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Do Energy Efficiency and Technology Boost Sustainable Environment:
Evidence from GCC Countries
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Abstract

Sustainable Environmental practices significantly reduce carbon emissions by ensuring the continuons use of materials and energy
resources, thus aligning them with the decarbonization agenda's underlying objectives. Technological advancement has the potential to
contribute significantly to this shift by streamiining resource flows, enhancing waste management procedures, and allowing more efficient
energy consumption. Althongh Gulf Cooperation Council conntries have experienced robust economic growth over the decades, rising
pollution emissions and low renewable energy consumption have raised policymarkers' concerns abont this growth's long-term stability.
In recent years, Gulf countries have paid significant concern to environmental matters and achieved carbon-free development. This study
investigates the relationship between energy efficiency, technology, and sustainability, particularly empbasizing the green economy
perspective. Carbon dioxide emission is taken as the dependent variable. Frontier Technology Readiness Index reflects the utilization
of technology within economies. Energy efficiency is also considered, symbolizing the transition from fossil fuels to green energy due to
technological progression in the energy sector. The findings suggest that factors such as the Frontier Technology Readiness Index;, the
energy intensity level of primary energy, and medium and high-tech manufacturing significantly harm the environment, while scientific
and technical journal articles and agriculture significantly improve the environment over time. To improve Gulf Cooperation Council
conntries' environmental quality, policymatkers nmust understand the factors causing climate change. This study gives policymatkers helpful
information about how to mafke the Gulf Cogperation Council community more sustainable by looking at energy efficiency, technology,
and digital adaptation.
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Introduction

Energy efficiency and technological advancement are the crucial paths to a sustainable environment [1-4].
Global warming began with the Global Industrial Revolution, which increased Carbon dioxide emission
(CO2) because of the consumption of fossil fuels [5]. In this context, the Gulf Cooperation Council (GCC)
nations have utilised substantial quantities of fossil fuels to support their development, leading to elevated
CO2 emissions and a marked deterioration in environmental quality [6]. These countries warrant a particular
focus on investigating the impact on environmental quality.

The issue of energy usage and environmental quality has involved many specialists who contend that
expanding economic activities results in higher energy use [7], which is harmful to the environment.
However, Karanfil [8] concluded that energy protection policies can minimize greenhouse gas emissions
without affecting economic activities. As GCC countries are known for their high per capita energy
consumption [9]. Recently, considerable actions to minimize greenhouse gas emissions and improve
environmental quality were taken globally and within the context of GCC countries, Saudi Green Initiative
in KSA [10], United Arab Emirates Vision's 2021 national agenda emphasizes enhancing the standard of
air [11], Qatar's National Vision 2030 and Qatari Development Framework 2032 [12], Bahrain updated the
national sustainable development strategy to safeguard human health as well as the marine and terrestrial
environments in 2013 [13, 14|, are examples of efforts to enhance environmental quality through reducing
CO2 emissions.

However, GCC countries are facing different environmental crises [15]. Due to their economic strength,
the GCC countries have the potential to play a more influential role, leading to improved environmental
and life quality [10]. Given the benefits of green energy, the GCC should explore possibilities for enhancing
energy efficiency as well as alternative energy sources, [17, 18]. Achieving a sustainable environment
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through energy efficacy has been a key defy for GCC states. A study by Nikbakht, et al. [19] offers a two-
stage test for energy efficacy and environmental sustainability of GCC nations during the period 2000 to

2014. This study concluded that GCC countries could decrease energy consumption by up to 18%.

Figure 1 below shows Qatar leading the six GCC countries in per capita CO2 emissions from fossil fuels
and industry, where Saudi Arabia and Oman are at the bottom. However, Qatar has exhibited a considerable
rapid decrease in CO2 emissions during the last few years. It is important to note that though Saudi Arabia
exhibited a higher percentage of CO2 emission than other GCC countries, considering the population size
and growth, the study finds that per capita CO2 emission is much different and stands in the fifth position.

