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Abstract 

Climate action is an alarming issue, and the world is concerned about sustainable solu-
tions. Governance quality, financial technology and advanced-resource endowments have 
a pivotal role in climate action, yet the literature lacks evidence on their linkages with 
carbon emissions. The present study covers this gap in the literature for the Gulf Cooper-
ation Council countries, as they offer an ideal study setting given their extreme vulnera-
bility to climate change, their reliance on fossil fuels, the strong efforts to address climate 
change issues, and their prioritization of transforming the financial sector through finan-
cial technology as a means of resolving climate issues. Results show that governance qual-
ity and financial technology curb carbon emissions. Specifically, financial technology re-
duces CO2 emissions by approximately 36.4% in the FMOLS estimation, while governance 
quality contributes negatively and significantly to CO2 emissions across most specifica-
tions. Further, the interaction term of financial technology and advanced-resource endow-
ments is statistically significant with a negative coefficient, hereby providing a supportive 
role in reducing CO2 emissions. Hence, advanced-resource endowments play a moderat-
ing role, transforming the effectiveness of financial technology in reducing carbon emis-
sions. The findings are robust for quantile regressions and alternative measures of envi-
ronmental degradation and have strong policy implications for the Gulf Cooperation 
Council countries. 
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1. Introduction 
The international community has acknowledged environmental deterioration as a 

significant threat to human civilization and economic success [1]. Consequently, environ-
mental sustainability has become a paramount concern for policymakers globally [1]. Cli-
mate change mitigation, i.e., the reduction of greenhouse gas emissions that contribute to 
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global warming, is therefore pivotal [2], and economies exhibit a genuine drive toward 
sustainable energy usage on the eve of global warming and with the depletion of energy 
resources [3]. 

In fact, resource depletion, biodiversity loss, and climate change represent intercon-
nected challenges that require immediate and coordinated action across all nations [4]. To 
address this need, the 198 members of the Conference of the Parties (COP) to the UN 
Framework Convention on climate change meet annually to undertake coordinated ac-
tions, making ambitious pledges. However, there seems to be a gap between pledges and 
the actions needed to achieve them (see for example the speech of the UN secretary-gen-
eral to the press on the final days of the COP29 meeting, https://www.un.org/en/cli-
matechange/cop29, 9 April 2026). Governance quality (GQ) and financial technology (FNT) 
can act as means of achieving the COP’s ambitious pledges and transforming them into 
tangible actions to control CO2 emissions [5]. 

In the modern global economy, GQ has become an important variable affecting both 
environmental sustainability and economic performance [6]. Environmental policies func-
tion within a structural framework established by formal institutions, such as regulations, 
laws and constitutional policies [7]. The efficiency of institutions depends on GQ, espe-
cially the government capacity to generate, enforce and implement regulations [6]. The 
ability to create comprehensive environmental regulations and guarantee their uniform 
application across all sectors is superior in nations with more effective governments [8]. 
Government governance effectiveness increases the capacity to organize climate policies 
across various levels and sectors of a country [9]. However, the importance of GQ in CO2 
emissions management has not been sufficiently examined in the previous literature 
[10,11], though studies affirm that there is a connection between GQ and CO2 emissions. 

The modern global economy is undergoing significant transformation due to FNT 
innovation, and this is even more the case in the GCC region. This transformation primar-
ily includes replacing the methods of financial service delivery, assessment and integra-
tion into economic systems [12]. For example, Saudi Arabia, with its Vision 2030, has es-
tablished FNT as a fundamental element of economic diversification, aiming for 525 FNT 
enterprises by 2030, with investments surpassing $443 million [13]. Qatar’s National Vi-
sion 2030 places strategic reliance on FNT to achieve the goal of creating a diversified, 
knowledge-based economy. This is evident in initiatives such as the Qatar FNT Hub and 
FNT-related programs under the Qatar Financial Centre, among others [14]. Although the 
initial emergence of FNT was focused on the niches of the financial sector, it has increas-
ingly become an integral element for economic activities as a whole. 

The economic relevance of FNT clearly surpasses conventional banking services. 
FNT transforms payment infrastructures, changes the way credit is allocated, influences 
investment decisions, and redefines the ways financial risks are dealt with [15]. According 
to Lee and Romero [16], digital payment systems cut down transaction costs and make 
cash handling less burdensome and improve financial inclusion, especially through mo-
bile-based monetary services. 

In resource-rich economies, however, the interaction between FNT advancement and 
environmental sustainability is not one-dimensional. Proper comprehension of such a re-
lation calls for an integrated theoretical perspective on technological capability, strategic 
asset deployment, and organizational competence in overcoming environmental chal-
lenges [17]. The different environmental outcomes of FNT occur not only due to FNT but 
also due to other complementary capabilities and resources that make it possible to utilize 
technological and innovative resources for sustainable environmental objectives [18]. 
Hence, in this study advanced-resource endowments (AREs) are taken together with FNT 
adaptation to elucidate how AREs interact with the relationship between FNT and CO2 
emissions. 
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Building on the global urgency of climate change mitigation and the recognized role 
of GQ and FNT in translating international pledges into tangible outcomes, it is essential 
to focus on regions where these interventions can have a measurable impact [19]. The GCC 
countries present such a unique context due to their high per capita emissions and rapid 
adoption of FNT-enabled financial systems, which can be leveraged to implement sustain-
able energy and climate policies effectively [20]. GCC nations offer an ideal setting for this 
research because they are faced with distinct environmental issues and at the same time, 
although they represent merely 0.61 of the total world’s population, they account for 2.4% 
of global greenhouse gas emissions [20]. This is due to the fact that they have experienced 
significant economic expansion in recent decades, whereas considerable oil and natural 
gas producers have arguably harmed the environment through heightened CO2 emissions 
and related ecological deterioration [21]. 

While prior work has addressed the role of FNT and GQ for curbing CO2 emissions, 
it lacks evidence of the interactive effect of FNT and AREs for achieving carbon neutrality. 
This limitation is significant because AREs improve the deployment and development of 
FNT technological capabilities through implementation of human capital, resource rents, 
and infrastructure [22]. Despite increasing acknowledgement of GQ and FNT’s potential 
environmental effects, substantial theoretical and empirical gaps exist in interpreting the 
role of GQ and FNT and the moderating influence of AREs in explaining their effects on 
CO2 emissions in resource-abundant regions like the GCC region. 

The current literature has thoroughly investigated the influence of GQ and FNT on 
diverse economic outcomes, such as financial stability [15], economic growth [23], and 
financial inclusion [24]. However, scant attention has been given to examining the effect 
of GQ and FNT on sustainability as a measure against climate change. Hence, firstly, this 
study integrates GQ and FNT within a unified framework to assess their significance in 
reducing CO2 emissions. 

Secondly, prior research has predominantly utilized single-indicator metrics for FNT 
acceptance, such as digital payment utilization or online banking penetration, which in-
adequately reflect the intricacies of FNT ecosystems [25]. We use a principal component 
analysis (PCA) technique to create a measure of FNT, including three indicators such as 
domestic credit to the banking sector, the number of internet users, and mobile phone 
subscribers. This is a comprehensive measure of FNT that encompasses all the dimensions 
of financial innovation. 

Thirdly, despite the increased importance of FNT’s proposed environmental ad-
vantages, existing research has mainly overlooked the importance of AREs as a moderat-
ing indicator of the FNT–environment relationship. Previous studies have mostly focused 
on the direct effects of FNT on environmental outcomes, utilizing AREs solely as a control 
variable, neglecting to explore their potentially beneficial moderating effects on the FNT–
environment relationship. Therefore, there is a need to investigate AREs’ moderating in-
fluence on the relationship between FNT adoption and environmental performance. 

Furthermore, this study uses a composite measure of natural resource rent, human 
capital and infrastructure for AREs, significantly differing from the single-dimensional 
resource abundance proxies employed in the resource curse literature [26]. Our measure 
of AREs integrates human capital and infrastructure with resource rents to reflect the pro-
ductive absorption potential of resource-driven economies, rather than simply their natu-
ral resource extractive dependence. In accordance with the conditional resource blessing 
hypothesis [27], we contend that economies with elevated scores on this composite index 
have successfully directed resource wealth towards complementary assets such as skilled 
labor and infrastructure which facilitate the adoption of FNT tools and the decarboniza-
tion of emissions-intensive sectors. 
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Fourthly, the previous research has largely focused on emerging or developed econ-
omies and has limitations of geographical scope in the proposed framework, neglecting 
resource-abundant regions such as GCC economies [28]. The GCC region is experiencing 
heightened demand for the evolution of financial systems that generate economic returns 
while upgrading environmental protection and social equity. Sustainable finance is cru-
cial for attaining sustainability and climate goals and for enhancing economic resilience 
[29]. This geographical limitation is important to explore as resource-abundant nations 
may have distinct FNT–environmental dynamics compared to resource-scarce economies 
due to diverse resource endowments, development priorities and economic structures. 

