an expansion of 0.030% and 0.036% of LCF. This result illustrates 

how AI innovation can benefit the natural world by reducing CO2 emissions, improving the efficiency of resources, 

and cutting garbage creation. According to Hoang et al. (2022), AI has demonstrated its potential for usage in 

preventing pollution and managing the environment in the future. In a similar vein, Habila et al. (2023) 

agreed that (AI) improves human capacity to manage global warming to achieve sustainability while utilizing 

renewable resources. Furthermore, AI has a great deal of promise for tackling severe environmental issues (Bibri 

et al.,2024, Rasheed, 2024). However, over both short and long terms, there is a detrimental and significant 

relationship between the LFD and LLCF, suggesting that financial development does not help guarantee a 

sustainable environment. In particular, 1% more financial development will end up in 0.343% and 0.295% of 

LCF in response. According to (Katircioğlu and Taşpinar, 2017 Xu et al., 2018 Imamoglu, 2019 Kayani et al.,2020; 

Yang et al.,2023, Xulu, 2024), expansion in finance harms the environment. Furthermore, several empirical studies 

(Cheng et al., 2019; Omri et al., 2019; Seetanah et al., 2019) suggested no discernible correlation between the 

growth of the financial industry and ecosystem health. On the other hand, several researches provide evidence that 

mitigating the harm to the environment can be achieved through the creation of a robust and well-planned financial 

sector (Dar and Asif, 2018; Fakher, 2019; Zaidi et al., 2019; Saud et al., 2018; Baloch et al., 2019; Khan et al., 

2019; Akadiri et al.,2022; Annor et al.,2024). 

In the same way, population density has a destructive but significant link to the LCF, which is detrimental to the 

ecological condition of the United States. The LCF will drop by 0.836% and 0.335%, respectively, with a 1% rise 

in LPOP. One explanation might be that when the population grows, there is a greater demand for materials, 

resulting in the exploitation and depletion of assets; this, in turn, causes environmental damage such as loss of 

wildlife, deforestation, and boosting contamination. According to Yeh and Liao (2017), Taiwan's population 

increase was the main contributor to carbon emissions, and a 16–29% reduction in population growth would result 

in lower emissions of carbon. Wu et al. (2021), however, dispute this claim and conclude that China's population 

growth can both slow down the short- and long-term boost to emissions and enhance the environment. Finally, 

there is a significant and beneficial association between ICT use and LCF. If LICT expands by 1% in a shorter 

time, LCF increases by 0.279% on average. Similarly, over time, a 1% increase in ICT will allow the LCF to boost 

by 0.106%. This conclusion is observed by (Asongu et al.,2017 Ahmed and Le,2021 Lahouel et al. 2024, Zhang 

and Liu,2015 Chen et al.,2019; Danish, 2019 and, Megbetor and  Boateng, 2023), who concluded that ICT might 

be utilized to lessen the negative consequences of CO2 emissions and enhance the environmental quality. 
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Conversely, Appiah-Otoo and Chen (2024), Raheem et al.(2020), and Haseeb et al.(2019) claimed that the 

elevation in  GHG pollution is caused by ICT use and hampers environmental sustainability. 

 

Table 5. Results of ARDL short-run and long-run 

Long-run Estimation 

Variable Coefficient Std. Error t-Statistic Prob. 

LGDP -0.360 3.177805 -6.72179 0.0000 

LGDP2 0.969 0.151067 6.416285 0.0000 

LAI 0.036 0.012913 -2.81781 0.0130 

LFD -0.295 0.132515 -2.2324 0.0413 

LICT 0.106 0.040101 2.64342 0.0184 

LPOP -0.335 0.518045 7.76546 0.0000 

C 8.14243 2.36632 1.785167 0.0945 

Short-run Estimation 

Variable Coefficient Std. Error t-Statistic Prob 

D(LLCF(-1)) 0.172 0.072349 2.384869 0.0307 

D(LGDP) -0.899 2.906232 -5.12658 0.0001 

D(LGDP2) 0.652 0.133748 4.881989 0.0002 

D(LAI) 0.030 0.013241 -2.32651 0.0344 

D(LFD) -0.343 0.067581 -5.07745 0.0001 

D(LICT) 0.279 0.032765 8.538319 0 

D(LPOP) -0.836 0.733377 1.140186 0.2721 

CointEq(-1)* -1.44956 0.140053 -10.35 0 

R2=0.9687 

Adjusted R2 =0.9588 

 

Robustness Check 

To confirm the consistency of the ARDL estimation, we implemented the FMOLS, DOLS, and CCR approaches. 

The outcomes for these models are shown in Table 6. The LCF is typically reduced by 0.708%, 0.467%, and 

0.716% in the FMOLS, DOLS, and CCR models for each 1% improvement in the LGDP. This coefficient agrees 

with the results of the ARDL calculation and is significant in each case at the 1% level. In a similar vein, the 

notable and encouraging outcomes for LGDP2 support the ARDL findings. The robustness of the ARDL estimation 

for the LAI and LICT variables is further demonstrated by the FMOLS, DOLS, and CCR conclusions. These 

factors are also significant at the 1% level and have a positive correlation with LCF. 

However, the data shows that there is a detrimental and substantial link between LCF and financial development 

(LFD). To be more precise, under the FMOLS, DOLS, and CCR models, a 1% spike in LFD yields a 0.542%, 

0.535%, and 0.510% drop in LCF, respectively. The variable is significant at the 1% level of significance in all 

cases. Finally, in the scenario of LPOP, the FMOLS, DOLS, and CCR results demonstrate an advantageous 

relationship. A 1% boost in LPOP in each model creates an average jump in LCF of 1.223%, 1.759%, and 1.148%, 

in that order. For FMOLS and CCR, the coefficient is significant at the 1% level; for DOLS, it is only significant 

at the 10% level of significance. However, this result is not aligned with the conclusions of the ARDL estimation. 
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So overall, the abovementioned information indicates the robustness of the outcomes of the ARDL short and long-

run methodology. 

. 

Table 6. Results of Robustness check 

Variables FMOLS DOLS CCR 

LGDP -0.708***(0.2708) -0.467***(0.2045) -0.716***(0.7166) 

LGDP2 0.693***(0.1049) 1.805***(0.9846) 0.689***(0.1312) 

LAI 0.016***(0.0382) 0.089***(0.0687) 0.013***(0.0121) 

LFD -0.542***(0.1026) -0.535***(0.9805) -0.510***(0.1048) 

LICT 0.132***(0.0345) 0.036***(0.2609) 0.101***(0.0367) 

LPOP 1.223***(0.3095) 1.759*(0.4805) 1.148***(0.3775) 

C -9.261***(1.059) -7.055*(1.432) -9.359***(1.8912) 

 

Pairwise Granger Causality test 

Table 7 presents the findings of the causal links across different chosen variables. It is evident from an F-statistic 

of 3.38826 and a p-value of 0.0399 that LGDP doesn't Granger cause of LLCF. This implies that, at the 5% 

significance level, the null hypothesis that there exists no link between these variables is rejected. Furthermore, 

the presence of one-way causation from LGDP2, LAI, LFD, and LICT to LLCF is confirmed by the p-values that 

are less than the conventional significance threshold. Thus, we rule out the null hypothesis that there is no causal 

connection under these circumstances. Nonetheless, a significant bidirectional causal association emerged between 

LPOP and LLCF. On the other hand, p-values greater than the traditional significance criterion for each case show 

that there is no meaningful causal association between LLCF and LGDP, LGDP2, LAI, LFD, and LICT. These 

results imply that changes in LCF do not influence ICT usage, financial development, artificial intelligence, or 

economic growth. So, it is not possible to rule out the null hypothesis that there is no causality in these interactions. 

Table 7. Results of Granger Causality test 

Null Hypothesis Obs F-Statistic Prob. 

LGDP ≠ LLCF 30 3.38826 0.0399 

LLCF ≠ LGDP  0.44313 0.647 

LGDP2 ≠  LLCF 30 3.4843 0.0463 

LLCF ≠ LGDP2 

 0.44696 0.6446 

LAI  ≠ LLCF 30 2.38966 0.0123 

LLCF ≠  LAI  1.48366 0.2461 

LFD  ≠ LLCF 30 6.00742 0.0074 

LLCF  ≠ LFD  0.25365 0.7779 

LICT  ≠ LLCF 30 13.581 0.0001 

LLCF  ≠ LICT  0.02088 0.9794 

LPOP ≠  LLCF 30 4.3606 0.0237 

LLCF  ≠ LPOP  0.50808 0.0177 
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Diagnostic Test 

The findings from three separate diagnostic examinations are displayed in Table 8. The results show that no 

diagnostic approach can rule out the null hypothesis since they are all contradictory. A p-value of 0.5621 from the 

Jarque-Bera test illustrates that the residuals have a normal distribution. Then, with a corresponding p-value of 

0.2412, over the traditional threshold for significance, the Lagrange Multiplier analysis shows no serial correlation 

in the residuals. The Breusch-Pagan-Godfrey test, which yields a p-value of 0.4658, ultimately verifies that the 

residuals do not exhibit a heteroscedasticity problem. 

 

Table 8. The results of diagnostic tests 

Diagnostic tests Coefficient p-value Decision 

Jarque-Bera test 2.3412 0.5621 Residuals are normally 

distributed 

Lagrange Multiplier test 1.5136 0.2412 No serial correlation exits 

Breusch-Pagan-Godfrey test 0.9695 0.4658 No heteroscedasticity exists 

 

 

 

       
Figure 1. The plots of the CUSUM and CUSUMQ tests (critical bounds at a 5% significance level) 

 

Moreover, CUSUM and CUSUM-SQ statistics are utilized to perform the stability assessment. For residuals of 

functions that show structural stability over the long and short terms, use the CUSUM and CUSUM-SQ testing. 

The statistical findings in this case fall between the upper and lower limits. The plot of the CUSUM-SQ test is 

located within the crucial line, as shown in Figure 1, which indicates that the parameters are stable and well-

specified at a 5% percent significance threshold. 

Conclusion and Policy Recommendation 

Our investigation seeks to understand the long- and short-term implications of population growth, financial 

development, economic expansion, AI innovation, and ICT use on load capacity factor (LCF) in the United States 

using data from 1990 to 2019. This investigation used the ADF, DF-GLS, and P–P unit root tests to determine the 

dataset's integration order. The variables in question showed long-term cointegration, as demonstrated by the 

ARDL bounds examination. While population growth, financial development, and short-term economic expansion 

would increase environment degradation in the chosen location, the ARDL long-run relationship showed that 

LGDP2, innovations in artificial intelligence (AI), and utilization of ICT improve the environment over time by 
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lowering GHG emissions. Based on the CCR, FMOLS, and DOLS estimators, the projected findings are robust 

and validated. The LLCF of the USA may be granser caused by LGDP2, LAI, LFD, LIT, and LPOP, owing to the 

Granger causality test. Additionally, the diagnostic test indicates that there is no autocorrelation or 

heteroscedasticity issue and that the analysis residuals are distributed correctly. This article makes further policy 

recommendations for reducing pollution while encouraging sustainable development through the funding of green 

ICT, equitable progress, and more application of AI innovation. Lastly, to prevent resource depletion, reduce the 

generation of waste, and ensure a sustainable environment and growth, the government should offer incentives to 

individuals for integrating green AI innovation and the latest information technologies. 

To enhance environmental sustainability while promoting economic growth in the United States, policies should 

capitalize on the link between GDP and the environment. Key actions include adopting renewable energy, 

enforcing strict emissions standards, and supporting sustainable agriculture. As GDP grows, focus on sustainable 

development by investing in eco-friendly infrastructure, promoting energy efficiency, and improving public 

transportation. Foster innovation through research grants for clean technologies and assist industries in adopting 

greener practices. Additionally, invest in environmental education to cultivate a culture of sustainability, ensuring 

economic growth aligns with environmental goals. 

Policymakers should leverage artificial intelligence (AI) and information and communication technologies (ICT) 

to boost environmental sustainability. These technologies can reduce emissions, optimize resource use, and 

monitor environmental impacts in real-time. Encourage AI and ICT adoption in sectors like industry, energy, and 

agriculture through tax incentives and subsidies. Support the development of smart grids and AI-driven energy 

management to enhance energy efficiency and integrate renewables. Invest in R&D for ICT and AI applications 

in environmental monitoring and precision agriculture. Establish legal frameworks for data sharing and public-

private cooperation to maximize environmental benefits. Promote AI in urban planning to design sustainable cities 

with green infrastructure and efficient waste management. Ensure AI and ICT growth adheres to ethical standards, 

addressing concerns like data privacy and job displacement through comprehensive policies and worker transition 

programs. 

Addressing the environmental impacts of population growth and financial development in the U.S. requires 

targeted measures. Regulate financial markets to encourage green investments and discourage environmentally 

harmful projects. Introduce green bonds and incentives for sustainable investment, and promote ESG standards in 

financial institutions. Implement laws to manage population growth by developing sustainable cities, improving 

resource efficiency, and reducing environmental impacts. Enhance public awareness through family planning and 

education initiatives. Improve public transportation and enforce strict land use laws to curb urban sprawl and 

protect natural areas. Invest in energy efficiency and renewable to meet the rising energy demand. Strengthen 

waste management and recycling systems to handle increased waste. These strategies will balance economic and 

demographic growth with environmental sustainability. 
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Abstract 

Climate Change has a significant effect on all walks of life or human activities across the world. However, 

indigenous communities in different parts of the world are more susceptible to the worst effects of climate 

change due to their dependency on natural resources. Climate change directly affects natural resources such as 

forests, water, grazing land, bio-diversity and traditional foods of indigenous communities. This study explores 

how climate change overlaps or intersects the socio-economic, and bio-cultural marginality of the Kalash 

indigenous community, living in northern Pakistan. The qualitative research paradigm was used to explore how 

climate change overlaps or intersects the socio-economic marginality of the Kalash Indigenous community. It 

reveals that climate change has significantly affected natural resources such as water, biodiversity, forests and 

crops of Kalash's indigenous community. Climate-induced natural disasters affected their livelihood resources 

and compelled them to migrate or be displaced from their native town. It reveals that climate change also affects 

women's marginality in Kalash's indigenous community. It also reveals that climate change overlaps and 

intersects with the socio-economic marginality of Indigenous communities and policymakers should give 

priority to indigenous communities who have a dependency on natural resources to protect them from the worst 

effect of climate change across the world.  

Keywords: Climate Change; Kalash Indigenous Community; Natural Resources; Intersectionality; Socio-

economic Marginality  

Introduction  

Changes in temperature, greenhouse gas concentration and variations in weather patterns significantly affect 

human activities across the world (Forster, Smith, Walsh, Lamb, Palmer, von Schuckmann, & Zhai, 2023). 

However, variation in weather patterns or climate change has a direct impact on rural or indigenous 

communities because they have a dependency on natural resources. For their livelihood, they are dependent on 

forest, rainwater and traditional food. However, Indigenous communities face the worst effects of climate 

change in different parts of the world and their dependency on natural resources,  traumatic colonial history and 

worst post-colonial policies make them more susceptible to its worst effects (Lansbury Hall & Crosby, 2022). 

Hence, climate change intersects or overlaps with their socio-economic marginality.  
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It is believed that Indigenous communities comprise six per cent of the global population. However, they care 

about eighty per cent of the world's biodiversity or natural resources (Brubacher, Chen, Longboat, Dodd, Peach, 

Elliott, & Neufeld, 2024). Indigenous communities lost medicinal plants that badly affected their health and 

they used different medicinal plants for the treatment of various types of diseases (Redvers, Aubrey, Celidwen,  

& Hill 2023). Moreover, climate change disturbs the rain cycle, causes flooding, and affects the biodiversity and 

livestock of the indigenous communities and these effects overlap or intersect indigenous communities' 

marginalities. Moreover, climate-induced disasters affect crops, livestock and agricultural and grazing land of 

indigenous communities. Briefly, climate change has disturbed all walks of life and livelihood resources. 

Climate change like other indigenous communities affects the livelihood resources of Kalash indigenous people. 

The Kalash Indigenous community live in the mountainous region of north-west, Khyber Pakhtunkhwa) 

Pakistan. The population is 3000 thousand to 4000 thousand of the Kalash indigenous community (Ishaq & 

Ghilzai, 2020). They live in a hostile (both social and physical) environment that poses numerous threats to 

their survival including climate-induced disasters. Bio-diversity loss, disasters, and displacement threaten their 

physical and cultural survival. It is observed, that the Kaslash indigenous community population has been 

decreasing and facing the worst kind of socio-political and economic problems. Pakistan as a state has failed to 

protect the rights of this small ethnic and religious indigenous community (Siddiqui, 2023).They uphold 

polytheistic beliefs, distinctive culture, and social setup within a predominated Muslim state. They have been 

facing various socio-economic problems in Pakistan. 

The majority of the Kalash indigenous community lives under the poverty line.The government of Pakistan in 

the post-colonial period has failed to address the socio-economic and survival issues in their native places. 

Kalash's indigenous community has been facing the worst of discrimination in socio-economic, and political 

matters in Pakistan. The British colonial regime in the colonial era and Pakistan in the post-colonial era did not 

initiate any program to address their socio-economic vulnerabilities (Kalash, 2022).Kalash's indigenous 

community's colonial history and post-colonial suppression further intersect their marginality. The injustices 

they faced in the past, and also the post-colonial period make them more vulnerable to climate change (Bicker, 

Ellen,& Parkes, 2003). It is argued that climate change further intersects their marginality (Karrar & 

Mostowlansky, 2018). It intensifies pre-existing vulnerabilities of the Kalash community. Moreover, climate-

induced disasters increase the ratio of displacement from their native town. They have lost their cultural values 

and traditions due to climate-induced displacement. Hence, this research article focuses on how climate change 

overlaps or intersects with the Kalash indigenous community's volunerbalities. This research article also 

explores the climate change impact on their limited livelihood resources such as forests, domesticated animals, 

agricultural land, grazing land and crops. Intersectionality theory is applied to understand climate change's 

intersecting impact on the Kalash indigenous community.  

 

Kalash Indigenous Community and Their Ways of Life  

 

As mentioned above, the Kalash indigenous community lives in district Chitral, Khyber Pakhtunkhwa, Pakistan. 

They live in mountainous and difficult geographical terrain. Their geographical region is prone to land sliding 

especially in monsoon season (Choudhry, Golden, & Sang-Ah Park, 2024). Kalash people speak the Kalasha 

language (it is known as Kalasha-mun) and belong to Indo-Aryan stock. They have unique religions, customs, 

traditions and food. The Kalash people are the followers of the traditional Kalasha religion which is a form of 

animism and ancestor worship mixed with ancient Hinduism. They have a distinctive socio-cultural and 

religious identity. Moreover, in their native town, they are dependent on natural resources such as timber, crops, 

fruits and domesticated animals (Uddin,  2019).  Agriculture is a main source of livelihood but they have 
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limited low land and mainly live in mountainous regions. Variations in weather patterns or rain cycles create 

problems for them to find pasture for domesticated animals. Variation in the rain cycle has a direct impact on 

the grazing land. Moreover, they cultivate wheat, maize, vegetables and different types of fruits. These are the 

cash crops of Kalash's indigenous community. They purchase agricultural products in the local market (Fentz, 

1996). However, climate change has significantly affected their productivity and it barely fulfils their family 

needs now. They have no cash crops now. They face problems in fulfilling other needs after the worst effect of 

climate change on their agricultural products. They used trees for heat or domestic use and purchased timber in 

the local market. Many Kalasha community members are doing timber or fruit business However, the scarcity 

of trees or forests often causes conflict among the Kalasha community. They are leaving the timber business 

and this business is not enough to fulfil their family expenditure (Zeb, Hamann, Armstrong,  & Acuna-

Castellanos, 2019). Moreover, the family is the basic unit and performs economic and security functions Family 

institutions perform socio-economic, caring and caring of children functions. The majority of them live in joint 

families but some of Kalash's indigenous community members live in nuclear families as well (Ali & Chawla, 

2019). They have a patriarchal structure, where men make major decisions. However, it is not a strict type of 

patriarchy and women are allowed to take part in all walks of life.  They have strong family ties and social 

networks. Moreover, in religious or wedding ceremonies, traditionally they knock goat and sheep meat or any 

other traditional food. Moreover, they used different plants as a traditional medicine and they live in remote 

areas and have no easy access to medical facilities in their native places. They cannot afford health expenditures 

and also cannot afford the educational expenses of their children (Parkes, 1987).  In short, they have been facing 

socio-economic and political problems. The following line explains the theoretical framework of this study, and 

how climate change overlaps or intersects with the existing socio-economic problems of the Kalash indigenous 

community.  

 

Theoretical Framework 

Indigenous communities are dependent on natural resources as mentioned above. However, climate change 

directly affects the natural resources that intersect the socio-economic vulnerability of indigenous communities. 

Hence, the intersectional theory presented by  Kimberlé Williams Crenshaw in 1989 provides theoretical insight 

to this study (Carastathis, 2014). The intersectional theory refers to socio-cultural or environmental factors that 

overlap or intersect with associated oppressive, dominating, or discriminatory systems (Kaijser, & Kronsell, 

2014).This theory provides theoretical insight to understand the climate change effect on the already 

marginalized position of the Kalash indigenous community living in the periphery of Pakistan. Kalash's 

indigenous community remained oppressed in the colonial and post-colonial eras. They have also been facing 

discriminating policies in the post-colonial times after the emergence of Pakistan. They live under the poverty 

line and do not have access to health and educational facilities in their native region. Climate change further 

intersects with their already marginalized position. Therefore, the theory of intersectionality provides theoretical 

insight into this study of how climate change overlaps or intersects with the oppressed or marginalized position 

of the Kalash indigenous community.  

Methodology of the Study 

A qualitative research paradigm was used to understand the climate change effect on the Kalash indigenous 

community. The data was collected through participant observation and in-depth interviews with both men and 

women. Climate change differently affects men and women, therefore, the primary data was collected from both 

men and women of Kalash indigenous communities. Moreover, the primary data was thematically analysed to 

understand the climate change effect on the Kalash indigenous community living in northern Pakistan. The 
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primary data juxtaposed with the secondary data to understand the climate change interaction with the socio-

economic marginality of Indigenous people living in the peripheries in the different parts of the world.  

Theorizing Effects of Climate Change on  Indigenous Communities  

Indigenous communities are more vulnerable to climate change (Datta, & Kairy, 2024).They lose their 

traditional knowledge due to rapidly changing ecological conditions. Climate change increases the risk of food 

insecurity and also significantly affects the traditional foods of indigenous communities in different parts of the 

world  (Reyes-García,  Álvarez-Fernández,  Benyei, P., Calvet-Mir, Chambon, M., García-del-Amo, and 

Tofighi-Niaki,  2023). Moreover, climate change creates scarcity of water and also causes climate-induced 

disasters which significantly affect indigenous communities. Climate-induced disasters relocate them from their 

historical homelands (Ngcamu, 2023).As a result of relocation, they lose their traditions, customs and traditional 

knowledge. 

Displacement from the native town also affects their indigenous resilience to climate change. It is believed that 

Indigenous resilience is entrenched in the culture and environmental heritage of Indigenous communities. 

Indigenous resilience to climate change is also embedded in their social and geographical history, spiritual 

values, traditional ecological knowledge, and worldview (O'Rourke, J. 2023). Climate-induced displacement 

affects not only their food, and livelihood but affect their resilience to climate change (Balbi, 2024). The 

socioeconomic marginality of the indigenous communities further intersects with their vulnerabilities of 

indigenous communities. Moreover, the majority of Indigenous people live under the poverty line due to their 

traumatic colonial history. It is important before assessing climate change to understand the colonial history of 

indigenous communities. They faced the worst colonial policy; and discriminatory policies in the post-colonial 

period (Datta,  Chapola,  Waucaush-Warn, Subroto,  & Hurlbert, 2024). Indigenous communities across the 

world face extreme poverty; substandard and inadequate housing; a lack of health and community services, 

food, infrastructure, transportation, and education as well as historical and current institutional and policy issues 

related to Native resources (Howitt, 2020). The Kalasha indigenous community has no access to their 

indigenous resources and Pakistan as a state does not recognize their rights to their indigenous resources. 

Climate change further intersects their vulnerabilities. Moreover, indigenous communities are also vulnerable 

because their physical, mental, intellectual, social, and cultural well-being is traditionally tied to their natural 

environment and native land. Hence, they depend on the land and resources for basic needs such as medicine, 

shelter, and food (Parsons & Fisher, 2022). As a result of the change, they lose their bio-diversity which 

significantly affects their health. Therefore, climate changes exacerbate many barriers to providing for these 

human needs. Climate change also makes it difficult for them to give an adaptative response to the worst effects 

of climate change. The following line specifically explains the socioeconomic vulnerabilities of the Kalasha 

community living in the northern part of Pakistan.  

 

Kalash Indigenous Community Socio-economic Conditions in Colonial and Post-colonial Periods  

Kalash indigenous people like other indigenous groups such as Pashtun also faced discrimination in the British 

colonial period (Ishaq, & Ghilzai, 2020). Moreover, their culture and religion were stigmatized both in the 

colonial and also in the post-colonial period. The British colonial regime completely ignored development in 

this region and colonial policy in this region was security-oriented rather than development. Kalash indigenous 

people were completely ignored in the colonial era and colonial injustices reinforced socioeconomic 

vulnerabilities in this region. Pakistan as a state in the post-colonial era continued the British security-oriented 

policy (Sengar, & Adjoumani (Eds.), 2023). In this regard, Kalash Indigenous community members stated that 
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“the British completely ignored this region and the post-colonial era, Pakistan as a state also 

deliberately ignored this region Javeed (Individual Interview, 21 March 2024)" 

The British imposed the worst policies for peripheries or in the name of settled or unsettled regions (Khter, and 

Ghalib, 2015).  However, in the post-colonial era, Pakistan also continued the same policy in this region and did 

not initiate any developmental program for the Kalash's indigenous people. Moreover, in the post-colonial era, 

Pakistan as a state failed to protect the rights of Kalash's indigenous community, minority ethnic and religious 

groups they are facing various socio-economic problems in their native places (Zeb, Armstrong, & Hamann, 

2019).  Therefore, the majority of the Kalash indigenous community is living under the poverty line because of 

the indifferent attitude of the state towards the solution to their socio-economic problems (Khan, 2023). Kalash 

indigenous community has limited economic opportunities, and livelihood resources and climate change further 

creates socio-economic issues for them. The Kalash people also face problems preserving their religious and 

cultural heritage amidst the influence of the majority and a changing world. In the post-colonial period, Pakistan 

as a state failed to protect this indigenous community from religious extremism, and socio-economic 

exploitation. The majority of them are dissatisfied with development projects in the region. Hence, in the post-

colonial times, the Kalash people face many challenges that increase their socioeconomic vulnerabilities. 

However, climate change further jeopardizes their future in their native region.  The following lines explain the 

climate change impact on the existing livelihood resources of the Kalash indigenous community.  

Climate Change Impact on the Kalsha Indigenous Community   

As mentioned above, the Kalash indigenous people live in difficult geographical terrain in the north-west of 

Khyber Pakhtunkhwa, Pakistan. They are dependent on natural resources such as forests, rain, domesticated 

animals, agriculture, and fruits (Abdul Aziz, Ullah & Pieroni, 2020). Climate change has directly affected their 

natural resources and threatens their bio-cultural heritage. Climate change increases their socioeconomic 

vulnerabilities because for livelihood they are dependent on the natural resources in Kalash Valley. For 

instance, plants or bio-diversity in this region are badly affected by climate change. Climate change also affects 

medicinal plants which affects the health care, income and culture of the Kalash indigenous community. 

Climate change affects the natural forests and jeopardizes Kalash's Indigenous community's future because they 

have no other option to protect themselves from extreme winter. They are using trees for heating.  Climate 

change affects their livelihood resources. In this regard, Kalash community member stated that  

“I saw snowfall and unexpected rain in our native town in April for the first time. This variation 

in the weather pattern and rain cycle affected our ways of life. Climate change affected the 

livelihood resources of both men and women in our native town” Zarmeena, (Individual 

Interview, 25, March 2024).  

Variation in the rain cycle creates the possibility of extreme weather, flood and drought. Agriculture is the main 

source of their livelihood and variation in the rain cycle badly affected their crops. They have no irrigation land 

(Sher, Al-Yemeni, & Sher, 2010).  Moreover, domesticated animals are the basic sources of their livelihood. 

Climate change has a significant effect on grazing land, it is difficult now for them to manage pasture for 

domesticated animals. Extreme weather not only affects their houses but also affects their animals  Moreover, 

natural disasters such as flooding due to climate change also cause soil erosion which badly affects the plants, 

crops and grazing land of the Kalash indigenous community. It also disturbs the traditional biodiversity in this 

region (Bellard,  Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012). Climate change affected the plants they 
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were using for the different types of diseases of humans and animals (Weiskopf,  Rubenstein, Crozier, Gaichas, 

Griffis, Halofsky & Whyte,  2020). In this regard, one community member stated that; 

"Climate change affected our livelihood resources and we are dependent on our natural 

environment and variations in weather patterns, rain cycle affects our means of livelihood in 

our native places, Sujeel (Individual interview, 24 March 2024).  

Moreover, as mentioned above, they are not only dependent on forests for domestic use but timber is the main 

business of the Kalash indigenous community.Their dependency on forests for domestic use causes 

deforestation in Kalash Valley. It is believed that deforestation is also one of the reasons for climate change 

(Zeb, Hamann,  Armstrong, & Acuna-Castellanos, 2019). Moreover, they are living under the poverty line as 

mentioned, they cannot afford climate-resilient seeds. Therefore, climate change has badly affected their crops 

(Aich,  Dey,  & Roy, 2022). It is important to provide them with climate-resilient seeds and increase the 

adaptive capacity and resilience of Kalash's indigenous community formers. However, the Kalash indigenous 

community cannot afford climate-resilient seeds (Shilomboleni, Recha, Radeny, & Osumba, 2023). In this 

regard, one of the community members stated that;  

“climate change has a significant effect on our crops, especially wheat. Formers of our 

community need climate resilient seeds and informal training of the local farmers to educate 

them about climate resilient forming Roshmina (Individual interview, 24, March 2024).  

Moreover, extreme weather causes health problems in domesticated animals. Climate change reduces grazing 

land and pasture but also affects the health of animals, especially goats and sheep. The Kalasha community who 

are dependent on domesticated animals, changed their profession (Ingold, 2002). Moreover, the mining industry 

also affects the grazing land (Haq,  Kontakiotis, Janjuhah, Rahman, Tabassum, IKhan,  & Jamal, 2022).  More 

often than not mining sites create landsliding hazards for the local community, especially for pastoral 

communities and also for animals. Kalash indigenous people face multifaceted issues due to climate change in 

their native places. They are uneducated and do not have the modern skills to search for new livelihood 

resources. Therefore, climate change overlaps or intersects with their socio-economic marginality. The 

following line explains how the climate change effect intersects their marginality.  