Figure 1 Per capita CO2 emissions from fossil fuels and industry GCC countries 2000-2022

Qatar

Bahrain

Kuwalit

Saudi Arabia
Oman

Ot
2000 2005 2010 2015 2020 2022

Source: Global Carbon Budget (2023), OurWorldData.org (Access 8 September 2024)

The graph reveals the economic implications of per capita CO2 emissions trends for the GCC countries,
particulatly regarding their resoutrce-driven economies, diversification efforts, and potential costs of
inaction on environmental issues. The discussion of an economic analysis of each country’s trends

Qatar with high emissions and slow decline: Qatar's consistently high per capita CO2 emissions, though
decreasing, indicate a strong dependence on carbon-intensive industries like oil and natural gas extraction.
This reliance brings short-term economic benefits in terms of high GDP per capita but poses long-term
economic and financial risks. As global demand shifts toward low-carbon energy, Qatar may face increased
pressure to diversify its economy to avoid potential income loss. Given its current emissions levels, Qatar
will likely face high transition costs if it accelerates decarbonization. Investment in green technology,
renewable energy, and energy-efficient infrastructure could be costly but necessary to ensure economic
resilience.

The United Arab Emirates and Bahrain with remarkable stability: The stable emissions per capita in the
UAE and Bahrain suggest that economic growth in these countries has not led to a proportional increase
in CO2 emissions. This stability indicates eatly efforts to diversify beyond hydrocarbons, with both nations
investing in sectors like tourism, finance, and, more recently, green energy. Maintaining stable emissions
helps avoid escalating climate-related economic costs, such as health impacts and infrastructure damage.
Investing in renewable energy and sustainable development further enhances their attractiveness as business
and tourism hubs, aligning with their economic diversification goals.
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Kuwait with high fluctuation and high emissions: Kuwait’s fluctuations in emissions without an apparent
long-term decline suggest limited progress in decoupling economic growth from emissions. This pattern
may reflect Kuwait's continued reliance on fossil fuel exports with fewer diversification initiatives than
some other GCC countries. High emissions can increase Kuwait’s exposure to international climate
regulations, carbon tariffs, and economic risks tied to fluctuating oil demand. Without substantial shifts
toward low-carbon technologies, Kuwait risks stranded assets in the oil sector and lost revenue as the global
economy transitions.

Saudi Arabia characterized with gradual decline due to policy shifts: The gradual decline in Saudi Arabia’s
per capita CO2 emissions aligns with its Vision 2030 objectives, which aim to diversify the economy, reduce
dependence on oil, and create new revenue sources. This downward trend could indicate early returns from
investments in renewable energy, energy efficiency, and non-oil sectors like technology and tourism. By
reducing emissions, Saudi Arabia is positioning itself to be more competitive in a low-carbon global
economy. This may help attract foreign investment, reduce vulnerability to carbon tariffs, and create jobs
in emerging sectors, supporting economic stability even as oil demand potentially decreases.

Oman with low and stable emissions: Oman’s relatively low and stable emissions per capita reflect a less
intensive industrial base and potentially more energy-efficient practices. This could be partly due to a lower
population growth rate and limited industrial expansion compared to other GCC countries. While Oman’s
lower emissions position it favorably in terms of international climate commitments, its smaller economy
might face challenges in financing large-scale renewable energy projects. However, maintaining low
emissions can enhance its regional competitiveness in a low-carbon economy.

The analysis of data from the GCC countries reveals their significant contribution to global CO2 emissions
[20]. Most of these emissions originate from the energy extraction sectors, primarily from oil and gas. Figure
2 shows CO2 emissions by fuel or industry type in GCC countries from 2000 to 2022.

