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Abstract

While existing literature has explored the effects of financial technology on CO; emissions,
there has been limited research examining how variations in financial technology itself
influence its impact on emissions. To supplement the shortness of existing literature, this
paper empirically investigates the dynamic effects of economic growth, urbanization, and
four dimensions of financial technology—mobile cellular technology, financial develop-
ment, market development, and institutional development on CO; emissions in the Gulf
Cooperation Council (GCC) countries. The study utilizes annual time series data covering
24 years, from 2000 to 2023. To achieve the research objectives, a robust Auto-regressive
Distributed Lag (ARDL) method was employed. The findings reveal a bidirectional causal
relationship between CO, emissions and economic growth, as well as between CO, emis-
sions and urbanization. Conversely, a one-way causal relationship was identified between
financial development and financial institutions, and CO, emissions. Based on these
results, the study recommends that GCC countries promote renewable energy sources
and low-carbon industries while gradually reducing reliance on fossil fuels. Additionally,
this study suggested that policymakers focus on developing financial technology within
their governments to facilitate the growth of a green economy and guide it towards an
ecologically sustainable trajectory.

Keywords: financial technology; urbanization; economic growth; CO, emissions; ARDL
method; GCC countries

1. Introduction

The path to carbon neutrality appears distant for Gulf Cooperation Council (GCC)
countries. These countries continue to experience rising carbon dioxide emissions due to
oil production and various human activities [1]. Additionally, higher economic growth
often leads to increased emissions. However, carbon intensity reductions in emissions per
unit of GDP can help lower overall emissions. Historically, spikes in oil prices during the
early 2000s and again in 2021-2022 have boosted export revenues, resulting in significant
nominal GDP growth in GCC economies.

Economic growth and energy demand are tightly linked, with energy essential for
economic progress [2]. Thus, a policy question remains regarding how GCC countries can
formulate their economic strategies to address energy consumption, manage carbon dioxide
emissions, and monitor environmental indicators. Moreover, economic growth in the GCC
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countries has prompted rural residents to migrate to cities for better earning opportunities.
Additionally, the influx of foreign workers has led to rapid urbanization, increasing the
demand for construction, transportation, housing, education, and employment. This
expansion has led to higher energy consumption, urban air pollution, and increased carbon
dioxide emissions [3]. GCC governments should therefore strategically address the needs
of a growing population and slow urbanization to reduce carbon dioxide emissions and
promote sustainable development. Financial technology effectively reduces carbon dioxide
emissions and promotes sustainability [4]. As a result, GCC governments are encouraged
to embrace green energy initiatives and foster the development of Fin-Tech to support the
growth of a green economy.

Overall, economic growth, more people moving to cities, and rising energy use have
worsened pollution and environmental issues in the GCC countries. In this study, however,
we hypothesized that economic growth positively impacts carbon dioxide emissions in
GCC countries. Given the strong connection between GDP and urbanization, we also
hypothesized that urbanization positively affects carbon dioxide emissions. In the specific
context of the Gulf Cooperation Council (GCC) countries, investments are still primarily
associated with fossil fuel-based activities and high-carbon infrastructure, which requires
the introduction of Fin-Techs in this environment since the latter are considered relevant and
participatory tools to boost and transform more fluid financial markets that respond to a less
polluting environment. In this context, innovations such as mobile payment systems, digital
platforms or digital payments, blockchain-based solutions, the reduction in transaction
costs through the phenomenon of digitalization, crowdfunding channels and direct loans
without intermediaries expand access to digital financing and strengthen the transparency
of financial activities. These mechanisms play a key role in directing investments towards
emerging sectors, including renewable energy and low-carbon industries, improving the
efficiency of capital allocation to invest in non-polluting projects such as services and
creating new opportunities to redirect capital flows towards more sustainable sectors by
reducing CO, emissions and strengthening the resilience of the green economy.

While researchers have sought to explore the impact of financial technology on carbon
dioxide emissions by developing a Fin-Tech index, a comprehensive understanding of
the financial technology process remains elusive. To examine the significant effects of
financial technology on carbon dioxide emissions, this study focuses on four dimensions:
mobile cellular subscriptions, financial development, financial markets, and financial
institutions. The main objective of this paper is to investigate the relationship between
carbon dioxide emissions and three factors GDP, urbanization, and the four metrics of
financial technology in the GCC countries, as well as examine their potential contribution
to ecological sustainability in the GCC region.

Apart from Section 1, the subsequent sections of this paper are structured in the follow-
ing order. Section 2 reviews the literature on the determinants of carbon dioxide emissions.
Section 3 outlines the methodology and data utilized in the study. Section 4 presents the em-
pirical results, and Section 5 concludes the paper, offering some policy recommendations.

2. Literature Review

The literature review is organized around the pairwise correlation between carbon
dioxide (CO,) emissions and three key variables examined in this study: economic growth
(GDP), urbanization (URB), and financial technologies (Fin-Tech). The final subsection
summarizes the literature on CO; emissions in relation to these variables, specifically for
the study area GCC countries covering the period from 2010 to 2025.
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2.1. Economic Growth on Carbon Dioxide Emissions

Over the past two decades, much of the literature has examined the relationship
between environmental degradation, using CO, emissions as a proxy, and economic growth.
As a result, reviewing all the existing research can be challenging. However, the following
extensive review highlights the most recent and relevant studies, showcasing previous
findings and the conclusions drawn from their results. Arguably, the causal nexus between
CO, emissions and economic growth is unclear, due to conflicting empirical findings
regarding this relationship. Among these, many recent studies employ the bound test for
integration and the Granger Causality test to examine the influence of economic growth
and other variables on CO, emissions. However, these studies yield conflicting results
regarding the effect of economic expansion on carbon emissions. For instance, Esso and
Keho (2016) in African countries [5], Riti et al. (2017) in China [6], Muhammad (2019) in
MENA (Middle East and North Africa) and developed countries [7], and Salari et al. (2021)
in the United States found that economic expansion adversely affects the environment,
suggesting that increased economic growth leads to reduced CO; emissions [8]. In contrast,
Wang et al. (2016) conducted a study in China that found no evidence supporting a direct
relationship between economic growth and CO; emissions [9]. Additionally, Begum et al.
(2015) identified various causal relationships between CO; emissions and economic growth
in Malaysia [10]. They discovered that GDP did not lead to a reduction in environmental
degradation, contrary to predictions made by the Environmental Kuznets Curve (EKC)
model during the period from 1970 to 1980. These results are confirmed by [11].