2. Theory and Hypothesis Development 
2.1. Governance Quality and CO2 Emissions 

As stated by Samimi, Ahmadpour and Ghaderi [30], environmental conservation and 
sustainable resource management are among the important factors associated with good 
governance. According to North [31], good governance improves the ability of a country 
to deal with environmental challenges and maintain sustainable growth. Governance in-
fluences CO2 emissions through mechanisms of institutional theory. Institutional theory 
states that governance is defined as the societal “rules of the game” that establish limita-
tions on human behavior, hence deciding the scope for economic activities [32]. 

According to institutional theory, there are numerous indicators of GQ, such as po-
litical stability, rule of law, voice and accountability, government effectiveness and regu-
latory quality, each of which concentrates on a specific aspect of GQ. For instance, regula-
tory quality influences the sustainability of natural resources and environmental preser-
vation [33]. Regulatory quality is a key component of the governance framework in re-
ducing CO2 emissions, controlling the shadow economy and corruption [34]. According 
to institutional theory, regulatory quality influences the execution and design of energy 
efficiency standards, renewable energy policies and carbon pricing [35]. 

It is true that government structure and institutional quality directly or indirectly 
impact environmental quality. By facilitating equality of power distribution and income, 
institutional quality contributes to environmental improvement through pollution reduc-
tion [36]. 

The rule of law, for example, is a factor in a governance system that can reduce the 
impact of market failures through effective property rights, the judicial system, and other 
means. Rule of law guarantees that environmental laws establish legitimate restrictions 
on polluting activities and offer legal stability for investments in clean technology [37]. 
The rule of law ensures the enforcement and application of the regulations that are neces-
sary for environmental protection [38]. 

The loopholes in GQ contribute to corruption in the environmental sector, which ei-
ther directly or indirectly affects environmental stress [39]. Corruption has led to regula-
tory deterioration where polluting sectors affect environmental policies for personal ben-
efits instead of national gains [40]. Because corruption has a greater political cost than 
reducing rules targeted at CO2 emissions, it directly affects them, which in turn contrib-
utes to pollution [41]. A structured institutional system enables governments to regulate 
CO2 emissions levels because democracy and corruption-control could enhance the effec-
tiveness of regulating environmental policies [42]. 

Good governance enactment through government effectiveness, rule of law, environ-
mental standards, and quality of regulation results in control of pollution in economies 
[43]. Sustainable resource use and the preservation of environmental quality depend on 
effective environmental governance [44]. Through their influence on environmental poli-
cies, governance indicators play a significant role in reducing environmental pollution 
such as CO2 emissions, which impacts the entire society. According to van Soest, Stoop 
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and Vyrastekova [45], governance could cause an upsurge in the level of sustainable de-
velopment and reduce CO2 emissions [46]. 

H1: GQ reduces CO2 emissions. 

2.2. Financial Technology and CO2 Emissions 

The resource-based view (RBV) posits that resources that are inimitable, non-substi-
tutable, and rare are the key factors in achieving a sustained competitive advantage. Based 
on this argument of the RBV, FNT systems improve data integrity, financial transparency, 
risk management, and operational efficiency, establishing them as essential organizational 
resources [47]. From the perspective of the RBV, the implementation of FNT can be re-
garded as a strategic technical asset that enhances the capacities of organizations [48]. The 
RBV offers an inclusive mechanism for explaining the role of FNT in creating value via 
capability development, resource reconfigurations and strategic asset deployment [49]. 

According to RBV theory, a resource qualifies as a strategic asset when it satisfies the 
criteria of value and scarcity, rendering it difficult to replicate [50]. Long-term competitive 
advantages stem from resource configurations that are challenging for competitors to im-
itate or replace [51]. FNT displays technology resources that provide varying degrees of 
rarity, inimitability, value and non-substitutability to a nation in the long run [52]. Ac-
cording to the RBV, in contemporary digital economies, financial technologies, digital 
platforms, technology assets, and data analytic systems serve as strategic resources that 
can generate economic competitive advantage for an economy [53]. Accordingly, FNT 
possesses the capacity to provide a viable option for attaining green and sustainable de-
velopment through cutting corporate-level carbon emissions [54]. 

FNT denotes financial innovation utilizing cutting-edge technology to build products, 
services, and business strategies for delivering financial services [55]. It integrates several 
technologies such as artificial intelligence, informational and communication technologies, 
blockchain, the Internet of Things (IoT) and wireless networks to establish a digitalized 
financial system [56]. FNT as a technological resource includes data analytics, software 
applications, algorithms and digital platforms that make it possible to deliver financial 
services [57]. Such technological resources add value through reduced transaction costs, 
improved service quality and enhanced efficiency in comparison to traditional financial 
systems [58]. 

The rarity of FNT competences occurs from the integration of infrastructure require-
ments, organizational capabilities and technical expertise required for its effective imple-
mentation [59]. Inimitability refers to the tacit knowledge and the complexity of techno-
logical integration [60], whereas non-substitutability shows the inimitable value of digital 
FNT services which could not be replicated with alternative approaches [61]. FNT plat-
forms develop green finance operations which deliver advantages to organizations in sus-
tainable development and environmental management [62]. 

Emerging technologies like cryptocurrencies and blockchain further expand the 
realms of financial innovation, which could enable financial arrangements that were not 
possible within conventional monetary frameworks. In turn, other emerging areas like 
decentralized finance (DeFi), smart contracts, and other related digital instruments pro-
vide a conduit for automated financial services with decreasing reliance on intermediaries 
and lower transaction costs, along with an increasingly broad range of financial products. 
Collectively, these will drive greater efficiency and, with it, increased financial inclusion 
and a deepening of financial markets. 

The hypothetical relationship between FNT and CO2 emissions can be explained 
through various mechanisms [17]. First, green finance facilitates the FNT platforms that 
concentrate on environmental financing and sustainable investment products [63]. FNT is 
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significantly contributing to the reduction of CO2 emissions, with green finance acting as 
a powerful instrument to enhance environmental quality [64]. Examples include green 
bonds supporting substantial environmental investments, crowdfunding platforms pro-
moting extensive involvement in renewable energy initiatives and sustainable finance ap-
plications providing access to eco-friendly financial goods [65]. 

The second aspect is the efficiency of finance enabled through digitalization. FNT 
reduces the physical infrastructure that a conventional banking system requires [66]. 
Through digitalization of transactions, financial institutions can avoid paper-intensive 
procedures, minimize energy consumption of banking branches, and reduce carbon emis-
sions from the transportation of human and physical resources to banking centers [67]. 
Specifically, mobile banking and online payment solutions create a significantly lower 
carbon footprint than before when banking was conducted in the conventional physical 
banking system [68]. 

The third mechanism operates through improved resource allocation efficiency, 
where FNT enhances information processing capabilities and reduces information asym-
metries in financial markets [68]. Advanced algorithms and big data analytics enable bet-
ter identification of sustainable investment opportunities, more efficient capital allocation 
toward green projects, and improved risk assessment for environmental investments [69]. 
The incorporation of FNT diffuses financial resources towards sustainable choices while 
taking away carbon-intensive activities that reduce emissions from the system [70]. 

Fourth, enhanced reporting and monitoring capabilities by FNT result in improved 
environment management [62]. FNT tools provide carbon footprint monitoring, better en-
vironment-related decision making and real-time environmental data [71]. Hence, we pro-
pose hypothesis H2 as follows: 

H2: FNT reduces CO2 emissions. 

2.3. Moderating Role of AREs 

Firstly, resource rents empower governments to capitalize on R&D and green tech-
nology and produce knowledge on FNT solutions for environmental sustainability [72]. 
For example, such rents also bring about financial stability, which in turn leads to the 
development of long-term environmental infrastructure and technological investments 
[73]. Abundant natural resources drive economic diversification, create industrial upgrad-
ing and employment opportunities, support healthcare, education, and infrastructure de-
velopment and enhance living standards [74], thereby supporting FNT implementation 
for achieving carbon neutrality. The unsustainable utilization and over-exploitation of 
natural resources, particularly fossil fuels, substantially contribute to environmental deg-
radation [28]. 

The advancement of nations is predominantly contingent upon the exploitation of 
natural resources, leading to increases in the rents generated from oil, natural gas and 
forests [75]. However, transitioning to energy sources such as wind, hydroelectric, solar 
and nuclear power may mitigate the strain on finite natural resources and reduce the ad-
verse impacts of greenhouse gas emissions [76]. Sustainable development depends on re-
sponsible resource management, as reckless extraction leads to environmental degrada-
tion [77]. 