Climate Change Intersectiong Socio-economic Marginality of Kalasha Community  

Various socio-economic, and political factors make Indigenous communities more susceptible to the worst 

effects of climate change (Abate, & Kronk, 2013). Indigenous communities are dependent on natural resources 

and do not have the modern technology and institutions to face the worst effects of climate change. They rely on 

their indigenous institutions and resilience to cope with climate change. It is believed that indigenous 

communities are already socio-economically marginalized due to their colonial history and exploitation and 

climate change further intersects their marginality (Nightingale & Rankin, 2014). The colonial injustices and 

post-colonial exploitative policies reinforced poverty in this region and they have limited resources in their 

native town. Forceful conversion, political instability, and religious extremism have brought demographic 

changes and displaced many Kalash indigenous people from their native places. Climate change further 

intersects or overlaps with their existing socio-economic vulnerabilities. In this regard, Indigenous community 

members stated that; 

“the colonial regime and in the post-colonial period our community has not been supporting 

and these states failed to initiate any developmental program for our people. Therefore, we are 

facing a multifaceted socio-economic problem. However, climate change further makes us 

socio-economically vulnerable"Akhtar Wali (Individual Interview, 21 March 2024). 
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Climate change further affected their local livelihood resources especially their natural resources (Sperber, 

2014). Climate-induced disasters displaced Kalash's indigenous people and they have limited land and faced the 

problem of resettlement.  Along with the climate-induced displacement, scarcity of resources, and forceful 

conversion are considered reinforcing factors of their displacement from their native places. Almost in every 

monsoon season, flash flood affects their crops, animals and houses. Heavy rain and flash floods damage their 

homes. They have limited land to build their houses in safe places. In this regard, one Kalash Indigenous 

woman stated; 

"Climate change affected our resources and we women face problems even though we do not 

have safe places to wash our clothes and it is also difficult for us to bring pasture for our 

domesticated animal" Aleena  (Individual Interview, 19 March 2024).  

 Climate change also intersects or overlaps with women's marginality. As compared to men, women of the 

Kalash indigenous community face multifaceted issues.  Climate change-induced disasters also differently 

affected women because during displacement they are more exposed to physical and sexual violence. Along 

with women, men cannot afford the expenditure of their families. Climate change affects their local resources 

and now they are compelled to leave their native place in search of livelihood resources. Therefore, climate 

change intersects with Kalash's Indigenous community's socio-economic problems. They were already deprived 

and lived under the poverty line. Climate change further intersects their socio-economic vulnerabilities and 

jeopardizes their future in their native places.  

Conclusion  

This study focuses on the socio-economic vulnerabilities of the Kalash indigenous community. It is revealed 

that Kalasha's indigenous community has faced numerous socio-economic challenges in their native town. It 

reveals that climate change further intersection their socio-economic vulnerabilities. Kalasha's indigenous 

community already live under the poverty line. The climate further overlaps or intersects with the vulnerabilities 

in their native town. The theory of intersectionality provided theoretical insight to this study. Climate change 

intersects the vulnerability of the Kalash indigenous community. The colonial policy in this region was security-

oriented and ignored socio-economic development. Pakistan also has failed to initiate a developmental program 

for the Kalash indigenous community. Their historical, as well as post-colonial policies reinforce socio-

economic marginality. However, climate change intersects or overlaps the socio-economic marginality of the 

Kalash indigenous people who live in the northwest of Pakistan.  
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Abstract 

This study investigates the impact of Artificial Intelligence (AI) innovation on the ecological footprint in the Nordic 

region from 1990 to 2020, alongside the effects of banking development, stock market capitalization, economic 

growth, and urbanization. Utilizing the STIRPAT model, the study incorporates cross-sectional dependence and 

slope homogeneity tests, revealing issues of heterogeneity and cross-sectional dependence. The analysis employs 

both first and second-generation panel unit root tests, confirming that the variables are free from unit root problems. 

Panel cointegration tests demonstrate that the variables are cointegrated in the long run. To explore the short- and 

long-term relationships, the study utilizes the Panel Autoregressive Distributed Lag (ARDL) model. The Panel 

ARDL results indicate that economic growth, stock market capitalization, and urbanization positively correlate with 

the ecological footprint in both the short and long run. Conversely, AI innovation and banking development 

negatively correlate with the ecological footprint. To validate the Panel ARDL estimations, robustness checks are 

performed using Fully Modified OLS, Dynamic OLS, and Fixed Effects with OLS, all of which support the initial 

findings. Furthermore, the study employs the D-H causality test to identify causal relationships. The results show a 

unidirectional causal relationship between AI innovation, stock market capitalization, urbanization, and the 

ecological footprint. In contrast, a bidirectional causal relationship exists between economic growth and the 

ecological footprint, as well as between banking development and the ecological footprint. 

Keywords: Artificial Intelligence; Banking Development; Stock Market Capitalization; Ecological Footprint; 

Nordics Region 

Introduction 

Because of rising modernization, worldwide population growth, shifting lifestyles, and greater energy consumption, 

the threat of climate change has worsened in recent years (Voumik et al.,2022; Ahmed et al.2024). Based on data 

from Global Footprint Network (GFN 2018), over 80% of people on Earth reside in nations experiencing a serious  
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environmental catastrophe. For developed as well as developing nations, combating global warming and 

environmental damage has been a top concern (Apergis et al., 2023; Raihan et al., 2023a). The Nordic countries 

(Denmark, Finland, Iceland, Norway, and Sweden) are regarded as worldwide examples of converting to green 

energy. They are among the most developed in the World, consistently ranking highly on the Human Development 

Index (HDI) of the United Nations, with Norway leading among them (Urban et al., 2018). They were also effective 

in splitting their economy from carbon emissions, which is obviously highly desirable but challenging to do. The 

Nordic nations have forward aggressive climate change and energy policies to eliminate fossil fuels by 2050 

(Sovacool, 2017). Moreover, this region is widely considered to be a pioneer in climate environmental sustainability 

and home to affluent countries that are contributing significantly to climate change beyond their national borders 

by absorbing a significant portion of the resources and energy used by their citizens (Maczionsek et al., 2023; 

Ridwan et al.2023). These areas are included in the study to provide an intriguing figure with motivating common 

characteristics; they have similar socioeconomic circumstances. Furthermore, they are commonly recognized as 

leaders in the worldwide effort to combat climate change (Jokinen et al., 2020). To address concerns about 

ecological sustainability in the chosen area, this analysis focused on the relationships across stock market 

capitalization, banking development, AI, and economic growth. Using panel data analysis techniques, the project 

seeks to uncover empirical evidence and guide research-based policy recommendations for an improved future that 

is greener both globally and in the Nordic region. 

In the real world, the Nordic area provides a model of how nations, businesses, and individuals have successfully 

reduced their GHG emissions and fostered clean energy (Raihan et al.2022a). The academic literature continues to 

endorse it as an example of advances in technology and the implementation of clean energy sources (Borup et al., 

2008; Sovacool, 2013). Moreover, Finland, Iceland, Norway, and Sweden (except Denmark) have relatively 

substantial levels of sustainability disclosure (94%, 91%, 91%, and 98%, respectively) (KPMG, 2022). Numerous 

global problems, including escalating demands for energy, waste creation, shortages of water, and increasing EFP, 

are contributing to environmental damage (He et al. 2018; Quan et al. 2021). Researchers are linking several EFP-

related elements to reveal potential mitigation strategies that could aid in achieving sustainable development. 

Ecological footprint (EFP) can effectively handle and analyze natural resources and is a substitute that is heavily 

used to evaluate ecosystem conditions (Khan et al. 2021; Ridzuan et al.2023). When the population's needs are met 

outside of the limits of the environment, an ecological deficit results (Dogan et al., 2022; Sahoo and Sethi, 2021). 

This is known as an ecological footprint exceeding biocapacity. Nordic European countries, including all members 

of the European Environmental Agency Countries (EEA-32), might evaluate the outcomes of their "Green Deal" 

initiative and Environmental Action Plans, which represent their primary environmental policy (Apergis et al.,2023; 

Raihan et al.2024a). In fact, by utilizing 15 indicators, the Nordic community established collaboration in 2019 to 

make the Nordic European Area the most integrated, competitive, and sustainable region in the World by 2030 

(Nordic Statistic Database, 2022). By influencing consumption and manufacturing habits, innovation in technology, 

utilization of resources, environmental laws, and social welfare of both the business growth and society, the 

development of stock markets can have a consequence on the EFP (Younis et al., 2021; Sharma et al., 2021; 

Tsagkanos et al., 2019). Depending on some factors, including the extent, framework, effectiveness fluctuation, and 

expansion of the financial system; the level of GDP growth; the quality of the institutions; ecological consciousness 

global context; and advances in the energy field, the rise of stock markets can have both positive and destructive 

implications on EFP (Paramati et al., 2017; Topcu et al., 2020; Raihan et al.2023b). Furthermore, it has been proven 

that modern technology fosters sustainable development over time in all countries, and the Nordic region is no 

exception. By addressing environmental challenges, innovation contributes to the improvement of the natural World 

(Alola et al.,2024). In 2018, there was a 1.7% increase in emissions of carbon in Sweden, with a peak of almost 

33.1 billion metric tons (Khanal, 2021; Raihan et al., 2022b). On the other hand, pollution levels in Norway have 
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been rising continuously since the 1960s, except for a brief drop that occurred between 1990 and 1995. To stop this 

growing trend, which was brought on by uncertain macroeconomic conditions, innovative energy technology 

initiatives, and limitations on greenhouse gas emissions, both nations adopted carbon pricing (Jagers & Hammar, 

2009). In our analysis, we investigate the impact of economic growth, urbanization, stock market capitalization, 

artificial intelligence, and banking development on the Nordic countries' ecological footprint. The following is 

how the article advances earlier research: (i) some researchers have spoken on the connection between the 

environment, development, and energy in panel discussions and individual studies. The present research is the first 

empirical analysis to look at the Nordic countries' advancement in banking, stock market capitalization, AI 

innovation, and ecological footprint—all encouraging indicators through this work. Nonetheless, the majority of 

earlier research (Akram et al., 2020; Ali et al., 2019; Salahuddin et al., 2019; Raihan and Voumik, 2022; Voumik 

et al. 2023a, 2023b) took CO2 emission as a measure of ecological condition. However, the study utilized the EFP 

as a substitute for environmental sustainability. The EFP calculates an individual's or a community's demand for 

accessible natural resources (Omojolaibi and Nathaniel 2020). EFP has, therefore, been employed in numerous 

research to explore the green environment (Pata et al., 2021; Nuta et al.,2024; Idroes et al., 2024) to some extent. 

(ii) The study also contributed to the body of literature on the use of second-generation panel estimation approaches 

as more advanced than conventional panel estimation methods. To investigate both the short- and long-term 

consequences within the chosen variables, we used the Novel ARDL methodology and the STIRPAT framework. 

The remaining content is given below: the existing literature is organized in the second part. Data collection and 

the methodological framework are covered in the next part. The discussion and empirical results are reported in the 

fourth portion. In the fifth subsection, a conclusion and policy implications are developed. 

Literature Review 

Multiple studies have measured the condition of the environment utilizing different indicators, like ecological 

footprint and CO2 emissions. To identify discrepancies in the literature, we conduct a thorough assessment of the 

current condition of academic work in this part. As a result, we will address previous studies on the effects of EFP 

on economic development, urbanization, artificial intelligence (AI), banking development, and stock market 

capitalization, which will support the parameters of our study. The intricate link between GDP and ecological 

footprint (EFP) can be affected by geographic differences as well as additional pertinent factors. The contemporary 

economic boom has had an enormous effect on the increase in carbon emissions globally (Longsheng et al., 2022). 

Sahoo and Sethi (2021) have discovered a similar result in emerging economies using the FMOLS and DOLS 

approaches, and they propose the need for legislative actions to lessen ecological challenges. Using the panel 

dynamic Generalized Method of Moments (GMM) in conjunction with Fully Modified Ordinary Least Square 

(FMOLS), Zhang et al. (2022) conducted research to explore the long-term connection among the chosen factors in 

five emerging countries between 1990 and 2019. They added that the EFP increased as a result of GDP development. 

Moreover, Shahbaz et al. (2023) used annual data from 1992 to 2017 for the ten countries with the biggest ecological 

footprint. They concluded that through a spike in EFP, monetary expansion has a detrimental implication on 

environmental quality. Similar conclusions were reached by Ahmad et al. (2020), Destek (2020), and Sharif et al. 

(2020) about the long-term positive link between EFP and economic growth. Conversely, the rise in GDP of the G-

7 countries concerning greenhouse gas emissions was done by Balcilar et al. (2018). The results go counter to the 

EKC hypothesis, which holds that the condition of the ecosystem in Germany and the UK is not negatively impacted 

by economic growth. Ozturk et al. (2021) discovered that Saudi Arabia's environmental degradation is negatively 

impacted by economic growth. The findings of Li et al. (2022) showed that, in 120 nations, development in the 

economy was linked to a decrease in ecological footprint. This conclusion is facilitated by some research, including 

Ahmed et al. (2021) in the USA, Aslam et al. (2021) in China, and Ali et al. (2021) in Pakistan. 
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By helping with power administration, combating pollution, biodiversity preservation, and other areas, artificial 

intelligence plays a critical role in environmental sustainability and helps achieve sustainable development goals 

(Kumari and Pandey, 2023; Ridwan, 2023). According to Rasheed et al. (2024), artificial intelligence actively 

contributes to reducing emissions of carbon and sustaining the ecosystem of seven developing Asian nations. Chen 

et al. (2022) discovered that the consequences of artificial intelligence (AI) on mitigating CO2 emissions are more 

apparent in big cities, extremely large towns, better-developed facilities, and highly technological cities based on 

panel data collected for 270 Chinese cities. However, in small and medium-sized towns, as well as in cities with 

insufficient services and low levels of technology, it is not significant. Research has adopted AI innovation methods, 

including artificial neural networks (ANNs) and hybrid machine learning models, to examine the environmental 

effects of multiple operations, including the cultivation of soybeans (Kashka et al., 2022), consumption habits 

(Janković et al., 2021), and economic global indicators (Roumiani and Mofidi,2022; Roumiani and Mofidi, 2021). 

These AI models have yielded encouraging predictions of ecological parameters, with ANNs outperforming 

conventional regression methods in terms of ecological impact indices. In the same way, Arya et al. (2024) revealed 

that AI-based solutions for GHG emission monitoring, prediction, and reduction may contribute to a cleaner 

environment. From 2007 to 2020, Liu et al. (2024) illustrated the influences of industrial robots on the ecosystem 

in ten of the World's top manufacturing AI countries: Singapore, South Korea, Japan, Germany, Sweden, Denmark, 

USA, China, France, and Italy. The results imply that these robots enhance the ecological health in the selected 

countries by reducing EFP across different data quantiles. 

The growth of banking can spur economic prosperity by allowing households to purchase vehicles, homes, and 

appliances. However, these activities put pressure on the environment by increasing the demand for and utilization 

of fossil fuels (Baloch et al., 2019, Al Shium et al.2024a). Yet, the growth of banking might encourage the creation 

of high-quality environments: vigorous investments in R&D and environmentally friendly projects could be 

encouraged and financed by a healthy financial system (Zhao et al.,2021; Shahbaz et al.,2016). Financial 

development includes the growth of the banking industry; generally speaking, current research has focused more 

on how financial growth contributes to ecological degradation (Samour et al., 2019). Using data from 1990 to 2018, 

Radulescu et al. (2022) investigate how banking development has affected the ecological impact of 27 OECD 

nations. The MMQR approach results displayed that an upsurge of 1% in banking expansion is expected to increase 

the EFP in all quantiles of the OECD countries. The findings thus confirm that the OECD countries' ecological 

sustainability is compromised by banking development. According to Zafar et al. (2019), the banking development 

index raises emissions of carbon in N-11 countries while lowering them in G-7 territory. Samour et al.(2022) 

acknowledge that banking sector development decreases the environmental level and extends the idea that South 

Africa must leverage the growth of the banking industry to reduce ecosystem damage. From one perspective, the 

growth of the banking industry could encourage modern innovations in the power sector to aid in the reduction of 

emissions and ensure environmental sustainability (Khan and Rehan, 2022). However, an investigation carried out 

in Malaysia between 1980 and 2018 by Altıntaş et al. (2024) found that the improvement of the banking industry 

has a favorable effect on the green environment. Furthermore, rising loan rates in developed economies, growing 

rates of deposits in emerging nations, and higher rates in countries that are developing all help decrease greenhouse 

gases overall (Obiora et al., 2020). 

Numerous studies indicate that the size of the stock market can have a positive or inverse effect on EFP, considering 

several elements. Focusing on rapid financial achievements in the stock market can push companies to prioritize 

profits over biodiversity concerns, potentially leading to increased environmental damage (Taghizadeh-Hesary et 

al., 2022; Al Shium et al., 2024b). Incorporating the capitalization of stocks (SMC) into national and regional global 

warming mitigation efforts is essential, primarily to tackle the adverse impacts of environmental degradation 

(Azeem et al., 2023). These considerations serve as a basis for examining the connection between environmental 
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damage and stock market capitalization (Ozturk and Acaravci 2013; Sadorsky 2010). When accounting for market 

shocks, Mhadhbi et al. (2021) demonstrated that the stock market growth measures of emerging market countries 

have a destructive influence on natural health quality. Li et al. (2022) demonstrated that the stock market had a 

detrimental effect on ecological sustainability in OECD countries that were undergoing rapid economic growth but 

that it was positively correlated with better environmental quality in nations that were experiencing slower economic 

expansion. According to Zafar et al. (2019), stock market activity caused CO2 emissions to grow in G7 countries 

relative to N-11 countries, while it decreased in N-11 countries and improved the ecological condition. Su (2023) 

examines the intricate dynamics of stock market capitalization and CO2 emissions. Utilizing the NARDL model 

demonstrates that China's stock market capitalization is responsible for short-term increases in environmental 

deterioration. Similarly, Nguyen et al.(2021) demonstrated that SMS is not good for the ecological condition of G-

6 countries as it leads to a rise in carbon emissions. However, Zeqiraj et al. (2020) revealed that the stock market 

assisted EU nations in building economies with low emissions. Habiba et al. (2021) also agreed that environmental 

pollution decreased in industrialized economies and the G20 countries as stock markets developed but climbed in 

emerging economies. Moreover, Asiedu (2024) found that in rising countries, stock market capitalization reduces 

EFP. Since urbanization is thought to be one of the primary drivers of ecological decline, it has garnered much 

attention in empirical as well as theoretical studies (Adebayo and Kirikkaleli, 2021; Rana et al., 2024). Multiple 

scholars have empirically examined the adverse and beneficial correlation between urbanization and ecological 

conditions. Using FMOLS and DOLS long-run estimators, Ulucak et al. (2020) assessed the BRICS countries from 

1992 to 2016. The evidence indicates urbanization reduces EFP, suggesting that it improves the ecology. Similarly, 

urbanization improves the ecosystem quality in Sri Lanka (Gasimli et al. 2019). Chien et al. (2023) analyzed the 

consequences of urbanization on the generation of GHGs in the G-7 nations using the innovative MMQR method. 

They found that an increasing population reduces pollution in high-emission economies. Conversely, Nathaniel et 

al. (2021) observed a negative correlation between URBA and ecological effects at the top 10 tourist locations. 

According to Ahmed et al. (2020a), from 1971 to 2014, urbanization boosted the EFP in the G7 areas. Similar 

findings were made by Nathaniel et al. (2020) within the MENA region, Zhang et al. (2021) in Malaysia, Ridwan 

et al. (2024) in six South Asian countries, Raihan et al. (2024b) in the G-7 region, Liu et al. (2024) in China, Voumik 

and Ridwan (2023) in Argentina, and others which showed that urbanization degrades the environment. Moreover, 

Addai et al. (2022) in Eastern Europe revealed that urbanization is not a uniform cause of ecological footprint. In 

Pakistan, negative trends in urbanization caused a decline in environmental degradation, while positive urbanization 

movements prompted an increase in it (Arif et al.,2023).  

Regarding the link between the improvement in the banking sector, artificial intelligence (AI), stock market 

capitalization, and the ecological footprint, there is a deficiency in the literature currently in publication, especially 

when it comes to the Nordic region. Previous research has largely concentrated on greenhouse gas emissions, or 

CO2 emissions, and has overlooked the important factor of ecological footprint (EFP). In particular, by encouraging 

funding for environmentally friendly projects and green technologies, banking growth, and stock market 

capitalization may improve the condition of the environment. Moreover, efforts in the application of Green AI might 

support green habits, reduce climate risk, promote clean energy, and create ecological practices, all of which would 

lessen the negative effects on the environment. Together, these elements constitute artificial intelligence, the growth 

of banks, and stock market capitalization, which is a whole new area of study from a Nordic standpoint. To address 

those drawbacks, the research assists academicians and stakeholders in developing strategies that are specific to the 

ecological and macroeconomic fields of the Nordic region by utilizing statistical techniques such as ARDL, 

FMOLS, DOLS, and FE-OLS processes. 
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Methodology 

Data and Variables 

This study used data from the Global Footprint Network (GFN), Global Financial Development (GFD), and World 

Development Indicators (WDI) from 1995 to 2021 to check out the consequences of GDP, banking development, 

stock market capitalization, artificial intelligence (AI), and urbanization on the EFP of the Nordic area. These 

countries were picked for consideration due to the value and accessibility of their statistical information for our 

ongoing research requirements. The ecological footprint is the dependent variable in our work. The GFN delivered 

the EFP statistics, and the WDI gave the GDP per capita in US dollars. Statistics on urbanization were also taken 

from WDI. Our research relies on data from the GFD to determine important elements such as banking development 

and stock market capitalization. Our World in Data is where the AI variable data came from. Table 1 

straightforwardly illustrates the factors. 

In this study logarithmic variables is used to handle non-linear connections and stabilize variance. Logarithmic 

transformations facilitate the linearization of connections between variables, simplifying the application of linear 

regression techniques and enabling the interpretation of coefficients as percentage changes. In addition, they tackle 

heteroscedasticity problems by reducing the range of data, which can enhance the accuracy of the model and the 

statistical significance. Furthermore, log transformations can mitigate the influence of extreme values or outliers, 

resulting in more resilient and dependable outcomes in empirical investigations. 

 

Table 1. Description and Source of Variables 

Variables Description Logarithmic 

Form 

Unit of Measurement Source 

EFP Ecological 

Footprint 

LEFP Gha per person GFN 

LGDP Gross Domestic 

Product  

LGDP GDP per capita (Current 

US$) 

WDI 

LAI AI Innovation LAI Annual patent applications 

related to AI 

Our World in data 

LBD Banking 

Development  

LBD Deposit money banks 

assets to GDP (%) 

Global Financial 

Development 

LSMC Stock Market 

Capitalization  

LSMC Stock market 

capitalization to GDP (%) 

Global Financial 

Development 

LURBA Urbanization  LURBA Urban Population (% of 

total population) 

WDI 

 

Theoretical Framework 

According to Voumik and Ridwan (2023), the IPAT model can be utilized to evaluate how business activity impacts 

the environment as well as energy consumption. The environmental pressure resulting from prosperity, population 

trends, and innovations in technology is measured by the framework using a random effects regression (Ehrlich and 

Holdren, 1971). Through the selection of dependent and independent variables, we illustrate the use of the widely 

accepted IPAT/STIRPAT model. The term STIRPAT stands for population, wealth, and technology-related 

stochastic effects through regression. Many nations have acknowledged this approach as a legitimate choice, 
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including Malaysia, Italy, the Nordic, China, and the OECD (Shahbaz et al.,2016; Pattak et al.,2023; Owusu et 

al.,2024; Amin & Dogan, 2021; Hashmi & Alam, 2019). This investigation is conducted considering some factors 

such as population dynamics, financial situations, and technological innovations:  

I = ∫ PAT                       (1) 

In this study, we employed EFP as an indication of ecosystem damage (I). Following the STIRPAT framework 

offered by Dietz and Rosa (1997), we utilized urbanization as a measure of population (P), economic growth, 

banking development, stock market capitalization as an indicator of affluence (A), and AI as a measure of 

technology (T). Equation (2) displays the updated form after the intercept term (C) and standard error term (ε) were 

included. 

𝐼𝑖 = 𝐶. 𝑃𝑖
𝛽

. 𝐴𝑖
𝛾

. 𝑇𝑖
𝛿 . 𝜀𝑖                                         (2) 

The empirical model used in this article is the outcome of a thorough review of the relevant research, and this review 

has informed the subsequent representations. 

 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝐼𝑚𝑝𝑎𝑐𝑡 = 𝑓(𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛, 𝐴𝑓𝑓𝑙𝑢𝑒𝑛𝑐𝑒, 𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦)            (3) 

In addition to independent factors, we included environmental impact and used EFP as a proxy indicator. To obtain 

Equation (4), apply the following procedure: 

 

𝐸𝐹𝑃𝑖𝑡 = 𝛼0 + 𝛼1𝐺𝐷𝑃𝑖𝑡 + 𝛼2𝐴𝐼𝑖𝑡 + 𝛼3𝐵𝐷𝑖𝑡 + 𝛼4𝑆𝑀𝐶𝑖𝑡 + 𝛼5𝑈𝑅𝐵𝐴𝑖𝑡       (4) 

Here, GDP means gross domestic product, AI stands for Artificial intelligence, BD indicates banking development, 

SMC for stock market capitalization, and URBA for urbanization. In equation (4), we adapted  𝛼1 to 𝛼5 for 

coefficients of the independent variables and 𝛼0 denoted intercept term. The log forms of the variables are used in 

equation (5) to ensure normal distribution. 

𝐿𝐸𝐹𝑃𝑖𝑡 = 𝛼0 + 𝛼1𝐿𝐺𝐷𝑃𝑖𝑡 + 𝛼2𝐿𝐴𝐼𝑖𝑡 + 𝛼3𝐿𝐵𝐷𝑖𝑡 + 𝛼4𝐿𝑆𝑀𝐶𝑖𝑡 + 𝛼5𝐿𝑈𝑅𝐵𝐴𝑖𝑡   (5) 

Econometric Framework 

The characteristics of the panel data in the Nordic nations might face stationary CSD, SH, or mixed-order stationary 

challenges. While all of these economies are growing, the rates of growth vary significantly. Here, the slope 

homogeneity test is employed for this reason. In this endeavor, the first and second-generation unit root 

assessments, along with the cointegration examination, are required to confirm the CSD and SH concerns. After the 

study had considered all of these criteria, the ARDL approach was adopted. The estimations of FMOLS, DOLS, 

and FE-OLS were featured in our analysis to determine the accuracy. The conclusions of the research, their 

interpretation, and potential implications for the study are all concisely and precisely described in this section, which 

may be subdivided by areas. 

 

Cross-Sectional Dependence Test 

In panel data, an increase in CSD is expected as monetary integration grows and additional barriers are eliminated 

(Ridwan et al.,2024). If researchers ignore the issue and handle the cross-sections as isolated, CSD may produce 

disorganized, misleading, and contradicting results (Hoyos et al., 2006). It is essential to explore the information 

for CSD because panel data are utilized in this study; this test can be seen by the following equation. 
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𝐶𝑆𝐷 = √
2𝑇

𝑁(𝑁−1)𝑁
(∑ ∑ 𝐶𝑜𝑟𝑟𝑖,𝑡

̂𝑁
𝐾=𝑖+1

𝑁−1
𝑖=1 )……………………… (6) 

Slope Homogeneity Test 

Slopes in panel data are often consistent because cross-sections usually share the same properties. For this reason, 

it is essential to handle slope homogeneity in panel data analysis (Ayad and Djedaiet, 2022). According to Pesaran 

and Yamagata (2008), the homogeneity of the slopes is confirmed using the SH test. This evaluation makes use of 

each individual's weighted slope dispersion. The slope heterogeneity is shown by Equation (7) as follows:   

∆ ̌ = √𝑁 (
𝑁−1𝑆%−𝑘

√2𝑘
) and ∆̌𝑎𝑑𝑗=  √𝑁 (

𝑁−1𝑆%−𝑘

√
2𝑘(𝑇−𝑘−1)

𝑇+1

)………………….. (7) 

Panel Unit root test 

To guarantee the correct cointegration order for panel data, Rauf (2018) advised utilizing both parametric and 

nonparametric approaches. The first generation of the panel unit root test fails to consider heterogeneity, CSD 

consequences, or over-rejection of null hypotheses into account (Choi, 2001). To solve this issue, the investigation 

leverages the first-generation unit root examination, known as the Levin, Lin, and Chu (LLC) test, which was 

developed by Levin et al. (2002), and the IPS test introduced by Im et al. (2003). Conversely, Pesaran (2007) 

established the CIPS and CADF, which are second-generation unit root methods that take CSD and slope variability 

into account. The following formula may be used to represent the IPS test: 

∆𝑦𝑖𝑡 = 𝛼𝑖 + 𝛽𝑖𝑡 + 𝛾𝑦𝑖𝑡−1 + 𝛿𝑖∆𝑦𝑖𝑡−1 + 𝜀𝑖𝑡…………………………… (8) 

The following formulas were used for the LLC test statistics: 

 

∆yit = 𝛽𝑖yit−1 + ∑ dij∆yit−1 + Git
′ ηϑi

j=1 + μit         ………………………………….(9)                             

                                      

Here,  𝐺𝑖𝑡
′   means the column vector of the independent variable, and in regression, 𝜂  indicates the vector of 

parameters. The CIPS unit root analysis ensures unit roots in individual time series are checked and addresses CSD 

in panel data to prevent inaccurate inference if not adequately addressed (Polcyn et al.,2023). The CIPS test is 

conducted using Equation (10): 

 

𝐶𝐼𝑃𝑆 =  
1

𝑁
∑ 𝑡1(𝑁, 𝑇)𝑁

𝑡=1 ……………………………… (10) 

Here, N denotes a cross-sectional dimension, and T indicates a time series dimension. The CADF test has a strong 

relationship with the CIPS test. Equation (11) provides the following method for computing the CADF: 

∆𝑌𝑖𝑡 =  𝜑𝑖 +  𝜌𝑖𝑌𝑖𝑡−1 + 𝜑𝑖𝑌̅𝑡−1 + ∑ 𝜑𝑖𝑗𝑌̅𝑡−1

𝑚

𝑗=1
+ ∑ 𝛾𝑖𝑗

𝑚

𝑗=1
∆𝑌𝑖,𝑡−1 + 𝜀𝑖𝑡 … … … (11) 

Here, 𝑌̅𝑡−1 and ∆𝑌𝑖,𝑡−1 represent the mean values of the cross-sectional analysis for both the first difference and lag. 
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Panel Cointegration test 

Our examination used a second-generation panel cointegration assessment to assess for long-term cointegration 

among the variables after data stationarity. This method provides more accurate and consistent cointegration 

estimates than first-generation panel cointegration techniques (Ridwan et al., 2024, Arif et al.2024). A stable, long-

term correlation across two or more non-stationary factors is referred to as cointegration. In other words, 

cointegrated factors typically follow the same course throughout time despite periodic variations (Westerlund and 

Edgerton, 2008). This method was invented by Westerlund (2007), and the four equations below describe this test 

form. 

𝐺𝑎 =
1

𝑛
∑

𝑎𝑖́

𝑆𝐸(𝑎𝑖́ )
𝑁
𝑖=1 …………………….. (12) 

 

𝐺𝑡 =
1

𝑛
∑

𝑇𝑎𝑖́

𝑎𝑖(1)́
𝑁
𝑖=1 ……………………… (13) 

𝑃𝑡 =
𝑎́

𝑆𝐸(𝑎́)
……………………………. (14) 

𝑃𝑎 = 𝑇𝑎́……………………………… (15) 

Moreover, panel means statistics (Pt and Pa), there are additional group means statistics (Gt and Ga), each with its 

own set of symbols. The same test results are expected if the model variables are assumed to be "null" or 

disconnected; otherwise, if the assumption is placed that "there exist cointegrating links." 

 

Panel ARDL method 

We used the panel ARDL technique, recommended by Pesaran et al. (2001), as the variables are a combination of 

the I(0) and I(1) procedures. Regardless of the specified variables' order of integration, the ARDL methodology can 

simultaneously and rigorously estimate the short- and long-term associations (Alsamara et al., 2024). Pesaran and 

Shin (1995) claimed that since the ARDL model has no residual correlation and removes both serial correlation and 

endogeneity, it provides less reason for concern over the endogeneity issue. Furthermore, it produces consistent 

findings even when endogeneity problems arise because the dynamic speciation of the model can be sufficiently 

enhanced to make serial mistakes uncorrelated and regressors purely exogenous (Loayza & Rancière, 2006). The 

following are some reasons why the ARDL approach is beneficial:  In a mixed order of integration, such as I(0) and 

I(1), or strictly I(1) but not I(2), it can be used. (ii) It addresses the endogeneity and serial correlation challenges. 