The GCC’s high carbon intensity reflects their economies’ reliance on oil and gas. This exposes them to
risks, including the potential for stranded assets as the world moves away from fossil fuels and economic
penalties under global climate agreements. While reducing emissions requires significant upfront
investment, it offers benefits in terms of economic stability, resilience to oil price shocks, and alignment
with global sustainable finance trends. Moving towards renewables, improving energy efficiency, and
diversifying sectors would protect these economies from the volatility of fossil fuel markets. For many GCC
countries, decarbonization aligns with broader diversification objectives. Investments in clean technology,
sustainable infrastructure, and low-carbon sectors support long-term economic growth while attracting
international investment.
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Figure 2: CO2 emissions by fuel or industry type GULF countries 2000-2022
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Source: Global Carbon Budget (2023), OurWorldData.org (Access 8 September 2024)

Al-shammari, et al. [21] talked about the connection between technology and a sustainable environment in
GCC countries. They wanted to explore the connection among ICT, CO2 emissions, economic growth,
trade, and the total population of GCC countries. Their results showed that CO2 emissions and ICT are
positively significant, and they concluded that ICT in GCC countries should be switched to green
technology.

The current study intends to contributes to the field's current literature. It examines the effects of energy
efficiency and technology on sustainable environments in GCC countries. This study investigates
the impact of energy efficiency, digital adaptation, and technological advances on sustainable environments,
considering the present literature. Using the environmental Kuznets curve (EKC) theory, this paper looks
at CO2 emissions as a sign of a sustainable environment. This relationship is discussed in several papers
examining the demand side of natural resources.

Following Chen, Alharthi, Zhang and Khan [3], [22] and [23] the study uses energy intensity as a measure
of energy efficiency. The study expects energy production, transportation, and consumption to impact the
GCC environment [24, 25]. Furthermore, energy production in GCC countries is associated with water
pollution through oil spills. This study uses the Frontier Technology Readiness Index as an indicator of
digital adaptation and, consequently, technological advancement [26].

Milindi and Inglesi-Lotz [27] and Delanoé, et al. [28] use scientific and technical journal articles as indicators
of green technology in GCC countries, highlighting the significance of human capital, public awareness,
and scientific and technical knowledge in reducing CO2 emissions. Moreover, the authors have added a
variable medium and high-tech manufacturing value added (% manufacturing value added) technological
advancement in the manufacturing sector. In addition to agticulture, forestry, and fishing, a value-added
component has also been included.

The remaining sections of the paper are arranged as follows: Section 2 delivers an extensive review of the
preceding literature relating to the current topic. Section 3 delineates the employed method, outlines the
data description and sources, and explains the econometric results and discussion in Section 4. Finally,
Section 5 concludes, discusses potential policy implications, and offers recommendations for future
research based on the main findings.
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Literature Review and Hypothesis Development

GCC countries, like global nations everywhere, aim to attain environmental sustainability and carbon
neutrality while maintaining the goal of achieving growth for their economies and societies. Many scholars
have realized the unfavorable leverage of some economic activities on climate change [29]. Dzwigol, et al.
[30] tried to explore the effect of environmental rules, green energy, and energy efficiency on green
economic expansion. The results of this research emphasize the nonlinear effect of environmental rules on
a country's sustainable economic growth, besides a piecemeal rise in energy efficiency. More Investigation
is needed to explain the relationship between energy efficiency, Technology, agriculture and sustainable
development.

Energy Efficiency and Sustainable Environment

Numerous studies have looked into the divergent relationships between energy intensity and environmental
quality. The study strives to achieve energy efficiency, boost environmental sustainability, and mitigate CO2
emissions. A study by Khurshid, Fiaz, Ali and Rashid [1] recognized that energy efficiency negatively
affected environmental sustainability by increasing Pakistan's ecological footprint. Alam, et al. [31] inspect
the influences of energy efficiency on Oman’s outlooks for achieving green environmental development
and discover that improving energy efficiency promotes carbon productivity in Oman. Adebayo and Ullah
[32] examined the time and frequency-based interactions between CO2 emissions and selected variables
over the period 1990-2020. Their empirical findings demonstrated a substantial negative association
between CO2 emissions and energy efficiency metrics throughout short-, medium-, and long-term
frequency domains.