According to Barney [49], resource rents are a tangible strategic resource that can be 
reinvested in FNT ecosystems and green technologies. This provides resource comple-
mentarity, making natural resources and FNT more environmentally beneficial when 
combined. Without resource rent reinvestment, FNT cannot access the regulatory, infra-
structural, and financial ecosystems required to achieve CO2 reductions. For example, 
Okere et al. [78] stated that although oil-rich economies’ dependence on natural resources 
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can lead to carbon emissions, the interaction with FNT has the potential to be a transform-
ative effect, improving energy and carbon intensities, but this transformative effect de-
pends on how resource revenues under fiscal policy are reinvested. 

Secondly, building human capital as a valuable advanced resource enhances FNT not 
only because of organizational research but also due to a competent workforce and a 
knowledge network that fosters environmentally sustainable technological innovation 
[79]. In the GCC countries, significant educational investments increase the development 
and expansion of FNT solutions [80]. A shared body of know-how from various disci-
plines among financial experts, technology experts, and environmental experts facilitates 
the use of FNT solutions to achieve environmental sustainability [81]. 

Human capital is an inimitable and intangible resource according to the RBV [82,83]. 
The RBV has greatly influenced research on strategic human capital and scholars agree 
that human capital creates value and becomes more effective when it is combined with 
technology. For instance, Imtiaz, Awan and Fatima [84] stated that human capital in-
creases development of sustainable innovations, which can help achieve sustainability. 

Thirdly, physical and information infrastructure establishes the technological foun-
dation for the development of FNT and environmental surveillance [85]. According to Du 
and Fang [86], the quality and scale of the labor force are crucial moderators in the rela-
tionship between FNT development and regional economic growth. Hence, nations with 
elevated educational levels derive enhanced growth advantages from FNT adoption [86]. 
The development of human capital is essential for expediting financial progress and im-
proving quality of life [54]. Digital and physical infrastructure is the enabling platform for 
FNT to unlock its full CO2-reducing potential. In areas with strong infrastructure, FNT 
adoption reaches a wider population, facilitating comprehensive green credit allocation, 
carbon-efficient resource management and carbon monitoring [87].  

The GCC countries have invested significantly in telecommunications infrastructure 
such as fiber optic and 5G technology, thus allowing faster adoption of FNT and immedi-
ate environmental surveillance [88]. On the other hand, financial market infrastructure 
such as online trading systems and payment systems makes green finance and institu-
tional financial services easier [89]. Additionally, energy infrastructure such as smart grids 
and renewable energy infrastructure improves environmental sustainability with stable 
energy power for all financial activities [90]. 

Further, Davradakis and Santos [91] emphasized that robust information technology 
infrastructure is essential for effectively utilizing FNT to enhance competitiveness, partic-
ularly regarding blockchain technology. Romanova et al. [92] posited that organizations 
with sophisticated infrastructure are more adept at leveraging FNT prospects. 

The combined effect of these sophisticated resources and FNT is creating collective 
effects beyond their individual implications for environmental sustainability. The moder-
ating role of advanced resources emphasizes how these resources and FNT together can 
work in tandem to provide more favorable outcomes for environmental sustainability [93]. 
The existence of AREs boosts the FNT capabilities by offering technological resources for 
their effective scaling and deployment [94]. In turn, this enables improved environmental 
monitoring, enhanced regulatory compliance and more efficient resource utilization [95]. 
This interaction’s multiplicative effect implies that AREs and FNT have a greater influence 
on environmental consequences together than would be predicted from their separate ef-
fects alone. 

FNT’s environmental effect requires thorough investigation, especially in the pres-
ence of abundant resources, diverse human capital, and infrastructure variability [49]. 
Hence, we hypothesized H3 as follows: 

H3: AREs negatively moderate the FNT and CO2 emissions relationship. 
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3. Data and Methodology 
This study examines the determinants of consumption-based CO2 emissions in six 

Gulf Cooperation Council countries the UAE, Saudi Arabia, Bahrain, Qatar, Kuwait, and 
Oman, from 2010 to 2023. More specifically, this study explains how GQ, FNT, and the 
interaction of FNT with AREs determine carbon dioxide emissions, measured in metric 
tons per capita [96,97], while controlling for population size (POP), income (I), and urban-
ization (U). Table 1 outlines the variable symbolization, measurements, and data sources. 
This section outlines the model construction, theoretical background, and estimation strat-
egy employed in the study. Further, the justification for using principal component anal-
ysis (PCA) for GQ, FNT, and AREs is explained as follows: 

Instead of focusing on particular FNT products, the FNT index is intended to capture 
the ecosystem that facilitates FNT diffusion. The technological and financial underpin-
nings of digital financial services are represented by internet prevalence, mobile connec-
tivity, and financial depth, which makes them suitable proxies for FNT development in 
the GCC. PCA was employed to attain composite indices for FINT, GQ, and AREs to re-
duce dimensionality and minimize multicollinearity among highly correlated indicators. 
The selected FNT indicators capture key dimensions of internet users, mobile phone sub-
scribers, and domestic credit to the private sector. Similarly, the ARE index combines hu-
man capital, infrastructure, and natural resource rents to reflect the strategic resource ca-
pabilities emphasized in the RBV framework. GQ is measured using the six Worldwide 
Governance Indicators to comprehensively capture institutional effectiveness and regula-
tory capacity. Tables A1–A3 (see Appendix A) report the PCA factor loadings, eigenvalues, 
and cumulative variance, for transparency. 

This study’s FNT index uses a proxy-based methodology to capture the environment 
that fosters FNT growth. According to recent research, domestic credit reflects the breadth 
and accessibility of the financial system in which FNT innovation functions, while internet 
penetration and mobile connectivity represent the technological infrastructure required 
for the adoption and diffusion of digital financial services. For instance, Zheng et al. [98] 
used PCA techniques to combine financial-access variables with internet and mobile tech-
nology indicators to create a FNT-related composite index. In a similar vein, recent data 
from the World Bank and IMF emphasize financial access, mobile technology usage, and 
digital connection as essential elements of FNT ecosystems. The PCA-based composite 
measure offers a theoretically sound and empirically verified proxy for FNT progress 
given the scarcity of harmonized FNT-specific variables across GCC nations throughout 
the study period. 

Table 1. Variable details. 

 Variables Measurements Data Sources 
Carbon Dioxide 

Emissions 
CO2 Carbon dioxide emissions. 

Carbon Atlas 
Data 

Financial Technology FNT 
Financial technologies, measured by a PCA of domestic credit 

to the bank sector, and the number of internet users and mobile 
phone subscribers. 

World Bank 

Advanced-Resource 
Endowments 

ARE 
Advanced-resource endowment is measured by PCA of natural 

resource rents, human capital, and infrastructure. 
World Bank 

Population Size POP Population size is measured by the total population. World Bank 
Income I Income level is measured by GDP per capita. World Bank 
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Governance Quality GQ 

Governance quality is measured by PCA of six factors: political 
stability, voice and accountability, rule of law, government ef-
fectiveness, absence of violence, and control of corruption and 

regulatory quality. 

WGI 

Urbanization U 
Urbanization is measured by the percentage of the total popula-

tion in urban areas. 
World Bank 

3.1. Model Construction and Theoretical Background 

This study’s empirical model is based on three key theoretical frameworks: Endoge-
nous Growth Theory (EGT), Treadmill Production Theory (TPT) and Ecological Modern-
ization Theory (EMT). 

From the perspective of the TPT, the destruction of the environment is an intrinsic 
byproduct of infinite economic expansion and the intense utilization of natural resources 
[99]. In contrast, EGT focuses primarily on the potential of technology, particularly dis-
ruptive innovations in the realm of FNT, to foster sustainable development while concur-
rently upgrading the quality of the environment [100,101]. Similarly, EMT asserts that fi-
nancial innovations can positively contribute to the improvement of the environment with 
proper institutional frameworks being in place [102,103]. In essence, all the aforemen-
tioned approaches form the background for investigating the complex relationships be-
tween the advancement of technology, economic development, and sustainable develop-
ment of the environment, particularly the issue of CO2 emissions. 