(iii) Robust for a limited number of samples (Nathaniel et al., 2024).  

The long-term relationship models for PMG are expressed as follows: 

 

∆Y1,it = ∂1i + α1iY1,it−1 + ∑ α1iX1,it−1 + ∑ δ1ij∆Y1,it−j + ∑ ∑ δlijΔX1,it−j + ε1i,t
k
l=2

q−1
j=0

p−1
j=1

k
l=2          (16) 

Here, 𝑌1 refers to the dependent variable, and 𝑋1 is an independent variable where l=1,2,3,4. 𝜀𝑖𝑡  and Δ are residual 

& first difference operators, respectively.  
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Two steps are considered when applying the ARDL technique. The initial step is to employ the F test to assess 

whether there is a long-term link among the pertinent variables in the presence of an error correction. Estimating 

the coefficients of the long-run relations is the second stage of the ARDL, which comes after confirming that the F 

tests from the first step fall within acceptable limits (Hazmi et al.,2024). As a result, the long-term links between 

development in the economy, urbanization, banking development, stock market capitalization, AI, and ecological 

footprint of Nordic territory can be expressed using the ARDL models: 

∆𝐿𝐸𝐹𝑃𝑖𝑡 =  𝜕1𝑖 + 𝛼1𝑖𝐿𝐸𝐹𝑃𝑖,𝑡−1 + 𝛼2𝑖𝐿𝐺𝐷𝑃𝑖,𝑡−1 + 𝛼3𝑖𝐿𝐴𝐼𝑖,𝑡−1 + 𝛼4𝑖𝐿𝐵𝐷𝑖,𝑡−1 + 𝛼5𝑖𝐿𝑆𝑀𝐶𝑖,𝑡−1 +

        𝛼6𝑖𝐿𝑈𝑅𝐵𝐴𝑖,𝑡−1 +     ∑ 𝛿1𝑖∆𝐿𝐸𝐹𝑃𝑖,𝑡−𝑗 +  ∑ 𝛿2𝑖∆𝐿𝐺𝐷𝑃𝑖,𝑡−𝑗 + ∑ 𝛿3𝑖∆𝐿𝐴𝐼𝑖,𝑡−𝑗 + ∑ 𝛿4𝑖∆𝐿𝐵𝐷𝑖,𝑡−𝑗 +
𝑞
𝑖=0

𝑞
𝑖=0

𝑞
𝑖=0

𝑝
𝑗=1

 ∑ 𝛿5𝑖∆𝐿𝑆𝑀𝐶𝑖,𝑡−𝑗 + ∑ 𝛿6𝑖∆𝐿𝑈𝑅𝐵𝐴𝑖,𝑡−𝑗 + 𝜀1𝑖,𝑡
𝑞
𝑖=0

𝑞
𝑖=0    …………(17) 

Furthermore, the following is the short-run association that takes ECM into account: 

ΔLEFPit =  ∑ β1ij∆LEFPi,t−j + ∑ β2ij∆LGDPi,t−j + ∑ β3ij∆LAIi,t−j + ∑ β4ij∆LBDi,t−j +
q−1
i=0

q−1
i=0

q−1
i=0

p−1
j=1

∑ β5ij∆LSMCi,t−j + ∑ β6ij∆LURBAi,t−j + μ1iECT1,it−1 + ε1i,t
q−1
i=0

q−1
i=0   ………….(18)    

                     

Robustness Check 

We have used the robustness check estimators CCR, FMOLS, and DOLS. For a more accurate and comprehensive 

view of the effects over time, the researchers carried out FMOLS and DOLS calculations. For time-series modeling, 

FMOLS was initially proposed by Phillips and Perron as a method of regression for effective parameter estimation 

in cointegrated systems (Phillips and Perron, 1988). It is especially renowned for its dependability in small sample 

sizes and its capacity to deal with endogeneity and serial correlation, as noted by Hamit-Haggar (Hamit-Haggar, 

2012). However, Kao and Chiang have proved that the DOLS estimation approach, which was developed by Stock 

and Watson, performs better than FMOLS in terms of estimating outcomes. This is because Kao and Chiang took 

into account correlations among regressors (Stock and Watson, 1993; Kao, 1999). Additionally, the FE-OLS 

approach is applied, which is a great tool for verifying that FMOLS and DOLS are legitimate. FE-OLS is robust 

with autocorrelation and CSD, and it is enhanced by DKSE (Driscoll and Kraay 1998). Also, this approach is robust 

to common forms of autocorrelation and CSD up to a predetermined lag (Adebayo et al., 2022).  

D-H Causality test 

Lastly, this study applies Dumitrescu and Hurlin's (2012) causality examination to confirm the short-term 

correlation across the variables, which is required for policymaking. For non-homogeneous panel data models with 

consistent coefficients, the D-H panel causality analysis is a straightforward variant of the Granger non-causality 

test (Ahmed et al., 2022). The DH causality test is a more appropriate and reliable method than the Granger non-

causality test (Hashmi et al., 2021) and can be used in both short and long panels (𝑁 > 𝑇). Additionally, this method 

may address multiple significant issues with pooled data, like CSD and individual heterogeneity. It has been used 

in earlier research (Destiartono and Hartono, 2022; Ajanaku and Collins, 2021). The following can be used to write 

a general model: 

𝑃𝑖,𝑡 = 𝜗𝑖 + ∑ 𝜆𝑖
𝑛𝑃𝑖,𝑡−𝑖 + ∑ 𝛼𝑖

𝑛𝛽𝑖,𝑡−𝑖 + 𝜀𝑡
𝑘
𝑖=1

𝑘
𝑖=1  ……………………………….. (19) 

In the D-H equation, the constant, regression parameter, and auto regressions are represented by 𝜗𝑖, 𝜆𝑖
𝑛, and 𝛼𝑖

𝑛.  
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Results and Discussion 

Table 2 presents the descriptive information of GDP, AI, BD, SMC, URB, and EFP in logarithmic format for the 

study period (1980–2018). The data's standard deviation, median, minimum, mean, and maximum values were all 

displayed properly in the table. The calculated standard deviations of the majority of the variables are quite small, 

indicating that the data points are somewhat temporally variable and centered around the mean. The majority of the 

variables exhibit a negative skew, except LEFP and LURBA. Furthermore, the Jarque-Bera test and low kurtosis 

and skewness statistics support the normal distribution of the variables.  

Table 2. Descriptive Statistics of Variables 

Statistic LEFP LGDP LAI LBD LSMC LURBA 

Mean 2.172568 10.86771 3.102615 4.804582 3.799236 4.452720 

Median 1.897619 10.87999 3.135494 4.832309 3.922183 4.447006 

Maximum 3.776661 11.54785 3.89182 5.72111 4.82769 4.542699 

Minimum 1.587192 10.10012 1.791759 3.834337 2.332338 4.335695 

Std. Dev. 0.641229 0.312364 0.502838 0.345983 0.535468 0.053723 

Skewness 1.37579 -0.179975 -0.529248 -0.120022 -0.843834 0.045105 

Kurtosis 3.348248 3.055801 2.47716 2.933702 2.949145 2.550493 

Jarque-Bera 35.25716 0.608104 6.388144 0.284241 13.0662 0.963392 

Probability 0 0.737823 0.041005 0.867517 0.001454 0.617735 

Sum 238.9825 1195.448 341.2877 528.504 417.9160 489.7992 

Sum Sq. Dev. 44.81805 10.63526 27.56027 13.04774 31.25316 0.314587 

Observations 110 110 110 110 110 110 

 

Table 3 illustrates the CSD test findings for the selected elements. Test statistics and p-values are available for all 

explanation variables. If the p-value is less than one of the three significant levels (1%, 5%, or 10%), the null 

hypothesis that there is no CSD is rejected. The p-values (0.000) for the tests performed on cross-sectional variables 

in Table 3 provide evidence of a CSD for each variable studied at the 1% level. It implies, then, that there may be 

a CSD issue with our data collection. 

Table 3. Results of the CSD test 

Variables CD-Statistics P-Value 

LEFP 8.75*** 0.000 

LGDP 13.03*** 0.000 

LAI 6.11*** 0.000 

LBD 6.64*** 0.000 

LSMC 7.28*** 0.000 

LURBA 14.18*** 0.000 
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Panel data analysis commonly uses the Slope Homogeneity assessment to ascertain whether the independent 

variable coefficients are constant across several cross-sectional units (in this case, country). With p-values of 0.000, 

the Δ̌ statistic of 4.654*** and the Δ̌𝑎𝑑𝑗 test statistic of 5.637*** both from Table 4 suggest that there is a 

considerable degree of variance in the slopes across the parameters. The fact that the links among the model's 

elements change during the cross-sectional units suggests the existence of unique effects or coefficients for the 

explanatory variables. 

 

Table 4. Results of Slope Homogeneity test 

Slope homogeneity 

tests 
Δ statistic P-value 

Δ̌ test 4.654*** 0.000 

Δ̌𝑎𝑑𝑗 test 5.637*** 0.000 

 

Table 5 reveals the outcomes from three distinct unit root analyses. The IPS test shows that all other variables 

(LGDP, LAI, LBD, and LSMC) are level stationary at the 1% significance level, except for LEFP and LURBA. 

However, at their first difference, I(1), each factor becomes stationary. Second-generation tests, such as CIPS and 

CADF, provide more accurate findings than first-generation testing when dealing with panel data, which might 

exhibit cross-sectional interdependence. Such tests include cross-sectional means of lagged levels and initial 

differences. The results of the IPS tests accord with those of the CIPS and CADF examinations, as Table 5 

demonstrates. According to the results, every component is primarily integrated at either level (I(0)) or first 

difference (I(1)). As a result, there is no unit root issue, and the elements have cointegrated over a long period. 

Table 5. Results of Panel Unit root test 

Variables IPS CIPS CADF Decision 

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

LEFP -1.939 -7.031*** -1.268 -5.874*** -2.131 -4.088*** I(1) 

LGDP -3.296*** -6.452*** -4.961*** -6.496*** -3.115*** -4.981*** I(0) 

LAI -3.270*** -8.991*** -3.630*** -5.352*** -3.853*** -5.778*** I(0) 

LBD -3.131*** -6.656*** -4.736*** -5.831*** -3.140*** -4.503*** I(0) 

LSMC -3.851*** -5.312*** -3.289*** -5.066*** -3.231*** -4.556*** I(0) 

LURBA -1.555 -3.495*** -1.444 -3.611*** -1.691 -4.632*** I(1) 

 

After establishing that every parameter stays constant, the next step is to assess whether the variables are 

cointegrated within time. The results of Westerlund's (2007) cointegration assessment conducted for this 

investigation are displayed in Table 6. Given that the Gt, Ga, Pt, and Pa statistics all have statistically significant p-

values (less than 0.05), therefore we can reject the null hypothesis. The results of this test indicate that long-run 

cointegration prevails between the factors under consideration. 
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Table 6. Results of Westerlund Panel Cointegration test 

Statistics Value Z-Value P-value 

Gt -2.956 -2.956 0.010 

Ga -5.829 1.717 0.021 

Pt -4.829 -1.560 0.034 

Pa -4.400 1.021 0.012 

 

The Panel ARDL model's results, given in Table 07, demonstrate the intricate dynamics influencing the Nordic 

region's ecological footprint. In terms of LGDP, the short-term coefficient is 0.166 but statistically insignificant, 

with a p-value greater than the typical threshold, while the long-run coefficient is 0.095 and statistically significant 

at conventional levels. This suggests that economic expansion alone may notably contribute to environmental 

degradation in this setting, as GDP has an encouraging influence on the EFP. Nathaniel et al. (2020a) identified that 

in MENA nations, GDP growth raises the EFP and degrades the environment. Moreover, Ahmed et al.(2020a) in 

G-7 countries, Mikayilov et al. (2018) in oil-rich economies, Khan et al.(2021) in Malaysia, and Ahmed et 

al.(2020b) in China also align with these findings. However, in the long run, environmental quality in Europe is 

improved by 0.81% for every 1% growth in real GDP (Alola et al., 2019). Georgescu and Kinnunen (2024) in 

Finland reveal that GDP negatively influences ecological footprint. Surprisingly, economic expansion has no 

adverse effects on the ecosystems in CIVETS (Colombia, Indonesia, Vietnam, Egypt, Turkey, and South 

Africa) (Nathaniel et al.,2020b).  

In the short and long terms, there is a negative link between LAI and LEFP; the short-term results are not significant, 

but the long-term coefficients are. This conclusion demonstrates that while AI technology has a short-term 

destructive implication on the environment, it has a long-term favorable advantage. LEFP drops by 0.057% in the 

near run and 0.097% in the long term for every 1% increase in LAI. This could be because while urgent green 

initiatives need assets, AI can improve energy efficiency across a range of industries, such as manufacturing, travel, 

and residence power. Dhar (2020) talked about AI's dual role in the fight against climate change, emphasizing that 

technology is a major carbon emitter as well as a tool for tackling the issue. Furthermore, Liang et al. (2022) made 

use of AI's ability to reduce emissions of carbon in China's industrial sector. The findings showed that China still 

has a long way to go in improving its performance in this area. Similarly, there is an obvious connection between 

banking sector activities and the environment, as evidenced by the inverse relationship observed between LBD and 

LEFP across both short and long periods. These results imply that banking development could boost ecological 

conditions in the long run but not in the short term, with p-values over the usual level in the short run and below 

0.05 in the long run. Based on Sadorsky (2011), the established banking industry also increases consumer credit, 

which motivates people to purchase more appliances and cars, increasing energy demand and harming the natural 

environment. However, domestic bank lending to the private sector helps businesses create more cash assets and 

manufacturing inputs to create energy-efficient machinery and tools (Kareem et al.,2023). In contrast to our 

findings, Radulescu et al. (2022) contend that the OECD countries' ecological sustainability is negatively impacted 

by banking expansion.  

https://link.springer.com/article/10.1007/s10651-022-00551-6#ref-CR38
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In both the short and long term, the table demonstrates an encouraging relationship between LSMS and LEFP. The 

long-term statistical significance of the effect is supported by a slight short-term effect, indicating that stock market 

capitalization stimulates higher monetary and business transactions but may not have a positive short-term impact 

on the ecosystem. Asiedu (2024) disputes our results, stating that stock market capitalization ensures environmental 

sustainability in emerging nations and reduces the ecological footprint in those nations. However, Paramati et al. 

(2017) discovered that long-term environmental sustainability is guaranteed by stock market expansion in 

industrialized nations. Based on both short- and long-term assessments, urbanization (LURBA) and LEFP have an 

encouraging interaction. Over time, there is a small but statistically significant 0.0870% increase in LEFP with a p-

value of less than 0.05 for every 1% increase in LURBA. A notable short-term spike in LEFP of 0.706% is 

associated with a 1% rise in LURBA. This could be because of the continual consequences of urban expansion, 

which lower ecological diversity and disrupt the natural World, such as the destruction of trees and the removal of 

natural ecosystems for redevelopment. According to Abid et al. (2022), there is a need for improved laws in the G-

8 countries due to the substantial impact that urbanization has on environmental deterioration. Moreover, Nathaniel 

(2021) in South Africa, Salahuddin et al.(2019) in Sub-Saharan Africa (SSA) economies, and Alola et al.(2024) in 

the Nordic region also agree that urbanization increases the EFP and degrades the ecosystem. Conversely, Zhu et 

al. (2018) found that in the BRICS region, urbanization lowers carbon emissions and hence enhances environmental 

quality. 

 

Table 7. Results of Panel ARDL method 

Long-run Estimation 

Variable Coefficient Std. Error t-Statistic Prob.* 

LGDP 0.095 0.047113 1.918186 0.0032 

LAI -0.097 0.04754 -2.055968 0.0435 

LBD -0.247 0.14441 -1.710938 0.0115 

LSMC 0.233 0.04906 4.754246 0.0000 

LURBA 0.870 0.79054 2.896378 0.0000 

Short-run Estimation 

Variable Coefficient Std. Error t-Stat p-Value 

COINTEQ01 -0.533 0.173518 -3.072053 0.0030 

D(LGDP) 0.166 0.029231 5.700034 0.0000 

D(LAI) -0.057 0.041075 -1.396781 0.1669 

D(LBD) -0.129 0.090518 -1.427376 0.1579 

D(LSMC) 0.067 0.046865 1.440284 0.1542 

D(LURBA) 0.706 4.496835 1.713697 0.0911 

C 10.068 3.226847 3.120119 0.0026 

 

Multiple kinds of estimating methods, such as FMOLS, DOLS, and FE-OLS, were utilized to investigate 

the accuracy of the ARDL results in more detail in Table 8. For each of the three tests, the projected LGD values 

are 0.012, 0.285, and 0.082, accordingly. These outcomes indicate that the Nordic countries' ecological health has 
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been harmed by economic expansion. The results are consistent with the ARDL model's short and long-term 

conclusions despite the fact that all estimators show significant coefficient values at the 1% level of thresholds. 

Conversely, based on the findings of all three tests, the LEFP variable exhibits a negative connection with both LAI 

and LBD. In the FMOLS test, the LAI coefficient values are significant at the 5% level; in the DOLS and FE-OLS 

tests, they are significant at the 1% level. In particular, EFP reduces by 0.023%, 0.089%, and 0.026%, respectively, 

for every 1% boost in AI innovation. This implies that the ecosystems in the Nordic nations might benefit from the 

application and adoption of AI technologies. These findings are consistent with statements drawn from the Panel 

ARDL calculation. In a similar vein, the three estimation procedures reveal a negative correlation between the LBD 

variable and LEFP. In particular, LEFP will fall by 0.088%, 0.287%, and 0.039%, respectively, for every 1% 

increase in banking development. The variable is statistically significant at the 1% level in each instance. This is 

parallel to the discoveries of the ARDL model and demonstrates the positive impact of banking development on the 

ecosystems of the Nordic nations. In contrast, the LEFP variable showed negative correlations with both LSMC 

and LURBA, indicating that increasing levels of urbanization and stock market capitalization are detrimental to the 

biodiversity in the chosen regions. At the 1% level, the LSMC variable is significant for each of the three estimation 

instances. Furthermore, an additional 1% in URBA will result in an elevated LEFP of 0.353% for FMOLS, 0.516% 

for DOLS, and 0.036% for FE-OLS. The variable is significant at the 5% level in the FMOLS estimation but at the 

1% level in the other two scenarios. The ARDL model's conclusions are supported by the LSMC and LURBA data. 

These results thereby verify the ARDL model, which is the primary estimating approach used in this paper. 

Table 8. Result of Robustness check 

 

A panel causality assessment was performed using the Dumitrescu and Hurlin (2012) technique, which made it 

possible to determine if the associations were linear or nonlinear, as illustrated in Table 9. If the p-value is significant 

at the 1%, 5%, or 10% levels, the null hypothesis—which states that the variable under investigation does not 

consistently cause another variable—can be rejected. According to the study, at the 1% level, the p-value of 0.0223 

denotes a statistically significant impact of LGDP on LEFP. Hence, it is possible to reject the null hypothesis and 

establish a unidirectional causal relationship between LGDP and LEFP. On the other hand, as the p-value exceeds 

the crucial levels, no meaningful association is seen between LEFP and LGDP. A greater examination reveals that 

LEFP and LAI have a comparable one-way relationship. The results imply that changes in LEFP have no effect on 

LAI, as the null hypothesis cannot be rejected in this instance. However, statistically significant p-values in all 

research point to a bidirectional link between LEFP and LAI. Furthermore, neither LEFP nor LURBA appear to be 

causally related to one another, according to the p-values. The p-value is below 0.05 and significant at the 1% level, 

indicating a substantial unidirectional causal link between LBD and LEFP. This result enables us to conclude that 

Variables FMOLS DOLS FE-OLS 

LGDP 0.012***(0.0702) 0.285***(0.0892) 0.082***(0.0597) 

LAI -0.023**(0.049) -0.089***(0.0512) -0.026***(0.0426) 

LBD -0.088***(0.0621) -0.287***(0.2170) -0.039***(0.0508) 

LSMC 0.036***(0.073) 0.254***(0.2745) 0.005***(0.0572) 

LURBA 0.353**(0.2340) 0.516***(0.0691) 0.036***(0.8967) 
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banking development has a detrimental effect on the ecosystem and to reject the null hypothesis. To summarize, 

out of all the regressors, the factors that affect LEFP are LGDP, LAI, LBD, LSMC, and LURBA. 

Table 9. Results of the D-H causality test 

Null Hypothesis W-Stat. Zbar-Stat. Prob. 

LGDP  ≠ LEFP 5.06159 2.2851 0.0223 

LEFP ≠  LGDP 4.66212 1.95363 0.0507 

LAI  ≠ LEFP 4.12222 1.50564 0.0322 

LEFP ≠  LAI 7.0682 3.95013 0.2551 

LBD ≠  LEFP 5.02193 2.25219 0.0243 

LEFP ≠  LBD 4.71521 1.99769 0.0458 

LSMC  ≠ LEFP 6.41532 3.40838 0.0007 

LEFP  ≠ LSMC 3.63803 1.10387 0.2696 

LURBA ≠  LEFP 7.69494 4.47018 0.0023 

LEFP ≠  LURBA 3.52225 1.0078 0.3135 

 

Conclusion and Policy Implications  

In this paper, we investigated the factors influencing the EFP in Nordic countries from 1995 to 2021 using the 

ARDL framework and the STIRPAT model. Our study sought to determine the main drivers of environmental 

deterioration while making recommendations for future legislation about green practices. The ARDL technique 

makes a detailed examination of the intricate relationships between the dependent and explanatory variables 

possible. The study finds an unexpectedly strong positive correlation between ecological footprint, stock market 

value, and GDP per capita, which contradicts our assumptions. This suggests that financial activity and economic 

progress harm biodiversity. 

The study also emphasizes the detrimental effects of urbanization on the ecological footprint, demonstrating a 

positive association between LEFP and LURBA and highlighting the necessity of sustainable urban planning in 

Nordic countries. Furthermore, the analysis indicates advantageous patterns that suggest a correlation between the 

advancement of banking, the integration of AI technology, and upgrades in environmental quality. These findings 

point to the possibility of incorporating environmental factors with the goals of sustainable development and eco-

friendly behaviors into socio-economic strategies. Our analytical framework was rigorously tested using FMOLS, 

DOLS, and FE-OLS techniques. The Dumitrescu and Hurlin (D-H) causality tests were employed to examine the 

causal linkages among the variables. The findings indicated unidirectional causality between LGDP and LEFP, LAI 

and LEFP, LSMS and LEFP, and LEFP and LURBA. For stakeholders and legislators dedicated to advancing green 

policies and sustainable growth in these nations, this study offers insightful information about the evolving patterns 

of the ecological footprint in the Nordic region. 

Based on the research that shows how economic growth, stock market capitalization, and urbanization contribute 

to the ecological footprint in the Nordic region, it is crucial to implement specific policy suggestions to reduce the 

environmental impact. Initiate sustainable economic growth by using green technologies and renewable energy 

sources to diminish carbon emissions and resource exhaustion. In addition, promotes ecologically conscious 

investment practices in the stock market by offering incentives to companies that embrace sustainable business 

strategies and disclose their environmental footprint. Moreover, stringent urban planning regulations should be 
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enforced to manage the expansion of cities, improve the quality of green areas, and encourage the construction of 

environmentally sustainable infrastructure. Furthermore, it is crucial to enhance both public and private funding for 

research and development in order to promote sustainable technologies and ideas. Additionally, implement and 

uphold rigorous environmental regulations and standards for industries in order to minimize pollution and waste. 

In addition, public awareness and education initiatives should be implemented to promote sustainable consumption 

patterns and minimize the ecological impact. Engage in cooperative efforts with international organizations and 

neighboring countries to exchange successful methods and establish collective projects aimed at preserving the 

environment. Lastly, consistently oversee and assess the efficiency of these strategies and make essential 

modifications to guarantee ongoing advancement towards sustainability objectives.  

In order to leverage the inverse relationship between AI advancement and environmental impact in the Nordic 

region, authorities should prioritize investing in eco-friendly AI technologies that encourage sustainability, such as 

those that improve energy efficiency and waste management. It is essential to create strong legislative frameworks 

that encourage the advancement and adoption of environmentally friendly AI technologies. One way to accomplish 

this is by providing tax incentives, grants, and subsidies to corporations and research institutes that prioritize the 

use of AI to minimize environmental harm. In addition, the success of these activities can be maximized by 

promoting public-private partnerships, which involve merging resources and expertise. By implementing these 

strategies, the Nordic area may enhance its AI capabilities while also promoting its dedication to ecological 

sustainability. 

Policymakers have to concentrate on incorporating sustainable finance practices into the banking industry since the 

study indicates a negative correlation between the expansion of banking and the ecological footprint in the Nordic 

area. Promoting green banking efforts is one way to do this, such as giving loans intended for renewable energy 

projects or environmental projects better interest rates. To guarantee that their funding promotes low-impact and 

sustainable businesses, financial institutions should also be urged to implement strict environmental, social, and 

governance (ESG) standards in their investment portfolios. Regulators may improve this by giving banks explicit 

instructions and financial incentives to prioritize green investments and integrate sustainability into their lending 

procedures. Moreover, enforcing stricter reporting requirements and enhancing transparency about the 

environmental effect of projects financed by banks will encourage the adoption of more responsible banking 

practices and help hold institutions accountable. The Nordic area can maintain economic growth while drastically 

lowering its ecological imprint by coordinating banking expansion with ecological sustainability. 
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Abstract 

This study assesses the effects of trade openness on carbon dioxide (CO2) emissions in Sub-Saharan Africa (SSA). 

In contrast to previous studies, and in order to make a significant contribution to the empirical literature on the 

subject, we capture trade openness through a new and innovative approach that takes into account not only the 

share of a country’s trade in its gross domestic product but also the size of its trade in world trade. In addition, this 

study also stands out for its consideration of trade openness in different sectors of the economy (primary, secondary 

and tertiary). For the econometric strategies, the study used data from 38 SSA countries between 2002 and 2022 

and estimated the effects by the Generalized Method of Moments (GMM) system and the double ordinary least 

squares method. The main results show that in SSA: trade openness contributes to rising CO2 emissions. In addition, 

trade in the primary (agriculture), secondary (industry) and tertiary (services) sectors contributes to the increase in 

CO2 emissions. The models used are controlled by several variables. The results show that the renewable energy 

consumption is a key driver of environmental quality, which seems to reduce CO2 emissions. On the other hand, 

human capital, population growth and the quality of institutions increase CO2 emissions. Furthermore, the 

interaction between openness and institutional quality has a negative impact on CO2 emissions. Therefore, in order 

to reduce CO2 emissions, SSA needs to put the environment on the agenda of future trade negotiations; to 

implement policies and strategies that guarantee growth without abandoning the environment. 

 

Keywords: Trade openness, CO2 emissions, Sub-Saharan Africa.  

 

Introduction 

 

In the context of trade protectionism impacting economic and environmental sustainability, a more comprehensive 

understanding of the impact of trade on carbon emissions is critical to economic and environmental sustainability 

(Wang et al. 2024). The global economy is facing environmental problems that, for the most part, are the results 

of CO2 air pollution. In addition to the serious environmental challenges posed by global warming and climate 

change, concerns about emissions are central to policymaking in many countries (Junaid et al. 2023). Among the 



Journal of Environmental Science and Economics 
 

        
  70 

Global Scientific Research   

causes of environmental damage, CO2 emissions are known to represent the main contributor to recent climate 

change (Mengal et al. 2019; Cai et al. 2018). The global challenge of climate change has prompted countries 

worldwide to shift towards renewable energy sources to reduce CO2 emissions and mitigate the impacts of climate 

change (Mohsin, 2024; Kwakwa, 2023). Among the greenhouse gases responsible for climate change, carbon 

emissions have the greatest impact. Indeed, these emissions account for 80% of total emissions, and reducing them 

has become an effective way of tackling climate change (Huang et al. 2022).  Global warming and greenhouse gas 

emissions pose a serious threat to environmental sustainability in every country in the world. A sustainable 

environment is a prerequisite for long-term socioeconomic growth and human survival (Haseeb et al. 2023). 

Moreover, global CO2 emissions have risen remarkably over the years, from 3,112,685,279 metric tons per capita 

in 1960 to 3,874,290,347 metric tons per capita in 1980 and over 13 billion metric tons per capita in 2018, according 

to World Bank data (WDI, 2023). International entities have highlighted the issue of climate change and global 

efforts toward becoming carbon neutral by 2050 (Emma, 2024). 

Global warming is one of the most severe environmental problems that human beings are currently facing. The 

rising level of CO2, the primary contributor to the greenhouse effect, appears to exacerbate the situation (Goswami, 

2023).The substantial increase in CO2 emissions is alarming, as they have had a negative impact on economic 

wealth, human health, food security and, to a greater extent, the environment (Duodu & Mpuure, 2023). The quest 

for rapid economic development by modern nations has led to an unprecedented increase in carbon emissions 

(Chhabra et al. 2023). Global warming due to CO2 emissions is leading to a reduction in food production and 

biodiversity, as well as rising sea levels and mortality rates (Liu et al. 2022a). According to Intergovernmental 

panel on climate change (IPCC, 2021), the most important GHG is CO2, accounting for around 72% of emitted 

gases. CO2 emissions contribute to 76% of global GHG emissions (Coskuner et al. 2020; Zakari & Tawiah, 2019).  

The increase in world carbon emissions is always in line with national economic growth programs, which create 

negative environmental externalities (Hariyani et al. 2024). Although SSA is not one of the main CO2 emitters, the 

area is exposed to the major harmful effects of CO2 emissions, which hampers its economic growth and 

development (Duodu and Mpuure, 2023). For example, CO2 emissions in SSA rose from 784540.02 kilotonnes 

(kt) in 2016 to 823770.02 kt in 2019, representing a growth rate of 2.75% in 2019 versus 1.57% in 2016 according 

to World Bank data (WDI, 2023). Furthermore, although SSA accounts for less than 3% of global carbon emissions, 

these emissions are increasing over these decades, given ongoing economic and institutional reforms aimed at 

improving economic growth, strengthening industrialization and diversification, improving transport systems and 

responding to energy crises (Avom et al. 2020). With specific regard to Africa, it has been documented that 

decision-makers in SSA are very concerned because the consequences of global warming are the most damaging 

in the sub-region (Efobi et al. 2019). SSA's economic and social status is still precarious and open to internal and 

external shocks (Andriamahery et al. 2022). The developing economies of Africa, and more specifically the 

countries of SSA, have deployed various practices to ensure the emancipation of their level of sustainable 

development. Some of these include the promotion of economic growth, industrialization, real agricultural 

development, financial development, renewable energy consumption and human capital sustainability (Ganda, 

2021). 600,000 people die every year in the African region from causes related to emissions from wood and 

charcoal combustion (Chirambo, 2018). The situation is more severe for SSA due to poverty, low technological 

know-how and most importantly, more than half of the population depends on climate-driven enterprises such as 

small-scale farming, peasant farming, agriculture and hawking (Ngwenya et al. 2018). Although SSA is the least 

integrated and pollutes the environment the least, it is the most vulnerable to future climate change (Acheampong 

et al. 2019). The main contributors are South Africa, Angola and Nigeria, with 853107.128 kt, 34693.487 kt and 

120369.275 kt emitted in 2019 respectively. Guinea-Bissau, Comoros and Sao Tome and Principe represent the 

lowest levels, with 293.36 kt, 201.685 kt and 121.011kt of CO2 emitted in 2019 (WDI, 2023). Furthermore, 
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economic openness through the trade dimension and inward foreign direct investment (FDI) influences 

environmental damage (Sun et al. 2019). The link between trade openness and CO2 emissions is a key research 

focus in times of pressing global sustainability needs and ongoing climate change discussions (Barkat et al. 2024). 