Furthermore, the EKC hypothesis was not validated for the period from 1980 to 2009
in Malaysia. This result is supported by [7] in emerging countries. However, in the MENA
region and developed countries, the study provides evidence to support the hypothesis that
GDP has a positive effect on CO; emissions. Apart from that, Ahmad et al. (2017) partially
supported earlier findings by examining the relationship between GDP and CO, emissions
in Croatia from 1992 to 2011 [12]. Furthermore, Mardani et al. (2019), based on a systematic
review of two decades of research from 1995 to 2017, found that economic growth has
a bidirectional effect on CO; emissions [13]. The discrepancies in the results of these
studies may arise from the different countries examined, the time periods analyzed, and the
methodologies applied. Furthermore, Isik et al. (2024) investigated the relationship between
economic growth and CO; emissions in a sample of 27 OECD countries over the period
2001 to 2020 [14]. Their findings reveal a positive effect, indicating that economic expansion,
driven by a heavy reliance on fossil energy, contributes to environmental degradation.

2.2. Urbanization on Carbon Dioxide Emissions

The relationship between CO, emissions and urbanization has been the subject of
investigation by several scholars. A selection of recently published articles in scholarly
international journals from the Web of Science database highlights the primary findings
regarding this relationship. Most prior studies have used the urbanization rate—the
proportion of the urban population to the total population as an index of urbanization [15].
For instance, Cao et al. (2015) employed a threshold method to analyze data spanning
from 1979 to 2013, demonstrating that urbanization increases carbon dioxide emissions
once a certain threshold is crossed in China [16]. Similarly, Wang and Wang (2021) utilized
semi-parametric panel data and an ARDL model to explore the relationship between
urbanization and CO, emissions in OECD countries [17]. Their findings indicate that
urbanization significantly contributes to CO, emissions, revealing consistent effects across
OECD nations.

Bai et al. (2018) examined the period from 2006 to 2013 in China, using STIRPAT and
two-stage least squares methods [18]. They confirmed that the urban population has a direct
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influence on CO; emissions. Furthermore, Wu et al. (2016) focused on developing countries,
particularly China, suggesting that a higher urbanization rate, combined with the energy
carbon emission coefficient and energy intensity, leads to increased carbon emissions [19].
In a separate analysis, Sheng and Guo (2016) investigated both the long-term and short-
term effects of urbanization on CO; emissions in China, covering the period from 1995 to
2011 [20]. They utilized mean group (MG), pooled mean group (PMG), and dynamic fixed
effect (DFE) estimation methods. Their findings reveal that the urbanization rate affects
CO; emissions in both the short and long run; however, the impact is significantly smaller
in the short run compared to the long run.

The studies mentioned earlier, as well as previous research examining the effects of
urbanization on carbon dioxide emissions, often neglect key dimensions of urbanization,
such as land use, economic factors, and social dynamics [15]. These factors can signifi-
cantly influence CO, emissions through various urban processes [21]. As a result, some
researchers have started to explore the impact of urbanization on CO, emissions from
multiple perspectives. For instance, Ahmad et al. (2017) conducted a study in the Pearl
River Delta region from 1990 to 2013 and found noteworthy results when analyzing three
dimensions of urbanization [12]. They assert that urbanization has two opposing effects
on CO, emissions: while land and economic urbanization contribute to increased CO,
emissions, population urbanization appears to have an adverse effect on these emissions.
Similarly, Ouyang and Lin (2017) performed a comparative study of CO, emissions between
China and Japan, examining various stages of urbanization to identify similarities and
differences in the factors influencing CO, emissions [22]. They found that different stages
of urbanization such as infrastructure development, industrial growth, and transportation
expansion also lead to increased CO, emissions. Furthermore, their study supports the
Energy Consumption-Kuznets Curve (ECK) hypothesis, indicating that energy intensity,
along with GDP, plays a significant role in influencing CO, emissions in China.

2.3. Financial Technologies on Carbon Dioxide Emissions

Several studies have investigated the impact of financial technologies on carbon
dioxide (CO,) emissions and their potential to reduce environmental intensity. Anwar
et al. (2024) developed both a green finance index and a Fin-Tech index, utilizing various
metrics to provide insights into financial inclusion and technological adoption in Australia
from 2000 to 2020 [23]. The authors recommend that the Australian government establish a
supportive environment for financial and technological innovations, emphasizing the vital
role of Fin-Tech and green finance in achieving Australia’s carbon neutrality targets.

Similarly, financial technologies have been reported to lower CO; emissions by promot-
ing green finance across Chinese provinces. However, CO; emissions differ significantly
among China’s Eastern, Central, and Western provinces [24]. Zeng and Jiang (2025) ex-
amined the relationship between financial technology and urban carbon development in
276 Chinese cities from 2008 to 2023 [25]. Their dual fixed-effects model suggests that green
innovation mediates a positive relationship, enabling Fin-Tech to enhance environmental
outcomes, particularly in terms of overall energy efficiency. Interestingly, the findings
highlight that non-central cities are more effective in utilizing Fin-Tech for environmental
enhancements than metropolitan areas. These findings are corroborated by [26], who found
that the development of financial markets contributes to lower CO; emissions, as evidenced
by their analysis of China over the period 2005 to 2021.