The suggested approach makes the assumption that advanced-resource endowments, 
FNT development, and governance quality all affect carbon emissions through linked 
mechanisms rather than separate ones. The institutional basis for environmental regula-
tion, policy enforcement, and sustainable resource management is provided by high-qual-
ity governance. In this context, FNT functions as a technology tool that encourages green 
investment, increases financial inclusion, and improves resource allocation efficiency. 
However, the availability of complementary resources determines how effective FNT is 
in terms of the environment. Based on the resource-based view, advanced-resource en-
dowments, such as infrastructure, human capital, and resource rents, improve economies’ 
capacity to embrace, execute, and expand FNT-enabled sustainability solutions. As a re-
sult, FNT offers the technological capacity for environmental development, improved 
governance enhances the institutional framework for climate action, and advanced-re-
source endowments increase the efficacy of these capacities. 

Although FNT has technological capabilities that can support environmental sustain-
ability, its efficacy is unlikely to be consistent across nations. According to the RBV, com-
plementing strategic assets help technology resources produce better results. AREs, in-
cluding as human capital, infrastructure quality, and resource rents, are crucial enabling 
resources that impact the ability of GCC economies to successfully implement FNT solu-
tions. The technical know-how and expertise needed for the uptake and application of 
digital FNT are provided by human capital. While resource rents supply the funding re-
quired for investments in innovation, environmental monitoring, and sustainable techno-
logical development, infrastructure facilitates the spread of FNT through digital connec-
tivity and technological preparedness. Therefore, it is anticipated that countries with su-
perior resource capacities will gain more from FNT in terms of the environment. Accord-
ing to this viewpoint, AREs enhance the efficacy of FNT in promoting climate action and 
lowering carbon emissions in addition to acting as independent determinants of environ-
mental performance. 

Based on the empirical methodology developed by Feng, Zhou and Hussain [96], the 
model developed in this research will test the relationship between the emission of CO2 
and the variables and factors considered. A closer analysis of the moderating impacts of 
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the development of FNT on the relationship between the factors of resource endowment 
will also be provided, to determine the impacts of technological innovations in such econ-
omies [90]. 

𝐶𝐶𝑖𝑖,𝑡𝑡 = 𝑓𝑓(𝐺𝐺𝐺𝐺𝑖𝑖,𝑡𝑡 ,𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖,𝑡𝑡 ,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡 ,𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡 ,𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 ,𝑡𝑡 , 𝐼𝐼𝑖𝑖,𝑡𝑡 ,𝑈𝑈𝑖𝑖,𝑡𝑡) (1) 

Here, GQ, FNT, ARE, FNT ×ARE, POP, I, and U refer to governance quality, financial 
technology, advanced-resource endowments, the interaction term of advanced-resource 
endowments and financial technology, population size, income, and urbanization, respec-
tively. This study incorporates elements of EGT [104], suggesting that FNT can improve 
resource efficiency and mitigate environmental harm. Based on the objectives, economic 
model, and theoretical underpinning, the following panel econometric model is estab-
lished, where the variables are as described already and 𝜀𝜀𝑖𝑖,𝑡𝑡 is a random disturbance term 
with a mean of zero and variance of σ2: 

𝐶𝐶𝑖𝑖,𝑡𝑡 = 𝛽𝛽0 + 𝛽𝛽1 𝐺𝐺𝐺𝐺𝑖𝑖 ,𝑡𝑡 + 𝛽𝛽2𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖 ,𝑡𝑡 + 𝛽𝛽3𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡 +  𝛽𝛽4  𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡  × 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖,𝑡𝑡
+ 𝛽𝛽5 𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃,𝑡𝑡 ,𝛽𝛽6 𝐼𝐼𝑖𝑖,𝑡𝑡 , + 𝛽𝛽7 𝑈𝑈𝑖𝑖,𝑡𝑡 + 𝜀𝜀𝑖𝑖,𝑡𝑡 

(2) 

To address issues of data non-uniformity, non-normality, and skewness, the paper 
uses natural logarithmic transformations for all variables, as in [96]. The log-linear regres-
sion yields more robust and efficient outcomes compared to the standard linear model 
[105]: 

𝐶𝐶𝑖𝑖,𝑡𝑡 = 𝛽𝛽0 + 𝛽𝛽1 𝐺𝐺𝐺𝐺𝑖𝑖 ,𝑡𝑡 + 𝛽𝛽2𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖,𝑡𝑡 + 𝛽𝛽3𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡 +  𝛽𝛽4  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑡𝑡 ×  𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖,𝑡𝑡 + 𝛽𝛽5 𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃,𝑡𝑡 ,𝛽𝛽6 𝐼𝐼𝑖𝑖,𝑡𝑡 , + 𝛽𝛽7 𝑈𝑈𝑖𝑖,𝑡𝑡 + 𝜀𝜀𝑖𝑖,𝑡𝑡 (3) 

In this context, I represent the nation (where i = 1, 2, …, 6), and t denotes the time 
period (2010–2023). Each of the coefficients, β1, β2, β3, β4, β5, β6 and β7, captures the 
effects of the independent variables on the dependent variable holding other variables 
constant. Further, the error term is 𝜀𝜀𝑖𝑖,𝑡𝑡, which is the portion of the dependent variable not 
explained by the independent variables. 

3.2. Estimation Strategy 

The empirical analysis involves several steps to ensure robust and reliable results, 
such as (i) panel unit root tests, including ADF, PPC, LLC, and IPS tests; (ii) Pedroni coin-
tegration tests; (iii) long-run estimations utilizing FMOLS and DOLS methods; (iv) robust-
ness checks through static panel estimations and the Panel ARDL-PMG approach; (v) 
panel data diagnostics; and (vi) panel quantile regression. The econometric analysis was 
conducted using Stata 15. 

3.2.1. Panel Unit Root Test 

To ensure that the regression results are reliable, we always conduct a check for unit 
roots. In case there is a unit root in a variable, it has to undergo transformation into a 
stationary process to maintain stability in regression. Other studies indicate that one has 
to ascertain the order of integration prior to cointegration analysis. Liang, Liu and Geng 
[106] warn that using only one test on unit roots can be very risky because tests exhibit 
different performances under different sample sizes. 

This study, therefore, applies a battery of tests for autoregressive unit roots: Aug-
mented Dickey–Fuller (ADF), Phillips–Perron (PP), Levin–Lin–Chu (LLC), and Im–Pe-
saran–Shin (IPS). We apply the ADF test following the Dickey–Fuller framework; we also 
apply the DF–GLS approach in line with Dagar et al. [107] and the Phillips–Perron test 
from Westerlund, Hosseinkouchack and Solberger [108]. These tests are necessary to as-
certain that no variable exceeds the necessary order of integration and all meet stationarity 
criteria before applying the dynamic ordinary least squares method. 
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3.2.2. Padroni Cointegration Test 

The second step of the analysis focuses on checking long-run equilibrium relation-
ships among the selected variables. For this purpose, three panel cointegration methods 
are estimated: Pedroni, Kao, and Fisher. According to Abumunshar, Aga and Samour 
[109], these methods are suitable for the variables integrated at a first-difference level. Of 
the various techniques described above, the Pedroni cointegration test represents the most 
suitable approach for the present study as it allows multiple explanatory variables within 
a panel framework. 

3.2.3. Long-Run Estimation by FMOLS and DOLS 

With evidence of long-run cointegration, the study estimates the long-run relation-
ships among the variables using the fully modified ordinary least squares and dynamic 
ordinary least squares techniques. These estimators are applicable only when robust coin-
tegration has been established, hence allowing for reliable long-run inference. Zhang et al. 
[110] explain that both FMOLS and DOLS are appropriate in panel data analysis since 
they efficiently resolve common econometric problems such as endogeneity, serial corre-
lation, and cross-sectional dependence for regressors and error terms. 

The specific functional forms of the panel FMOLS and DOLS models used in this 
study are given below. For the FMOLS estimation, 

𝛽𝛽𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  �1
𝑁𝑁
∑ �∑ 𝐴𝐴𝑖𝑖,𝑡𝑡 − 𝐴̅𝐴𝑖𝑖𝑇𝑇

𝑡𝑡=1 �𝑁𝑁
𝑖𝑖=1

2�
−1

× [ ∑ (𝐴𝐴𝑖𝑖,𝑡𝑡𝑇𝑇
𝑡𝑡=1 − 𝐴̅𝐴𝑖𝑖)2] × 𝑌𝑌�𝑖𝑖,𝑡𝑡 − 𝑇𝑇�∆𝑒𝑒𝑒𝑒  (4) 

For the DOLS estimation, 

𝛽𝛽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  �1
𝑁𝑁
∑ �∑ 𝐴𝐴𝑖𝑖,𝑡𝑡𝐴𝐴′𝑖𝑖,𝑡𝑡𝑇𝑇

𝑡𝑡=1 �𝑁𝑁
𝑖𝑖=1

2�
−1

× ∑ (𝐴𝐴𝑖𝑖,𝑡𝑡𝑁𝑁
𝑡𝑡=1  𝐴𝐴′𝑖𝑖,𝑡𝑡)  (5) 

3.2.4. Robustness Check 

The association between mean-differentiated independent variables and the white 
noise term can introduce bias into panel data models with individual effects. This bias 
makes ARDL estimation methods ineffective in addressing the issue. To resolve this issue, 
the ARDL model and the PMG estimator are combined [111], allowing for the correction 
of this bias. Therefore, the PMG-ARDL approach, as suggested by the relevant literature, 
is employed in this study. 