With this in mind, it has been proven that around a quarter of CO2 emissions are associated with trade flows 

(Brenton & Chemutai, 2021). Moreover, economic openness has increased in recent decades, and this is revealed 

by measures of trade and financial openness (Lemaallem & Outtaj, 2023). Expansion in world trade gives rise to 

more production and therefore more creation of industrial structures and units. This broad expansion of production 

requires energy, considered to be the potential source of CO2 emissions. Researchers assert that trade openness in 

a country means greater use of natural resources, which ultimately has a negative impact on the environment (Zamil 

et al. 2019). Compared to other regions, statistics on SSA show that the region contributed 36.81% of global trade 

in 2016 and 30.04% of air pollution in 2014 (World Bank, 2020). The share of trade in SSA's gross domestic 

product (GDP) rose from 45.98% in 2016 to 50.03% in 2020 (World Bank, 2022). SSA countries have been 

relatively open to foreign trade since the 1980s. On average, they have recorded a relatively higher rate of growth 

in CO2 emissions than other regions, and are the least resistant to the adverse effects of global warming. Today, 

SSA's objective is to eradicate energy poverty and income inequality in order to achieve the Sustainable 

Development Goals. With this in mind, several studies have therefore focused on the problems of income 

inequality, energy and poverty (e.g. Santiago et al. 2020; Potrafke, 2015). In contrast, the environmental problems 

associated with rising CO2 emissions in the region have been relatively ignored. However, there are growing 

concerns about the consequences of economic openness on non-economic variables. Furthermore, the relationship 

between trade openness and CO2 emissions in SSA has not been deeply investigated by previous researchers.  

Most studies focus on developed countries because of their level of industrialization. A few studies carried out in 

SSA focus on countries such as South Africa (Udeagha & Ngepah, 2019; Mapapu & Phiri, 2018), Nigeria (Zakari 

& Tawiah, 2019) and Ghana (Kwakwa et al. 2020; Solarin et al. 2017). Since the early 1990s, a large and growing 

literature has studied the role of trade openness in CO2 emissions. However, empirical contributions have remained 

contradictory and inconclusive. It appears from the literature that trade openness is one of the methods or strategies 

that can be used to achieve economic growth (Gnangnon, 2020).  However, the real question is how much it will 

cost. While SSA needs economic growth, we must not lose sight of the need for long-term growth. Therefore, 

growth that takes into account the quality of the environment must be a top priority. This highlights the link 

between trade openness and the environment in SSA (Andriamahery et al. 2022). In an era defined by the urgent 

need for global environmental sustainability and amid ongoing discussions surrounding climate change mitigation, 

the relationship between trade openness and CO2 emissions has emerged as a paramount field of investigation 

(Barkat et al. 2024). The consequences of CO2 emissions in SSA countries cannot be ignore given it adverse effect 

on human health and global warming (Ewane & Ewane, 2023). 

This article is structured around five points: an introduction, which sets the context for the subject and analyzes 

the stylized facts of CO2 emissions in SSA; a literature review, which clearly shows the lack of consensus in 

theoretical and empirical studies and also develops a new indicator of trade openness; a methodology, which 

presents the model specification, the estimation method and defines the model variables; results and discussions, 

which clearly present the estimation results and their interpretations; and finally, the conclusion and policy 

recommendations. 

 

Literature Review 

 

The ever-debated relationship between trade and environment has allured the attention of many scholars over a 

long period (Chhabra et al. 2023). The importance of  enhancing environmental quality to promote  economic  



Journal of Environmental Science and Economics  

     
Global Scientific Research            72 

 

development  by  improving  societal well-being and  sustainable  development  on  quality of environment 

haveattracted significant attention from researchers in recent  years ( Mekuannet, 2024). Existing theoretical 

literature has identified three channels in international trade through which CO2 emissions can be affected by trade 

openness: the scale effect, the composition effect and the technical effect (Antweiler et al. 2001). Grossman & 

Krueger (1993) consider these mechanisms to be the economic determinants of emissions from productive activity. 

They are economic growth (scale effect), industrial composition (composition effect) and the severity of 

environmental regulation (technical effect). While the theoretical literature has documented various channels 

through which openness to international trade can affect environmental quality, its empirical verification remains 

an open and controversial question for researchers and policy-makers alike. The impact of trade openness on 

environment is of increasing concern to environmental practitioners, industrialists, and researchers (Dou et al. 

2023). 

 

  
Figure 1. Trends in CO2 emissions (in kilotonnes) in SSA (2004-2020) 

 

Figure 1 shows the evolution of CO2 released into the atmosphere by SSA. According to World Bank data (WDI, 

2023), CO2 has followed an upward trend, rising from 497660 kt in 2000 to 695130 kt in 2010, 789380 kt in 2014 

and 823770.016 kt in 2019. While some recent studies have shown that trade decreases CO2 emissions from the 

development of new energy-saving technologies (e.g. Duodu & Mpuure, 2023; Ibrahim & Ajide, 2022; Okelele et 

al. 2022; Iheonu et al. 2021; Muhammad et al. 2020; Aydin and Turan, 2020; Kwakwa et al. 2020; Awad, 2019; 

Hu et al. 2018; Sinha & Shahbaz, 2018; Acheampong, 2018).  Others have found that such activities are harmful 

to the environment (e.g. Andriamahery et al. 2022, Chen et al. 2021; Duodu et al. 2021; Du et al. 2020; Hakimi 

& Hamdi, 2020; Zamil et al. 2019; Acheampong et al. 2019; Balsalobre-Lorente et al. 2018; Raza & Shah, 2018).  

In contrast to all these empirical investigations, some studies have provided evidence suggesting that openness has 

no statistically significant impact on CO2 emissions (e.g. Salahuddine et al. 2019; Inglesi-Lotz & Dogan, 2018; 

Mapapu & Phiri, 2018; Inglesi-Lotz, 2018). Consequently, regarding the effect of trade openness on CO2 emissions, 

the evidence is largely contradictory, and no consensus has been found or reached in the empirical literature. Table 

1 below summarizes a number of empirical studies on the effects of trade openness on CO2 emissions. 
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Table 1. Summary of empirical studies on the relationship between trade openness and CO2 emissions 

Authors 
Periods and 

Country 
Methods used Results 

Bouchoucha 

(2024) 

1990-2019 

40 African countries 

Simultaneous 

equations 

The results show that trade openness has a 

positive and significant effect on CO2 emissions, 

and therefore CO2 emissions have a positive 

association with infant mortality and under-five 

mortality, while CO2 emissions have a negative 

association with life expectancy. 

Ghaderi et al. 

(2023) 

1995-2018 

Middle East and 

North Africa 

(MENA) 

Granger’s test of non-

causality, the 

estimator of the mean 

group of correlated 

effects. 

Energy consumption and trade openness are the 

main contributors to CO2 emissions. The results 

also showed that although first-generation 

estimators confirmed the Environmental 

Kuznets curve (EKC) hypothesis, there is no 

inverted U-shaped association between 

economic progress and CO2 emissions. 

Goswami et al. 

(2023) 

1981-2021 

India 

ARDL model and the 

random forest model 

The ARDL model revealed that variables were 

co-integrated. In the short term, economic 

growth and trade openness are correlated with 

CO2 emissions, while energy consumption and 

urbanization were positively correlated. In the 

long term, energy consumption, urbanization 

and commercial opening are positively 

correlated with CO2 emissions, while economic 

growth and CO2 emissions are positively 

correlated. 

Pham & 

Nguyen (2024) 

2003-2017 

64 developing 

countries 

Bayesian approach to 

the average 

There is no evidence of a statistically significant 

effect of trade opening on environmental 

pollution in developing countries. However, the 

results do not support the pollution paradise 

hypothesis. In addition to trade openness, the 

results indicate that financial openness, 

renewable energy consumption and capital 

abundance are key drivers of environmental 

quality, which appear to reduce CO2 emissions. 

Barkat et al. 

(2024) 

20 Organisation for 

Economic Co-

operation and 

Development 

(OECD) countries 

over a period of 150 

years 

Robust cointegration 

techniques 

The direct effect showed a positive correlation 

between trade opening and CO2 emissions, while 

the indirect effect, mediated by income growth, 

shows a negative influence. These divergent 

effects support the environmental Kuznets curve 

hypothesis. 

Duodu 

& Mpuure 

(2023) 

 

1990-2020 

ASS 

GMM and the 

Dumitrescu and 

Hurlin (D-H) 

causality test 

The overall effect of trade reduces 

environmental pollution by around 0.10% and 

0.79% in both the short and long term, 

respectively. Again, we observe that exports and 

imports minimize environmental pollution, we 

observe that exports and imports minimize 

environmental pollution by around 0.07% and 

0.45% (0.08% and 0.58%) in the short term 

(long term), respectively. With regard to the D-
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H results, we found a bidirectional causality 

between total trade and environmental pollution. 

Chhabra et al. 

(2023) 

1991-2019. 

BRICS 

modern method of 

dynamic common 

correlative effects 

Confirming the pollution paradise hypothesis, 

the results reveal that “trade opening” is indeed 

a cause of environmental damage in BRICS 

countries. 

Omri E. & 

Saadaoui 

(2023). 

1980-2020 

France 

NARDL (Non-linear 

Autoregressive 

Distributed Lag 

Fossil fuels and open trade are increasing 

emissions. The analysis confirms the presence of 

an inverted U-curve linking economic growth to 

carbon emissions. 

Ewane & 

Ewane  (2023) 

1975-2020 

SSA countries 

a quadratic modelling 

approach 

It shows evidence that trade openness and 

foreign direct investment contribute to reducing 

CO2 emissions in the short term, but increase in 

the long term. The study recommends that SSA 

countries adopt strong environmental policies to 

achieve sustainable economic growth without 

harming the environment. 

Dou et al. 

(2023) 

1990-2021. 

76 countries 

Non-linear dynamic 

model 

Trade openness has a significant impact on 

carbon productivity, with a U-shaped 

relationship between the two variables. In other 

words, carbon productivity first decreases and 

then increases from a certain threshold of trade 

opening. The impact of trade opening on carbon 

productivity varies from country to country. 

Pata et al. 

(2023) 

1995-2018 

Association of South-

East Asian Nations 

(ASEAN) countries 

The ARDL panel 

estimator and the 

Dumitrescu-Hurlin 

panel causality test 

Real income and trade openness reduce 

environmental damage. The EKC hypothesis is 

valid because the elasticity of income in the long 

term is lower than in the short term.Renewable 

energy reduces carbon emissions only in the 

short term and has no effect on environmental 

quality in the long term. There is no causal 

relationship between renewable energy and 

environmental damage. 

Udeagha & 

Breitenbach 

(2023) 

1960-2020 

Southern African 

Development 

Community (SADC) 

Non-linear, 

autoregressive 

distributed delay 

(NARDL) 

The results show mixed evidence of an 

asymmetric behaviour between trade opening 

and CO2 emissions. Long-term asymmetry is 

found for Botswana, Madagascar, Mozambique 

and Tanzania, while for the Comoros, Namibia 

and South Africa there is evidence of both short- 

and long-term asymmetry. The other cases 

(Angola, Democratic Republic of the Congo 

(DRC), Lesotho, Malawi, Mauritius, Seychelles, 

Zambia and Zimbabwe) show ample evidence of 

symmetrical behaviour and long-term linear 

relationships between trade opening and CO2 

emissions. 

Junaid et al. 

(2023) 

1990-2019 

75 BIS countries 

Spatial panel data 

models and methods 

First, the estimated results confirm the existence 

of spatial self-correlations in CO2 emissions 

between BIS countries. Second, the trade 

opening, natural gas consumption and spatial 
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effects of these variables positively affect CO2 

emissions. 

Awad (2019) 
(1990-2017) 

46 African countries 

DOLS, and a non-

parametric technique 

(FMOLS). 

The results suggest that intra-African trade has 

improved environmental quality on the 

continent. In addition, the results confirmed the 

presence of the Kuznets Environmental Curve 

Qamruzzaman 

M. (2021) 

(1971-2019) 

Low-income 

countries, lower-

middle-income 

countries, upper-

middle-income 

countries and a 

global sample 

Nonlinear ARDL, 

non-Granger 

causality test 

The results show that positive relationships run 

from environmental quality, institutional quality 

and FDI to trade openness, particularly in the 

long term. Furthermore, asymmetric estimation 

establishes asymmetry shocks in environmental 

quality, institutional quality and FDI that are 

positively related to trade openness, particularly 

in the long term. Furthermore, the results of the 

Wald test confirm the presence of asymmetry in 

both the long and short term.. 

Andriamahery 

et al. (2022) 

(1990-2017) 

SSA 
GMM 

The results show that trade significantly 

increases N2O, ACH4 and CO2 emissions for the 

overall sample of Sub-Saharan Africa and its 

income groups (upper-middle-income countries, 

lower-middle-income countries and low-income 

countries). 

Zamil et al. 

(2019) 

(1972-2014) 

Oman 

Unit Root Tests, 

ARDL 

GDP, population and trade openness seem to 

have a positive impact on CO2 emissions. 

Hu et al. 

(2018) 

1996-2012 

25 developing 

countries 

DOLS, and a non-

parametric technique 

(FMOLS). 

trade improves the environment by reducing 

carbon emissions. 

Acheampong 

(2018) 

1990-2014 

116 countries of the 

world 

VECM, GMM 
open trade improves environmental quality by 

reducing carbon emissions worldwide,, 

Kwakwa et al. 

(2020) 

1971-2013 

Ghana 

theoretical 

framework composed 

of the STIRPAT, 

ARDL model 

International trade leads to a reduction in CO2 

emissions in Ghana. 

Sinha & 

Shahbaz 

(2018) 

1971-2015 

India 

unit root test and 

(ARDL) 

trade openness is negatively correlated with 

carbon dioxide emissions in India 

Hakimi & 

Hamdi (2019) 

2006-2015 

143 countries 
GMM 

Trade is detrimental to the quality of the 

environment, and the role of institutions is 

crucial to preserving it. 

Acheampong 

et al. (2019) 

1980-2015 

46 SSA countries 

fixed and random 

effects estimation 

techniques 

Open trade worsens the environment 

Raza et Shah 

(2018) 

1972-2014 

Pakistan 

Ordinary least 

squares 

trade openness deteriorates environmental 

quality. 

Nguyen et al. 

(2020) 

1996-2014 

33 emerging 

economies 

theoretical 

framework composed 

of the STIRPAT, 

ARDL model 

Openness has a positive impact on CO2 

emissions in the short term and a negative 

impact on CO2 emissions in the long term. 
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Udeagha & 

Ngepah (2019) 

1960-2016 

South Africa 
ARDL 

while trade liberalization has a significantly 

beneficial impact on CO2 emissions in the short 

term, it has a detrimental effect in the long term. 

Sun et al. 

(2019) 

Countries of the 

South Asian 

Association for 

Regional 

Cooperation 

(SAARC). 

ARDL 

Trade, FDI and economic growth have a positive 

long-term correlation with environmental 

damage in SAARC countries; whereas FDI and 

trade flows have a negative relationship with 

CO2 emissions in the short term. 

Inglesi-Lotz 

(2018) 

1990-2014 

BRICS 

CO2 Emission 

Technical breakdown 

Commercial openness has no significant impact 

on environmental conditions. 

Mapapu 

&Phiri (2018) 

1970-2014 

South Africa 
Quantile regression 

very low CO2 emissions are most beneficial for 

economic growth, and that trade openness has no 

significant impact on carbon emissions. 

Inglesi-Lotz & 

Dogan (2018) 

1980-2011 

10 SSA countries 

Technical assessment 

panel robust to cross-

sectional dependence 

Trade openness has no significant effect on 

carbon dioxide emissions. 

Salahuddin et 

al. (2019) 

1984-2016 

44 SSA countries 

Second-generation 

panel regression 

techniques 

The effect of globalization (FDI and trade 

openness) on CO2 emissions is statistically 

insignificant. 

Kim et al. 

(2019) 

Northern countries, 

southern countries 

Instrumental variable 

panel quantile 

approach 

Northern trade contributes to rising CO2 

emissions, while southern trade reduces CO2 

emissions 

Mutascu 

(2018) 

1995-2011 

G7 countries 
Granger causality 

Significant heterogeneity between G7 countries 

in terms of international trade and environmental 

issues. Trade openness is a good indicator of 

CO2 emissions generated by the production 

sector. 

Sun et al. 

(2019) 

1991-2014 

49 countries 

Current panel 

cointegration 

approaches 

The study reveals that trade openness has both 

positive and negative effects on environmental 

pollution, but the effect varied across these 

different groups of nations. 

Aydin & 

Turan (2020) 

1996-2016 

BRICS 

Cross-dependency 

testing, unit root 

testing, conitegration 

testing 

Open trade reduces pollution in South Africa and 

India. 

Source: Author's compilation.  

Note: GMM=Generalized Method of Moments; CO2=carbon dioxide, SO2=sulfur dioxide,, SSA=Sub-Saharan Africa; 

FMOLS= Fully Modified Ordinary Least Square, DOLS= Dynamic Ordinary Least Square, ARDL= autoregressive 

distributed lag model, VECM= vector error correction model, STIRPAT= Stochastic impacts by regression on population, 

influx  and technology, BRICS= Brazil, Russia, India, China and South Africa, CEE= Central and Eastern European Countries, 

OECD=Organization for Economic Cooperation and Development. 

Table 1 shows that there is a consensus in empirical studies Therefore, it is clear that the theoretical arguments and 

empirical results of the effect of trade liberalization and FDI on CO2 emissions are unclear and contradictory 

(Hakimi & Hamdi, 2016). There is no doubt that the contradictory results of the effects of trade on environmental 

pollution can, to some extent, be attributed to methodological weaknesses and, it is also possible that the 
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environmental effect of trade depends on the nature of trade (Duodu & Mpuure, 2023). The heterogeneity of data 

and empirical methods used in these studies can partly explain the diversity of results and contradictory positions 

in the literature. The diversity may depend on a myriad of factors of different countries selected in the sample, the 

econometric techniques employed, environmental indicators and a set of control variables used. Other likely 

reasons for these conflicts include how trade openness is described and measured. 

However, despite its popularity, the traditional measure of trade openness and its variants should be used with 

caution for a number of reasons, most of which are related to GDP normalization (Gräbner et al. 2021). Another 

possible explanation for the contradictions is that the authors evaluate the hypothesis by ignoring the importance 

of structural effects that stimulate economic growth (Nkengfack et al. 2019). 

The present study is innovative in that it introduces variables that are recommended by researchers in the current 

literature on growth and the environment. Indeed, to describe the proxy variable for trade openness, this study uses 

two indicators: the composite trade intensity of Squalli & Wilson (2011) and the openness rate (a traditional 

indicator of openness). In order to see which sector contributes the most to CO2 emissions, this study takes into 

account the openness in different sectors of the economy (primary, secondary and tertiary). 

 

Development of the new indicator of trade openness 

 

Following the various criticisms addressed to the degree of openness as a measure of the level of trade openness 

of a country, we develop, in accordance with Squalli & Wilson (2011), a new indicator taking into account both 

dimensions of openness. However, despite its popularity, Trade/GDP and its variants should be used with caution 

for a number of reasons, most of which are related to the normalization by GDP. In order to take into account the 

arbitrage bias that exists in the use of unidimensional measures of openness, we will propose an alternative method 

of calculating these indicators. This method takes into account both unidimensional measurement criteria (TI and 

WTS). 
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 respectively the volume of exports and imports from the rest of the world. If the exports 

of country i ( iX
) are almost equal to what the rest of the world exports and what country i imports ( iM

) are almost 

equal to the exports of the rest of the world, in other words if the quantity of products exported by country i to the 

rest of the world is the same, and that imported by the latter is also equal to the quantity imported by the rest of the 

world; then we will have: 
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WTS cannot therefore exceed 0.5 since no country can export and import more than the rest of the world. 

Alternatively we will have: 
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   (4) 

The new measure of trade openness takes into account the two previous criteria WTSi and TIi, that is, between the 

trade intensity of the country in relation to the performance of its local economy on the one hand, and on the other 

hand, it takes into account the relative trade intensity of the latter in relation to the volume of world trade. And it 

can be presented as a "composite trade intensity measure" CTI in the following form: 

( )1i y iCTI D TI= +
 

(5) 

With Dy representing the ratio of the measured distance to the deviation of from the mean and is presented by the 

following form: 
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0yD  , when
0iWTS 

 and 0yD   if 
0iWTS 

 

According to these last two formulas and replacing equations (1) and (4) by their expressions, we will have: 
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 , by replacing WTS and TI by their expressions, we will finally have the 

expression of the new indicator of trade openness: 
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(7) 

Where CTI stands for composite trade intensity which is the new indicator for measuring trade openness. When 

comparing TI-based trade openness measures, a striking anomaly arises. Indeed, as shown in Table 2, according 

to TI, China, Russia, Malaysia, Japan and the United States are among the most closed economies in the world. 

On the contrary, Equatorial Guinea and Congo belong to the most open countries in the world. Consequently, 

according to TI, the world’s largest trading powers are relatively closed economies, because their share of trade 

(WTS) in overall economic activity is very low by global standards. But is it right to classify countries like the 

United States, the leading trading power, Japan and Russia as closed economies? The obvious explanation is that 

TI and related indicators are one-dimensional measures of trade openness and in this way, they penalize large 
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economies by classifying them as closed. Table 2 ranks countries according to squalli & wilson (2011) indicators 

of trade openness. 

 

Table 2. Ranking of countries according to trade openness indicators 

Countries X+M/GDP Rank WTS Rank CTS Rank 

Cameroon 57,44 100 0,083 84 645,90 89 

Congo 132,5 18 0,043 100 767,59 86 

Gabon 71,79 76 0,029 109 282,08 105 

Equatorial Quinea 153,05 10 0,03 107 630,81 93 

Chad 48,6 112 0,015 117 99,72 122 

United States 26,2 133 10,810 1 38517,96 9 

Japon 20,1 136 2,781 10 7603,43 35 

Russia 70,68 77 8,210 4 41574,34 7 

Belgium 169,33 7 1,826 19 42056,33 6 

China 48,36 113 9,841 2 64724,01 4 

Hong Kong 295,19 2 2,354 14 94491,06 1 

Malaysia 230,33 4 2,124 17 66527,34 3 

Source : Squalli & Wilson (2011) 

 

Methodology 

 

To examine the effects of trade openness on CO2 emissions in SSA, various econometric techniques are used for 

a panel of 38 countries (Angola, Democratic Republic of Congo, Equatorial Quinea, Ivory Coast, Togo, Eswatini, 

Mozambique, Botswana, Ghana, Namibia, Uganda, Gabon, Rwanda, Burkina Faso, Guinea, Senegal, Burundi, 

Guinea-Bissau, Seychelles, Cape Verde, Kenya, Sierra Leone, Cameroon, Madagascar, South Africa, Benin, 

Nigeria, Niger, Zimbabwe, Mauritius, Lesotho, Malawi, Comoros, Mali, Sudan, Republic of Congo, Tanzania, 

Mauritius) over the period 2005-2022. The choice of the study period is dictated by the constraint of availability 

of relevant data on CO2. All data come from the World Development Indicator and World Governance Indicator 

of the World Bank (WDI and WGI, 2023).  

 

Model Specification 

 

In this study, we draw inspiration from the above econometric models for the specification of our analysis model. 

Indeed, following Acheampong et al. (2019) and Hakimi & Hamdi (2020), we have the following specification: 
2
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                                                                             (8) 

Let's ask , ,i t i t i t   = + +
, with unobservable components such as a country specific component ( i ), a specific 

time component ( t ) and the residual term ( ,i t
). i and t represent countries and periods respectively. In the form 

of a dynamic panel model, equation (8) is rewritten as follows: 

𝐶𝑂2𝑖,𝑡 − 𝐶𝑂2𝑖,𝑡−1 = 𝛼0 + 𝛽1𝐶𝑂2𝑖,𝑡−1 + 𝛽2𝑂𝑈𝑉𝑖,𝑡 + 𝛽3𝐸𝐸𝑖,𝑡 + 𝛽4𝐸𝑇𝑖,𝑡 + 𝛽5𝐶𝑎𝑝𝑃ℎ𝑖,𝑡 + 𝛽6𝐶𝑎𝑝ℎ𝑢𝑖,𝑡

7 , 8 , 9 , 10 , ,i t i t i t i t i tDf ER Pop Gov   + + + + +
                                                                                 (9) 
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In this model, CO2it represents CO2 emissions; OUVi, t trade openness; ETi,t technical effect; CapPhi,t physical 

capital investment; EEi,t scale effect; POPi,t population; Govi,t institutional governance; ERi,t renewable energy and 

Dfii,t financial development, and CapHui,t human capital. 

We can simplify (13) as follows: 

 
'

, , 1 1 , 1 2 , 3 , ,2 2 2i t i t i t i t i t i t i tCO CO CO OUV CV     − −− = + + + + +
                                               (10)                          

Where :CO2i,t and CO2i,t-1 represent respectively the logarithm of CO2 emissions in metric tons per capita and the 

logarithm of the same variable delayed by one period;CVit is the vector of explanatory variables;OUVit is the 

variable representing trade openness; i  and t  respectively denote the unobserved individual and temporal 

specific effects;Vit is the error term; i and t represent countries and periods respectively; 1  and 2  are parameters 

to be estimated;

'

3  is the transpose of a parameter vector to be estimated. With i=1,,,N and t=1,,,T. The hypothesis 

of convergence between the economies studied suggests that the coefficient ( 1  ) is negative and significant in the 

model, i.e. 10 1 1+
.  We can further rewrite model (10) as follows: 

'

, 1 , 1 2 , 3 , ,2 2i t i t i t i t i t i tCO CO OUV CV     −= + + + + +
                                                            (11) 

With 1 11 = +
 

Consistent with Huang et al. (2022), Zheng et al. (2021), Ehigiamusoe et al. (2020), in order to examine how the 

effect of trade openness on the environment varies when it interacts with complementary policies (CPs), equation 

(11) can be modified as follows: 

, 1 , 1 2 , 3 , ,2 2i t i t i t i t i t i tCO CO CV OUV PC     −= + +  + + +
                                                                    (12) 

In our work, institutional governance is the complementary policy. All data used are in logarithms. Indeed, there 

are important reasons associated with transforming the data into logarithms. The first is the use of direct elasticities 

and obtaining more consistent and efficient results. Second, the logarithm specification increases the stationarity 

of the series. And finally, heteroscedasticity is reduced (Awad, 2019; Zakari & Tawiah, 2019). 

 

Estimation method 

 

This study does not use the Ordinary Least Square (OLS) model, the fixed effect model and the random effect 

model due to the problem of autocorrelation between the lags of the dependent variables and the error terms as 

well as the possible problem of endogeneity of the dependent variables. However, following the recent literature 

on the subject (Yameogo et al. 2021; Hakimi & Hamdi, 2020), the Arellano & Bover (1995) system GMM is used 

to solve these problems. This method eliminates the problem of weak instruments in the analysis, thus making the 

results of the two-stage process more robust and efficient. We will use this method for the estimation of the model 

(9). The two-step GMM approach is asymptotically efficient and robust to heteroscedasticity. In order to have 

efficient estimators, the ratio of the number of individuals (N) to the number of instruments (i) (r=N/i) must be 

greater than 1 and to solve the problem of the nature of the instruments, it is judicious to introduce variables that 

have nothing in common such as institutional variables or to delay some or all of the explanatory variables and test 

their validity by a Sargan and Hansen test (Roodman, 2009). 
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Definition of variables 

 

Here we define the dependent variable of the study and the explanatory variables. Table 3 describes the variables 

used in this study. 

 

Table 3. Description of variables. 

Variables Expected 

sign 

Description Authors Sources 

CO2 

(Carbon dioxide emissions) 

 We use CO2 emissions in metric 

tons per capita which in most studies 

describe environmental quality. 

Asif (2024); Adebanjo & 

Akintunde (2024), 

Andriamahery et al. 

(2022); Kalayci & 

Hayaloglu (2019), 

(WDI, 2023) 

OUV 

(trade openness) 

+ The composite trade intensity of 

Squalli & Wilson (2011), is used to 

describe the degree of openness of 

SSA countries. 

Udeagha & Ngepah 

(2019) ; Udeagha & 

Breitenbach (2023). 

(WDI, 2023) 

EE  

(Scale Effect) 

+ Captured as in most studies by 

GDP/capita. 

Shahbaz & Sinha (2019); 

Sabir et al. (2020), To et 

al. (2019), Dauda et al. 

(2019) 

(WDI, 2023) 

ET  

(Technical effect) 

- Captured as in most studies by the 

square of GDP/capita 

Awad (2019); 

Acheampong et al. 

(2019) ; Antweiler et al. 

(2001) 

(WDI, 2023) 

CaPh  

(Physical Capital) 

+ou- Captured by gross fixed capital 

formation (%GDP) 

Duodu & Mpuure, (2023); 

Hakimi & Hamdi (2020); 

Sun et al. (2019); Fauzel 

(2017) 

(WDI, 2023) 

CapH  

(Human Capital) 

+ ou - It is approximated by the secondary 

school enrollment rate 

Andriamahery et al. 

(2022); Dauda et al. 

(2020), Ahmed & Wang 

(2019); Ponce et al. 

(2019). 

(WDI, 2023) 

Df  

(Financial development) 

+ ou - The ratio of domestic credit to the 

private sector (%GDP) is used 

Zakari & Tawiah (2019), 

Haseeb et al. (2018), Ali 

et al. (2019) 

(WDI, 2023) 

ER  

(Renewable Energy) 

- Renewable energy consumption 

(as % of total energy consumption) 

is used to capture renewable energy 

Toumi & Toumi, (2019); 

Nathaniel & Iheonu 

(2019); Baloch et al. 

(2019); Waheed et al. 

(2018); Dong et al. 

(2018). 

(WDI,2023) 

Pop  

(Population) 

+ ou - Population growth (annual %) Acheampong et al. 

(2019) ; Huang et al. 

(2022) 

(WDI,2023) 

GOV 

(Quality of institutions) 

- The synthetic indicator of six (6) 

dimensions of governance is used 

Habib et al. (2020); 

Usman et al. (2019);  

(WGI,2023) 

Source: author 
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Results and discussions 

 

Before doing so, however, it is necessary to carry out a descriptive analysis of the study variables and of the 

correlation matrix between the dependent variable and the different explanatory variables of the model. 

 

Descriptive analysis of variables 

 

The descriptive statistics (Table 4) of the main analysis variables are contained in the table below and show the 

same number of observations (684) for all variables (38*18=684). The average CO2 emissions of SSA countries 

is of the order of (2.9143). The trade openness captured by the Squalli and Wilson indicator (2011) has an average 

of 1.276. 

 

Table 4: Descriptive statistics of the variables 

Variable Obs Average 

Standard 

deviation Min Max 

Sdt.dev Skewness Kurtosis J-B 

EmissCO2~I 684 2.91433 0.25122 19.6215 85.8251 0.6215 0.2584 5.2514 51.21* 

Ouv~l 684 1.276606 4.215802 -12.55692 14.21594 0.6252 -1.5215 1.2482 23.14* 

EE 684 7.8493 0.321581 -2.65693 2.22592 1.2513 2.0516 8.2154 11.11* 

ET~t 684 40.74841 0.592519 -1.987359 1.12548 14.0125 2.1470 7.2154 9.215* 

CapPh~é 684 52.19036 0.72318 -1.01227 0.21584 0.2147 2.1111 4.9651 8.858* 

Ouv(X+M/PIB) 684 1.57136 0.32582 -1.99927 0.32547 0.4474 1.9686 9.2154 13.36* 

OuvPrimary~e 684 2.56074 0.33258 -9.63093 2.01251 0.33332 3.3335 10.1014 12.28* 

OuvSecon~n 684 2.62589 0.35489 -1.81262 0.32189 1.4857 3.1117 9.2154 12.11* 

OuvTertia 684 2.61299 0.11245 -1.2582 1.25148 4.3251 2.9975 7.8541 8.977* 

Caph~l 684 41.10621 4.21548 21.21521 41.41441 2.3152 5.2874 8.3699 23.28* 

Df~a 684 5.15507 7.25184 15.21589 99.8921 0.2154 7.6254 8.2157 22.87* 

ER~e 684 6.67003 0.34852 -1.01258 1.144352 0.87956 1.2221 5.4849 14.88* 

Pop~t 684 15.1267 7.215489 2.01586 89.32145 0.2187 2.3731 6.6696 11.21* 

GovInst~l 684 1.9205 25.51482 -15.0215 14.21586 0.77812 -0.2014 0.6598 5.897* 

Source: author from world bank data. Note: *, ** and *** significance at the respective thresholds of 1%, 5% and 

10%. 