Zia et al. (2024) employed two measures: credit measured in millions of USD and
total investment in environmental protection activities, to assess the effects of Fin-Tech
and green finance on CO, emissions [27]. Their study reveals a significant connection
between Fin-Tech, green finance, and energy poverty among EU countries from 2013 to 2020.
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Consequently, the authors urge EU governments to invest in the Fin-Tech industry, which
is crucial for enhancing environmental effectiveness. Sunday et al. (2023) investigated
the nexus between CO, emissions and financial development in MINT countries over the
period 1969 to 2019 [28]. By employing a causality test, their study revealed the presence
of a unidirectional causal relationship, highlighting the role of financial development in
mitigating CO, emissions in these countries.

More recently, Jiang et al. (2025) investigated the role of internal and external Fin-Tech
mechanisms in reducing spatial carbon dioxide emissions in China between 2012 and
2022 [29]. The authors discovered a negative correlation between the Fin-Tech index, the
number of companies in each region, and carbon dioxide emissions. Therefore, adopt-
ing financial technology can promote innovation in green technologies among regional
companies, ultimately lowering CO; emissions.

Some efforts have been made to evaluate the regional effects of Fin-Tech on carbon
dioxide emissions. Wu et al. (2024) conducted a study examining the relationship between
China’s green finance index and carbon emissions efficiency from 2006 to 2022 [30]. They
found that regional economic development and innovation are crucial pathways through
which green finance significantly enhances carbon emissions efficiency.

Against this background, Liu and Song (2020) performed a spatial and temporal anal-
ysis to explore the patterns of carbon intensity in China since the global financial crisis [31].
They used the Spatial Durbin Model to assess the impact of financial development on car-
bon intensity. Their findings revealed that while financial development increases emissions
in the local area, it significantly decreases emissions in neighboring regions.

The works emphasize the relevance of financial technology in relation to carbon
dioxide emissions. However, much of the existing research primarily relies on proxy
indicators to link financial technology with CO, emissions, neglecting to examine how
this overall measure or index affects environmental quality. While numerous studies have
investigated the association between financial technology and CO, emissions, the existing
literature often fails to explain how variations in financial technology processes influence
these emissions. This limitation hinders the pinpointing of specific contributions of financial
technology based on its sources.

However, these studies cannot be directly compared with those conducted in the
GCC countries to examine the relationship between Fin-Tech and CO, emissions. This
limitation stems from the specific characteristics of these economies, which are heavily
reliant on oil exports. Their distinctiveness is reinforced by structural dependence on
hydrocarbons, the high proportion of foreign workers and the resulting rapid urbanization,
as well as substantial fossil fuel subsidies. Unlike in industrialized countries, such subsidies
encourage firms to increase the consumption of these energy sources, thereby exacerbating
environmental degradation and intensifying CO, emissions. For example, Si and Rahman
(2024) highlighted the prominent role of Gulf countries in adopting advanced technologies
to enhance export competitiveness [32]. The authors emphasize that technological inno-
vation particularly through the adoption of information and communication technologies
plays a crucial role in reducing CO; emissions. To supplement the shortness of existing
literature, this study incorporates economic growth, urbanization, and four aspects of
financial technology—mobile cellular subscriptions, the financial development index, the
financial markets index, and the financial institutions index, frequently overlooked in prior
studies. The objective is to investigate how these factors affect carbon dioxide emissions
in Gulf Cooperation Council (GCC) countries from 2010 to 2023, especially since previous
works may not provide accurate assessments of financial technology by source.
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2.4. Summary of the Existing Literature on CO, Emissions and Other Variables for GCC Countries
(2010-2025)

Previous studies shed light on the complex relationships among several key variables,
including carbon dioxide emissions, financial development, renewable energy consump-
tion, economic growth, urbanization, population, Fin-Tech, green finance, innovation,
industrialization, and information and communication technology. Many of these stud-
ies demonstrate strong correlations between these factors and carbon dioxide emissions.
Among those investigating the impact of economic growth on carbon dioxide emissions,
conflicting results emerge even within the same region of study. For example, Mahmood
et al. (2022) find that economic growth increases carbon dioxide emissions in Kuwait,
Oman, Qatar, and Saudi Arabia, while it decreases carbon intensity in Bahrain, Kuwait,
and the UAE [33]. In contrast, Dkhili and Ben Dhiab (2019) report no evidence that eco-
nomic growth causes carbon dioxide emissions in the context of the Gulf Cooperation
Council (GCC) countries [34]. This implies that we cannot definitively support the En-
vironmental Kuznets Curve (EKC) hypothesis [35], as some studies have refuted it, and
the connection between economic growth and carbon dioxide emissions in GCC countries
remains uncertain.

The second variable examined in our study was the urbanization factor, which has
been included in many previous studies. Urbanization is associated with an increase
in carbon dioxide emissions [33]. A likely explanation for this trend is the heightened
energy consumption resulting from transportation and construction activities, both of
which contribute to CO, emissions. The third focus variable, which may be this study’s
defining contribution, is the financial technology factor. Unlike previous studies, we
analyze four specific metrics rather than relying on a single overall financial technology
index. Numerous studies have regressed financial technology against carbon dioxide
emissions, demonstrating that this factor contributes to increased environmental carbon
intensity [36]. While financial technology has been extensively studied in relation to carbon
emissions, few studies have explored its effects based on different sources.