Further, this study estimates panel quantile regression to identify the roles of differ-
ent drivers of CO2 levels at varying points in their distribution, with the usual focus of 
mean regression methods (as employed in many analyses across related fields, as men-
tioned by Syed et al. [112]) proving potentially misleading or even causing bias in certain 
distributional assumptions [113]. 

4. Results 
4.1. Descriptive, Correlation, Unit Root, Cointegration, and Longrun Statistics 

The basic descriptive statistics of the data set are presented in Table 2, including mean, 
standard deviation, skewness, and kurtosis values for each variable. Descriptive statistics 
can be used to detect any anomalies and irregularities in the pattern, as shown in Table 2, 
which could help in identifying anomalies and irregularities in patterns [90]. The output 
has shown distinct economic and social characteristics in the variables. The POP has rec-
orded the highest mean value of 15.3925, which reflects the size of the region’s population. 
The mean value of CO2 is relatively similar, at 4.77, while the mean value of FNT is lower. 

The ranges indicate considerable variation in dispersion, more so in CO2, which var-
ies between 3.36 and 6.43. The bulk of the variables, CO2 and POP among them, are posi-
tively skewed. This is an indication that these distributions are largely right-skewed, 
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meaning they have tails on the sides where larger observations are sought. On the con-
trary, FNT is negatively skewed; this is an indication of concentration in smaller figures. 
The negative kurtosis in general reveals more flat distributions that are less extreme. Over-
all, from the descriptive statistics, it appears there is moderate variation among GCC states, 
using size as an indicator. 

Table 2. Descriptive statistics. 

Statistics CO2 GQ FNT AREs POP I U 
Mean 4.7895 4.1907 4.0179 3.2770 15.3925 10.4623 4.4970 

Standard Error 0.0964 0.0219 0.0228 0.0465 0.1088 0.0511 0.0088 
Median 4.6098 4.1841 4.0612 3.2960 15.2633 10.2938 4.4832 

St. Deviation 0.8831 0.2006 0.2091 0.4262 0.9969 0.4686 0.0808 
Variance 0.7798 0.0402 0.0437 0.1816 0.9938 0.2196 0.0065 
Kurtosis −0.4688 −0.8531 0.2045 −0.4646 −0.5850 −0.3545 −1.1277 

Skewness 0.4252 −0.1164 −0.7737 −0.2880 0.6175 0.6964 0.1171 
Minimum 3.3616 3.7799 3.5193 2.2668 13.9937 9.7282 4.3196 
Maximum 6.4344 4.5569 4.3970 4.0787 17.3200 11.5942 4.6052 

Count 84 84 84 84 84 84 84 

A correlation matrix gives a first impression of how the variables move together, in-
dicating the direction and strength of their linear ties, and flags possible multicollinearity 
before running regressions (see Table 3). Because multicollinearity can lead to biased co-
efficient estimates and obscure inferences, checking for pairwise correlations is an indis-
pensable early step. Several notable connections are emphasized by the findings for the 
study variables. CO2 has a positive relationship (r = 0.9944, p < 0.01) with the size of the 
population (POP) (r = 0.9513, p < 0.01), which means that higher export activity and larger 
population would go along with higher emissions. 

FNT also tends to move in the opposite direction of emissions, showing significant 
negative associations with CO2 (r = −0.2948, p < 0.01). The connection of AREs to CO2 is 
negligible (r = −0.1966 and r = −0.1881, at p < 0.10), hence indicating a modest inverse link 
with emissions. U is positively related to CO2 as well as to POP, therefore suggesting that 
more urbanized economies usually present higher emissions and larger populations. GQ 
expresses a negative link to AREs (r = −0.462, p < 0.01), which reveals a correlation between 
better governance and low dependency on resources. 

Table 3. Correlation matrix. 

Variables CO2 GQ FNT AREs POP I U 
CO2 1       
GQ 0.071 1      
FNT −0.294 *** 0.032 1     
AREs −0.196 * −0.462 *** 0.127 1    
POP 0.951 *** −0.050 0.229 ** 0.168 1   

I 0.07 0.553 *** 0.151 0.121 −0.202 * 1  
U 0.264 ** −0.096 0.288 *** 0.183 * 0.457 *** 0.592 *** 1 

Note: *** p < 0.01, ** p < 0.05, * p < 0.1. 

The panel unit root test results indicate that most variables become stationary after 
the first difference in Table 4. In the level form, variables such as CO2, FNT, AREs, POP, I, 
GQ, and U do not exhibit stationarity. Their test statistics are not significant at the p < 0.05 
level. However, when the first difference (Δ) is considered, many variables achieve sta-
tionarity. For instance, CO2 and FNT show significant results at the p < 0.01 level in all 
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panel unit root tests (ADF, PP, LLC, IPS). Similarly, AREs, POP, I, GQ, and U also become 
stationary after differencing, with p-values indicating significance at the p < 0.01 or p < 0.05 
level. These results suggest that the variables are non-stationary in their levels but station-
ary after first differencing, making them suitable for further panel data analysis. 

Table 4. Unit root test. 

Variables 
ADF PP LLC IPS 

Level Δ Level Δ Level Δ Level Δ 
CO2 −3.827 −4.195 *** −3.827 −4.195 *** −1.674 −2.861 *** −1.835 −2.943 *** 
FNT 0.466 −2.800 *** 0.466 −2.800 *** −6.519 −3.255 *** 0.403 −2.009 ** 
AREs 0.371 −3.818 *** 0.371 −3.818 *** −3.778 −5.685 *** −0.148 −2.855 ** 
POP −1.839 −1.936 ** −1.83 −1.936 ** −2.748 −4.048 *** −1.218 −1.727 * 

I −1.839 −4.684 *** −0.6606 −4.684 *** −3.277 −6.190 *** −0.948 −3.290 *** 
GQ −0.264 −6.128 *** −0.264 −6.128 *** −1.680 −2.065 ** −0.3504 −3.436 *** 
U −1.144 −13.39 *** −1.144 −13.39 *** −1.856 −6.185 *** −1.980 −2.380 ** 

Note: *** p < 0.01, ** p < 0.05, * p < 0.1. 

In Table 5, the Pedroni panel cointegration indicates significant evidence of cointe-
gration between the variables. The rho and t statistics are significant at the p < 0.01 level 
for both the panel and group tests, while the adf statistics are significant at the p < 0.05 
level, suggesting long-term relationships among the variabl 

In Table 6, the long-run relationships between variables are estimated using the fully 
modified ordinary least squares (FMOLS) and dynamic ordinary least squares (DOLS) 
methods. FNT has a significant negative effect on the FMOLS model (−0.364, p < 0.01). 
However, its impact is considerably smaller in the DOLS model (−0.00115, p < 0.01). AREs 
also show a negative effect in both models. In the FMOLS model, the effect is −0.268 (p < 
0.01). In the DOLS model, the effect is −0.116 (p < 0.05). This indicates a stronger effect in 
FMOLS. The interaction term FNT * AREs is negative and statistically significant in both 
models. In the FMOLS model, the effect is −0.298 (p < 0.01). In the DOLS model, the effect 
is −0.215 (p < 0.01). This suggests that the combined effect of FNT and AREs is negative in 
the long run. POP shows a positive relationship in both models. The coefficient values of 
POP reveal positive and significant results in both models. For the coefficient in the 
FMOLS, it is located at 0.401, which increases to 0.913 in the DOLS (p < 0.01). Income (I) 
has a positive long-run relationship, with coefficients of 0.618 in the FMOLS and 0.607 in 
the DOLS (p < 0.01). The coefficient for GQ is negative in both methods, with a stronger 
impact measured in the DOLS, which is −0.351 (p < 0.05). Urbanization (U) is positively 
related, primarily in the FMOLS, where the coefficient is set at 1.141 (p < 0.01). There is a 
high explanatory fit in the FMOLS, evident from its R-squared value of 0.991. 

Table 5. Cointegration test. 

Stats. Panel Group 
V −1.551 * - 

rho 2.953 *** 3.997 *** 
T −4.673 *** −5.687 ** 

adf 2.308 ** 2.867 ** 
Note: *** p < 0.01, ** p < 0.05, * p < 0.1. 