 

Furthermore, the traditional indicator of trade openness gives an average of 1.571 while it is of the order of 2.56; 

2.62; and 2.61 in the tertiary, secondary and primary sectors respectively. The composition effect captured by the 

ratio between capital and labor is characterized by the smallest average value (-0.1903) and also the smallest 

maximum value (0.215). The scale effect captured by GDP per capita has an average of 7.849 while the technical 

effect has an average of around 40.74. Physical capital is characterized by the largest average value (52.19) 

followed by human capital (41.106), while financial development has on average the largest maximum value 

(99.892). Population growth has a mean value of 15.126 while it is of the order of 1.92 for institutional governance. 

It is also observed that renewable energy consumption has a mean of 6.67. The difference between the minimum 

and maximum values of all the variables is between 0.2147 and 14.012.  

Overall, the descriptive statistics show low variations. The results further show that only institutional governance 

and trade openness are negatively skewed while the others are positively skewed. The Kurtosis values reveal that 

governance and trade openness are platykurtic while the other variables have a leptokurtic distribution. The Jarque- 
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Bera statistic affirms the normality of our data series, which indicates the adequacy of the data for any empirical 

analysis. 

 

Correlation matrix analysis 

 

Table 5 provides a description of the correlations between the different analysis variables. The correlation matrix 

shows the existence of correlations between the different variables used. The correlations between CO2 emissions 

and GDP per capita on the one hand, CO2 emissions and the square of GDP on the other hand, are 0.3744 and -

0.5897 respectively. The correlations between CO2 emissions and physical capital; CO2 and trade openness (Squalli 

& Wilson, 2011) are 0.2147 and 0.0147 respectively. Furthermore, the highest correlations appear between trade 

openness and institutional governance (0.9998); between openness in the secondary sector and governance (0.998); 

between openness in the secondary sector and openness in the tertiary sector (0.9956).

Indeed, having an observation of more than 200 can result in a correlation coefficient between 0.7 and 0.8 without 

causing a problem in the estimations. This proves that there is no multi-collinearity between the independent 

variables. However, the weakest correlations appear between CO2 emissions and the scale effect (-0.5897), 

between CO2 emissions and trade openness captured by the traditional indicator (human capital and the 

composition effect (-0.9816); -0.3281 between institutional governance and trade openness captured by the 

traditional indicator (-0.1204); governance and CO2 emissions (-0.1750); between CO2 emissions and renewable 

energy consumption (-0.3281) and finally population growth and openness in the primary sector (-0.2251). 

However, the correlations between the different variables analyzed are not 

 

Presentation and interpretation of the results 

 

Here, we present and interpret the results obtained by the generalized moments method as well as the 

interpretations. This part therefore begins with the presentation of the results obtained using the generalized 

moments method in system. For the sensitivity of the results, we re-estimate the model using the Ordinary Double 

Least Squares method. In all estimations, the reported coefficients are in logarithms, hence can be interpreted as 

long-run elasticities. 

 

Interpretation of results (GMM in system) 

 

In the five models (1, 2, 3, 4 and 5) of Table 6, the probabilities associated with the Hansen tests are greater than 

5%, which means that the instruments are overall exogenous, in other words the instruments used in the regressions 

are valid. Furthermore, the probability associated with the second-order autocorrelation test is also greater than 

5%, therefore the hypothesis of second-order autocorrelation, AR (2), can also be rejected. The observation of the 

statistics therefore shows that the condition of non-correlation is satisfied and the dynamic model in panel data 

used is good. The ratio between the number of individuals (group or country) and the number of instruments is 

greater than 1 in the different models. 

Regarding the estimation results, model (1) represents the results obtained using the Squalli & Wilson (2011) 

indicator as a proxy for overall real openness. On the other hand, model (2) represents the results obtained when 

trade openness is captured by the traditional indicator (the sum of exports and imports reported to GDP). 
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Table 6. Summary of results: first GMM-Sys estimation 

CO2 emission Model 1 Model 2 Model 3 Model 4 Model 5 

CO2t-1 0.857** 

(1.36) 

0.987** 

(1.44) 

0.327*** 

(1.97) 

0.964** 

(1.02) 

0.743** 

(1.07) 

Global real opening 0.161** 

(0.54) 

0.194 

(0.55) 

0.051*** 

(0.71) 

0.102** 

(0.98) 

0.117*** 

(0.32) 

GDP/h (Scale effect) 0.010*** 

(0.89) 

0.011** 

(0.93) 

0.021** 

(0.44) 

0.087** 

(0.24) 

0.093*** 

(0.53) 

GDP2/h (Technical effect) -0.014*** 

(0.11) 

-0.027** 

(0.37) 

-0.113** 

(0.09) 

-0.009** 

(0.31) 

-0.021 

(0.81) 

Physical Capital 0.038*** 

(0.66) 

0.078** 

(0.91) 

0.337** 

(1.25) 

0.781** 

(0.57) 

0.018 

(0.29) 

Human Capital 0.071** 

(0.47) 

0.210 

(0.11) 

0.023 

(0.80) 

0.831** 

(0.87) 

0.711 

(0.24) 

Financial Dev. -0.007 

(0.77) 

-0.008 

(0.20) 

0.222** 

(0.90) 

-0.001 

(0.73) 

0.003 

(0.74) 

Energy Re -0.782** 

(1.72) 

-0.982*** 

(1.82) 

-0.966*** 

(1.73) 

-0.666** 

(1.28) 

-0.358*** 

(1.91) 

Population 0.004** 

(0.88) 

0.0001 

(1.66) 

0.444*** 

(1.02) 

0.003 

(1.07) 

0.009 

(1.01) 

Governance 0.875** 

(0.86) 

0.002** 

(0.84) 

0.336*** 

(1.52) 

0.563** 

(1.69) 

0.552 

(1.55) 

Constant 9.002** 

(1.22) 

4.421** 

(1.72) 

1.853** 

(1.43) 

3.002** 

(1.03) 

6.331** 

(0.78) 

 

Observations 684 586 683 683 684 

Groups 38 38 38 38 38 

Instruments 31 26 24 28 30 

AR (1) p-value 0.000 0.000 0.000 0.000 0.000 

AR(2) p-value 0.321 0.225 0.351 0.241 0.254 

Hansen p-value 

 

0.212 0.256 0.219 0.252 0.244 

Source: Author from world bank data.  

Note: Numbers in parentheses denote Student's t-scores in absolute values; *, ** and *** the significance at the 

1%, 5% and 10% thresholds, respectively. Notations: models: 1. trade openness is captured by the Squalli & Wilson 

(2011) indicator; 2. trade openness is captured by the traditional indicator; 3. trade openness in the primary sector 

(agriculture); 4. trade openness in the secondary sector (sum of exports of manufactured goods and imports as a 

percentage of exports and imports of goods); 5. trade openness in the tertiary sector (trade in services as a 

percentage of gross domestic product). 

And finally, models 3, 4 and 5 represent the results obtained when the overall real openness is observed 

respectively in the primary sector (agriculture), the secondary sector (industry) and the tertiary sector (service). In 

the case of model (1), the hypothesis of the Kuznets environmental curve is verified (because GDP/h has a positive 

coefficient of 0.01, and its square has a negative coefficient of -0.014 and both are significant at 10%). This result 

corroborates those found by Hakimi & Hamdi (2019); Shahbaz & Sinha (2019); Sabir et al. (2020), To et al. (2019), 

Dauda et al. (2019), Emrah & Aykut (2018). This result is quite revealing, since unlike advanced countries, SSA 
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countries are at their early stage of development, and use less sophisticated techniques to reduce carbon emissions. 

This model shows that trade openness has a positive and significant effect at 5% on CO2 emissions in SSA.  

Indeed, a 1% increase in trade openness leads to a 0.16% increase in CO2 emissions in SSA in the long term. 

Physical capital has a positive and significant coefficient at 10%. A 1% increase in gross fixed capital formation 

leads to a 0.038% increase in CO2 emissions in SSA. This impact is significant in most models. And this result is 

contradictory to that found by Fauzel (2017) in Mauritius. This result shows that domestic investments in SSA do 

not take environmental issues into account. When the overall real openness is captured by the traditional indicator 

(model 2), the coefficient associated with openness remains positive (0.194) but not significant. This can be 

explained by the fact that this indicator does not truly capture the level of commercial openness of a country. 

Furthermore, this model shows that the scale effect has a positive and significant coefficient of the order of 0.01. 

Furthermore, the technical effect contributes as in model 1 to reducing CO2 emissions in SSA. 

When we look at the different sectors of the economy, trade openness in the primary sector (trade in agricultural 

goods as a percentage of goods) has a positive and significant effect at 10% on CO2 emissions in SSA. Indeed, the 

results of model (3) show that a 1% increase in trade in agricultural products leads to a 0.051% increase in 

atmospheric pollution by CO2 in SSA. These results can be explained by the different archaic techniques used in 

agriculture in most SSA countries. The coefficients associated with the scale and technical effects are of the order 

of 0.021 and -0.113 respectively. In the secondary sector (model 4), the overall real openness is captured by trade 

in manufactured goods, i.e. goods resulting from human activity based on raw materials. In this model, trade 

openness has a positive and significant impact at 5% on atmospheric pollution by CO2 in SSA. Indeed, if the 

opening of trade in manufactured goods increases by 1%, CO2 emissions increase by 0.102%.  

In this sector, the scale effect has a positive coefficient (0.087) while the technical effect negatively affects (-0.009) 

CO2 emissions in SSA. This can show that the positive effect of global openness on CO2 emissions in SSA is due 

to activities in the industrial sector such as extractive industries, which have too lax environmental regulations. In 

model (5), trade openness is captured by trade in services. The associated coefficient is positive (0.117) and 

significant. This shows that this sector also influences CO2 emissions in SSA. The signs of the theoretical channels 

of international trade (scale and technical effects) through which openness affects emissions respect the theoretical 

prediction. Furthermore, in all the results, the coefficient of renewable energy consumption remains negative and 

significant at 5%, 10%, 10%, 5% and 10% respectively for models 1, 2, 3, 4 and 5.  

This shows overall that renewable energy consumption contributes significantly to reducing CO2 emissions in SSA. 

Furthermore, there is mainly strong evidence that carbon emissions decrease with increasing use of renewable 

energy, as shown by Acheampong et al. (2019). These results strongly corroborate the empirical results of Dong 

et al. (2018) who found that renewable energy consumption plays an important role in mitigating carbon emissions. 

This suggests that the continued use of fossil energy (oil, gas and coal) for commercial purposes contributes to 

carbon emissions. In addition, and to some extent, the increasing use of non-renewable energy and the lack of 

substitutable energy in SSA seems to be the most important challenge to reduce global warming, a situation that 

calls for much attention. Therefore, our results show that greater consumption of renewable energy reduces CO2 

emissions in SSA.  

Many of the empirical studies have explored the causal relationship between the use of renewable energy and CO2 

emissions (Toumi & Toumi, 2019; Nathaniel & Iheonu, 2019; Baloch et al. 2019; Waheed et al. 2018; Dong et al. 

2018; Charfeddine et al. 2018). In all the results, it is also found that the increase in population growth leads to an 

increase in CO2 emissions in SSA. Indeed, in the first model, the coefficient associated with population growth is 

positive and significant at 5% (0.004). This coefficient is also positive and significant at 10% (0.444) in Model 3. 

In the other models, the effect is positive and insignificant. Therefore, the increase in population in SSA contributes 

to air pollution. Acheampong et al. (2019) also found that population growth contributes to the increase in CO2 
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emissions in SSA. Regarding financial development, its effect on carbon emissions in SSA is not pronounced in 

this study. Indeed, it has a positive coefficient in some models and negative in others, and none of the results are 

significant. This is necessarily due to the weakness of the financial sector in SSA. 

In all models, our results revealed that institutional quality measured using the composite index (which includes 

six governance indicators: freedom of speech and accountability, political stability, state effectiveness, regulatory 

quality, rule of law and control of corruption) positively impacts CO2 emissions in SSA. Indeed, governance has a 

positive and significant coefficient on CO2 emissions in all models except model 5. This result can be explained 

by the poor application of governance dimensions in CO2 mitigation in SSA. For example, corruption can influence 

subsidies received by companies or the level of trade protection. Corruption also indirectly affects emissions 

through its effect on income level (Cole, 2007). In model 1 and model 4, human capital positively and significantly 

impacts CO2 emissions in SSA at 5%. The implication of this result is that the level of education is low in SSA, 

and the population is still unaware of environmental issues.  

This result corroborates those of Dauda et al. (2020) in African countries. Human capital has become an important 

element of CO2 mitigation strategies over the years, as a certain level of education allows people to understand the 

importance of complying with environmental rules and the need to reduce CO2 emissions. When certain actions 

such as vocational training, learning by doing, research and development are not taken into account, human capital 

activities can affect environmental CO2 pollution. Furthermore, environmental policies are likely to be achieved 

in places where the level of education of citizens is moderately high because there is a tendency to obey 

environmental rules (Desha et al. 2015). 

 

Robustness analysis 1: Reestimation by the system GMM 

 

In this section, we will repeat the estimation of our study model using the GMM method, taking into account the 

institutional variable each time. The results are reported in Table 7 below. In the seven models (1, 2, 3, 4, 5, 6 and 

7) in Table 7, the probabilities associated with the Hansen tests are greater than 5%, which means that the 

instruments are generally exogenous, in other words the instruments used in the regressions are valid. Furthermore, 

the probability associated with the second-order autocorrelation test is also greater than 5%, therefore the 

hypothesis of second-order autocorrelation, AR(2), can also be rejected. The observation of the statistics therefore 

shows that the condition of non-correlation is satisfied and the dynamic model in panel data used is good. Model 

1 presents the results of the estimation when corruption and its interaction with openness are taken into account. 

In the same logic, political stability is taken into account in model 2; voice and accountability in model 3; 

government effectiveness in model 4; regulatory quality in model 5; rule of law in model 6 and the composite 

index in model 7.  

In the seven models, trade openness positively impacts CO2 emissions in SSA. This confirms the results obtained 

previously. The CEK hypothesis is also confirmed in all models in accordance with the previous results and the 

theoretical prediction. Furthermore, these results show that the weakness of institutions in SSA is a handicap for 

improving its environment. Indeed, the six indicators of institutional quality have a positive and significant effect 

on CO2 emissions in SSA. For example, when corruption, voice and accountability, regulatory quality each 

increase by 1%, CO2 emissions increase by 0.32%; 0.05%; 0.9% respectively in SSA. On the other hand, when 

trade openness interacts with a complementary policy, in this case the indicators of the quality of governance in 

the context of this work, the coefficient of the interaction remains negative. Indeed, the interaction gives negative 

coefficients (-0.002) for model 1; -0.002 for model 2; -0.0001 for model 3; -0.02 for model 4 and -0.75 for model 

5, -0.54 for model 6, -0.01 for model 7. Consequently, for trade openness to improve the quality of the environment 

by reducing CO2 emissions in SSA, it must be accompanied by effective institutions. 
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Table 7. Summary of results: second GMM-Sys estimation 

  (1) (2) (3) (4) (5) (6) (7) 

 SYS-GMM 

VARIABLES CO2 emissions 

         
CO2t-1 0.012** 0.452** 0.513** 0.836** 0.791** 0.215** 0.325** 

 (0.0472) (0.0321) (0.0445) (0.0258) (0.0398) (0.0142) (0.0784) 

Trade openness 0.193** 0.0369*** 0.0114** 0.0235*** 0.0714** 0.0321** 0.387** 

 (0.447) (0.00112) (0.0714) (0.2541) (0.0147) (0.0883) (0.0892) 

GDP/h (Scale effect) 0.111*** 0.0216*** 0.0601*** 0.00944 0.0169*** 0.0422*** -0.0155*** 

 (0.0854) (0.2514) (0.0105) (0.0258) (0.2780) (0.00428) (0.00630) 

GDP2/h (Technical effect) -0.0177** -0.0315*** -0.0875*** -0.0782** -0.0981*** -0.0410* -0.0108*** 

 (0.0143) (0.000801) (0.00808) (0.00821) (0.00841) (0.00983) (0.00347) 

Physical Capital 0.0247 0.7412*** 1.0008*** 0.7360*** 0.888*** 1.0014*** 1.0082*** 

 (0.677) (0.641) (0.819) (0.398) (0.401) (0.442) (0.871) 

Human Capital 0.2221** 0.1009*** 0.00007*** 0.0014* 0.215*** 0.8214*** 0.3671* 

 (0.012) (0.7210) (0.0418) (0.0214) (0.0014) (0.2170) (0.07618) 

Financial Development -0.3325 0.214 0.6020 0.01408 -0.0218 -0.4436 -0.8754 

 (0.362) (0.0325) (0.0711) (0.0896) (0.0451) (0.0963) (0.0321) 

Renewable Energy -0.2314** -0.2143*** -0.0047* -0.0001* -0.00008** -0.0214** 0.302*** 

 (0.134) (0.00459) (0.0237) (0.0420) (0.0304) (0.0240) (0.0539) 

Population 0.0021*** 0.0361 0.0702 0.0014** 0.0961*** 0.5551 0.0122*** 

 (0.135) (0.0752) (0.00441) (0.00652) (0.00375) (0.00273) (0.00523) 

Corruption 0.328*** 0.00142*** 0.0114*** 0.0043** 0.00258*** 0.00871* 0.0102*** 

 (1.113) (0.025) (0.023) (0.054) (0.0021) (0.0045) (0.0521) 

Trade openness # C. Corruption -0.0025**       

 (0.145)       
Political Stability  0.211***      

  (0.821)      
Trade openness*Political Stability  -0.0021***      

  (0.0011)      
Voices and responsability   0.0541     

   (0.233)     
Trade openness*Voices and responsability   -0.0001***     

   (0.2141)     
government effectiveness    0.823    

    (0.058)    
Trade openness* government effectiveness    -0.0214***    

    (0.002)    
Regulatory Quality     0.981***   

     (0.251)   
Trade openness *Regulatory Quality     -0.7512   

     (0.0452)   
Rules of law      1.0008***  

      (0.814)  
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Trade openness *Rules of law      -0.541  

      (0.144)  
Composite Governance Index       0.410*** 

       (0.0766) 

Trade openness* Composite Governance Index       -0.0140*** 

       (0.0724) 

Constant 1.52*** 3.752*** 5.413*** 7.012*** 3.113*** 10.220*** 7.069*** 

 (2.104) (1.741) (1.485) (2.441) (2.783) (2.879) (2.331) 

        
Observations 683 681 675 679 684 683 684 

Number of groups 38 38 38 38 38 38 38 

Instruments 22 31 27 27 29 30 29 

AR (1) p-value  0.000 0.000 0.000 0.000 0.000 0.000 0.000 

AR (2) p-value 0.221 0.125 0.329 0.238 0.219 0.105 0.821 

Hansen p-value  0.466 0.328 0.420 0.143 0.325 0.413 0.269 

Notations : Numbers in parentheses denote Student's t-scores in absolute values; *, ** 

and *** the significance at the 1%, 5% and 10% thresholds, respectively.        

Source: author from world bank data 
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Robustness Analysis 2: Estimation by the Ordinary Double Least Squares Method 

 

In this section, we re-estimate the effects of trade openness on CO2 emissions using the instrumental variables 

approach with the ordinary double least squares method. The results of the estimations without and with control 

variables are reported in Table 8. The tests confirm the validity of the instruments. Indeed, in the seven models (1, 

2, 3, and 4) in Table 8, the probabilities associated with the Hansen tests are greater than 5%, which means that 

the instruments are overall exogenous, in other words the instruments used in the regressions are valid. Therefore, 

the absence of rejection of the null hypothesis in the Hansen test confirms the validity of the instruments. In 

addition, the Fisher statistic for each specification is greater than 10.  

The under-identification test (KP-LM) is statistically good since it is of the order of 0.000 for all specifications. 

The Hansen statistic corroborates the results given by the coefficients of determination and the KP-LM probability. 

Finally, the F-stats give values greater than 10 for the different specifications signifying the good quality of the 

result. We conclude that the model is statistically validated. 

 

Table 8. The effects of trade openness on CO2 emissions: Ordinary Double Least Squares Method 
 

DEPENDENT VARIABLE : CO2 EMISSION 

VARIABLES (1) (2) (3) (4) 

TRADE OPENNESS 1,87*** 0,31*** 0,092** 0,011** 
 

(0,027) (0,029) (0,292) (0,023) 

GDP/H 
 

0,210* 0,211*** 0,206*** 
  

(0,011) (0,022) (0,031) 

GDP2/H 
 

-0,021*** -0,038 -0,035*** 
  

(0,021) (0,015) (0,028) 

PHYSICAL CAPITAL 
 

0,025*** 0,021** 0,001* 
  

(0,041) (0,020) (0,009) 

HUMAN CAPITAL 
 

0,001 0,005 -0,035** 
  

(0,054) (0,019) (0,033) 

FINANCIAL.DEV 
 

0,004*** -0,007 0,009** 
  

(0,017) (0,016) (0,041) 

RENEWEBLE. ENER 
  

-0,359*** -0,097*** 
   

(0,057) (0,037) 

POPULATION 
  

0,007*** 0,041*** 

   (0,081) (0,091) 

GOVERNANCE 
   

-0,127** 

    (0,043) 

CONSTANT 4,021* 4,254* 4,012* 3,968*** 
 

(0,144) (0,321) (0,211) (0,201) 

OBSERVATIONS 684 684 684 684 

R² 0,119 0,171 0,133 0,152 

KP-LM (P-VALUE) 0,000 0,000 0,000 0,000 

HANSEN (P-VALUE) 0,325 0,582 0,655 0,758 

F-STAT 451,7 605,4 359,8 584,6 

Source: author from world bank data. Note: Robust standard deviations are reported in parentheses. * p<0,01, ** 

p<0,05, *** p<0,1 
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The results of model 1 (first column) of our estimation only retain trade openness as the explanatory variable, 

which can lead to a question of omission of explanatory variables arbitrarily inflating the expression of the 

coefficient of this variable. We will objectively interpret the coefficients of the last two columns which contain the 

maximum of explanatory variables. We will first proceed to the interpretation of the variable of interest and will 

follow that of the control variables. The variable of interest here is trade openness. This variable has the 

economically expected sign. Indeed, a one-point increase in trade openness leads, all other things being equal, to 

an increase of 0.092 points (column 3) or an increase of 0.011 (column 4) in the CO2 emissions rate. This result 

confirms the results previously obtained via the GMM method in system. Similarly to Sabir et al. (2020), the EKC 

hypothesis is verified for models 3 and 4. Indeed, GDP per capita has a positive and significant impact on CO2 

emissions while its square negatively affects CO2 emissions. 

Also focusing on the other control variables, we observe that they have overall the signs obtained in the GMM 

estimations. For example, the positive sign of human capital in model 3, the positive sign of population in models 

3 and 4, the negative sign of renewable energy consumption, the negative sign of institutional quality and the 

positive sign of physical capital. 

 

Conclusions and Policy implications 

 

Through an original and innovative measure this study has to evaluate the effects of trade openness on CO2 

emissions in SSA. Through stylized facts, this study analyzed the trade performance, CO2 emissions and export 

breakdown of SSA countries. The analysis of CO2 emissions shows that in SSA, the emission rate is increasing 

over the period 2005-2022 despite its low contribution to global emissions. In addition, the breakdown of exports 

shows that this region is increasingly integrated into international trade. This study presented the methodology, 

results and interpretations. The indicator of Squalli & Wilson (2011) is used to capture the degree of openness of 

SSA countries. Through the GMM method and the robustness by the Ordinary Double Least Squares Method, the 

results showed that the estimation methods are unanimous on the positive effect of trade opening on CO2 emissions. 

In terms of elasticity, the 1% increase in trade openness results in a 0.16% increase in CO2 emissions in ASS. The 

arguments put forward include that trade increases the intensity of fossil energy consumption through the export 

of goods and services, which makes the industrial sector heavily dependent on fossil energy. The effect is that CO2 

emissions increase as economies tend to accumulate trade surpluses through exports. This study validated the 

existence of the hypothesis of the environmental curve of Kuznets (because GDP/capita has a positive coefficient 

of 0.010, and its square has a negative coefficient of -0.0141 and both are significant). In addition, trade opening 

in different sectors of the economy has shown that the primary (agriculture) and secondary (industry) sectors and 

the tertiary (services) sector contribute to the increase in CO2 emissions in SSA. The dynamic model is controlled 

by several variables. In all the results, it was found that renewable energy consumption contributes significantly to 

reducing CO2 emissions in SSA.  In addition, the effect of financial development on SSA carbon emissions is not 

pronounced in this study because no results are significant. This is necessarily due to the weakness of the financial 

sector in SSA. Institutional quality measured by the composite index (which includes six governance indicators 

such as freedom of speech and accountability, political stability, state effectiveness, quality of regulation, rule of 

law and control of corruption) positively impacts CO2 emissions in SSA.  Human capital has a positive and 

significant impact on CO2 emissions in SSA. The implication of this finding is that education levels are low in 

SSA, and people are still unaware of environmental problems.  

With the world’s rapid climate change, policy makers in SSA are encouraged to develop strategies that improve 

environmental quality (by reducing CO2 emissions). To do so, they must: Include the environment component in 
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their agenda for future trade negotiations. Choosing business partners with an eye to their environmental 

commitment. They must implement policies and strategies that ensure growth without abandoning the environment. 

Implement strategies to exploit and develop its energy potential and, by extension, reduce CO2 emissions. The SSA 

has many natural resources, such as the rainforest which is one of the main carbon sinks on the planet and a 

potential source of renewable energy. Act on human capital, because a certain level of education allows the 

population to understand the importance of respecting environmental rules and the need to reduce CO2 emissions. 

To achieve this, certain actions such as vocational training, learning by doing and research and development must 

be taken into account; improving the quality of their institutions by implementing appropriate policies and 

strategies. 
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Abstract 

The need for sustainable solutions has increased globally as a result of the growing environmental problems 

brought about by urbanization and industrialization. Given this, private investment in artificial intelligence (AI) 

has become a viable means of promoting environmental sustainability, mainly because of AI's capacity to 

minimize ecological footprints and maximize resource utilization. This research investigates the role of private 

investment in AI in promoting environmental sustainability in the United States from 1990 to 2019. It also 

analyzes the impact of financial globalization, technological innovation, and urbanization by testing the Load 

Capacity Curve (LCC) hypothesis. The research utilizes stationarity tests, which indicate that the variables are 

free from unit root problems and exhibit mixed orders of integration. Using the Autoregressive Distributive Lag 

(ARDL) Model bound test, the analysis finds that the variables are cointegrated in the long run. The short-run 

and long-run estimations of the ARDL model confirm the existence of the LCC hypothesis in the United States, 

revealing a U-shaped association between income and load capacity factor. The findings show that private 

investment in AI has a significant positive correlation with the load capacity factor, thus promoting environmental 

sustainability. Conversely, technological innovation and financial globalization exhibit a negative correlation with 

the load capacity factor in both the short and long run. To validate the ARDL estimation approach, the study 

employs Fully Modified OLS, Dynamic OLS, and Canonical Correlation Regression estimation methods, all of 

which support the ARDL outcomes. Additionally, the Granger Causality test reveals a unidirectional causal 

connection from private investment in AI, financial globalization, economic growth, technological innovation, 

and urbanization to the load capacity factor. 

 

Keywords: Financial Globalization; LCC Hypothesis; Private Investment in AI; Technological Innovation; 

United States
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Introduction 

The devastation of the surroundings counts for the greatest pressing issues happening in the modern world today 

(Raihan et al.,2024; Li et al.,2021; Liu et al., 2021). This is due to its adverse effects on the overall economy, 

biodiversity, the atmosphere, human health, the quality of the air, and assets, including groundwater, soil, and 

forests (Rehman et al., 2021). Globally, maintaining economic growth and reducing climate change now depend 

on reducing CO2 emission levels and maintaining ecological integrity (Raihan et al., 2022; Abir, 2024). Moreover, 

a great deal of this emission originates from a few nations (Magazzino et al., 2020). Even though the US economy 

has been expanding for over three decades, the nation is dealing with major environmental problems (Koondhar 

et al., 2018). As of right now, China is the nation with the fastest pace of economic growth, with the United States 

standing in second (He and Richard 2010). Even though China accounts for 28% of global CO2 emissions, the 

USA is responsible for 16%, the EU for 11%, India for 6%, and other countries for 39%. However, as China has 

a population four times that of the USA, the USA has higher CO2 emissions per capita than China (Koondhar et 

al., 2018). Moreover, according to 2020 year-end data (WorldBank, 2021), the USA produces almost 14%. These 

alarming figures underscore the relevance of the present research from a US perspective. Significant outcomes 

can be obtained by utilizing relevant factors, including financial globalization, technical innovation, and private 

investment in AI. The research findings can be implemented by policymakers to ensure a green environment in 

the USA. The effect of multiple socio-economic and technical variables on carbon emissions has been a focus of 

numerous research (Orhan et al., 2021; Su et al., 2021; Zhang et al., 2021; Guloglu et al.,2023 and Raihan et 

al.,2023). Even if CO2 pollutions make up a sizable amount of greenhouse gases, Akinsola et al. (2021) claimed 

that carbon emissions are insufficient to accurately depict and assess total environmental damage. Conversely, 

the ecological footprint (EFP) was primarily initiated by Rees (1992), and it was subsequently emphasized by 

Galli et al. (2012) as the foremost for both financial and environmental indicators for evaluating ecological 

damage. In spite of this, not much research has been done on the Load Capacity Curve (LCC) concept. Therefore, 

the available literature fails to have information regarding the LCC hypothesis's validity in emerging economies 

like the USA. To close this gap, this research assesses the LCC hypothesis's relevancy to the USA. According to 

Siche et al. (2010), the load capacity factor (LCF) offers a more precise sustainability measurement. The LCF 

illustrates how strong or able a country is to support its citizens according to their modern lifestyles (Xu et al., 

2022,). Therefore, an ecosystem is considered to be hampered when the LCF is less than 1 and sustainable when 

the LCF is greater than 1 (Pata et al., 2021; Sohail et al.2018a). 