Nonetheless, a large body of research has found a beneficial relationship between environmental
sustainability and energy efficiency. By analyzing the impact of energy efficiency on ecological sustainability
and economic development in the top ten energy-efficient economies between 1990 and 2019, Chen,
Alharthi, Zhang, and Khan [3] validated these findings by using energy depletion, energy secutity, and
energy access as moderating factors. Their findings show that CO2 emissions, ecological impact, and
economic development are strongly correlated with energy intensity, security, and accessibility. Similarly,
Wenlong et al. [33] attempted to analyze the environmental impact of trade openness, technical
advancements, energy efficiency, and institutional quality in ten Asian nations between 1995 and 2018.
Their findings show that technical advancements and energy efficiency have a favorable impact on
environmental quality.

The effects of nuclear energy, energy efficiency, renewable energy, and financial globalization on
environmental quality are also valued by Jin et al. [34]. According to the study's findings, research and
development in energy efficiency and clean energy both improve ecological quality, which in turn improves
environmental quality. Using data from 1990 to 2020, Liu et al. [35] investigate the co-movement between
CO2 and coal efficiency, climate policy uncertainty, green energy, and green innovation. Their research
showed that lowering CO2 emissions is influenced by coal efficiency. Furthermore, by lowering CO2 over
the short and medium term, green innovation advances ecological refinement. Zhang et al.'s study [30]
looked into the connections between carbon emissions, energy efficiency, and the digital economy.
According to the study's findings, carbon emissions are compressed by China's digital economy. A required
partial moderator between the two is energy efficiency. Carbon emissions can be decreased through
increased energy efficiency.

Furthermore, Sultana and Rahman [37] examined the relationship between energy intensity and the
environment. Their findings highlight the impact of population, GDP, green energy, fossil fuels, energy
intensity, and the service sector on environmental quality in MENA nations. Their results show that energy
intensity contributes to environmental pollution. Singh et al. [38] searched the effectiveness of financial
inclusion, green technology, and energy efficiency on sustainable development. The findings show that
financial inclusion rises with higher quantiles, suggesting that countries with already high ecological
footprint standards are more likely to encourage a higher ecological footprint than those with lower
standards.
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In addition, they highlighted the importance of transitioning industrial economies to carbon-free
technologies. Another study by Zakari, et al. [39] references twenty Asian and Pacific (AP) economies
covering the period 2000 to 2018 and shows a positive relation between sustainable economic growth and
energy efficiency. Rehman Khan, et al. [40] discussed the long-term relationship between green economic
growth and some factors, applying annual data from 1990 to 2020 for OECD countries. Their research
identifies the importance of energy efficiency, renewable energy, and technology as positive predictors of
green economic growth. There are prominent diversities among investigators who have studied the relation
between energy efficiency and COZ2. likewise, researches have missed in order to realize the importance of
energy efficiency on the environmental quality of GCC nations. Thus, the present study hypothesized the
following:

Hypothesis 1
Energy efficiency significantly mitigates CO2 emissions in GCC economies.
Technology and Sustainable Environment

The study expects that technology and technical advancements will have either a beneficial or detrimental
effect on sustainable environments. Su, et al. [41] Research returns uncover that technological innovation
has beneficial and adverse impacts on CO2. The adverse effect implies that technological innovation is an
effective method for reducing CO2 emissions, which is in line with the energy-environment model.
However, the positive impact suggests that technological innovation will result in greater energy
consumption and pollution. Conversely, the negative correlation between CO2 and technological
innovation suggests that governments must implement more environmentally friendly policies to reduce
carbon pollution. Milindi and Inglesi-Lotz [27] investigate the relationship between carbon emissions and
technological advancement using six different proxies for technology. Their findings indicate that ICT
indicators appear to be a successful instrument to lower CO2 emissions. In contrast, spending on research
and development and patents have no significant influence on CO2, total factor productivity boosts carbon
emissions, while science and technology publications exhibit a negative impact on CO2 emissions.