The moderating effect’s practical significance is further illuminated by the interaction 
plot. Figure 1 illustrates how the degree of AREs affects the relationship between CO2 and 
FNT development. FNT has a comparatively smaller environmental impact at lower AREs 
levels. However, the advantages of FNT for the environment get significantly larger as 
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AREs levels rise. According to this research, FNT might not be enough to produce signif-
icant environmental improvements on its own. Instead, the availability of complementary 
resources like competent human capital, high-quality infrastructure, and sufficient invest-
ment capacity determines how effective it is. 

 

Figure 1. Moderation Effect. 

Table 6. Long-run estimation of FMOLS and DOLS tests. 

VARIABLES FMOLS DOLS 
GQ −0.052 *** −0.351 ** 

 (0.000) (0.000) 
FNT −0.364 *** −0.001 *** 

 (0.000) (0.000) 
AREs −0.268 *** −0.116 ** 

 (0.000) (0.048) 
FNT × AREs −0.298 *** −0.215 *** 

 (0.006) (0.007) 
POP 0.401 *** 0.913 *** 

 (0.001) (0.018) 
I 0.618 *** 0.607 *** 
 (0.000) (0.000) 

U 1.141 *** 0.198 *** 
 (0.005) (0.000) 

Constant −15.34 *** −14.63 *** 
 (1.468) (1.586) 

R-squared 0.991 - 
F-statistics 246.096 - 

Prob (F-statistics) 0.000 - 
Standard errors in parentheses. *** p < 0.01, ** p < 0.05. 

The diagnostic test outcomes leave no ambiguity in how the panel should be de-
signed (see Table 7). It can be seen that there is no cross-sectional dependence; the cross-
section test gives p = 0.2119, and hence there are no concerns regarding the correlation 
between the cross-sectional units. Heteroskedasticity is detected because the modified 
Wald test gives p = 0.0001, and there is evidence of the presence of the serial correlation 
problem in the panel data as revealed by the Wooldridge test (p = 0.0009). The indication 
from both tests is adequate to prefer the GLS-based methods that are robust to those dis-
turbances. The residuals from the test satisfy the normality test, as the Jarque–Bera test 
gives p = 0.5584. The Hausman test provides strong support to the fixed-effects model as 
compared to the random effects model (p = 0.0000). 
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Table 7. Diagnostic tests . 

Test Statistic p-Value Decision 
Cross-sectional dependence 1.248 0.211 No cross-sectional dependence 

Modified Wald test for groupwise 
heteroskedasticity 

28.98 0.000 
Heteroskedasticity is present in 

panels 
Wooldridge test for autocorrela-

tion in panel data 
48.876 0.000 

Serial correlation exists in panel 
data 

Jarque–Bera test for normality 1.17 0.558 
Residuals are normally distrib-

uted 

Hausman specification test 89.87 0.000 
Fixed-effects model is appropri-

ate 

4.2. Robustness Tests 

In Table 8, robustness tests fixed effects, GLS, and OLS maintain similarity in results. 
FNT and AREs register negative and significant effects in each specification, the largest 
being in fixed effects (−0.161, p < 0.01) and GLS (−0.115, p < 0.01). The interaction variable 
FNT × AREs remains negative in each specification, although the largest result is in the 
OLS test (−0.105, p < 0.01). POP maintains a strong and significant positively influencing 
role in GLS and OLS (0.913, p < 0.01). The OLS test has high explanatory value, registering 
an R-squared value of 0.982. Therefore, the overall results in each specification are signif-
icant at the 1% level. 

Table 8. Robustness tests. 

 Robust Estimates 
Variables Fixed Effect GLS OLS 

GQ −0.009 −0.351 ** −0.351 ** 
 (0.086) (0.145) (0.145) 

FNT −0.161 *** −0.115 *** −0.115 *** 
 (0.091) (0.076) (0.061) 

AREs −0.185 *** −0.116 ** −0.116 *** 
 (0.021) (0.046) (0.040) 

FNT × AREs −0.110 * −0.105 * −0.105 *** 
 (0.078) (0.087) (0.050) 

POP 0.642 *** 0.913 *** 0.913 *** 
 (0.132) (0.017) (0.015) 
I 0.116 * 0.607 *** 0.607 *** 
 (0.054) (0.068) (0.055) 

U 0.864 * 0.198 0.198 
 (0.405) (0.343) (0.300) 

Constant −10.16 *** −14.63 *** −14.63 *** 
 (1.659) (1.518) (1.445) 

Observations 84 84 84 
Number of groups 6 6 - 

R-squared 0.840 - 0.982 
F-statistics 63.0 4592.68 1007.08 

Prob (F-statistics) 0.000 0.000 0.000 
Robust standard errors in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1. 
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4.3. Robustness Check Using Alternative Estimation Techniques 

The extended results from the ARDL–PMG analysis show clear relationships among 
the main variables (see Table 9). FNT and AREs both bear negative and statistically sig-
nificant relationships across all models, with stronger impacts in the fixed-effects specifi-
cation—about −0.161, p < 0.01—and GLS—about −0.115, p < 0.01. The interaction term FNT 
× AREs is significant—around −0.201, p < 0.01—indicating that together, FNT and AREs 
push the long-run outcomes in a favorable direction. FNT’s negative coefficient indicates 
that by increasing financial efficiency, enabling green investments, and lowering transac-
tion-related environmental costs, digital financial innovation helps reduce carbon emis-
sions. The potential of FNT as a policy instrument to achieve climate-transition goals in 
GCC economies is highlighted by this research. Stronger institutional quality, effective 
regulations, and environmental enforcement systems all contribute to lower emissions, 
according to the negative governance coefficient. This result suggests that in order to 
achieve climate targets, technology solutions can be supplemented by governance im-
provements. POP, I, and U all exert positive and significant long-run effects, with U car-
rying the largest coefficient—about 3.889, p < 0.01. 

In the short run, the error-correction term has a negative and significant value—for 
instance, −0.721, p < 0.05—indicating that convergence is achieved towards the long-run 
equilibrium. The estimated value of ΔLAREs is −0.173, where p = 0.051, whereas for ΔFNT, 
it is insignificant. Their interaction in the short run—FNT × AREs—is captured negatively 
and found to be very significant, with a value of approximately −0.718, p < 0.01. Other 
short-run relevant variables, like ΔPOP, ΔI, and ΔG, are significant. The Hausman test, 
conducted without systematic differences between fixed and random effects estimators—
p = 1.000—confirmed that fixed-effects methods are appropriate. 

Table 9. ARDL-PMG test. 

Long-Run Estimates Coef. SE. t-Value p-Value 
GQ −0.021 0.032 −0.671 0.504 
FNT −0.211 *** 0.0288 −7.33 0.000 
AREs −0.390 *** 0.025 −15.13 0.000 

FNT × AREs −0.200 *** 0.022 8.97 0.000 
POP 0.653 *** 0.073 8.82 0.000 

I 0.974 *** 0.065 14.96 0.000 
U 3.888 *** 0.310 12.52 0.000 

Short-Run Estimates     
ECT −0.720 ** 0.293 −2.46 0.014 

Δ GQ −0.167 * 0.093 −1.80 0.073 
Δ FNT −1.824 1.860 −0.98 0.327 
Δ AREs −0.172 * 0.088 −1.96 0.051 

FNT × AREs −0.717 *** 0.280 2.56 0.000 
ΔPOP 0.462 * 0.268 1.72 0.061 

Δ I 0.381 * 0.206 1.85 0.065 
Δ U 97.342 112.230 0.87 0.386 

Constant −15.692 ** 6.563 −2.39 0.017 
Hausman Test 0.000(1.000) 1.576 (0.5934) 

*** p < 0.01, ** p < 0.05, * p < 0.1. 
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4.4. Panel Quantile Regression 

In Table 10, from the 40th quantile onward, the impact of FNT becomes more favor-
able and statistically significant. At Q0.40, the coefficient is 0.139; at Q0.90, it is 0.387. This 
implies that FNT growth is linked to increased emissions in environments with compara-
tively high emissions. It means development of FNT first boosts economic activity, the 
growth of digital infrastructure, financial deepening, and consumption, all of which raise 
the demand for energy. Short-term benefits in environmental efficiency may be domi-
nated by the scale impacts of digitalization in carbon-intensive economies. Similar claims 
that technology advancement first raises resource consumption before long-term environ-
mental benefits materialize have been covered in research on rebound effects and digital 
transformation. 