We have recently witnessed revolutionary developments in several industries as Artificial Intelligence (AI) has 

become increasingly integrated, and the environment field is no exception. Worldwide green growth issues can 

be resolved somewhat by the progress of AI technologies. Moreover, the implementation of AI can lower 

emissions to the environment (Shang et al.,2024). AI boosts Chinese industries' environmental sustainability and 

dramatically lowers the intensity of pollutant emissions (Cheng et al., 2024). Artificial intelligence-driven 

commercialization might reach to $3.9 trillion in 2022, up from $1.2 trillion in 2018, which marked a 70% growth 

from 2017 (Brown, 2013; Fatorachian and Kazemi, 2018; Richards et al., 2019). The public sector's contribution 

to AI has been expanding over the past few decades, as seen by the $3.2 billion in investments made by the U.S. 

government in 2022 (JEC,2023). Additionally, in almost 65% of AI-enabled environmental initiatives, 

mathematical models are used. All environmental professionals are likely to gain numerous advantages from AI 

tools (Konya and Nematzadeh, 2024). It can assist policymakers in formulating scientifically grounded strategies 

and plans for green ecosystems (Asadnia et al.,2014; Asadnia et al.,2017; Farahnakian et al., 2011). AI-driven 

technologies are crucial for ecological resource conservation as they facilitate the monitoring and preservation of 

natural habitats, animal populations, and ecosystems (Krishnamoorthy and Sistla, 2023; Sohail et al.2018b). To 

discover biodiversity hotspots, monitor endangered species, and identify threats to the environment like 
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deforestation, poaching, and pollution, machine learning algorithms can examine satellite images, sensor data, 

and ecological parameters (Krishnamoorthy and Sistla, 2023). Stakeholders can safeguard biodiversity and 

ecosystem services by implementing focused interventions and making educated decisions by utilizing AI for 

environmental monitoring and conservation (Sistla and Konidena, 2023). 

There are several ways in which the process of economic growth might result in environmental damage (Kartal 

et al., 2022). Growth in the economy comes with a substantial consumption of energy, natural assets, and 

production inputs, which initially pollutes the environment and puts more strain on it (Nurgazina et al., 2022). 

With time, the pressure on the ecosystem declines, and as environmental knowledge and demand grow, higher 

income levels help to improve natural health (Pata et al.,2023). On the other hand, in Bangladesh and Indonesia, 

Bakirtas et al. (2023) observed a reverse U-shaped link between GDP and LCF. In 2024, the US accounted for 

13.3% of worldwide GDP and for around 4.21% of the global populace (World Bank, 2024). Meanwhile, almost 

16% of global CO2 emissions came from 5,416 MT of emissions in the United States (BP, 2020). Since the USA 

is one of the major polluters of greenhouse gases into the atmosphere, it bears some of the blame for the climate 

crisis and global warming. The catastrophic consequences of the United States' roughly 1.0 degree Celsius climate 

change are already worrisome, affecting the most vulnerable members of the population with a climate-fueled 

disaster that caused fatalities, deteriorating health, and the degradation of the natural world (Zhang et al.,2023, 

Sohail et al.2019).  The majority of research has shown that the growing population causes more environmental 

damage (Voumik and Ridwan, 2023; Khan et al., 2021; Pham et al., 2020; Menz and Welsch, 2012). Financial 

globalization (FGOB) considers characteristics such as international assets and liabilities, FDI, investment 

portfolios, and related laws to assess how far a nation has incorporated into the global financial system. As a 

result, FGOB is a noteworthy measure of financial progress (Dhingra, 2023; Wang et al., 2023). With the progress 

of financial globalization, foreign direct investment is increasing globally. The most current UNCTAD (2020) 

showed that from $1.3 trillion in 2018 to $1.5 trillion in 2019, there was a 3.0% rise in worldwide FDI inflows. 

Scholars like Furceri et al. (2019), Usman et al. (2019), Obstfeld (2021), Gungor et al. (2021), and Awosusi et al. 

(2022) characterize FGOB as the convergence of global monetary systems into a single sector. Through 

the optimization of resources, clean energy, garbage disposal, prevention of pollution, and monitoring of the 

atmosphere, technological innovation can slow down the decline of the environment (Ha 2022; Vyas et al. 2022; 

Ramzan et al. 2023).  

Consequently, our investigation makes multiple significant enhancements to the collection of contemporary 

literature. First of all, from a U.S. viewpoint, it addresses the largely unexplored field of private investment in AI, 

which makes it distinctive. The experimental research has presented consistent results concerning the correlation 

between LCF and private AI investment (PAI). Our study aims to clarify the linkages between LCF and PAI in 

light of the situation described above, offering additional relevant data for designing green policies. Second, the 

study makes use of unique PAI data that is categorized as Estimated Investment in AI (US$) and is adapted from 

Our World in Data. Within the framework of the USA's LCF, this analysis focuses on the trends and key research 

areas of private investment in artificial intelligence (AI), financial globalization, technical innovation, economic 

development, and urbanization. Analyzing the LCF within the context of the USA will offer fresh perspectives to 

scholars exploring the issue and establish a noteworthy contribution to the body of understanding. As far as we 

are aware, our work is the first to conduct a detailed representation of the literature on the LCF, enabling us to 

embark on the following research goals: What effect do PAI and FGOB have on the USA's LCF? In what ways 

can independent and dependent variables interact spontaneously? Furthermore, how do TI, GDP, and URBA 

affect the LCF? The significance of this research lies in the fact that private investment in artificial intelligence 

and financial globalization has not been extensively studied in other studies. By recognizing these elements, 

policymakers and strategy developers might be able to more effectively promote environmentally responsible 



Journal of Environmental Science and Economics  

   Global Scientific Research   102 
 

behavior. More research in this area is essential to building a pleasant and sustainable environment, particularly 

in light of increasing interest in green cities and public awareness of ecological issues. The implications of GDP, 

PAI, FGOB, TI, and URBA on the LCF are examined in inquiry using ARDL methodologies from 1990 to 2018.  

Additionally, the robustness of the findings was analyzed as well using the FMOLS, DOLS, and CCR 

examinations. This study delivers valuable insights for legislators in the USA and other nations to achieve the 

SDGs while simultaneously promoting sustainable economic growth and increasing the ecosystem condition (as 

evaluated by the LCF) by adopting an integrative approach to the issue. 

The paper checks the body of investigation on the chosen determinants in the second part. The information, 

theoretical framework, empirical model development, and estimating methods used to conduct the study are all 

covered in detail in the "Methodology" section. "Results and Discussion," the fourth part, offers an extensive 

discussion of the model's findings. The fifth and last part summarizes the analysis and suggested strategies of 

action. 

 

Literature Review 

The consequences of financial globalization, advancements in technology, and GDP development on the LCF 

have been the subject of several empirical investigations. While numerous analyses examined the ARDL model, 

the majority of papers focused on how trade openness, urbanization, and green energy usage affect environmental 

quality. Others have focused on analyzing the connection between trade openness, globalization, economic 

expansion, and LCF. Previous studies on the concept of ecological degradation in the context of the USA have 

not yet been extensively conducted as this is a relatively new field. However, the investigation used some prior 

studies that assisted with the selection of variables and methods. This section will cover a few of these inquiries.  

GDP and Load Capacity Factor Nexus 

The relationship between GDP development and ecosystem sustainability has been the subject of several studies. 

Many believe that as the economy grows, there will be an increase in CO2 emissions. However, things become 

more complicated when we include load capacity in addition to CO2 emissions as environmental quality criteria. 

People's goals for monetary progress encourage them to use all available energy resources, which has an economic 

effect of producing emissions (Panel et al., 2011). In addition, when business activity expands to achieve 

incredible growth, natural resource depletion takes place (Teng et al.,2024). Thus, the deterioration of biocapacity, 

biodiversity, and the LCF in different areas can be linked to carbon emissions and resource depletion for income 

development (Zhang et al., 2022). In Pakistan, Ali et al. (2023) performed an experiment using a "dynamic 

autoregressive distributed lags model" and a unique approach called "Kernel-based regularized least squares 

(KRLS)." They discovered an unexpected negative correlation (-0.270) between the load capacity factor and GDP 

development over a longer period. According to Pata (2021), growth in GDP significantly degrades the 

environment in a manner that cannot be balanced by clean power sources or increased medical expenses in the 

United States. Similar research (Fareed et al., 2021; Huilan et al.,2022; Shang et al., 2022; Abdulmagid Basheer 

Agila et al., 2022; Jin and Huang.,2023; ÇAMKAYA and KARAASLAN.,2024) that used the LCF and 

discovered that upsurges in GDP growth exhibited negative consequences on the LCF indicating the destruction 

of the ecosystem. By examining the consequences of GDP, Li et al. (2023) seek to understand how the next eleven 

countries improved their LCF between 1990 and 2018. The long-term outcomes illustrate that reliance on 

economic growth reduced LCF. However, Ullah et al. (2023) insist that while there is no short-term effect, growth 

in monetary complexity has a positive long-term consequence on LCF. On the other hand, a U-shaped connection 
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between income and the state of the environment was observed by Guloglu et al. (2023), confirming the validity 

of the LCC theory.  

AI Innovation and Load Capacity Factor Nexus 

The increasing prevalence of artificial intelligence (AI) technology in our daily lives has extensive political and 

socioeconomic implications. Both officially and privately funded AI research and applications are encouraged 

heavily (Brandusescu, 2022). Negi (2018) focuses on the flow of investment in artificial intelligence from the top 

three major nations in the field: China, India, and the United States. They display the steps that the government 

has taken to incorporate artificial intelligence into its present ecosystem, which is supported by the private sector. 

The t-test demonstrates a significant relationship between annual investment and trend analysis, which suggests 

that the AI industry is growing quickly. Vietnam is seeing a relatively small amount of misdirected AI investment. 

Vietnam excessively remains significantly behind other Southeast Asian nations, necessitating both governmental 

and private investment in this sector (Pham et al.,2024). Artificial intelligence (AI) investment from the private 

sector has an enormous impact on the environment, positive as well as negative. AI helps with the preservation 

of natural assets, controlling energy consumption, ecological safeguarding, pollution control, agriculture, and 

other areas, all of which are critical to attaining environmental sustainability (Kumari and Pandey,2023). In the 

same way, Habila et al. (2023) indicate that the use of AI improves the human capacity to manage climate change 

to achieve sustainability while utilizing natural resources. Conversely, Okengwu et al. (2023) expressed that 

increased usage of AI in agriculture results in increased carbon emissions that affect humanity and the natural 

world. Green AI can boost productivity and alleviate its negative effects on the environment (Pachot and Patissier, 

2022). Since private investment in AI usually has a negative impact on the natural world, government officials 

need to advocate for increased private investment, particularly in green AI. 

Financial Globalization and Load Capacity Factor Nexus 

Financial globalization is the uncontrolled and easy movement of financial resources within national boundaries 

(Kose et al., 2009). Both positive and negative effects of financial globalization on the LCF are apparent in 

emerging countries. In the case of India, Akadiri et al. (2022) demonstrated that FGOB is positively connected 

with the LCF both in the short and long run. According to Raihan et al. (2021), the short- and long-term 

consequences of FGOB are favorable for the LCF. By taking into account financial globalization over the years 

1980–2021, Ozcan et al. (2024) aim to look at how Germany’s natural world is impacted. Through the use of 

advanced quantile-based methods, they highlight how FGOB boosts the quality of biodiversity. Moreover, using 

panel econometric approaches, Wang et al. (2022) scrutinized the most recent yearly data set that included 31 

OBOR countries from 1996 to 2018. According to the findings, the environment deteriorates due to financial 

globalization. Many scholars also agree that FGOB slows down environmental damage by increasing the LCF 

(Jin et al.,2023; Xu et al.,2022; Pata et al.,2021; Yang et al.,2023). However, for Bangladesh, the effects of 

financial globalization on the ecosystem are multifaceted and rely on several variables, including clean FDI and 

the consumption of clean energy (Murshed et al. 2021). From 1990 to 2017, Kihombo et al. (2022) checked out 

the link between environmental impact and financial globalization in some West Asian and Middle Eastern 

(WAME) territories. The result demonstrates that through lowering the ecological footprint, financial 

globalization contributes a major part in promoting environmental sustainability. Several outcomes were also 

observed by (Awosusi et al.,2022 Ulucak et al.,2020; Tahir et al.,2021), and they revealed an encouraging effect 

of FGOB on the LCF, indicating the enhancement of ecological condition. In light of these outcomes, it is essential 

to determine if financial globalization provides the USA with a comparable opportunity to boost its load 

capacity factor.  
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Technological Innovation and Load Capacity Factor Nexus 

Previous investigations have mostly overlooked technological innovation (TI), and it has been found to have both 

positive and negative outcomes. The continuous improvement in the degree of innovation has rendered 

policymakers, as well as scholars, to recognize the significance of technological innovation in preventing 

environmental deterioration (Du et al., 2022; Haldar and Sethi, 2022). Several analyses have been performed to 

analyze the fundamental connections between LCF and technological progress. The MMQR approach is used by 

Jahangir et al. (2024) to analyze the consequences of technological innovation on LCF between 1994 and 2018. 

The result illustrates that, in the top 10 SDG nations, TI has an adverse and substantial effect on lowering LCF. 

To examine how TI affects environmental quality in China, Kartal and Pata (2023) consider ecosystem indicators 

such as CO2 pollution, EFP, and LCF. The findings exhibit that whereas TI reduces LCF at middle quantiles, it 

increases CO2 emissions and ECF at higher quantiles. Some analyses also found that technological innovation is 

hazardous to the ecosystem (Raihan et al.,2024; Su et al.,2023; Adebayo et al.,2022). On the other hand, Wang et 

al. (2020) researched N-11 economies between 1990 and 2017, utilizing the unit root test, AMG, and CCEMG 

proposed by Pesaran (2007) serve as the foundation for the empirical estimations. The outcomes illustrate that TI 

has a destructive relationship with greenhouse gas emissions that boost the quality of the environment. 

Furthermore, Kihombo et al.(2021) assessed the implication of TI on environmental quality in West Asian and 

Middle Eastern countries and demonstrated that TI strengthens the natural world. Similarly to this, Rafique et al. 

(2020) provided evidence that technical advancements lower pollution in the BRICS countries.  Multiple studies 

have also showcased the positive consequences of TI on maintaining financial sustainability (Mehmood et 

al.,2023; Khan et al.,2023; Anwar et al., 2021). 

 

Urbanization and Load Capacity Factor Nexus 

 

The goal for individuals shifting from rural to urban locations is to lead ordinary lives while working in industries 

that generate revenue (Ruel et al., 2008). Furthermore, the concept of the smart city, which advocates for energy 

from both renewable and nuclear sources, has emerged as the primary goal of industrialized and modern society 

(Chenic et al., 2022). The ARDL approach was utilized by Raihan et al. (2023) to examine cointegration and both 

short- and long-term dynamics using time series data from 1971 to 2018. The result illustrates that urbanization 

lowers Mexico’s LCF and, therefore, lowers the quality of the natural world. Urbanization has negative 

consequences on the dynamics of load capacity, which accelerates ecological deterioration (Teng et al.,2024). 

Using Cross-Sectional ARDL and AMG estimators, Shah et al. (2023) performed a study in the top 15 nations 

that produced natural gas and discovered that urbanization has a significant impact on environmental damage. 

Similarly, Raihan et al.(2024) and Caglar et al.(2023) also concluded that urbanization is harmful to the 

ecosystem. However, the relationship between urbanization and ecological sustainability is investigated by Fang 

et al. (2024) using the frequency domain causality technique and the ARDL estimator. The LCF curve theory 

is supported in Thailand as the ARDL estimator finding shows that urbanization reduces LCF. Zhu et al. (2018) 

came to the same conclusion that URB makes the natural world better. Additionally, Xu et al. (2022) assessed 

how urbanization affected the LCF in Brazil between 1970 and 2017. Surprisingly, the outcome of the ARDL 

approach revealed that the LCF is not affected by urbanization in Brazil. The same outcomes were given by Chen 

et al. (2022) using CCEMG and AMG tests for the years 1990–2019 and Haseeb et al. (2018) using FMOLS from 

1995 to 2014, indicating that URB had no appreciable effect on the environment quality for the BRICS countries.  
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Research Gap  

The relationships between load capacity factor, financial globalization, and private investment in AI, 

technological development, economic expansion, and urbanization in the USA have not, as far as we are aware, 

been investigated. Although researchers have looked into these areas on their own, they haven't consistently 

merged their discoveries. Previous research efforts demonstrated several shortcomings, especially an absence of 

comprehensive analyses of the connection between PAI and LCF in the USA. Private sector AI investments could 

aid agriculture, promote renewable energy, mitigate risks like oil spills, and develop sustainable practices, thereby 

reducing global warming risks. All of these aspects constitute PAI, an entirely new field to investigate from the 

perspective of the USA. To cover up these deficiencies, this study explores the link between PAI and the 

environment utilizing strong statistical approaches such as ARDL, FMOLS, DOLS, and CCR procedures. 

Through a review of these procedures, the USA might find out if harnessing technical innovation, monetary 

integration, and business growth can offer the possibility of elevating its load capacity factor and bringing it into 

line with broader global shifts toward improved environmental sustainability. The implications of the LCF in this 

area have not yet been the focus of inquiry. As a result, this investigation considers these components as essential 

to long-term environmental sustainability. By assisting stakeholders and lawmakers in establishing strategies that 

are customized to the distinctive ecological and socioeconomic situation of the United States, this analysis 

advances green improvement.  

Methodology  

Data and Variables 

The ongoing research analyzed data to check out how technical advancements, financial globalization, GDP, 

urbanization, and private investment in AI influenced the USA's LCF between 1990 and 2019. The United States 

gathered attention because of its sustainability concerns and data accessibility. The World Development Index 

(WDI) is the source of the GDP and URBA figures. In this case, we take the LCF as an endogenous factor that 

derives from GFN and is utilized as a substitute for ecological sustainability. Our World in Data is the same 

source from which PAI and TI information was collected. Conversely, the FGOB info is adapted from the KOF 

Globalization Index. In addition, we selected FGOB, TI, and PAI as our investigation's policy variables.  

 

Theoretical Framework 

The most important instrument in the realm of the environmental field is the load capacity curve (LCC), which 

offers fascinating details on the complex links between ecological sustainability, economic success, and progress 

in humanity. This is significant as it illustrates the balance—or absence between the planet's capability of restoring 

its natural resources (biological capability) and the utilization of human capital (ecological footprint). Since 

biocapacity and EF are incorporated in the denominator of the LCF, a greater LCF is symbolic of a healthier 

environment (Pata and Kartal, 2023).  

The LCF delivers a sophisticated ecological examination by contrasting biocapacity and ecological footprint 

(Dogan and Pata, 2022). Furthermore, the LCC highlights the interconnectedness of the world's biological issues, 

as claimed by Wu et al. (2023), including climate change, resource scarcity, and loss of biodiversity. It is believed 

that the LCC has a U-shaped connection, with GDP constituting the main driver. According to Pata and Tanriover 

(2023) and Pata and Ertugrul (2023), there are distinct trends in the implications of GDP on the environment, 

suggesting a U-shaped curve connection. The awareness that resource usage grows in tandem with economic 
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expansion and developments in personal wealth is highlighted by this relationship as a crucial aspect of ecological 

sustainability (Degirmenci & Aydin, 2024).  

Table 1. Source and Description of Variables 

Variables Description Logarithmic Form Unit of 

Measurement 

Source 

LCF Load Capacity 

Factor 

LLCF Gha per person GFN 

GDP Gross Domestic 

Product 

LGDP GDP per capita 

(current US$) 

WDI 

PAI Private Investment 

in AI 

LPAI Estimated 

Investment in AI 

(US$) 

Our World in Data 

FGOB Financial 

Globalization 

LFGOB Globalization 

Index 

KOF Globalization 

Index 

TI Technological 

Innovation 

LTI Patent applications, 

residents 

Our World in Data 

URBA Urbanization LURBA Urban population 

(% of total 

population) 

WDI 

 

Globalization in finances promotes cross-border monetary activity, which elevates national manufacturing and, 

consequently, exacerbates ecological destruction (Xu et al.,2022; Ahmed et al.,2021). The findings by Caglar et 

al.(2023) validate the LCC concept by demonstrating that monetary eventually becomes an ecologically 

beneficial factor. As was previously indicated, there may be a range of linkages between the components, 

including GDP growth, technical innovation, private investment in AI, urbanization, financial globalization, and 

load capacity factor. To improve knowledge of previous research, we have created the following equation (1) for 

LCC theory: 

𝐿𝑜𝑎𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑓(𝐺𝐷𝑃, 𝑌𝑡)                      (1) 

Here, Yt is a variable for additional parameters impacting the LCF, while GDP is a variable for income in equation 

(1). Equation (2) seeks to provide a deeper comprehension of the factors impacting the LCF by including 

additional relevant variables such as urbanization, financial globalization, private investment in AI, and economic 

growth. 

𝐿𝐶𝐹 = 𝑓(𝐺𝐷𝑃, 𝑃𝐴𝐼, 𝐹𝐺𝑂𝐵, 𝑇𝐼, 𝑈𝑅𝐵𝐴)                                 (2)  

The load capacity factor in equation (2) is represented by LCF, whereas the terms financial globalization (FGOB), 

technological innovation (TI), urbanization (URBA), and private investment in artificial intelligence (PAI) are 

introduced to symbolize particular principles. The econometric explanation of equation (3) is given above. 

𝐿𝐶𝐹𝑖𝑡 = 𝛼0 + 𝛼1𝐺𝐷𝑃𝑖𝑡 + +𝛼2𝑃𝐴𝐼𝑖𝑡 + 𝛼3𝐹𝐺𝑂𝐵𝑖𝑡 + 𝛼4𝑇𝐼𝑖𝑡 + 𝛼5𝑈𝑅𝐵𝐴𝑖𝑡    (3) 

Equation (4) illustrates the variables' logarithmic values. It increases understanding and facilitates the formulation 

of conclusions based on statistics by breaking down complicated connections into more straightforward linear 



Journal of Environmental Science and Economics  

   Global Scientific Research   107 
 

forms. Logarithmic scales can manage data of various sizes and assist with heteroscedasticity when broad ranges 

need to be minimized.  

𝐿𝐿𝐶𝐹𝑖𝑡 = 𝛼0 + 𝛼1𝐿𝐺𝐷𝑃𝑖𝑡 + 𝛼2𝐿𝑃𝐴𝐼𝑖𝑡 + 𝛼3𝐿𝐹𝐺𝑂𝐵𝑖𝑡 + 𝛼4𝐿𝑇𝐼𝑖𝑡 + 𝛼5𝐿𝑈𝑅𝐵𝐴𝑖𝑡  (4) 

Here, the research's coefficients are displayed in the parameter range of 𝛼0 to  𝛼6 in equation (4). 

 

Econometric Framework 

This investigation deployed the ARDL technique for data estimation to explore the link between LCF and 

variables like GDP growth, PAI, FGOB, TI, and URBA in the USA. We additionally adopted the FMOLS, 

DOLS, and CCR approaches to guarantee robustness. To ensure stationarity, the unit root examinations (ADF, P-

P, and DF-GLS) were performed at the beginning of the study. Due to the nature of the time series data, the ARDL 

bound test was then implemented. The ARDL (both short run and long run) estimate was then carried out. 

Ultimately, after an elaborate estimating procedure, we determined which econometric model was the most 

efficient and trustworthy. 

Unit Root test 

To ensure consistency in information, a regression test was conducted to eliminate unit roots across all variables. 

This is important because factors involving unit roots or non-stationary data must assist in explaining a greater 

proportion of the results to prevent the drawing of incorrect conclusions (Nelson and Plosser, 1982; Engle and 

Granger, 1987). It is essential to use a unit root analysis to prevent incorrect regression. The stationary nature of 

the regression variables is confirmed by differences and stationary processes (Raihan et al., 2022). The empirical 

research's findings indicate that before applying cointegration approaches, the integration sequence must be 

examined (Sahoo and Sethi, 2022). A time series' stationarity or non-stationarity is calculated by Voumik and 

Ridwan (2023) since it is critical in identifying non-stationary data that might produce inaccurate results. To 

observe the stationarity within the data set, this research adopted the Dickey Fuller-Generalized Least Squares 

(Elliot et al., 1992) unit root test, the Philips Perron (Philips and Perron, 1968), and the Augmented Dickey-

Fuller (Dickey and Fuller, 1979) unit root examination. Due to its ability to control serial autocorrelation, the 

ADF method has become more popular (Dickey and Fuller, 1981). Compared to the Dickey-Fuller (DF) approach, 

the ADF technique is more robust and applicable to more sophisticated procedures (Fuller, 2009). The purpose 

of applying these tests was to confirm that no parameter exceeded the integration order, corroborating the ARDL 

simulation's methodological coherence (Raihan,2024). 

Autoregressive Distributive Lag Model 

The ARDL test was developed by Pesaran et al. (2001) and widely utilized due to its robustness and adaptability 

in handling different degrees of variable integration. If the indicators are integrated at the I(0) or I(1) level, the 

ARDL Bounds testing method can be analyzed, in contrast to traditional cointegration assessments. This approach 

is beneficial even with a small sample size since it produces dependable and consistent estimates even when there 

are only a limited number of data points available (Ridzuan et al., 2023; Pattak et al.,2023). The longer-period 

connection among LCF, GDP, PAI, FGOB, TI, and URBA is shown by Formula (8). This method was created to 

assist in defining ARDL Bounds: 
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∆𝐿𝐿𝐶𝐹𝑡 = 𝜎0 + 𝜌1𝐿𝐶𝐹t−1 + 𝜌2𝐿𝐺𝐷𝑃𝑡−1 + 𝜌3𝐿𝑃𝐴𝐼𝑡=1 + 𝜌4𝐿𝐹𝐺𝑂𝐵𝑡−1 + 𝜌5𝐿𝑇𝐼𝑡−1 + 𝜌6𝐿𝑈𝑅𝐵𝐴𝑡−1

+ ∑ 𝜎1 ∆𝐿𝐿𝐶𝐹2t−i

𝑤

𝑖=1

  +  ∑ 𝜎2 ∆LGDPt−i

𝑤

𝑖=1

+ ∑ 𝜎3∆𝐿𝑃𝐴𝐼𝑡=1

𝑤

𝑖=1

+ ∑ 𝜎4 ∆

𝑤

𝑖=1

𝐿𝐹𝐺𝑂𝐵𝑡−𝑖

+ ∑ 𝜎5∆LTIt−i

𝑤

𝑖=1

+ ∑ 𝜎6∆LURBAt−i

𝑤

𝑖=1

+ 𝜀𝑡        (4)  

It is possible to conclude that the variables are long-term correlated if the F-statistics are greater than the highest 

critical value for rejecting the null hypothesis. If the F-statistic is smaller than the lowest allowable value, the null 

hypothesis is accepted. If the F-statistics are seen to be between the lowest and maximum limits, the test is 

considered inconclusive (Raihan et al.,2023). Equations 5 and 6 reveal the null and alternative hypotheses: 

𝐻0 = 𝜎1 = 𝜎2 = 𝜎3 = 𝜎4 = 𝜎5 = 𝜎6                                    (5) 

𝐻1 = 𝜎1 ≠ 𝜎2 ≠ 𝜎3 ≠ 𝜎4 ≠ 𝜎5 ≠ 𝜎6                                        (6) 

The signs "H0 and H1" denoted the null hypothesis and the alternative hypothesis, respectively. 

Our research assessed the error correction model (ECM) after determining the long-term links to investigate the 

short-term behavior of the independent factors and the short-term adjustment rate toward the long-term rate 

(Luqman et al., 2021). To do this, the ECM is included in the ARDL structure, as shown in Equation (6)  

∆𝐿𝐿𝐶𝐹𝑡 = 𝜎0 +  ∑  𝜌1∆LCFt−i

𝑤

𝑖=1

  + ∑ 𝜌2∆LGDPt−i

𝑤

𝑖=1

+  ∑ 𝜌3∆𝐿𝑃𝐴𝐼𝑡=1

𝑤

𝑖=1

+ ∑ 𝜌4∆

𝑤

𝑖=1

𝐿𝐹𝐺𝑂𝐵𝑡−𝑖 + ∑ 𝜌5 ∆LTIt−i

𝑤

𝑖=1

+ ∑ 𝜌6∆LURBAt−i

𝑤

𝑖=1

+ ℓ𝐸𝐶𝑇𝑡−𝑖 + 𝜀𝑡                                      (7)  

Here, the notion ℓ is the rate of adjustment. 

Robustness Check 

The investigation scrutinized the FMOLS, DOLS, and CCR techniques to represent the long-run impact of GDP, 

PAI, FGOB, TI, and URBA on LCF in order to evaluate the stability within the ARDL long-term estimation. 

When there is evidence of series cointegration, FMOLS and DOLS can be utilized. However, the biggest 

advantage of the DOLS estimation is its ability to present different levels of integration of discrete elements inside 

the cointegrated framework (Pesaran, 1997; Raihan and Tuspekova, 2022). The FMOLS technique was 

established by Hansen and Phillips(1990). When addressing cointegration and its influence on autocorrelation 

and endogeneity in the explanatory variables, the FMOLS technique modifies the least squares approach (Pattak 

et al.,2023). The CCR technique was developed by Park (1992) and merely utilizes the static part of a lagged 

model to convert data. In a cointegrating system, the CCR ensures that data extracted from explanatory variables 

on unobserved heterogeneity will show at zero frequency. As a result, the CCR approach produces chi-square and 

arithmetically effective approximation assessments devoid of any undesirable aspects. We, therefore, use the 

FMOLS and DOLS estimators to determine elasticity over the long run. What follows is equivalent to the FMOLS 

equation, as shown in Exhibit 8. 
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∆𝐿𝐿𝐶𝐹𝑡 = 𝜎0 + 𝜎1𝐿𝐺𝐷𝑃𝑡 + 𝜎2𝐿𝑃𝐴𝐼𝑡 + 𝜎3𝐿𝐹𝐺𝑂𝐵𝑡 + 𝜎4𝐿𝑇𝐼𝑡 + 𝜎5𝐿𝑈𝑅𝐵𝐴𝑡 + ∑ 𝜌1 ∆𝐿𝐿𝐶𝐹t−i

𝑤

𝑖=1

  

+  ∑ 𝜌2 ∆LGDPt−i

𝑤

𝑖=1

+  ∑ 𝜌3∆𝑃𝐴𝐼𝑡−1

𝑤

𝑖=1

+ ∑ 𝜌4 ∆

𝑤

𝑖=1

𝐿𝐹𝐺𝑂𝐵𝑡−𝑖 + ∑ 𝜌5∆LTIt−i

𝑤

𝑖=1

+ ∑ 𝜌6∆LURBAt−i

𝑤

𝑖=1

+ 𝜀𝑡                                                             (8)  

Here, the longer-period flexibility is assessed using the FMOLS and CCR coefficients, and t shows the time-

varying trend. 

Pairwise Granger Causality test 

The concept of a causality analysis aims to analyze whether or not previous changes in a factor are responsible 

for the present observation, as theoretical correlations may not hold in practice due to certain elements that may 

not be clearly described in theory (Voumik et al.,2023). This work employs the Pairwise Granger causality test, 

which is a statistical view of causation based on a prediction that offers multiple benefits over other time-series 

research methodologies (Winterhalder et al. 2005). To say that X is causally related to Y would be to say that the 

sum of X's prior and current values deviates substantially beyond 0. Y and X causality are subject to the same 

laws; if the results deviate from zero, it indicates the presence of causation on both sides. The analysis used the 

paired Granger causality test introduced by Granger (1969), to ascertain if there prevailed a short-term causal link 

between the components. Equation (9) shows that Xt and Yt are causally related. 

𝐸(𝑌𝑡+ℎ|𝐽𝑡,𝑋𝑡) = 𝐸(𝑌𝑡+ℎ|𝐽𝑡)                                                  (9) 

Here, Jt notation is used for the sets of information gathered from all of the outcomes up to a certain point of time 

(t). 

Diagnostic test   

Several diagnostic tests were implemented in this research to confirm the data's heteroscedasticity, serial 

correlation, and normality. The Lagrange Multiplier (LM) test, the Jarque-Bera test (Jarque and Bera, 1987), and 

the Breusch-Pagan-Godfrey test (Breusch and Pagan, 1979) serve as essentials for validating model assumptions 

and guaranteeing the robustness of results in time series analysis. Since many econometric models assume 

normally distributed errors for successful inference, the Jarque-Bera examination checks the normality of 

residuals, a vital phase in the process. By detecting serial correlation in residuals, the Lagrange Multiplier test 

makes sure that errors do not correlate over time, which might result in misleading and biased estimations. The 

heteroscedasticity, or non-constant variance of residuals, is verified using the Breusch-Pagan-Godfrey 

assessment, which can lead to inaccurate standard errors and estimates.  