Radulescu, et al. [42] examined how green technology innovation, energy efficiency, and ecological
regulations affect carbon emissions in different regions of China. Their results showed that a 1% increase
in GDP corresponds to a 0.08% increase in CO2 emissions across Thirty Chinese regions. Green energy
and energy efficiency decrease CO2 emissions. Renewable energy and energy efficiency decrease CO2
emissions. A study by Adebayo, et al. [43] inspected the influence of investing in enetrgy efficiency research
and development, information and communication technologies, and changes in structure on CO2
emissions and ecological footprint. Their returns validated the favorable effect of investments in energy
efficiency research and development, information and communication technology developments, and
structure changes in reducing CO2 emissions and ecological footprint. In their 2023 study, Wang, et al.
look at how changes in technology, financial growth, renewable and nonrenewable energy, and foreign
direct investment (FDI) affect the environmental impact of fourteen developing European countries. Their
research shows that financial growth, nonrenewable energy use, and FDI lead to more environmental
degradation over time, while renewable energy and new technologies help slow it down.

Chien, et al. [44] examine the function of technological progress, globalization, and green energy on
mitigating environment devolution in Pakistan. Their findings reveal that technical progress and renewable
energy have an inverse relationship with environmental retrogression. As well the results of Aneja, et al.
[45] on G-20 nations from 1992 to 2018 detected that clean energy and technological advances, especially
green technologies, contribute greatly to ecological sustainability. Sarabdeen, et al. [46] study's findings
reveal that digital technology improves environmental quality. Alofaysan [47] examined the changeable
effect of clean energy and green innovations on the carbon footprint of selected MENA countties during
the period 2000 to 2020. The findings revealed that the increase in green inventions and clean energy
sources improves environmental sustainability in both the short and long term. Elmonshid, et al. [48]
researched the impact of some economic indicators on COZ2 emissions in GCC nations during the period
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2001 to 2021. Their returns show that patents are positively related to CO2 emissions, emphasizing the
significance of directing innovative technology to enhance environmental sustainability.

Several research papers attempt to expose how clean technology will influence CO2 emissions. Prior
research frequently used spending on R&D activities to represent innovation in studies that try to quantify
its environmental traces. Different studies have come to conflicting findings [4, 49-51]. Based on the above
literature, the hypothesis 2 is formulated as follows:

Hypothesis 2
Technological advancement significantly mitigates the CO2 emissions of GCC economies.
Agriculture, Manufacturing, and Sustainable Environment

Aziz, etal. [52] explored the environmental impacts of agriculture in GCC countries. Their findings signaled
that agriculture has no significant effect on environmental quality. Another study by Asumadu-Sarkodie
and Owusu [53] investigated the effect of agriculture on environmental pollution in Ghana. Their outcome
showed an inverse relation between agriculture and carbon dioxide emissions. Likely, Adedoyin et al. [54]
explored an adverse and significant link between agricultural value-added and COZ2 emissions in sub-
Saharan Africa. Zeng et al. [55] inspected the effect of technical innovation and renewable energy on CO2
emissions in BRICS countries; they found that technological innovation significantly fosters CO2 emissions
while energy efficiency significantly drops carbon emissions.

Alfantookh, et al. [56] discussed the effects of manufacturing on the environment. Their findings did not
affirm the short term impact of industry on CO2 emissions. Yet, there are hints of positive impacts in the
long term. Furthermore, Ghosh, et al. [57] inspected the influence of high-tech industries on CO2 and
environmental footprint. Their long-term results showed that high-tech industries have a significant
environmental welfare-boosting effect. Burmaoglu, et al. [58] found that creating circular business models
is necessary to ensure industrial circularity. To improve the circular economy's profitability, effectiveness,
and transparency, digital manufacturing should be combined with the context of industrial ecology and
recycling ideas. However, the role of Al models in actualizing the decarbonization agenda through
improved performance of the circular economy within the context of built environment is still insufficiently
researched. Therefore, this study aims to close the knowledge-practice gap by utilizing worldwide data from
79 countries and applying fixed-effect and random-effect estimates. In their study, Khurshid, Fiaz, Ali and
Rashid [1] look at how natural resource rents, high-tech exports, renewable energy, GDP, and corruption
affect CO2 emissions for 141 developing countries from 2000 to 2021. Their findings state that the export
of high-technology increases CO2 emissions. The empirical and theoretical studies reviewed supported the
idea that energy efficiency and technology could significantly sustain the environment. The hypothesis 3
can be stated as follows:

Hypothesis 3

Agricultural and manufacturing development significantly affect the CO2 emissions of GCC economies.
Research gap

Previous extensive reviews of the present literature highlighted several factors that affect CO2 levels and
environmental quality. The fundamental purpose of the current study is to address the gap in the existing
literature by focusing on GCC countries. Furthermore, the current study identifies the principal
contributors to CO2, patticularly in the GCC countries. The existing studies primarily focus on traditional

factors, neglecting recently emerging ones such as the Frontier Technology Readiness Index (FTRI). This
study might fill this gap by considering the influence of FTRI on environmental quality in GCC countries.
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Methodology and Data
Data

The study uses a balanced longitudinal dataset for 6 GCC countries: Bahrain, Kuwait, Oman, Qatar, Saudi
Arabia, and the United Arab Emirates, covering the period 2008-2022. The selected variables, list, measure,
and sources are presented in Table 1 below. Data were acquired from internationally recognized databases
such as the World Bank and UNCTAD. All selected variables are transferred to logarithmic form to
compress scale, reduce skewness, and promote symmetry in distributions [37].

Table (1) Variable Description and Sources of Data

Variables Description Indicator Source
Carbon dioxide | CO2 emissions (kg per 2015 US$ of | Environmental | WB-WDI
emissions GDP) quality

Frontier =~ Technology | Implementation ICT, labor skills, | Digital UNCTAD
Readiness Index (FTRI) | Research Development, | adaptation

manufacturing  capability, and
financial access.

Energy Efficiency Energy intensity level of primary | Energy WB-WDI
energy (M]/$2017 PPP GDP) efficiency

Technology Scientific and technical journal | Technological WB-WDI
articles per person advancement

high-tech manufacturing | Medium and high-tech | Industrial WB-WDI
manufacturing value added | development
(Yovalue)

Agticulture Agriculture, forestry, and fishing, | Agricultural WB-WDI
value added (% of GDP) development

Authot’s presentation

Table 2 provides a summary of the descriptive data, including the central tendency represented by the mean
and the data distribution represented by the variable standard deviation values. The mean of 3.0545
indicates the average log of CO2 emissions across the observations. A relatively low standard deviation of
0.2684 suggests that there is limited variation in CO2 emissions within the sample, meaning the data points
are relatively close to the mean. The average FTRI is around -0.6669. The moderate standard deviation
(0.1886) indicates that FTRI shows some variability, although not extreme. The negative mean and range
suggest that FTRI, on average, is less than one in raw terms, pointing to a relatively low level of FTRI in
compatison to the size of the economy. The average EE level in log terms is 1.9219, with a low standard
deviation of 0.1735, indicating that EE levels are relatively stable across the observations. This suggests
limited variation, likely implying a consistent approach or capacity for energy efficiency across the sample.
SJA with a mean of -8.2999, appears to be quite low. The relatively higher standard deviation (0.5139)
indicates greater variation in SJA among the observations. The average level of HTM is 3.4504, with a
standard deviation of 0.3591, indicating moderate variability. This spread could suggest differences in the
capacity or emphasis on HTM across the sample, with some countries or regions possibly more advanced
in this area than others. The mean for ARG is -0.4744, with a high standard deviation of 0.9850, indicating
significant variability in ARG. This wide range, from -2.3624 to 1.0853, suggests that ARG's economic
significance varies greatly within the sample, potentially due to differing levels of agricultural development,
climate conditions, and economic reliance on agriculture.
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Table (2) Descriptive Analysis
Variable Obs Mean Std. Dev. Min Max
InCO2 90 3.0545 0.2684 2.6535 3.6784
InFTRI 90 -0.6669 0.1886 -1.2040 -0.3567
InEE 90 1.9219 0.1735 1.6034 2.3370
InSJA 90 -8.2999 0.5139 -9.4311 -6.6728
InHTM 90 3.4504 0.3591 2.6542 4.1995
InAGR 90 -0.4744 0.9850 -2.3624 1.0853

Author’s calculation using STAT 13.