AREs have a negative and significant effect on all quantiles, ranging from 0.40 (−0.167, 
p < 0.01) to −0.37 in the 0.90 quantile (p < 0.01), indicating that their adverse effect is greater 
in the higher quantiles. The interaction term FNT × AREs remains negative and significant 
at the higher quantiles, with coefficients of −0.139 (0.40), −0.198 (0.50), −0.278 (0.60), −0.310 
(0.70), −0.389 (0.80), and −0.354 (0.90), all p < 0.01. It appears that the cumulative weight of 
FNT and resource endowment rises as we progress further into the upper tail. The quan-
tile analysis’s key conclusion is that FNT’s effects on the environment differ depending 
on CO2 levels. The quantile results show a positive and substantial effect at higher CO2 
quantiles, despite the FMOLS, DOLS, and PMG calculations suggesting that FNT reduces 
CO2 on average. The diverse nature of the link between FNT and the environment is re-
flected in this apparent disparity. FNT growth may initially boost economic activity, the 
development of digital infrastructure, the need for data processing, and electricity use in 
very carbon-intensive settings, which would raise emissions. The improvements in envi-
ronmental efficiency linked to digital financial innovation may be overshadowed by this 
scale and rebound impacts. The long-term advantages, however, become more apparent 
as FNT ecosystems develop and incorporate greener technologies and sustainable invest-
ment strategies. This is demonstrated by the panel assessments’ negative average effects. 
Consequently, rather than being contradictory, the quantile results should be seen as 
proof of transitional heterogeneity. 

The variable related to POP maintains a strong and significant impact at every quan-
tile, albeit less so at the stronger quantiles. The variable representing U maintains a signif-
icant and strong impact at every quantile, with the impact being stronger at the stronger 
quantiles. All other variables, including I and the GQ, manifest varying levels of signifi-
cance at the quantiles. 

Table 10. Panel Quantile Regression. 

Quantiles 
Variables 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 

GQ −0.115 −0.070 −0.046 −0.016 −0.004 −0.022 0.037 −0.053 0.067 
 (0.141) (0.097) (0.082) (0.065) (0.062) (0.064) (0.071) (0.082) (0.103) 

FNT −0.015 −0.019 0.050 0.139 ** 0.177 ** 0.253 *** 0.298 *** 0.347 *** 0.387 *** 
 (0.134) (0.094) (0.077) (0.061) (0.059) (0.062) (0.069) (0.080) (0.091) 

AREs 0.0068 −0.003 −0.094 ** −0.167 *** −0.197 *** −0.26 *** −0.30 *** −0.34 *** −0.37 *** 
 (0.055) (0.039) (0.032) (0.025) (0.024) (0.025) (0.028) (0.033) (0.038) 

FNT × AREs −0.013 −0.021 −0.068 ** −0.139 *** −0.198 *** −0.278 *** −0.310 *** −0.389 *** −0.354 *** 
 (0.102) (0.099) (0.032) (0.052) (0.065) (0.051) (0.060) (0.078) (0.093) 

POP 0.801 *** 0.734 *** 0.699 *** 0.653*** 0.635 *** 0.595 *** 0.572 *** 0.548 *** 0.527 *** 
 (0.153) (0.104) (0.090) (0.071) (0.068) (0.069) (0.075) (0.087) (0.119) 
I 0.150 0.136 * 0.128 ** 0.118** 0.114 ** 0.105 ** 0.100* 0.0949 0.0905 
 (0.111) (0.078) (0.063) (0.051) (0.048) (0.051) (0.057) (0.066) (0.075) 
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U 0.513 0.660 * 0.739 ** 0.839*** 0.881 *** 0.967 *** 1.018 *** 1.073 *** 1.118 *** 
 (0.560) (0.392) (0.326) (0.260) (0.249) (0.259) (0.285) (0.329) (0.400) 

Standard errors in parentheses; * p < 0.10, ** p < 0.05, *** p < 0.01. 

4.5. Robustness Check Using an Alternative Proxy of the Dependent Variable (Consumption-
Based Carbon Emissions) 

The robustness check results while uses consumption-based carbon emissions as an 
alternative proxy for the dependent variable is shown in Table 11. Results are consistent 
across estimation techniques, including fixed effects, GLS, and OLS. FNT has a significant 
negative effect on the OLS and GLS models (−0.306, p < 0.01). AREs have a negative effect 
on all models, with the strongest impact on OLS and GLS (−0.0455, p < 0.01). The interac-
tion term FNT × AREs shows a significant negative effect in both GLS and OLS models 
(−0.298, p < 0.01); i.e., their combined effect is supportive. POP and I show strong positive 
relationships in all models, particularly in GLS and OLS (0.938, p < 0.01). GQ and U show 
weaker effects across models. The R-squared value for OLS is 0.987, indicating a very good 
model fit. 

Table 11. Robust Estimates with Consumption-Based Carbon Emissions. 

 Robust Estimates 
Variables Fixed Effect GLS OLS 

GQ −0.118 −0.185 −0.185 
 (0.113) (0.132) (0.139) 

FNT −0.0232 −0.306 *** −0.306 *** 
 (0.076) (0.070) (0.054) 

AREs −0.003 −0.045 −0.045 
 (0.047) (0.042) (0.033) 

FNT × AREs −0.010 −0.298 *** −0.299 *** 
 (0.056) (0.056) (0.050) 

POP 0.503 ** 0.938 *** 0.938 *** 
 (0.131) (0.016) (0.013) 
I 0.0917 0.581 *** 0.581 *** 
 (0.127) (0.0627) (0.0600) 

U 0.658 0.194 0.194 
 (0.384) (0.314) (0.314) 

Constant −7.468 *** −15.19 *** −15.19 *** 
 (1.172) (1.389) (1.418) 

Observations 84 84 84 
Number of Groups 6 6 - 

R-Squared 0.644 - 0.987 
R-Squared 0.991 - - 
F-Statistics 246.096 6278.0 1601.27 

Prob (F-Statistics) 0.000 0.000 0.000 
Robust standard errors in parentheses; *** p < 0.01, ** p < 0.05. 

5. Discussion 
Based on comprehensive econometric estimations, it is essential to discuss the mean-

ing of the results. The major contribution of FNT is found to be substantially significant, 
hereby indicating a signal for the GCC economies. The results offer significant proof of 
how GQ, FNT and AREs assist environmental sustainability in GCC economies. The find-
ings indicate that the interplay between financial technological innovation and advanced-
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resource availability has a significant impact on climatic outcomes, even though the GCC 
nations have similar institutional and economic traits. 

The inverse relationship between GQ and CO2 emissions emphasizes the significance 
of strong institutions in tackling environmental issues. Similarly, Baloch and Wang [44] 
applied the Environmental Kuznets Curve hypothesis on panel data of BRICS countries 
from 1996 to 2017 and found that governance exerts negative and statistically significant 
effects on CO2 emissions. They found that governance systems have an impact on the 
adoption and enforcement of climate-related policies as well as environmental regulation 
in resource-dependent economies. Increased accountability, efficient public administra-
tion, and robust regulatory frameworks can enhance adherence to environmental regula-
tions and promote investments in greener technologies [114]. This result is in line with the 
findings of Hassan et al. [36], who contend that by improving policy efficacy and environ-
mental oversight, institutional quality plays a critical role in reducing environmental de-
terioration. To achieve long-term sustainability goals, governance reforms may be espe-
cially crucial for GCC nations, whose economic progress has historically been associated 
with petroleum dependence. 

Hence, GCC economies should reconsider the role of GQ to limit the harmful impacts 
of environmental degradation in these regions and around the globe. The GCC govern-
ments ought to allocate resources towards establishing specialized climate governance 
departments inside their finance and planning ministries, employing experts in carbon 
accounting, green finance and climate risk evaluation. GCC states ought to institutionalize 
transparent and accountable environmental governance by creating independent national 
climate authorities tasked with establishing, monitoring, and publicly reporting on bind-
ing emission reduction objectives. Transparency in environmental governance diminishes 
knowledge asymmetries among regulators, companies, and the public, fostering account-
ability constraints that encourage adherence to emission norms [115]. The inadequate en-
forcement of environmental restrictions, despite their legal existence, has been recognized 
as a principal factor contributing to the sustained high emission levels in resource-abun-
dant economies [116]. GCC officials should consequently enhance the capabilities of reg-
ulatory inspectorates, environmental courts and digital compliance monitoring systems 
to bridge the divide between policy formulation and execution. 