 

Result and Discussion 

The summary statistics for the variables we investigated with 32 observations are displayed in Table 02 below. 

The descriptive data for the USA for the following seven variables are provided (LLCF, LGDP, LGDPSQ, LPAI, 

LFGOB, LTI, and LURBA). As can be seen in the table, all of the factors we chose had a positive mean 

except LLCF, and the mean was the highest for LGDPSQ. Furthermore, the estimated standard deviations of each 

variable are quite small, implying that the data points are centered around the mean and have minimal periodic 
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variability. Just LLCF and LPAI showcase positive skewness among the variables; in contrast, LGDP, LGDPSQ, 

LFGOB, LTI, and LURBA exhibit negative skewness. Furthermore, the Jarque-Bera normality examination was 

applied to ensure that each variable in this investigation had a normal distribution. Since this test accounts for 

both skewness and any anomalous Kurtosis, it seems logical. Key indicators of statistics, including mean, median, 

maximum, minimum, standard deviation, probability value, total, and sum square, are illustrated in Table 2, which 

offers an exhaustive analysis of the information at hand. 

Table 2. Descriptive Statistics of Variables 

Statistic LCF LGDP LGDP2 LPAI LFGOB LTI LURBA 

Mean -0.835416 10.64393 113.3917 22.0143 4.290778 12.1409 4.377885 

Median -0.822656 10.71885 114.8942 21.2377 4.322086 12.27706 4.382195 

Maximum -0.63269 11.15938 124.5318 25.66873 4.385638 12.59584 4.417309 

Minimum -0.970971 10.08116 101.6297 20.55212 4.093117 11.38458 4.32148 

Std. Dev. 0.093945 0.318778 6.76113 1.665446 0.091946 0.408947 0.027091 

Skewness 0.065531 -0.255693 -0.219087 0.989543 -1.146481 -0.577478 -0.500595 

Kurtosis 1.965479 1.888894 1.876795 2.466317 3.067511 1.90974 2.252894 

Jarque-Bera 1.449882 1.994763 1.938117 5.602132 7.016314 3.363452 2.08073 

Probability 0.484353 0.368844 0.37944 0.060745 0.029952 0.186053 0.353326 

Sum -26.73331 340.6058 3628.534 704.4575 137.3049 388.5089 140.0923 

Sum Sq. Dev. 0.273596 3.150205 1417.099 85.98507 0.262076 5.184362 0.022751 

Observations 32 32 32 32 32 32 32 

 

In Table 3, all three stationarity tests (ADF, DF-GLS, and P-P) are demonstrated for log-transformed variables at 

both the level and first difference form. In each of the three unit root evaluations, it appears that only the 

urbanization factor is stationary at level I(0), while the load capacity factor, GDP, GDP squared, private 

investment in AI, financial globalization, and innovations in technology were non-stationary before we considered 

their first differences. This mixed sequence of integration encourages us to analyze the assessment now using the 

ARDL methodology. 

Table 3. Results of the Stationarity test 

Variables ADF P-P DF-GLS Decision 

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

LLCF -0.799 -5.347*** -0.826 -5.354*** -1.475 -4.302*** I(1) 

LGDP -0.878 -4.841*** -0.953 -4.829*** -1.771 -3.451*** I(1) 

LGDP2 -0.614 -5.000*** -0.650 -4.968*** -1.842 -3.423*** I(1) 

LPAI -0.806 -7.505*** -1.897 -7.403*** -0.933 -5.365*** I(1) 

LFGOB -2.132 -4.140*** -2.134 -4.090*** -1.943 -4.520*** I(1) 

LTI -2.015 -5.053*** -2.131 -5.076*** -0.946 -3.765*** I(1) 

LURBA -8.850*** -1.787 -5.120*** -1.743 -3.781*** -1.462 I(0) 
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To find confirmation of co-integration between the variables, the present research employed an ARDL bounds 

test approach. The null hypothesis that there exists no co-integration is rejected at the 1% significance level, based 

on the ARDL bound test findings. The critical value has been surpassed by the F test statistic result of 5.6945. 

Therefore, it can be claimed that the parameters of the model have certain co-integrating associations. According 

to this investigation, the long-term driving forces consist of urbanization, technological innovation, financial 

globalization, economic expansion, and private investment in artificial intelligence. These characteristics 

additionally motivate the system to respond first to a typical stochastic disruption. We conclude that the LCF in 

the United States is affected by differences in all of these variables. 

 

Table 4. Results of ARDL bound test 

  Test Statistics Value K  
  F statistics 5.6945 6  
  Significance level  
Critical Bounds 10% 5% 2.50% 1% 

I(0) 1.99 2.27 2.55 2.88 

I(1)  2.94 3.28 3.61 3.99 

 

After the cointegration had been verified by the bound testing process, we might evaluate the long-term 

connection among those variables. Table 5 adopts the dynamic ARDL method to demonstrate the short and long-

term consequences of LGDP, LGDP2, LPAI, LFGOB, LTI, and LURBA on LLCF in the USA.  

The findings indicate that the load capacity of the US environment seems to decrease with economic expansion 

over time but grows with the continued expansion of GDP. Urbanization and private investment in AI have been 

significant contributors to the expansion of load capacity factor, but long-term US LCF is decreased by financial 

globalization and technological innovation. Our findings demonstrate that the ecosystem gradually loses its 

natural qualities due to economic development. The US economy is expanding and strongly dependent on energy 

sources like fossil fuels, which cause ecological damage; therefore, the conclusion makes theoretical sense. The 

outcomes in Table 5 show that the LCF decreases by 3.449% in the long run and by 4.242% in the short run for 

each 1% expansion in GDP.  Our analysis result agrees with previous studies that established an adverse link 

between GDP growth and LCF. A few studies have concluded that a boost in the GDP has detrimental 

implications for the environment. This includes Xu et al. (2022) for Brazil; Shang et al. (2022) for ASEAN 

countries; Pata and Balsalobre-Lorente (2022) for Turkey; Khan et al. (2023) in the context of G7 and E7 

countries; Akadiri et al. (2022) for India; and Pata (2021) in Japan and the United States. However, for Taiwan, 

Yeh and Liao (2017) observed the inverse outcome. They also revealed that Taiwan has come to the point where 

financial pressures no longer adversely affect the natural world. Likewise, Nathaniel et al. (2020) identified no 

evidence linking economic expansion to environmental damage in CIVETS (Egypt, Turkey, South Africa, 

Indonesia, and Vietnam). 

On the other hand, each unit of growth in GDP2 results in a 1.184% long-term and 0.156% short-term 

improvement in LCF. Given that the coefficient for LGDP is negative and the coefficient for LGDP2 is positive, 

and both are statistically significant, this suggests that environmental pressure diminishes over time, supporting 

the recently proposed LCC hypothesis for the USA. The coefficients for LPAI indicate a positive correlation with 

LLCF, implying a 0.015% long-term degradation and a 0.462% short-term increase in LCF for every 1% rise in 

PAI. Thus, private investment in artificial intelligence in the United States significantly contributes to the green 

ecosystem. According to Karpovich et al. (2022), executing "green" investment-innovative projects in intelligent 
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manufacturing operated by artificial intelligence plays an integral part in ensuring the ecological security of 

Russia's local economy. Moreover, based on Platon (2024), eco-investment and artificial intelligence constitute 

key elements that might accelerate and improve the circular economy. 

Conversely, LCF is destructively connected with FGOB in both the long and short run, and this relationship is 

statistically significant. These findings suggest that financial globalization has an adverse impact on the US 

ecosystem. Specifically, a 1% spike in FGOB reduces LCF by 1.193% in the long run and by 0.502% in the short 

run. This result is inconsistent with the examination of Akadiri and Adebayo (2021), which shows that, in India, 

pollution levels grow when financial globalization declines, but they drop when it increases. This inference is 

supported by findings by Xu et al. (2022) and Akadiri et al. (2022), which found a positive correlation between 

financial globalization and load capacity factor in Brazil and India, accordingly. Generally speaking, the 

globalization of finance symbolizes the development of a country's economic sector; a sophisticated financial 

system would place investments in ecological sustainability ahead of environmentally damaging growth paths 

(Raihan et al., 2023).  

Similarly, there is a negative correlation between LTI and LLCF, with each 1% rise in TI reducing LCF by 0.127% 

in the long run and 0.00253% in the short run, and this result is significant at the 1% level. Research by Su et al. 

(2021) concluded that advances in technology raised emission levels in Brazil.  The above findings illustrate that 

the United States has not yet invested in or implemented green technologies to ensure environmental 

sustainability. Similarly, Adebayo and Kirikkaleli (2021) verified that technological developments worsen Japan's 

environmental conditions and raise carbon emissions. This result aligns with the conclusions of Lin and Zhu 

(2019). That said, it goes contrary to the studies conducted by Khan et al. (2020) and Shahbaz et al. (2020), which 

found that technological innovation enhances the environmental condition. 

Table 5. ARDL Long-Run and Short-Run Results 

VARIABLES LR SR 

LGDP -3.449***(11.5676)  

LGDP2 1.184***(0.52519)  

LPAI 0.015**(0.03079)  

LFGOB -1.193***(0.2959)  

LTI -0.127**(0.16542)  

LURBA 1.182(5.1537)  

D.LGDP  -4.242**(4.26804) 

D.LGDP2  0.156**(0.19304) 

D.LPAI  0.462***(0.00743) 

D.LFGOB  -0.502***(0.15540) 

D.LTI  -0.00253(0.0074) 

LURBA  17.204***(2.34298) 

ECT (Speed Adjustment)  -0.684***(0.08539) 

Constant  10.910***(31.2434) 

R-square 0.8780 

 

Additionally, the positive and statistically significant URBA coefficients indicate that both long-term and short-

term increases in LURBA negatively affect environmental quality. A 1% increase in URBA raises LCF by 1.182% 

in the long run and by 17.204% in the short run. The finding suggests that the current urbanization structure in 
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the United States is not conducive to reducing pollution. Research conducted in Singapore by Ali et al. (2017), 

Saudi Arabia by Raggad (2018), and 19 other countries by Saidi and Mbarek (2017) explored that urbanization 

enhances the quality of the natural world by lowering emissions of carbon dioxide. But, Wang et al. (2016) found 

that greater urbanization boosts CO2 emissions. However, our study’s outcomes contradict Solarin et al. (2021), 

who reported that urbanization does not impact the environmental quality of Nigeria. 

The DOLS, FMOLS, and CCR techniques are utilized to check the consistency and efficiency of the ARDL 

results and are presented in Table 6.  The economic growth coefficients in the FMOLS, DOLS, and CCR 

computations are statistically significant at the 1% level and have negative values. It can be concluded from the 

estimated components that an increase of 1% in GDP causes the LCF to fall by 13.532%, 7.325%, and 14.135%, 

respectively. The higher R-squared values suggest that the estimation was appropriate. A 1% increase in LPAI 

leads the LCF to grow by 0.013%, whereas an extra 1% in LGDP2 enables the LCF to expand by 0.625% in the 

FMOLS model. These figures are noteworthy and corroborate the ARDL conclusion provided before. 

Additionally, a 1% surge in LURBA raises the LCF by 7.428%, whereas a 1% expansion in LTI encourages the 

LCF by 0.037%. These outcomes also align with the ARDL short and long-run estimation. Conversely, a 1% 

spike in LFGOB causes the LCF average to drop by 1.243%. Similar to the ARDL results, the coefficients LGDP2, 

LPAI, and LFGOB are significant at the 1% level of significance, whereas LTI and LURBA are significant at the 

5% level. 

Within the DOLS model, an extra 1% in LGDP2, LPAI, LTI, and LURBA raises an average of 0.271%, 0.045%, 

0.568%, and 8.671% in LCF. The value of the ARDL results in Table 05 is confirmed by the statistically 

significant values of these variables. Conversely, a one percent rise in LFGOB leads to an average 1.930% 

reduction in LCF. Similar to the ARDL conclusions, the coefficient of LFGOB is significant in this particular 

case. The CCR observations exhibit a similar pattern, except for the LFGOB example. An average of 0.652%, 

0.0153%, 0.045%, and 7.796% of LCF are spiked by an additional 1% in LGDP2, LPAI, LTI, and LURBA in the 

CCR model. Conversely, an extra 1% in LFGOB causes an average 1.236% decrease in LCF.  

 

Table 6. Robustness Check 

Variables FMOLS DOLS CCR 

LLCF dependent 

LGDP -13.532***(4.4923) -7.325**(5.8932) -14.136***(6.7150) 

LGDP2 0.625***(0.2035) 0.271**(0.1827) 0.652***(0.3053) 

LPAI 0.013***(0.0121) 0.045**(0.0985) 0.0153**(0.0183) 

LFGOB -1.243***(0.1619) -1.930***(0.5920) -1.236***(0.1923) 

LTI 0.037**(0.0722) 0.568*(0.4841) 0.045**(0.0950) 

LURBA 7.428**(2.2595) 8.671*(3.6591) 7.796***(2.8327) 

C 44.608**(18.0927) 27.8901**(16.5672) 46.294**(25.9663) 

R-squared  0.9013 0.9641 0.9005 

 

The findings of causal linkages across several economic indicators are presented in Table 7. An F-statistic of 

3.38826 and a p-value of 0.0499 indicate that LLGDP does not Granger-cause LLCF. This suggests that we reject 

the null hypothesis that there is no link between variables at the 5% significance level. Furthermore, p-values 

below the usual significance threshold confirmed the observation of one-way causation from LGDP2, LPAI, and 

LTI to LLCF. Therefore, in these circumstances, we reject the null hypothesis that there is no causation. 

Nonetheless, a strong two-way causal relationship was discovered between LLCF and LGOB, as well as between 
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LURBA and LLCF. On the other hand, p-values higher than the traditional significance level for each case 

demonstrated that there was no significant causal relationship between LLCF and LPAI, LLCF and LGDP, LLCF 

and LGDP, or LLCF and LTI. As a result, the null hypothesis that there is no causation in these interactions is 

not successfully rejected. 

Table 7. Results of Pairwise Granger Causality test 

Null Hypothesis Obs F-Statistic Prob. 

LGDP  ≠ LLCF 30 3.38826 0.0499 

LLCF   ≠ LGDP  0.44313 0.647 

LGDP2   ≠  LLCF 30 3.4843 0.0463 

LLCF  ≠  LGDP2  0.44696 0.6446 

LPAI  ≠  LLCF 30 2.75848 0.0027 

LLCF  ≠  LPAI  0.2652 0.7692 

LFGOB  ≠  LLCF 30 6.05754 0.0072 

LLCF   ≠  LFGOB  0.18985 0.0283 

LTI   ≠  LLCF 30 3.76786 0.0071 

LLCF   ≠  LTI  0.87713 0.4284 

LURBA   ≠  LLCF 30 2.68762 0.0077 

LLCF   ≠  LURBA  5.37891 0.0114 

 

Table 08 displays the diagnostic examination outcomes. The results demonstrated that the usefulness of all 

diagnostic procedures is insignificant, and the null hypothesis cannot be rejected. According to the p-value of 

0.8027, the Jarque-Bera assessment confirms that the residuals appear to be normally distributed. The Lagrange 

Multiplier analysis shows no serial correlation in the residuals, with a p-value of 0.9463. Lastly, the Breusch-

Pagan-Godfrey assessment confirms that the residuals do not exhibit heteroscedasticity, with a p-value of 0.3411.  

 

Table 8. The findings of diagnostic tests 

Diagnostic tests Coefficient p-value Decision 

Jarque-Bera test 0.43948 0.8027 Residuals are normally distributed 

Lagrange Multiplier test 0.05528 0.9463 No serial correlation exits 

Breusch-Pagan-Godfrey test 1.1950 0.3411 No heteroscedasticity exists 

 

Conclusion and Policy Recommendation 

The present research comprehensively addresses how the LCF in the USA became influenced by private 

investment in artificial intelligence (AI), economic expansion, financial globalization, technological innovation, 

and urbanization between 1990 and 2022. The discoveries propose insightful information on the intricate 

connections between monetary activity and the preservation of the ecosystem. To validate the Load Capacity 

Curve (LCC) theory, the research makes use of advanced econometric techniques. The findings indicate that while 

urbanization and PAI reduce the environmental burden, technical advancements, economic growth, and financial 
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integration serve to exacerbate these consequences. The results of the stationarity tests illustrate that the elements 

in question exhibit a combination of various degrees of integration and do not exhibit unit root problems. The 

ARDL bound assessment provides further evidence that these factors are cointegrated, indicating the existence of 

steady long-term linkages. The ARDL calculations demonstrate a favorable association between GDP growth, 

TI, FGOB, and LCF and provide short- and long-term support for the LCC hypothesis in the USA. This suggests 

that environmental damage occurs due to economic expansion when insufficient steps are made to safeguard the 

environment. Conversely, the positive correlations between GDP, TI, FGOB, and LCF convey that these factors 

might encourage adverse environmental effects. It is anticipated that financial globalization can provide the 

required funding for investments in eco-friendly technologies and more productive industrial processes. Similar 

to this, robust and resilient advances in technology, when combined with an openness to trade, might foster the 

creation of novel concepts and the use of greener practices by stimulating healthy competition and granting access 

to the latest technologies. The accuracy of the ARDL findings is confirmed by the robustness testing adopting 

FMOLS, DOLS, and CCR, which increases the credibility of the results. Furthermore, the Pairwise Granger 

Causality tests exhibit significant one-way causal relationships between LLCF and LGDP2, LPAI, and LTI. These 

relationships emphasize the relevance of how economic shifts, private investments in artificial intelligence, and 

improvements in green technology impact the dynamics of ecological sustainability in the USA. Therefore, this 

investigation suggests several legislative solutions aimed at encouraging sustainable economic development in 

the United States by leveraging financial globalization, technical improvements, and a feasible urban 

infrastructure. 

In order to tackle the U-shaped correlation discovered in our study between income and environmental 

sustainability, the United States should adopt a comprehensive and diverse policy strategy. At first, the focus 

should be on providing green technology and sustainable practices to lower-income areas. This may be done by 

offering subsidies for the adoption of renewable energy and providing incentives for eco-friendly enterprises. As 

income levels increase, it is necessary to enhance laws in order to reduce environmental degradation caused by 

higher levels of consumption and industrial operations. This entails implementing rigorous emissions regulations, 

advocating for energy conservation, and allocating resources towards sustainable infrastructure. To promote 

sustainability among high-income groups, policymakers can incentivize investments in clean energy through tax 

benefits, implement carbon pricing systems, and allocate funds for new environmental technology. Furthermore, 

it is imperative to strengthen education and awareness initiatives on sustainable behaviors among individuals of 

all income brackets in order to cultivate a societal ethos of environmental accountability. It is imperative for 

federal and state governments to cooperate in order to guarantee the efficient implementation of these policies, 

while also customizing them to suit the specific requirements of each region. Through the implementation of this 

all-encompassing strategy, the United States may utilize economic expansion to enhance environmental results 

and attain enduring sustainability. 

In order to maximize the beneficial effects of private investment in AI on environmental sustainability, the United 

States should implement specific and focused regulatory initiatives. Firstly, offers tax incentives and subsidies to 

private firms that invest in AI technologies that improve environmental sustainability, such as smart grids, 

precision agriculture, and predictive maintenance to minimize waste and emissions. Facilitate the formation of 

collaborations between the public and commercial sectors to expedite the implementation of sustainable solutions 

powered by artificial intelligence. This will ensure that even small and medium-sized firms have the opportunity 

to benefit from these advancements. Enforce policies that promote openness and accountability in the use of AI 

technology to mitigate unanticipated adverse environmental effects. Increase research and development funding 

for artificial intelligence (AI) programs that specifically target sustainability, with an emphasis on promoting 

innovation in areas such as climate modeling, resource management, and energy efficiency. Furthermore, 
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advocates for the use of artificial intelligence (AI) in environmental monitoring and enforcement endeavors to 

enhance adherence and effectiveness. Advocate for workforce development projects that focus on cultivating 

proficiency in artificial intelligence and environmental sustainability. This will ensure the availability of a highly 

qualified labor force capable of driving progress in these areas. To leverage technology developments and 

establish itself as a frontrunner in the green economy, the United States may provide a favorable climate for 

private investment in AI, therefore promoting significant strides in environmental sustainability. 

In order to counteract the negative effects of technical innovation and financial globalization on reducing the 

LCF, the United States should implement a strategic policy framework. Firstly, policies should be established that 

promote the use of sustainable technical innovations, with a focus on optimizing resource utilization and reducing 

environmental impacts. Offer incentives to encourage enterprises to create and use environmentally friendly 

technologies that increase the ability to handle workloads without using up resources. Facilitate responsible 

financial globalization by implementing regulations that guarantee investments, uphold sustainable practices, and 

refrain from exploiting natural or human resources. Enhance global collaboration to harmonize worldwide 

financial transactions with sustainability objectives, guaranteeing that overseas investments and technology 

transfers make a positive contribution to environmental sustainability. Promote and fund research and 

development in sustainable technologies and practices, encouraging innovative solutions that achieve a balance 

between economic growth and environmental stewardship. In addition, education and training programs that 

specifically target sustainable practices and the environmental consequences of globalization should be improved, 

equipping the workforce to participate actively in and promote these endeavors. Through the incorporation of 

these policies, the United States can effectively tackle the difficulties presented by technical advancement and 

financial globalization, guaranteeing long-term growth and safeguarding the nation's ability to support future 

generations. 
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Abstract 

Population growth has profound effects on resource availability and social dynamics in many regions across the 

globe. In Taraba State, Nigeria, the rapid increase in population has intensified resource scarcity, leading to 

heightened conflicts among communities, particularly those reliant on land and water for their livelihoods. This 

study examines how population growth intersects with resource depletion, conflict, and cooperation in Taraba 

State. A mixed-methods approach was employed, involving the analysis of questionnaire data from 294 

respondents and qualitative insights from interviews with 10 local leaders, agriculturalists, and herders. The 

findings reveal that population growth significantly exacerbates the depletion of essential resources, such as land 

and water, with 72.8% of respondents indicating that population increases directly impact resource availability. 

This scarcity has led to a 78.3% occurrence of conflicts in areas experiencing severe resource depletion. The study 

also shows that resource scarcity forces communities into competition, often escalating tensions into violent 

disputes. However, the research accentuates the critical role of traditional governance structures, which were 

acknowledged by 64.3% of the respondents as key to fostering cooperation and mitigating conflicts in the state. 

The study concludes that integrating traditional governance systems with formal frameworks is essential for 

sustainable resource management and conflict reduction in Taraba State. Policymakers should prioritize these 

strategies to address the challenges posed by rapid population growth and resource scarcity, ensuring the long-

term stability and well-being of communities in the state. 

 

Keywords: population growth; resource scarcity; conflict; cooperation; sustainability 

 

Introduction 

 

Population growth and resource scarcity are two intertwined forces that profoundly shape the dynamics of conflict 

and cooperation, particularly in resource-dependent areas. Global research has consistently established that 

environmental degradation leads to the exacerbation of resource scarcity by diminishing the availability of essential 

resources like arable land, water, and forest cover (Unfried, Kis-Katos & Poser, 2022; Linnér, 2023). These 

conditions often precipitate conflict, as communities begin to compete for control over dwindling resources. 

Numerous studies have established that rapid growth in population, when combined with environmental pressures, 

frequently correlates with increased conflict over resources (De Dreu & Triki, 2022; Linnér, 2023). The 

Environmental Scarcity Theory, articulated by Homer-Dixon, posits that as ‘basic-need’ resources become scarce, 
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competition intensifies, thereby increasing the likelihood of conflict. However, this inadequacy can also serve as 

a catalyst for cooperation, especially when the communities facing the scarcity recognize the need for collective 

management of shared resources around their vicinity. Such cooperative efforts could manifest in shared water 

management systems, land-use planning, or the creation of conflict resolution mechanisms that seek to balance 

competing interests (Mahlakeng & Solomon, 2023). This study applies Homer-Dixon's theory specifically to the 

context of Taraba State to explore whether the scarcity of 'basic-need' resources indeed heightens conflict or, in 

some cases, fosters cooperative resource management among competing groups. In the context of this study area, 

these global challenges have been acutely observed. The massive population growth in the state places significant 

pressure on limited natural resources such as land, water, and food supplies, intensifying competition among 

various groups. This situation is specifically pronounced in agrarian and pastoralist communities, where access to 

land and water resources is critical for livelihoods. Resource-driven competition, especially between farmers and 

herders, has led to violent confrontations, exacerbating tensions and undermining social cohesion (Jargin, 2022; 

Ekanem, 2022). The impacts of climate change further aggravate these problems by reducing the predictability of 

rainfall and straining agricultural productivity. The resulting scarcity of resources has not only triggered violent 

conflicts but has also, in some cases, inspired cooperative arrangements aimed at managing resource use more 

sustainably. Whereas the communities in Taraba State may have employed both traditional and formal governance 

mechanisms to mediate disputes, the persistence of conflict accentuates the complexities of resource governance 

in areas experiencing rapid demographic and environmental changes. Recent studies have emphasized the role of 

climate change in intensifying resource scarcity, leading to more frequent and severe conflicts in regions affected 

by population pressures (Ekanem, 2022; Smith & Thomas, 2021). In such contexts, effective resource management 

strategies are necessary in order to mitigate conflicts and promote sustainable cooperation among residents. While 

global studies have linked population growth and resource scarcity to conflict, little research has focused 

specifically on the dual pathways of conflict and cooperation in the context of Taraba State. Furthermore, there is 

limited empirical evidence on how local governance mechanisms can mediate tensions between agrarian and 

pastoralist communities amidst increasing environmental stress. Existing literature often generalizes findings 

without considering the unique socio-cultural and ecological contexts of different regions. There remains a 

significant gap in understanding how these dynamics play out in specific regions like Taraba State, where socio-

cultural and ecological factors may alter the typical patterns observed globally.  This study addresses these gaps 

by applying Homer-Dixon's Environmental Scarcity Theory to examine how population growth and resource 

scarcity impact conflict and cooperation in Taraba State. By providing a localized analysis, the research contributes 

to a deeper understanding of the specific factors driving conflict and the potential for cooperation in this context. 

This study investigates the relationship between population growth and resource scarcity, examining how these 

forces jointly contribute to the emergence of conflict among different groups in the state. It also explores how 

population pressures exacerbate resource-related tensions and sometimes serve as catalysts for cooperation in 

resource management. Specifically, the study focuses on the socio-economic and environmental drivers of resource 

competition, analyzing the role of population growth in either intensifying or mitigating conflict. Furthermore, the 

research examines instances where local communities have developed cooperative mechanisms to manage shared 

resources, highlighting the potential for collaboration despite constraints imposed by population growth and 

resource scarcity. To achieve these objectives, the study adopts a mixed-methods approach, integrating quantitative 

and qualitative data to provide a comprehensive analysis of the relationship between population growth, resource 

scarcity, and conflict in the study area. By combining statistical correlations with in-depth interviews from local 

leaders, farmers, and pastoralists, the research captures both broad trends and lived experiences of resource 

management in Taraba State, enhancing the robustness of the findings. This study not only contributes to the 

existing body of knowledge by providing empirical evidence from a previously under-researched area but also 
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offers insights into how local governance mechanisms can mitigate or exacerbate resource-related conflicts. The 

study is organized as follows: the Introduction provides an overview of the research context and objectives; the 

Literature Review examines relevant theory and previous studies; the Methodology outlines the research design 

and data collection and analysis methods; the Results and Discussion present and analyze the findings; and the 

Conclusion summarizes key insights and offers recommendations.  

 

Literature Review 

 

Population Growth and Resource Scarcity 

 

Population growth is widely recognized as a major driver of resource scarcity, particularly in developing countries. 

This rapid demographic expansion places immense pressure on the country’s natural resources, leading to 

overexploitation and environmental degradation (Blocker et al., 2023). Numerous studies have confirmed that 

rapid population growth heightens demand for essential resources such as land, water, and food, often resulting in 

deforestation, soil erosion, and biodiversity loss (Ingrao et al., 2023; Shemer, Wald & Semiat, 2023). In agrarian 

societies like those in Taraba State, the subdivision of land among heirs further reduces farm sizes, compelling 

farmers to cultivate marginal lands that are more prone to degradation (Wang & Azam, 2024). The Malthusian 

Theory similarly posits that unchecked population growth outpaces resource availability, leading to inevitable 

scarcities and societal tension (Linnér, 2023). In Taraba State, the increased demand for agricultural land has 

intensified competition, particularly between agrarian and pastoralist communities, mirroring Homer-Dixon’s 

concept of demand-induced scarcity. Without effective management of this demographic pressure, the risk of 

conflict over resources escalates. 

 

Environmental Degradation and Supply-Induced Scarcity 

 

Environmental degradation plays a significant role in aggravating resource scarcity by reducing the quality and 

quantity of renewable resources. Deforestation, driven by the need for agricultural expansion and fuelwood, has 

diminished forest cover, disrupted rainfall patterns, and reduced water availability (Kumar, Kumar & Saikia, 

2022). Soil erosion and desertification have further degraded arable land, lowering agricultural productivity and 

creating conditions of supply-induced scarcity (Nwaugha et al., 2024). In Taraba State, these environmental 

challenges are acutely felt, particularly by farmers and herders who depend on the same diminishing resources for 

their livelihoods. The regenerative capacity of ecosystems is also compromised, which further intensifies 

competition among resource users. As Homer-Dixon argues, supply-induced scarcity can be a powerful catalyst 

for conflict, particularly in areas where institutional mechanisms for managing resources are weak or absent 

(Mahlakeng & Solomon, 2023). Taraba State’s history of farmer-herder clashes over land and water exemplifies 

this dynamic. 

 

Resource Scarcity and Conflict 

 

The connection between resource scarcity and conflict is well-documented in both academic and policy literature 

(Linnér, 2023; Wang & Azam, 2024). Homer-Dixon suggests that environmental scarcity, compounded by 

population growth, often leads to conflict in regions where governance structures are unable to mediate disputes 

effectively (Mahlakeng & Solomon, 2023). In discussing the implications of resource scarcity on social dynamics, 

the findings by Mazloum Yar and Zazia (2024) emphasize how institutional and socio-cultural barriers can hinder 
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development, which in turn exacerbates conflicts over resources. In Nigeria, particularly in northern regions like 

Taraba State, conflicts between farmers and herders have escalated as competition for land and water resources 

intensifies (Nwaugha et al., 2024). Studies by Setrana and Adzande (2022) emphasize how these clashes frequently 

result in significant loss of lives and property. Weak governance exacerbates the conflict, as the absence of 

effective resource management and conflict resolution mechanisms leads to breakdowns in social order (Onuoha, 

2008). Research further suggests that climate change, by increasing the unpredictability of rainfall and straining 

agricultural productivity, has intensified these conflicts. As population growth intensifies, communities face 

increasing pressure on vital resources, leading to heightened conflict over land and water. Similar patterns have 

been observed globally, particularly among indigenous communities that are highly dependent on natural 

resources. For instance, Khan, Khan, and Kamal (2024) stress that climate change intensifies socio-economic 

vulnerabilities among the Kalash indigenous community in northern Pakistan, revealing how resource scarcity can 

compel displacement and conflict. Their findings illustrate that climate-induced natural disasters significantly 

affect livelihoods, drawing parallels to how resource competition in Taraba may escalate tensions among local 

populations. As population growth accelerates in areas like Taraba State, the resulting pressure on resources such 

as land and water can worsen existing conflicts among communities. This phenomenon is not unique to Taraba 

State; similar challenges are evident in other countries facing rapid demographic changes. For instance, Datta 

(2024) emphasizes the significance of pursuing green growth in Bangladesh to transition towards sustainable 

resource management. The study reviews various environmental sustainability indicators and emphasizes the 

critical need for effective water management and pollution control to mitigate the adverse effects of resource 

scarcity. Datta's findings accentuate the importance of sustainable practices in resource management, which could 

serve as a model for addressing the conflicts arising from resource competition in Taraba State. By adopting 

comprehensive strategies that include both traditional and formal governance mechanisms, communities can foster 

cooperation and reduce tensions over dwindling resources. 