The studies indicate a common criticism concerning data selection. When assessing the
impact of financial technology on carbon dioxide emissions, many studies have depended
on broad measures or indices that may not effectively capture the impacts of financial tech-
nology by source. Another concern is the selection of suitable panel estimation techniques.
Nearly all studies employ panel methods that do not account for cross-sectional depen-
dence. To supplement these limitations, this study empirically investigates the dynamic
influence of economic growth, urbanization, and four dimensions of financial technology
on carbon dioxide emissions in the Gulf Cooperation Council (GCC) countries. These four
aspects of financial technology are expected to have different impacts on emissions.

3. Materials and Methods
3.1. Study Area

The member states of the Gulf Cooperation Council (GCC) play a critical role in
understanding how economic growth, urbanization, and financial technologies (Fin-Tech)
influence CO; emissions. These countries are heavily reliant on hydrocarbons and rank
among the highest in the world for per capita CO, emissions, which poses significant
challenges for their energy transition. Rapid economic growth and urbanization fueled by
oil revenues and investments in infrastructure have led to increased energy consumption.
Additionally, nations such as the United Arab Emirates, Bahrain, and Saudi Arabia are
undergoing a rapid digital transformation through Fin-Tech, which is also affecting energy
usage as digital infrastructure expands. Therefore, selecting GCC countries as the study
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area was due to their characteristics that make them suitable for analyzing the links between

CO; emissions and financial technology (cf. Figure 1).

In the following section, we conduct a comparison of the variables used for the Gulf
countries to demonstrate the rationale behind focusing our study on this region rather than

on other countries (cf. Table 1).

30 :
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Figure 1. Study area—GCC countries.

Table 1. Comparing variables among countries studied (CCG).

Country Variable Name 2019 2020 2021 2022 2023
CO,/capita 19.31 18.09 18.99 18.81 18.73
GDP (%) 1.10 —3.58 5.08 7.49 —0.75
Saudia Arabia MCS (per 100 people) 115.27 120.052 126.36 132.38 134.00
URB (%) 84.07 84.29 84.51 84.53 84.95
FII (%) 0.34 0.35 0.36 0.35 0.35
CO,/capita 44.60 41.29 47.09 44.68 48.16
GDP (%) 0.69 —3.56 1.63 4.19 1.19
Qatar MCS (per 100 people) 139.58 137 144 174 177
URB (%) 99.19 99.24 99.28 99.32 99.35
FII (%) 0.48 0.47 0.48 0.48 0.48
CO,/capita 20.92 20.79 21.03 20.54 19.65
GDP (%) 111 —4.96 4.35 7.51 3.62
UAE MCS (per 100 people) 212.8 197 194 212 214
URB (%) 86.79 87.05 87.3 87.54 87.78
FII (%) 0.41 0.4 0.4 0.37 0.38
CO,/capita 24.83 25.03 24.78 23.8 23.73
GDP (%) 2.05 —591 4.35 5.98 2.98
Bahrain MCS (per 100 people) 1284 119 131 145 155
URB (%) 89.39 89 89 89 89
FII (%) 0.33 0.34 0.35 0.36 0.38
CO,/capita 18.81 19.57 19.23 19.23 18.44
GDP (%) -1.13 —3.38 2.58 9.58 131
Oman MCS (per 100 people) 138.23 140 135 140 140
URB (%) 85.44 86.28 87.04 87.75 88.4
FII (%) 0.41 0.42 0.41 0.42 0.43
CO,/capita 22.25 22.41 24.34 23.84 23
GDP (%) 2.26 —4.82 1.26 5.86 —3.64
Kuwait MCS (per 100 people) 164.98 155 162 180 182
URB (%) 100 100 100 100 100
FII (%) 0.52 0.47 0.41 0.5 0.52
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Based on the datasets employed in our study (sources: World Bank and WDI), Qatar
emerges as the highest CO, emitter among the countries considered. This observation
underscores the necessity of adopting Fin-Tech-driven intervention measures to safeguard
its environment, despite the country exhibiting a GDP level comparable to that of other
nations in the region.

3.2. Data Collection

The data related to CO; emissions, economic growth (GDP), urbanization, and Fin-
Tech measured by mobile cellular, financial development, market development, and institu-
tional development cover the period from 2000 to 2023, comprising 144 observations across
the six Gulf Cooperation Council (GCC) countries. These indicators were extracted from
the World Bank Group (WBG) and the World Development Indicators (WDI) database.
This study aims to assess the level of CO, emissions, identify its determinants, and propose
strategies to mitigate its impact on environmental degradation in GCC countries, thereby
contributing to a reduction in climate change. Urbanization (approximated by total popula-
tion) was used as a control variable in the analysis. A detailed description of the variables
and the sources of the data is presented in the table below (cf. Table 2).

Table 2. Data description and their sources employed in this study.

Variable Name Code Role Description Source
Climate change CO, Response Variable Carbon dioxide emissions (t COye/capita) WDI
Financial Development Index  FDI World Bank
Financial Institutions Index FII Explanatory Variables World Bank
Financial Markets Index FMI P y World Bank
Mobile cellular subscriptions MCS World Bank
Economic growth GDP Economic growth (annual%) WDI

Urbanization

URB Control Variables Urban population (% of total population) WDI

Source: Authors’ creation.