The findings also show that FNT helps lower CO2 emissions. Udeagha and 
Muchapondwa [117] find similar results, such as energy innovation and FNT enhance-
ment of environmental sustainability. For example, Wen and Liu [118] applied the panel 
data technique to FNT, society, economy and environment in China to examine the influ-
ence of FNT on regional pollution management and carbon emission reduction. They 
found that FNT not only markedly decreases pollutant and carbon dioxide emissions but 
also substantially enhances the synergy between pollution control and carbon reduction. 
One explanation for this negative relationship could be that FNT increases access to eco-
friendly investment possibilities and enhances financial efficiency. Green finance, better 
resource allocation, and a decrease in the operational inefficiencies of traditional financial 
services are all made possible by digital financial platforms. Additionally, the growth in 
digital transactions lowers transaction costs and lessens reliance on paper-based systems. 
Arner et al. [25] have revealed similar findings, suggesting that FNT can promote sustain-
able development through technical innovation, financial inclusion, and green investment 
mobilization [119]. 

The findings have policy implications for FNT. GCC economies could focus on en-
hancing investments in FNT products to boost the reduction of carbon emissions, ascer-
taining sustainable solutions. The GCC policymakers and governments must vigorously 
enhance digital banking and sustainable financial management initiatives to ensure envi-
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ronmental integrity, foster the development of innovative credit intermediaries to pro-
mote green finance and FNT, and potentially mitigate moral hazard in FNT, particularly 
within the investment banking and financial services sector. Further, the GCC countries’ 
governments can encourage academia to conduct research and development on future 
FNT products and services through initiating funded projects that combine academia and 
industry collaboratively. This will enhance the pace of FNT invention. GCC national au-
thorities can implement “green finance” resources to support and enhance the FNT sector. 
Further, political leaders and governments ought to endorse and formulate explicit regu-
lations for the advancement of FNT, particularly within the banking sector, since it en-
hances sustainability performance [117]. 

Furthermore, the function of AREs is one particularly significant discovery. The neg-
ative coefficient indicates that nations with better infrastructure, more strategic resource 
capacity, and higher human capital are better able to lessen environmental constraints. 
Similarly, Hanif, Arshed and Aziz [3] found that development in human capital nega-
tively influences CO2 emissions, hence improving environmental performance [3]. The 
RBV contends that useful and complementary resources improve performance outcomes 
by enhancing the efficacy of organizational and technology capabilities, which is compat-
ible with this finding. Environmental progress in the GCC seems to be facilitated by in-
vestments in digital infrastructure, education, and technology readiness. More signifi-
cantly, across all specifications, the relationship between the interaction term of (FNT × 
AREs) and CO2 emissions continues to be negative and significant. FNT does not function 
in a vacuum, according to this conclusion. Instead, the availability of complementary re-
sources that enable its efficient deployment is crucial to its environmental benefits. 

The investment in AREs by GCC countries can also help to reduce harmful emissions 
in this region. In doing so, the investment in natural resources, human resources, and in-
frastructure offers a novel opportunity for sustainable regional development. Conse-
quently, sustainable regional development is expected to reduce carbon emissions. First, 
regarding the investment in natural resources, GCC policymakers need to divert some of 
their hydrocarbon revenue into renewable and clean energy transitions. This is consistent 
with the broader conditional hypothesis of “resource blessing”, in which resource wealth 
results in better environmental outcomes when strategically reinvested in sustainable and 
productive assets [120]. This logic is evident in Saudi Arabia’s Vision 2030 and the UAE’s 
Net Zero by 2050 Strategic Initiative, which have committed billions in sovereign wealth 
fund capital to solar, hydrogen, and wind energy infrastructure [121]. Investing resource 
rents in green energy projects diversifies the economic base and directly reduces the car-
bon intensity of the energy mix, and therefore economy-wide emissions, in line with GCC 
commitments under the Paris Agreement [122]. 

The literature repeatedly indicates that the environmental advantages of technologi-
cal innovation depend on the presence of trained labor proficient in assimilating and dis-
seminating these innovations [123]. Therefore, investment in human capital is essential 
for the effective design, deployment, and regulation of FNT-driven environmental solu-
tions in GCC economies. The GCC states should consequently enhance green finance ed-
ucational initiatives, STEM curricula focused on clean technology, and targeted training 
in environmental FNT applications, including carbon credit platforms, ESG reporting sys-
tems, and AI-driven energy management tools. 

Further, the modernization of infrastructure serves as the critical physical foundation 
that enables financial techniques to yield quantifiable reductions in emissions. Digital in-
frastructure, comprising smart grid systems, Internet of Things (IoT)-enabled energy 
monitoring networks, and high-speed broadband, facilitates real-time tracking and man-
agement of carbon emissions across the transportation, industrial, and residential sectors 
[124]. GCC economies must expedite investments in smart city infrastructure, exemplified 
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by projects like NEOM in Saudi Arabia and Masdar City in Abu Dhabi, which combine 
digital connection with zero-carbon urban planning [125]. 

The study is not exempted from limitations that may lead future studies to re-explore 
the phenomenon to bring new insights into the creation of knowledge. Firstly, due to the 
limited data availability of FNT proxies, the study is unable to explore the desired time 
series analysis of the individual GCC economies. Therefore, further investigations into 
individual country-based cases may bring more interesting results in the future. Secondly, 
the study only considers a specific region for the investigation based on natural resource 
abundance; further investigation in countries with fewer natural resources may bring dif-
ferent outcomes. Thirdly, the prospect of reverse causality between GQ, FNT, and envi-
ronmental performance cannot be completely ruled out, even though FMOLS and DOLS 
aid in reducing endogeneity related to cointegration linkages. To improve causal identifi-
cation, future studies might use quasi-experimental or instrumental-variable methods. 

6. Conclusions 
The objectives of this study were to find a framework which can decrease the level of 

CO2 emissions in GCC countries. To highlight such a framework, this study identified GQ, 
FNT and AREs as important indicators for reduction in CO2 emissions. The study inves-
tigated the role of governance and FNT in curbing carbon CO2 emissions, with AREs act-
ing as a moderator alongside FNT. The findings of this study revealed an inverse relation-
ship between governance quality and carbon emissions, highlighting the need for strong 
institutions in addressing environmental challenges. Baloch and Wang [48] tested the En-
vironmental Kuznets Curve hypothesis on panel data from BRICS nations from 1996 to 
2017 and showed that governance has a considerable negative impact on CO2 emissions. 
Second, the outcomes of this study demonstrate that FNT has a negative impact on carbon 
emissions in GCC countries. Furthermore, this study found that AREs negatively moder-
ate the association between FNT and carbon emissions. The negative coefficient suggests 
that countries with superior infrastructure, greater strategic resource capacity, and higher 
human capital are better able to reduce environmental limitations. 

The findings of this study make three distinct contributions. First, GQ is inversely 
related to CO2 emissions, underscoring the pivotal role of strong institutions in addressing 
environmental challenges. Second, FNT development significantly reduces CO2 emissions 
in GCC countries, highlighting digital finance as a viable pathway toward environmental 
sustainability. Third, and most notably, AREs—encompassing infrastructure, strategic re-
source capacity, and human capital—negatively moderate the FNT–carbon emissions 
nexus, amplifying the environmental benefits of FNT in resource-rich economies. Collec-
tively, these findings offer actionable policy insights for leveraging institutional quality 
and digital innovation to achieve sustainable development goals. 

Even if the empirical results are strong, there are a few things to be aware of. First, 
the research is limited to the six GCC member states between 2010 and 2023, which may 
limit the estimations’ statistical strength and their applicability to other economies that 
rely on natural resources. Second, the relatively small panel structure calls for caution 
when interpreting parameter stability, even though several estimators and robustness 
tests were used. To further evaluate the results and improve external validity, future stud-
ies might expand the analysis to a wider range of nations and longer time periods. 
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Appendix A 

Table A1. PCA of governance indicators of GCC countries. 

Principal_Component Eigen_Value Explained_Variance_Ratio Cumulative_Variance 
PC1 (ARE index) 4.000757143 0.658854847 0.658854847 
PC2 1.33872701 0.220464964 0.879319811 
PC3 0.358023598 0.058960235 0.938280046 
PC4 0.210953938 0.03474043 0.973020477 
PC5 0.10461679 0.017228559 0.990249035 
PC6 0.059210677 0.009750965 1 

Table A2. PCA of FNT of GCC countries. 

Component Eigenvalue % of Variance Explained Cumulative % of Variance 
PC1 (FNT Index) 1.7734 58.41% 58.41% 
PC2 1.0116 33.32% 91.73% 
PC3 0.2511 8.27% 100.00% 

Table A3. PCA of AREs of GCC countries. 

Component Eigenvalue % of Variance Explained Cumulative % of Variance 
PC1 (Endowment Index) 1.9671 65.57% 65.57% 
PC2 0.8143 27.14% 92.71% 
PC3 0.2186 7.29% 100.00% 
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