 

Potential for Cooperation 

 

While resource scarcity often leads to conflict, it also holds the potential to catalyze cooperation under the right 

conditions. In some places, traditional mechanisms for resource sharing, such as local conflict resolution 

committees, have played a role in mitigating tensions between farmers and herders (Setrana & Adzande, 2022). 

Collaborative initiatives, like joint resource management schemes, illustrate how cooperation can emerge in 

response to shared resource challenges. These examples align with Homer-Dixon’s view that adaptive responses 

to environmental scarcity can help communities avoid conflict and foster sustainable resource management. 

However, for these cooperative mechanisms to succeed, they require strong local governance and community buy-

in. 

 

Theoretical Framework 

 

This study is grounded in Homer-Dixon's Environmental Scarcity Theory, which offers a comprehensive 

framework for analyzing how environmental degradation, population growth, and resource scarcity can lead to 

both conflict and cooperation. According to Homer-Dixon, environmental scarcities arise from three principal 

mechanisms: supply-induced scarcity, where natural resources are depleted or degraded; demand-induced scarcity, 

driven by population growth; and structural scarcity, where unequal distribution concentrates resources in the 

hands of a few (Mahlakeng & Solomon, 2023). These scarcities are particularly likely to cause violent conflict in 

developing regions with limited adaptive capacity. However, Homer-Dixon also notes the potential for 
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cooperation, as communities facing shared resource challenges may develop collective management strategies to 

prevent conflict. In Taraba State, rapid population growth has intensified demand-induced scarcity, exacerbating 

competition over critical resources like arable land and water. Supply-induced scarcity is evident through 

deforestation, environmental degradation, and soil erosion, which reduce productive land availability. 

Additionally, structural scarcity manifests in unequal access to these resources among different ethnic and social 

groups, often fueling grievances. Applying Homer-Dixon’s framework to Taraba State allows for an understanding 

of how environmental and demographic pressures intersect with socio-political structures to either trigger conflict 

or foster cooperation. 

 

Methodology 

 

Research Design 

 

A mixed-methods approach was employed in this study to comprehensively investigate how population growth 

and resource scarcity influence conflict and cooperation in Taraba State. This design was chosen because it allows 

for the blend of quantitative and qualitative methods, in order to offer a robust understanding of the research 

problem. The quantitative part, through structured surveys, provided numerical data on key variables such as 

population growth rates, resource availability, and instances of conflict or cooperation. This approach was justified 

as it enabled the collection of data that can be statistically analyzed to identify trends and correlations. On the other 

hand, the qualitative component, involving in-depth interviews (IDIs), was essential for capturing the subjective 

experiences and perceptions of local leaders and community members regarding resource allocation and dispute 

resolution. The combination of both methods ensured that the study addressed both the statistical relationships and 

contextual insights, leading to a more holistic understanding of the research question. 

 

Study Location and Context 

 

The choice of Taraba State as the study location was justified by the unique social and ecological dynamics that 

characterize the region. Taraba State experiences high rates of population growth combined with dwindling natural 

resources, making it a relevant case for studying the impacts of resource scarcity on conflict and cooperation. The 

state’s diverse population, consisting of farmers, pastoralists, and indigenous groups, depends on natural resources 

such as land and water for their livelihoods. This diversity and dependency create a rich environment for examining 

both historical conflicts (often related to land and grazing rights) and instances of cooperation, such as around 

shared water resources. Taraba State’s history of resource-linked conflicts and occasional cooperation justified its 

selection, as it offered a real-world context where the study’s theoretical assumptions could be tested. 

 

Population of the Study 

 

The study focused on a target population that included community members, local leaders, and government 

officials in conflict-prone and resource-stressed areas within Taraba State. The key groups—herders, farmers, and 

local authorities—were selected because they play critical roles in resource management and are directly involved 

in both resource conflicts and cooperative activities. These groups were considered ideal for providing insights 

into how population pressure and resource scarcity affect social dynamics. The choice of this population was 

justified because their experiences and actions are directly relevant to understanding the phenomena under study. 
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Sample Size and Sampling Technique 

 

A purposive sampling technique was employed, which is justified for its ability to select participants who have 

direct relevance to the research topic. Given the focus on conflict and cooperation related to resource scarcity, it 

was necessary to intentionally select individuals who could provide the most valuable insights. The quantitative 

sample consisted of 300 respondents, which was considered adequate to ensure statistical validity in representing 

the broader population of the study area (Rahi, Alnaser, & Ghani, 2019; Aithal & Aithal, 2020; Hossan, 

Dato’Mansor, & Jaharuddin, 2023). For the qualitative component, 20 in-depth interviews were conducted with 

key stakeholders such as local leaders and officials directly involved in conflict resolution and resource 

management. This sample size was justified as it allowed for saturation of qualitative data, ensuring a thorough 

exploration of the research questions without overwhelming the analysis process (Malterud, Siersma, & Guassora, 

2016; Vasileiou, Barnett, Thorpe & Young,2018). 

 

Instruments of Data Collection  

 

Two primary instruments were used: a structured questionnaire for quantitative data collection and a semi-

structured interview guide for qualitative data. The structured questionnaire was chosen because it allowed for the 

systematic collection of quantitative data on key variables such as population growth, resource access, and conflict 

occurrence. This instrument was justified because it facilitated the collection of comparable data from a large 

number of respondents, which is critical for statistical analysis. The semi-structured interview guide for the 

qualitative component was used to explore more complex, subjective experiences related to resource competition 

and cooperation. This guide was flexible enough to allow for in-depth discussions, enabling participants to share 

their perspectives on the role of both traditional and formal institutions in managing disputes. The combination of 

these instruments was justified to ensure a comprehensive data collection process that addressed both the numerical 

and narrative dimensions of the study. 

 

Data Collection Procedure 

 

The surveys were administered by trained research assistants, which ensured consistency and reliability in the data 

collection process. The face-to-face administration of surveys was justified because it allowed the research 

assistants to clarify questions and ensure accurate responses from the participants. The in-depth interviews were 

conducted by the principal investigator, ensuring that the complex dynamics surrounding conflict and cooperation 

were thoroughly explored. Interviews were conducted in confidential settings to protect the privacy of participants, 

and consent was obtained for both participation and recording. These steps were justified to maintain the ethical 

integrity of the research and ensure that participants felt comfortable providing honest and open responses. 

 

Ethical Considerations 

 

The study received ethical approval from a recognized institutional review board, which was essential to ensure 

that the research met accepted standards for human subject research. Participants were fully informed of their 

rights, including the right to withdraw from the study at any time, and confidentiality was strictly maintained. The 

use of consent forms further ensured that participants were aware of the research's aims and their role in it. These 

ethical procedures were justified as they protected the dignity and privacy of participants, while also ensuring that 

the research adhered to international ethical standards. 
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Data Analysis 

 

The quantitative data were analyzed using descriptive statistics (mean, frequency) and inferential tests (chi-square, 

regression analysis) to explore relationships between population growth, resource scarcity, and conflict. 

Descriptive statistics were justified because they provided a clear summary of the data, while inferential tests 

(Pearson Correlation Coefficient, Chi-Square and Logistic Regression) were necessary to examine causal 

relationships and predictive patterns. The qualitative data were analyzed thematically using NVivo software, which 

allowed for the systematic identification of recurring patterns related to both cooperation and conflict. This 

software was justified as it facilitated the efficient and accurate analysis of large volumes of qualitative data, 

ensuring that all relevant themes were captured and properly categorized. 

Results and discussions 

 

Here is the detailed analysis of the data obtained from the field, structured to address the research objectives and 

hypotheses. This data presentation includes both quantitative results from the 294 questionnaires and qualitative 

insights from 20 in-depth interviews that were conducted. After the presentation, the findings are interpreted and 

discussed with reference to existing literature.  

 

Quantitative Data Analysis 

 

Demographic Characteristics of Respondents 

 

Before going into the core analysis of the research data, it is important to understand the demographic 

characteristics of the study participants which is necessary for interpreting the results in the context of Taraba 

State's socio-cultural and economic conditions. 

As illustrated in Table 1, a majority of the respondents were male (64.0%), with the largest age group falling 

between 31-45 years (42.2%). Farmers comprised the largest occupational group (46.6%) among the respondents, 

and this indicates the predominance of agricultural activities in the study area. The educational levels of the 

respondents showed a varied distribution, with majority of them having either secondary (37.1%) or primary 

education (28.6%). 

 

Population Growth and Resource Scarcity 

 

The first objective of this study was to examine the relationship between population growth and resource scarcity 

in Taraba State. To address this, the respondents were asked to provide their perceptions of population growth, 

resource availability, and the relationship between the two. 

From the data in Table 2, a large proportion of the respondents (70.7%) agreed that population growth had 

increased significantly in their communities. Similarly, 65.4% reported that resource availability—particularly 

land and water—had decreased, with 72.8% affirming that population growth negatively affected access to 

resources in their area. These findings support the theoretical proposition that population growth places pressure 

on limited resources, particularly in areas like Taraba State, where land and water are essential for agriculture and 

livestock-related activities. 
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Table 1: Demographic Characteristics of Respondents (n = 294) 

Variable Frequency (n) Percentage (%) 

Gender 
  

Male 188 64.0 

Female 106 36.0 

Age Group 
  

18-30 years 85 28.9 

31-45 years 124 42.2 

46-60 years 67 22.8 

60+ years 18 6.1 

Occupation 
  

Farmer 137 46.6 

Pastoralist 69 23.5 

Local Authorities 24 8.2 

Other 64 21.7 

Educational Level 
  

None 43 14.6 

Primary 84 28.6 

Secondary 109 37.1 

Tertiary 58 19.7 

 

Table 2: Perceptions of Population Growth and Resource Scarcity 

Statement Agree (%) Neutral (%) Disagree (%) 

Population has increased significantly 70.7 16.2 13.1 

Resource availability has decreased 65.4 18.6 16.0 

Population growth affects access to resources 72.8 12.9 14.3 

 

Resource Scarcity and Conflict 

 

In this study, resource scarcity was explored in relation to the occurrence of conflicts among different groups in 

Taraba State. The respondents were asked about their experiences with conflicts related to land, water, and other 

vital resources in the state. The perception of the respondents is captured in Table 3 below: 

 

Table 3: Perceptions of Resource Scarcity and Conflict 

Statement Agree (%) Neutral (%) Disagree (%) 

Resource scarcity is the primary cause of conflict 67.1 20.4 12.5 

Conflicts over land and water have increased 69.2 18.0 12.8 

Conflicts involve farmers and pastoralists 72.9 14.6 12.5 

 

Over two-thirds (67.1%) of respondents in Table 3 agreed that resource scarcity was the primary cause of conflict 

in their communities, particularly over land and water resources, as a significant number (69.2%) reported that 

conflicts over these resources had increased, with a notable percentage (72.9%) stating that these conflicts 

primarily involved farmers and pastoralists. The data indicates that a substantial portion of respondents associates 
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resource scarcity with conflict, particularly highlighting tensions between farmers and pastoralists over land and 

water resources. 

 

Population Growth and Conflict 

 

In addition to examining resource scarcity, the study also explored the role of population growth in causing 

conflicts. The respondents were asked whether they believed that population growth heightened competition for 

resources and escalated conflicts. 

 

Table 4: Population Growth and Conflict 

Statement Agree (%) Neutral (%) Disagree (%) 

Population growth has worsened resource conflicts 68.4 19.3 12.3 

Increased population intensifies competition 70.1 17.9 12.0 

 

As Table 4 shows, 68.4% of respondents agreed that population growth worsened resource conflicts, particularly 

in areas where natural resources were already limited. Similarly, 70.1% agreed that the increased population had 

intensified competition for vital resources, especially land and water. These findings support the hypothesis that 

population growth aggravates conflict related to resource allocation. 

 

Cooperation in Resource Management 

 

Despite the prevalence of conflict in the state, there were also instances of cooperation in managing shared 

resources, particularly when traditional or formal dispute resolution mechanisms were in place. 

 

Table 5: Perceptions of Cooperation in Resource Management 

Statement Agree (%) Neutral (%) Disagree (%) 

Cooperation exists over shared water resources 61.8 25.1 13.1 

Traditional institutions foster cooperation 64.3 19.8 15.9 

Formal government intervention resolves conflicts 55.7 26.5 17.8 

 

In Table 5, While a majority of respondents (61.8%) reported instances of cooperation, particularly over shared 

water resources, they attributed this success largely to traditional institutions (64.3%), which played an essential 

role in fostering cooperation within the state. However, fewer respondents (55.7%) believed that formal 

government interventions were effective in resolving conflicts. 

 

Test of Hypotheses 

 

Hypothesis 1 (H1): There is a positive relationship between population growth and resource scarcity in 

Taraba State. 

 

Statistical Test: Pearson Correlation Coefficient 

 

The relationship between population growth (independent variable) and resource scarcity (dependent variable) was 

analyzed using the Pearson correlation coefficient to assess the strength and direction of the relationship. 
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Table 6: Pearson Correlation Between Population Growth and Resource Scarcity 

Variables Resource Scarcity 

Population Growth r = 0.612, p < 0.001 

Pearson Correlation (r): 0.612; p-value: < 0.001 (significant at the 0.05 level) 

 

The Pearson correlation coefficient of 0.612 in Table 6 indicates a moderate positive relationship between 

population growth and resource scarcity. This means that as the population grows in Taraba State, there is a 

significant increase in resource scarcity, particularly regarding land and water availability. Given the p-value (< 

0.001), the relationship is statistically significant, providing evidence to support the hypothesis (H1). These results 

suggest that population growth is strongly associated with the increasing scarcity of essential resources, which 

could lead to heightened competition and conflict. 

 

Hypothesis 2 (H2): Resource scarcity significantly increases the likelihood of conflict among communities 

in Taraba State. 

 

Chi-square test was used to examine the relationship between resource scarcity and the occurrence of conflict. The 

data were categorized into groups based on whether communities experienced resource scarcity and whether 

conflicts had occurred. 

 

Table 7: Chi-Square Test for the Relationship Between Resource Scarcity and Conflict 

Conflict Resource Scarcity (n = 294) No Resource 

Scarcity (n = 294) 

Chi-Square 

(χ²) 

p-value 

Conflict Present (%) 78.3 45.5 χ² = 16.87 p < 0.001 

Conflict Absent (%) 21.7 54.5 
  

Chi-Square (χ²): 16.87; p-value: < 0.001 (significant at the 0.05 level) 

 

The chi-square test results in Table 7 show that 78.3% of communities experiencing resource scarcity reported 

conflicts, compared to 45.5% of those without resource scarcity. The chi-square statistic (χ² = 16.87) is significant 

with a p-value < 0.001, showing a strong association between resource scarcity and conflict. These findings 

confirm the hypothesis (H2) that resource scarcity significantly increases the likelihood of conflict among 

communities in Taraba State. The scarcity of vital resources like land and water escalates tensions, often leading 

to violence, particularly between pastoralist and farming communities. 

 

Hypothesis 3 (H3): Population growth exacerbates conflicts related to resource allocation, particularly over 

land and water. 

 

A logistic regression analysis was performed to examine whether population growth increases the likelihood of 

conflicts related to resource allocation, particularly land and water conflicts. The outcome variable (conflict 

occurrence) was binary (1 = conflict occurred, 0 = no conflict), and the predictor variable was population growth. 

The logistic regression analysis in Table 8 reveals that population growth significantly increases the likelihood of 

conflicts related to resource allocation. The odds ratio (OR = 4.15) means that for each unit increase in population 

growth, the odds of conflict over land and water increase by 4 times. 
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Table 8: Logistic Regression of Population Growth and Conflict Occurrence 

Predictor Coefficient (B) Standard Error (SE) Odds Ratio (OR) p-value 

Population Growth 1.423 0.327 4.15 p < 0.01 

Constant -0.892 0.211 - p < 0.05 

Odds Ratio (OR): 4.15 (indicating a 4-fold increase in the odds of conflict with population growth); p-value: < 

0.01 (significant at the 0.05 level) 

The p-value < 0.01 confirms the statistical significance of the finding. Thus, hypothesis H3 is supported, 

demonstrating that rapid population growth increases the chances of conflicts, especially over critical resources 

like land and water, which are already in limited supply. 

 

Hypothesis 4 (H4): Despite resource scarcity, cooperation is more likely to emerge in areas with strong 

traditional or formal dispute resolution mechanisms. 

 

A binary logistic regression was conducted to determine whether the presence of traditional or formal dispute 

resolution mechanisms increased the likelihood of cooperation over resources despite resource scarcity. The 

outcome variable was cooperation (1 = cooperation, 0 = no cooperation), and the predictor was the presence of 

traditional/formal mechanisms. This is captured in In Table 9 below: 

 

Table 9: Logistic Regression of Traditional/Formal Dispute Resolution Mechanisms and Cooperation 

Predictor Coefficient (B) Standard Error 

(SE) 

Odds Ratio 

(OR) 

p-value 

Traditional/Formal Mechanisms Present 1.689 0.392 5.41 p < 0.01 

Resource Scarcity -0.721 0.301 0.49 p < 0.05 

Constant -1.054 0.241 - p < 0.05 

Odds Ratio (OR) for dispute mechanisms: 5.41; p-value: < 0.01 (significant at the 0.05 level) 

The logistic regression results show that the presence of traditional or formal dispute resolution mechanisms 

increases the likelihood of cooperation, despite resource scarcity, by more than 5 times (OR = 5.41). The negative 

coefficient for resource scarcity (B = -0.721) shows that resource scarcity alone reduces the likelihood of 

cooperation, but the presence of effective resolution mechanisms reverses this trend. The p-value < 0.01 confirms 

the statistical significance of the model, thus supporting the hypothesis (H4). Communities with strong traditional 

or formal governance structures are more likely to engage in cooperative resource management despite the 

pressures of scarcity. 

 

Qualitative Data Analysis 

 

The qualitative data analysis for this study utilized NVivo software to systematically code and analyze the 

responses of 20 in-depth interviews conducted with local leaders, community members, farmers, pastoralists, and 

government officials across various regions of Taraba State. The aim was to gain deep insights into the dynamics 

between population growth, resource scarcity, and the implications these have for conflict and cooperation in 

Taraba State. By leveraging NVivo, the research followed a structured process of open coding, where initial 

concepts were identified directly from the interview data, followed by axial coding to group related concepts, and 

finally selective coding to focus on the core themes. This stepwise approach ensured that the analysis was both 
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rigorous and grounded in the lived experiences of the research respondents. The results are organized around the 

four key objectives of the study, with direct quotes from participants that bring the analysis to life. 

 

Objective 1: The Relationship Between Population Growth and Resource Scarcity 

Codes: Population Growth and Resource Scarcity 

Identified Themes: 

• Increased Pressure on Resources 

• Environmental Degradation 

• Perceptions of Scarcity 

The relationship between population growth and resource scarcity was found as a central theme in the interviews. 

Respondents across all demographic groups consistently expressed concerns about the growing pressures placed 

on land, water, and other natural resources due to an increasing population. A community leader from Jalingo 

remarked: 

As our population has grown, the land that was once sufficient for farming and grazing is no longer adequate. The 

increased number of people means more competition for the same resources, leading to noticeable shortages (IDI, 

F1, Age 51, Jalingo LGA). 

This statement reflects the perceived scarcity of resources that has accompanied the population boom in the state. 

Similarly, a farmer from Yorro emphasized the environmental consequences of this pressure: 

The rapid growth of our community has led to deforestation and soil depletion. More people are using the same 

amount of land, which exacerbates the scarcity of arable land (IDI, F2, Age 47, Yorro LGA). 

The reference to deforestation and soil depletion stresses the dual nature of population growth—while it increases 

resource demand, it can also accelerate environmental degradation, thereby reducing the availability of vital 

resources like fertile soil and grazing land. This degradation of environmental resources, in turn, intensifies the 

perception of scarcity, as described by a pastoralist in Wukari: 

There’s a growing sense of scarcity in our community. The water sources are drying up faster than before, and it's 

a direct result of more people using the same resources (IDI, F3, Age 39, Wukari LGA). 

The data strongly suggest that the interplay between population growth and resource scarcity is not only about the 

quantitative availability of resources but also about subjective perceptions of scarcity, which are just as impactful 

in driving behavior and decision-making. These qualitative insights align with the quantitative Pearson correlation 

analysis in this study, which indicated a statistically significant relationship between population growth and 

resource scarcity. What is critical to note here is how this qualitative information adds depth to the quantitative 

data by showing the ways in which individuals and communities experience these pressures in their everyday lives. 

 

Objective 2: Resource Scarcity and the Occurrence of Conflict 

Codes: Resource Scarcity and Conflict 

Themes Identified: 

• Resource Competition 

• Increased Tensions 

• Conflict Over Land and Water 

One of the most striking findings from the qualitative data is the clear link between resource scarcity and the rise 

in conflicts among different groups in Taraba State. Across various communities, the respondents recounted how 

competition over scarce resources, particularly land and water resources has led to amplified tensions and, in many 

cases, outright conflict in the state. A local leader in Takum noted: 
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Scarcity of water resources has led to frequent disputes between farmers and herders. Each group competes for the 

limited water available, which often results in conflicts (IDI, F4, Age 44, Takum LGA). 

This observation emphasizes how water, a critical resource in agrarian and pastoralist economies, becomes a 

flashpoint for disputes as it becomes increasingly scarce. Similarly, a community member in Gashaka explained 

how scarcity of grazing land has worsened tensions in the area: 

The scarcity of grazing land has intensified conflicts between different communities. When resources are scarce, 

tensions rise, and conflicts become more frequent (IDI, F5, Age 56, Gashaka LGA). 

It is important to situate this finding within a broader socio-political context. In many parts of Nigeria, and 

particularly in Taraba State, historical and ethnic rivalries are often aggravated by resource competition, as 

different groups vie for control of limited land and water supplies. This dynamic is compounded by the fact that 

resource allocation is often politicized, with local power structures influencing who has access to which resources. 

As noted by a government official from Jalingo: 

Resource scarcity has made it difficult to manage conflicts effectively. As resources become more limited, the 

likelihood of clashes increases (IDI, F6, Age 45, Jalingo LGA). 

These qualitative insights do not only confirm the chi-square test results showing a significant association between 

resource scarcity and conflict but also reveal the complexity of managing such conflicts in a context where 

governance structures may lack the capacity or legitimacy to mediate disputes effectively. This is an important 

insight for policymakers, as it suggests that efforts to reduce conflict must go beyond merely increasing resource 

availability; they must also address the governance and institutional frameworks that manage resource distribution. 

 

Objective 3: Population Growth and Conflict Intensity 

Codes: Population Growth and Conflict Intensity 

Themes Identified: 

• Escalation of Conflicts 

• Mitigation Through Resource Sharing 

• Population Pressure and Resource Allocation 

The relationship between population growth and conflict intensity was another prominent theme in the interviews 

as several respondents pointed to the fact that as populations grow, conflicts that may have been manageable in 

the past become more severe. A pastoralist from Ussa observed: 

Population growth has made existing conflicts over resources more intense in our area. As more people move into 

the area, disputes over land and water become more frequent and severe (IDI, F7, Age 42, Ussa LGA). 

This escalation of conflict is not merely a result of increased competition over resources but also stems from the 

fact that traditional conflict resolution mechanisms are often overwhelmed by the sheer number of disputes that 

arise in densely populated areas. A farmer in Lau mentioned one potential mitigation strategy: 

In some cases, communities have managed to mitigate conflicts by setting up agreements for sharing resources. 

However, these solutions are increasingly strained as the population grows (IDI, F8, Age 40, Lau LGA). 

While resource-sharing agreements have historically been a means of preventing conflicts, the strain on such 

agreements due to population pressure is a growing concern. These findings are consistent with the logistic 

regression results, which indicate that population growth intensifies conflicts related to resource allocation. The 

qualitative data provide valuable information into the fragility of mitigation strategies in the face of growing 

demographic pressures. This suggests that more robust, scalable solutions are needed to cope with the increasing 

strain on shared resources. 
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Objective 4: Cooperation in Resource Management 

Codes: Cooperation in Resource Management 

Identified Themes: 

• Role of Traditional Institutions 

• Formal Dispute Resolution Mechanisms 

• Community-Based Solutions 

Despite the pressures of population growth and resource scarcity, instances of cooperation in resource management 

were noted in several communities in Taraba State. These instances offer valuable lessons on how resource 

scarcity, rather than being purely a driver of conflict, can also catalyze cooperative behavior, particularly when 

strong institutional frameworks are in place. A community leader in Karim Lamido described the role of traditional 

institutions in resolving conflicts: 

Our traditional dispute resolution methods have been crucial in managing conflicts. When conflicts arise, we 

convene traditional councils to mediate and find cooperative solutions to the dispute (IDI, F9, Age 63, Karim 

Lamido LGA). 

Traditional institutions, long a cornerstone of governance in many African societies, continue to play a 

fundamental role in mediating disputes and promoting cooperation in the aspect of resource scarcity. This finding 

is echoed by a government official in Sardauna, who pointed to the effectiveness of formal mechanisms: 

Formal mechanisms, such as community resource committees, have also been effective in promoting cooperation. 

These committees help manage resources and reduce conflicts (IDI, F10, Age 49, Sardauna LGA). 

These mechanisms—both traditional and formal—are essential for maintaining peace and promoting equitable 

resource distribution. As a pastoralist in Ardo-kola mentioned, community-based solutions, such as agreements 

for the shared use of water sources, have helped to reduce tensions: 

Despite the scarcity, we have managed to establish agreements for shared use of water sources. This cooperation 

has helped maintain peace among the different groups (IDI, F11, Age 53, Ardo-kola LGA). 

This data supports the logistic regression findings from the quantitative data of this study, which show that 

cooperation is more likely in areas with strong dispute resolution mechanisms. As such, the study emphasizes the 

need for policy interventions that strengthen local governance capacities and support community-based solutions 

to resource management challenges. 

 

Discussion of Findings 

 

This study examined the relationship between population growth, resource scarcity, conflict, and cooperation in 

Taraba State, as it empirically confirms a positive and significant correlation between population growth and 

resource scarcity. The quantitative analysis confirmed that the growing population density directly reduces the 

availability of essential resources such as land, water, and agricultural inputs in the state. This was further 

corroborated by the qualitative data, as community members echoed the consequences of population pressure, 

including environmental degradation—deforestation and soil depletion were cited as after-effects of the expanding 

population. These findings agree with the work of scholars like Ingrao et al (2023), Shemer et al (2023) and Linnér 

(2023), who have long identified population growth as a major contributor to resource exhaustion in the society. 

One of the key implications of these findings is the urgent necessity for sustainable resource management practices 

in Taraba State. With the population increasing, the stress on natural resources has increased, pushing the 

environment and community livelihoods to the brink. The experiences shared by respondents align with global 

discourses on population pressure and resource depletion, reinforcing the argument that without immediate 

intervention, the situation may spiral further into ecological and economic crises. This suggests that, Taraba State, 
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much like other territories experiencing rapid population growth, must prioritize adaptive strategies that enhance 

resource conservation, sustainable agricultural practices, and long-term planning to mitigate the adverse impacts 

of overpopulation. Moreover, the findings of the study also establish a direct link between resource scarcity and 

conflict in the Taraba State. Through both quantitative and qualitative lenses, it became evident that dwindling 

resources heighten tensions among diverse groups, particularly between farmers, pastoralists, and other community 

stakeholders in the state. The chi-square test results corroborated the significant association between resource 

scarcity and increased conflict incidents, particularly over water and grazing land. The study respondents often 

described intense competition, noting that disputes frequently escalate into violent confrontations. This finding 

aligns with conflict theory as articulated by Mahlakeng & Solomon (2023) and Nwaugha et al (2024), where the 

struggle over limited resources is seen as a catalyst for social friction in the society. Such competition is not merely 

a theoretical construct but a lived reality for many in Taraba State, where agricultural productivity, water access, 

and land ownership have become highly contested and increasingly politicized. The gravity of these findings is 

not limited to statistical significance alone but extends into the lived experiences of the affected communities. 

Population growth amplifies existing conflicts, particularly over land and water, as conveyed by the logistic 

regression results in this research. As more individuals vie for the same limited resources, the intensity of disputes 

naturally escalates. However, while the data highlight conflict escalation, they also reveal emerging cooperative 

efforts among some communities. These communities, particularly in areas most affected by resource scarcity, 

have devised resource-sharing agreements to mitigate the severity of conflicts. Nevertheless, as the population 

continues to swell, these agreements are strained and risk breaking down under the weight of increased demand 

for resources. This finding reinforces the perspective of scholars like Setrana and Adzande (2022), who argue that 

population growth, by intensifying the demand for finite resources, worsens existing socio-economic tensions and 

conflicts. Despite these challenges, the study uncovers evidence of successful cooperation, signaling hope for 

conflict mitigation through local governance and community-driven solutions. The data from the interviews 

revealed the central role of traditional institutions and formal dispute resolution mechanisms in fostering 

cooperation. Traditional councils and community resource committees, for instance, were cited as key actors in 

negotiating resource-sharing agreements and mediating disputes between competing groups. These local 

governance structures offer critical insights into the potential for hybrid models of resource management that blend 

both traditional and formal dispute resolution mechanisms. This is in line with Ostrom's theory on managing 

common-pool resources, where the integration of ‘traditional governance’ can play an essential role in ensuring 

sustainable management and conflict prevention. The relevance of these cooperative mechanisms cannot be 

overstated, as they present a viable pathway toward conflict resolution and sustainable resource management. The 

findings suggest that strengthening traditional governance structures and formal legal systems could greatly 

enhance the capacity of local communities to manage conflicts and foster long-term cooperation. Additionally, 

these findings stress the potential of institutional frameworks that encourage collective resource management and 

conflict resolution. Empowering these local structures through greater governmental and non-governmental 

support could provide a scalable model for addressing similar challenges in other resource-scarce regions.  

 

Conclusion 

 

This study explored the relationship between population growth, resource inadequacy, conflict, and cooperation in 

Taraba State, Nigeria. It has successfully achieved its aim by providing robust evidence that captures the impact 

of population pressure on the depletion of essential resources, such as land and water. The findings of the study 

contribute to existing knowledge by establishing that rapid population growth worsens environmental degradation, 

as seen in deforestation, soil depletion, and reduced access to critical resources. The significance of this study lies 
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in its emphasis on the urgent need for sustainable resource management practices in response to the challenges 

posed by population expansion in Taraba State. The study's implications are far-reaching, particularly in its 

identification of the strong correlation between resource scarcity and the frequency of conflicts, especially among 

farmers and herdsmen. These conflicts, driven by competition over land and water, accentuate the importance of 

addressing resource management issues to mitigate violence. Furthermore, this research provides data on the 

potential of cooperation as a counterbalance to conflict. It reveals that despite the pressures of resource scarcity, 

many communities in Taraba State have developed effective mechanisms for resource-sharing and conflict 

resolution, facilitated by traditional councils and community resource committees. These findings highlight the 

value of integrating traditional and formal governance structures to foster cooperation and reduce tensions. Future 

research should focus on further developing sustainable agricultural practices and resource conservation strategies 

to alleviate the strain on dwindling resources. Additionally, there is a need to strengthen local governance 

frameworks that incorporate both traditional and formal dispute resolution mechanisms, offering a pathway to 

sustained cooperation and conflict mitigation in Taraba State. 
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