3.3. Economic Approach

In this study, we have chosen to employ the Auto-regressive Distributed Lag (ARDL)
approach, which is considered the most suitable framework for analyzing the relationship
between carbon emissions and their determinants. Therefore, we proceed to investigate
the impact of macroeconomic factors, including economic growth, the Financial Develop-
ment Index, the Financial Institutions Index, the Financial Markets Index, mobile cellular
subscriptions, and urbanization, on CO, emissions. This approach, introduced by [37] and
subsequently refined by [38], offers several advantages compared to other cointegration
techniques, notably those developed by [39]. In the ARDL model estimation, the dependent
variable is explained by its own lagged values as well as by the lagged values of the inde-
pendent variables. The model incorporates both first-order and zero-order lags, with the
optimal lag length determined based on appropriate selection criteria. This heterogeneity
in the orders of integration renders classical methods, such as Vector Autoregressive (VAR)
and Vector Error Correction Models (VECM), inapplicable, as these approaches require all
variables to be integrated of the same order. So, the functional form of the model in this
study is expressed as:

COyt = f(GDP;, FDI;, FMI;, FII,, MCS;, URB;) 1)

By adopting this approach, we can examine both the short-run and long-run effects of
the dependent variable and the explanatory variables. To analyze the long-term, the ARDL
model can be specified as follows:
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COy = ap+ w1COy_ 1+ aryGDPy 1+ wa3FDIy 1+ wagFMI; 1+ asFII; 1+ agMCS; 4
+ ayURB;_1 + &
wherein:
® 1, &y, ...y reflect the long run estimates.

e  The null hypothesis states that «; = &y = &3 = &g = x5 = og = x7 = 0.
o  The alternative hypothesis states that o) # &y # &3 # x4 # &5 # &g # oy # 0.

HO. The null hypothesis indicates the absence of cointegration; therefore, the variables (MCS, FlI,
FMI, FDI, GDP, and URB) do not affect CO,.

H1. The alternative hypothesis suggests the existence of a cointegrating relationship. The re-
lationship linking these variables highlights the impact of GDP, urbanization, and Fin-Tech on
CO;, emissions.

To assess the short-term cointegration relationship between CO; emissions and their
determinants, the ARDL model can be specified as follows:

n ml m2 m3 mé
ACOy = Bo + ¥ B1ACO2;—; + ¥ BoAGDP;; + Y BsAFDI; ; + Y BoAFMI; i + Y BsAFII;
i=1 i=0 i=0 i=0 =0 (3)
mb moé
+ Y B6AMCS;_; + Y B7AURB;_; + &
i=0 i=0

wherein:
e 1, By, ..., By reflect the short-run estimates. These coefficients of the first differences
(A) offer an interpretation in terms of short-run dynamics.
e The null hypothesis (as defined above) indicates that 31 = 32 = 33 = B4 = B5 = B¢ = B7 = 0.
o  The alternative hypothesis (as defined above) denotes that 31 # B2 7# B3 7# Ba # Bs
# Be # B7 # 0.
Based on Equations (2) and (3), we found that the specification ARDL model used
in this study to examine both the short-run and long-run effects between the dependent
variable and the explanatory variables is represented as follows:

COy = wg+ a1COp_1+ apGDP; 1+ a3FDI; 1+ oy FMI; 1+ asFIl; 1+ agMCS; 1+ ayURB; 4
n ml m2 m3 m4
+ 'ZlﬁlACOZH‘ + .ZOIBZAGDPtfi + ‘ZO,B3AFDIt7i + 'Zoﬁ4AFM1t7i + 'ZOﬁSAFIItfi @)
i= i= i= i= i=

mb moé
+ ¥ BeAMCS;_; + Y. B7AURB,_; + &
i=0 i=0

wherein:

o  COy; GDPy; FDIy; FMIy; FIIy; MCSy; and URB; represent carbon emissions, GDP
growth, Financial Development Index, Financial Markets Index, Financial Institutions
Index, Mobile cellular subscriptions, and Urban population, respectively.

e tpresents the period, 2000 to 2023.

e The ARDL model is flexible, as it allows for a different number of lags for each variable,
optimized using information criteria such as AIC, BIC, or HQC.

According to Table 3, the tests (AIC, HQIC, and BIC) reach their lowest level at lag 1.
Thus, we selected lag one as the preferred option for all variables.
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Table 3. Lag length selection test.
Lag LL LR Test p-Value FPE AIC HOQIC SBIC
0 —1527.49 9.15045 22.0789 22.139 22.2267
1 —917.644 1219.7 0.000 0.002866 14.0093 14.4897 15.1915
2 —892.107 51.075 0.392 0.004037 14.3469 15.2477 16.5636
3 —872.685 38.844 0.850 0.006258 14.7724 16.0936 18.0236
4 —840.071 65.228 0.060 0.008122 15.0082 16.7498 19.2938
5 —802.156 75.829 0.008 0.009923 15.1677 17.3296 20.4878
Notes: LL denotes Log Likelihood and FPE stands for Final Prediction Error.
4. Statistical Analysis
4.1. Descriptive Statistics
Table 4 presents the descriptive statistics of the variables, showing that CO, emissions
average 26.59, with values ranging from 11.5 to 53.6, indicating considerable disparities
across countries. GDP growth records an average of 4.27% and a standard deviation of
4.91%, with rates varying from —5.91% to 26.2%. This substantial variation reflects a
marked heterogeneity in the economic conditions of the countries analyzed, with some
facing difficulties while others experience significant expansion. Mobile phone use averages
123 subscriptions per 100 inhabitants but remains highly uneven, ranging from 6 to 229.71.
This highlights a pronounced disparity in access to and use of mobile telephony across
countries, with some enjoying high levels of connectivity while others are far less equipped.
Financial development is moderate, with an average of 0.44 and minor differences across
countries. Market development shows an average of 0.48, with values ranging between 0.18
and 0.77. Institutional development remains relatively low (mean of 0.38) and homogeneous
(0.06). Finally, urbanization is high, with an average urban population of 88.76%, varying
moderately between 71.5% and 100%.
Table 4. Some statistics on the dataset.
Variable Observations Mean Std. Dev Min. Max. Skewness Kurtosis
CO, 144 26.59 10.55 11.5 53.6 1.274 3.605
GDP 144 4.27 491 —591 6.2 1.200 6.420
MCS 144 123 55.17 6.00 229.71 —0.399 2.294
FDI 144 0.44 0.07 0.26 0.58 —0.268 2.494
FMI 144 0.48 0.14 0.18 0.77 —0.204 2.378
FII 144 0.38 0.06 0.22 0.53 0.117 3.218
URB 144 88.76 8.45 71.5 100 —0.084 2.027

Source: Authors’ own creation.

4.2. Stationarity Test of Variables

In our study, we employ the Fisher-ADF test, which is based on an approach that
combines the p-values of the Augmented Dickey-Fuller (ADF) tests performed individually
on each unit of the panel.

The p-values are associated with the various statistics in the Fisher-ADF test. A variable
is considered stationary if at least one p-value is less than 0.05. These results indicate that
some variables have a unit root, and they are identified as non-stationary, so they need to
be differentiated or transformed to avoid misleading results in subsequent regressions. The
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presence of non-stationarity in certain variables (gdp, mobile_cell, dev_inst, urban_pop)
can lead to estimation problems in panel econometrics. For this reason, stationarity tests
are an essential step to ensure the robustness of our model (cf. Table 5).

Table 5. Stationarity test of level variables.

Variable p (Chi?) Stat p-Value Z (Normal) Stat p-Value (Z) L (Logit t) Stat p-Value (L) Pm (Mod. Chi?) Stat p-Value
CO, 23.65 0.02 -112 0.13 -1.26 011 2.38 0.01
GDP 13.94 0.30 ~1.01 0.16 ~093 0.18 0.40 0.35
MCS 1241 0.41 ~027 0.39 -0.27 0.39 0.08 0.47
FDI 24.56 0.02 ~2.46 0.01 —247 0.01 2.56 0.01
FMI 34.67 0.00 -3.19 0.00 -358 0.00 463 0.00
FII 14.36 0.28 0.30 0.62 0.20 0.58 0.48 0.32
URB 15.15 0.23 0.08 0.53 0.13 0.55 0.64 0.26
4.3. Stationarity Test at First Difference

The objective of these tests is to determine whether the variables under consideration
are stationary at first difference. The test employed here is the Fisher test, based on Phillips—
Perron tests applied to panel data. Test hypotheses:

e  HO (null hypothesis): All series contain a unit root (they are non-stationary).
e HI (alternative hypothesis): At least one series is stationary.

All variables are stationary at first difference (p-value < 0.05 for all tests). This indicates
that they can be used in models that require stationary series. Furthermore, the variables
analyzed (dgdp_growth, dmobile_cell, ddev_inst, durban_pop) are stationary at first
difference. This implies that they were non-stationary at the level and that the first difference
successfully removed the stochastic trend. The stationarity analysis was conducted on
seven variables using the Fisher test based on the Phillips—Perron procedure. This test
allows for determining whether a series is stationary at the level or whether differencing is
required to eliminate a stochastic trend. Thus, following these tests, the results show that
three variables (CO;, dev_fin, dev_market) are stationary at level I (0), while four variables
(gdp, mobile_cell, dev_inst, urban_pop) become stationary after first differencing (I(1)). For
more details, see Table 6.

Table 6. Test at first difference.
Variable  Inverse Chi? (p-Value) Inverse Normal (p-Value) Inverse Logit t (p-Value) Modified Inverse Chi? (p-Value)
GDP 0.0000 0.0000 0.0000 0.0000
MCS 0.0222 0.0190 0.0188 0.0084
FII 0.0000 0.0000 0.0000 0.0000
URB 0.0000 0.0000 0.0000 0.0000

4.4. Panel Cointegration Test (Pedroni Test)

For further analysis, it would be relevant to examine the cointegration among the
variables to determine whether a long-term equilibrium relationship exists. To analyze the
long-term cointegration relationship, three statistics from the Pedroni test were employed
(Modified Phillips—Perron t, Phillips—Perron t, Augmented Dickey—Fuller t) to assess the
joint significance of the coefficients of the lagged indicators.

The results indicate that the three statistics from the Pedroni test reject the null hypoth-
esis of no cointegration at the 5% significance level, suggesting the existence of a long-term
relationship among the variables. This justifies the possibility of adopting the ARDL model
(cf. Table 7).
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Table 7. Pedroni cointegration test.

Statistics Value p-Value
Modified Phillips—Perron t 2.03 0.02
Phillips—Perron t —4.73 0.00
Augmented Dickey-Fuller t —5.34 0.00

4.5. Cointegration Test: The Pesaran Bounds Test

One of the primary advantages of the ARDL model is its ability to test for the presence
of a long-term relationship between variables using the Bounds Test. This test relies on the
estimation of an error correction model (ECM) derived from the ARDL model:

ACOy = 7 (COy1— 0 Xyy) + ACOyp_iy+ @;0X iy + & (5)

where

e  Xrepresents the independent variable: GDPt; devy;y; devyaer; dev_ins; mobilecey; urbanpop>-

e vy represents the speed of adjustment towards the long-term equilibrium.

e  Ais the first difference operator.
e 0 is the long-term coefficient. The cointegration test involves checking whether
Yie—1y — 0 Xty is statistically significant.

5. Results

Given the structure of our data and the need to analyze the dynamic relationships
between the variables in both the short and long term, the ARDL model is the most suitable
approach for our study. The ARDL model is a powerful tool for analyzing economic
relationships when the variables are integrated into different orders. It allows for examining
both short-term dynamics and long-term relationships through the cointegration test. Due
to its flexibility and efficiency, it constitutes a robust method for our empirical study. The
estimation of the ARDL model allows for assessing the dynamics between CO, emissions
and its determinants, such as GDP growth, mobile cellular, dev_fin, dev_market, dev_inst,
and urban pop, from 2000 to 2023, applied to the GCC countries (Saudi Arabia, Kuwait,
United Arab Emirates, Oman, Qatar and Bahrain).

5.1. The ARDL Estimation Results

By adopting the panel ARDL approach, the results reported in the table below indicate
that the estimated model is highly significant, statistically robust, and reliable. It suc-
cessfully captures the dynamics of CO, emissions by incorporating explanatory variables
that appear relevant in the context of GCC countries, as evidenced by the high coefficient
of determination (R? = 0.9564). Moreover, the F-statistics are significant at the 1% level,
which confirms the relevance and suitability of the model in the context under study. The
advantage of this method lies in its enhanced efficiency and robustness in identifying both
short- and long-run relationships, by highlighting the effects of the independent variables
on the dependent variable (cf. Table 8).
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Table 8. ARDL estimation results.

Variables Coefficient Std. Error Z-Bar Stat p-Value
Long-run coefficients

Constant —4.3856 2.7654 -1.59 0.115
CO; (L1) 0.9102 *** 0.0324 28.13 0.000
GDP (L1) —0.0873 * 0.0481 —1.82 0.071
MCS (L1) 0.0259 *** 0.0073 3.73 0.000
FII (L1) —19.1168 ** 9.4287 —2.03 0.045
URB (L1) —0.9666 *** 0.0832 —11.62 0.000
Short-run coefficients

GDP 0.092 * 0.048 1.910 0.058
MCS —0.041 *** 0.007 —5.860 0.000
FDI 4.279 4.956 0.860 0.389
FMI 3.975 2.536 1.570 0.119
FII 20.947 ** 9.251 2.260 0.025
URB 1.011 *** 0.077 13.120 0.000
R? 0.9564

R? square 0.9527

F-Statistics 260.950 *** 0.000
Log likelihood —315.435

Root MSE 2.2950

Obs. 144

Note: p < 0.01 (***), p < 0.05 (**), p < 0.10 (*). Source: Author’s calculation.

Figure 2 illustrates the trend in CO; emissions in the Gulf countries. According to
the graph, CO, emissions in Qatar appear to be the most dynamic compared to those of
the other countries, which suggests that the government lacks effective environmental
protection policies. This situation exacerbates ecological sustainability challenges and
consequently contributes to global warming.

Figure 2 also depicts the trends of various economic indicators considered in this
study. Mobile cellular subscriptions show the most pronounced growth across all countries
analyzed. In contrast, the trends in GDP and urbanization closely mirror those of CO,
emissions, suggesting that these two factors are the primary drivers of CO; emissions.

In several cases, the curves indicate that higher population levels are associated
with increased carbon emissions, reflecting the scale effect of population on environmen-
tal degradation. However, the strength of these relationships varies by country, point-
ing to the influence of structural differences in energy use, industrialization levels, and
environmental policies.

Overall, these trends support the hypothesis that economic and demographic fac-
tors are significant determinants of carbon emissions in the GCC countries. The dif-
ferences across countries underline the importance of context-specific approaches to
sustainable development.
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Figure 2. Trends in Carbon Dioxide Emissions and related variables in GCC Countries (2000-2023).

5.2. Granger Causality Test Results

In this section, we examine the existence of a bidirectional relationship between
the dependent variable and each of the independent variables individually, by applying
the [40] causality test. As shown in the table below, a two-way causal relationship exists
between CO, emissions and economic growth, a finding also supported by [41]. Specifically,
economic growth leads to increased CO, emissions, particularly due to the intensive use of
chemical products in industrial enterprises. Conversely, high levels of CO, emissions can
hinder national economic growth, primarily through their contribution to climate change,
which adversely affects the agricultural sector, reducing its productivity and, consequently,
national output. A bidirectional relationship was also found between CO, emissions and
mobile cellular subscriptions. This bidirectional relationship indicates a complex interplay
between digitalization and environmental sustainability, underscoring the need to develop
greener communication technologies while aligning with climate objectives.

A one-way direction relationship from financial development to CO, emissions sug-
gests that improvements in the financial sector, such as increased credit availability, can
drive economic activities that lead to higher carbon emissions.

The bidirectional causality detected between CO; emissions and urbanization indi-
cates a mutually reinforcing dynamic, whereby urban growth contributes to increased
carbon emissions through higher energy consumption, transportation demand, and in-
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dustrial activities, while rising CO, emissions may, in turn, influence urban development
patterns through environmental degradation, climate-related constraints, and shifts in
infrastructure planning.

The identification of a unidirectional relationship from financial markets to CO,
emissions suggests that financial market development acts as a driving force behind envi-
ronmental outcomes, particularly by enabling greater access to capital for investment in
economic activities that may be carbon-intensive. This implies that as financial markets
expand and become more efficient, they can indirectly contribute to higher emissions
through increased industrial output, energy consumption, and infrastructure development.
The observed unidirectional causality from financial institutions to CO, emissions suggests
that improvements in financial infrastructure, such as increased access to banking services,
enhanced credit availability, or improved financial intermediation, can stimulate economic
activities that result in higher carbon emissions. Table 9 displays the nature of the causal
relationship between the variables.

Table 9. Results of Dumitrescu & Hurlin (DH) Granger causality.

Null Hypothesis Z-Bar Stat p-Value Decision

GDP - CO, 4.261 *** 0.000 Bidirectional causality
CO, -« GDP 3.911 *** 0.000 GDP « CO,

CO, -1 MCS 6.763 *** 0.000 Bidirectional causality
MCS - CO, 14.891 *** 0.000 MCS <+ CO,

CO, =1 FDI —0.823 0.411 Unidirectional causality
FDI -1 CO, 3.072 *** 0.002 FDI — CO,

FMI -1 CO;, 3.288 *** 0.001 Unidirectional causality
CO, - FMI 0.354 0.723 FMI — CO,

CO, = FII —0.264 0.795 Unidirectional causality
FII - CO, 2.843 *** 0.005 FII — CO;,

URB -1 CO, 4.089 *** 0.000 Bidirectional causality
CO, -1 URB 17.390 *** 0.000 URB -+ CO,

Note: —i: indicates does not Granger cause, —: indicates unidirectional causality, <+: indicates a bidirectional
causality. *** represent significance at 1% level. Source: Author’s calculation.

6. Discussion

According to the results reported in Table 8, there is evidence of both short- and long-
term significance in the relationship between CO, emissions and the variables under study
(GDP, MCS, FII, and URB). More specifically, approximately 91% of the emissions from the
previous year continue to influence current emissions. This finding suggests that a large
portion of emissions is structural, being tied to carbon-intensive energy infrastructures,
which explains why emissions do not decrease rapidly despite the implementation of envi-
ronmental policies. In the short run, an increase in economic growth leads to higher CO,
emissions, reflecting the classical effect of economic expansion, where intensified industrial
and energy activities drive emissions upward. This result highlights the environmental
impact of economic growth, which may threaten long-term sustainability.

However, the adverse lagged effect suggests that, in the medium term, productivity
gains or a transition toward a greener economy may partially offset the initial increase
in emissions. These findings corroborate those of [42], who, based on their analysis of
20 countries, concluded that national production significantly contributes to environmental
degradation in the long run. In contrast, in the short run, production has no significant
impact on CO; emissions. In contrast, Cherni and Jouini (2017) and Habib et al. (2021)
confirm our results, showing that economic growth leads to an increase in CO, emissions,
as it stimulates the consumption of fossil fuels [43,44].

Regarding the effect of urbanization (URB), the results reveal a positive short-term
effect and an adverse lagged effect. In fact, an increase in the urban population leads to



Sustainability 2025, 17, 9556

16 of 19

higher CO; emissions, which is consistent with the concentration of industrial activities,
transportation, and energy consumption in cities. However, in the long run, the effect turns
negative, suggesting that urban density effects and public policies contribute to reducing
the carbon footprint of cities. The findings of this study contradict the conclusions of [42],
who demonstrated that there is no long-term effect of population on CO; emissions. In
contrast, in the short run, population growth may contribute to a reduction in emissions.

The initial reduction in CO, emissions following the increase in mobile penetration
(MCS) may be attributed to improved connectivity and the digitalization of services, which
reduce physical mobility and reliance on traditional energy sources. However, the positive
lagged effect suggests that, over time, the environmental costs associated with digital in-
frastructure, including the energy consumption of data centers, servers, and the production
of electronic devices, may offset these initial gains.

Regarding the effect of financial development (FDI), no statistically significant impact
on CO; emissions is observed. This lack of a clear relationship may be attributed to the
dual role of financial development: on the one hand, it may foster investment in cleaner
and more sustainable infrastructure; on the other hand, it may facilitate access to credit
and capital for highly polluting industries. Consequently, these two opposing effects
may cancel each other out, explaining the lack of statistical significance. Based on these
results, financial markets do not appear to play a decisive role in the energy transition or in
reducing CO; emissions.

As for the effects of institutional development (FII), the results indicate a positive
short-term effect and a negative lagged effect. Improvements in institutional quality
are associated with an increase in CO, emissions, possibly due to stronger economic
governance and an enhanced capacity to attract investment, including in energy-intensive
sectors. However, in the long run, the effect becomes negative, suggesting that stronger
institutions subsequently promote the implementation of effective environmental policies
and better energy management practices. This finding is consistent with empirical evidence
showing that countries with higher-quality institutions tend to adopt strict environmental
regulations more rapidly.

7. Conclusions and Recommendations

The objective of this research is to examine the impact of Fin-Tech integration, along
with economic growth and urbanization, on carbon dioxide emissions within a panel
of Gulf Cooperation Council (GCC) countries, namely Saudi Arabia, Kuwait, Bahrain,
Qatar, the United Arab Emirates, and Oman, over the period 2000-2023. By adopting the
ARDL approach, which proved to be the most suitable for our analysis, we investigated
the existence of a cointegration relationship and Granger causality among the variables.
The Granger causality test was employed to identify the presence of short- and long-term
causal relationships between them. The main challenge was to assess the influence of
economic growth, urbanization, and particularly Fin-Tech on environmental degradation,
as measured by CO, emissions.

According to our findings, economic growth exerts an ambiguous effect on CO, emis-
sions. While it initially drives emissions upward, a corrective medium-term effect suggests
a gradual transition toward a cleaner economy. Institutional development, although it may
intensify emissions in the short run, plays a decisive role in their long-term reduction by
enabling the implementation of effective environmental policies. Similarly, urbanization
follows a “pollute-then-correct” trajectory, highlighting the importance of green infras-
tructure and sustainable transport policies. Finally, digitalization represented by mobile
penetration presents a paradox: it initially contributes to reducing emissions but subse-
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quently generates environmental costs, underscoring the need for targeted policies to steer
the digital economy toward greater sustainability.

Considering these results, governments should seek to promote renewable energy
sources and low-carbon industries while gradually reducing dependence on fossil fuels. At
the same time, they should foster green technological innovation and direct digitalization
efforts toward an ecologically sustainable trajectory.

This research could be further enhanced by incorporating additional Fin-Tech vari-
ables, such as the penetration rate of electronic wallets or transactions in crypto-assets
and blockchain.
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