Table 3 offers the pairwise correlation matrix, the extent of association between —1 and +1; the results

reveal no high correlation between the selected variables.

Table (3) Correlation Analysis

Variables I1nCO2 InFTRI InEE InSJA InHTM InAGR
1nCO2 1.0000

InFTRI -0.2884 1.0000

InEE 0.1154 -0.1130 1.0000

InSJA 0.3983 0.3175 -0.1356 1.0000

InHTM 0.2134 0.0584 -0.2786 0.5873 1.0000

InAGR -0.9114 0.2755 -0.3299 0.1964 0.0161 1.0000

Author’s calculation using STAT 13.

Methodology

The study calculated the logarithmic form of the following econometrics model to look at the short- and

long-term links between technology, energy efficiency, and a sustainable environment:

€02;,

= f(EE;, FTRI;y, S]Aije, HTM;, AGR;¢)

Where: i = country , t time (year)

)

CO2 represents CO2 emissions (kg per 2015 US$ of GDP), FTRI stands for Frontier Technology
Readiness Index, which measutes a country's readiness to adopt and adapt frontier technologies [26]. EE
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represents the energy intensity level of primary energy (M]J/$2017 PPP GDP), SJA represents the number
of scientific and technical journal articles per person, HTM stands for medium and high-tech manufacturing
value added (% of manufacturing value added), and AGR represents the value added to agriculture, forestry,
and fishing (% of GDP).

CO02;; = Bo+ BLEEi + BoFTRIl;: + B3SJAir + BaHTM; + BsAGR;;
Tt & (2)

As the study uses panel data from 9 countries covering the period (2000-2021), this study applies the pooled
mean group (PMG) approach. One advantage of the Pooled Mean Group (PMG) methodology is that it
identifies long- and short-term relations among the variables under consideration. Moreover, PMG ARDL
methodology considers cross-sectional dependency. Another advantage of using the Panel ARDL
technique in this study is the fact that it explores the co-integration relationship between the variables,
despite the degree of cointegration 1(0) or I(1) [59, 60]This approach is also useful for small samples. The
ARDL approach's mathematical model includes getting empirical estimates for both the short—and long-

term effects and the rate at which the long-run equilibrium is reached through the lagged error correction
term (ECT).

Before performing the PMG ARDL, the paper performed some diagnostic procedures, such as correlation
analysis, cross-section dependence, and unit-root tests. First, the paper tested the cross-sectional
dependence CSD using Pesaran [61] scaled LM, and Pesaran, et al. [62] Bias-corrected scaled LM. The CSD
test's success was demonstrated in both the short and long-panel datasets.

Breusch and Pagan [63] test statistics (LM):

N-1 N
N(N - 1)
LM = Tyjpz, = X2 ——— (3)
b L g 2
i=1 j=i+1

Pesaran [64] scaled LM test statistics:

’N(N—1)z Z Tijpz,; = N(O1) 4
i=1 j=i+1

Pesaran [64] CD test Statistics:

N-1
N(N )Z Typz, = N(0,1) (5)

i=1 j=i+1

Pesaran, Ullah and Yamagata [62] Bias-corrected scaled LM test Statistics:

N-—
N
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Where P?; j the correlation coefficient between the residuals.

Then, panel unit root tests were performed to check the variables' stationery. Following Pesaran [65] the
study employed a first-generation panel unit root test based on cross-section dependence test results.

Given that the selected variables are I (1), the study proceeded to examine the series of variables for
cointegration to verify the presence of a long-run equilibrium relationship between the vatiables. The study
follows the Pedroni [66] test; this test deals with heterogeneity and interdependence [67]. Pedroni [66] test
for co-integration offers two significant outputs: (1) within the dimension, which consists of panel v-
statistic, panel-rho statistic, panel PP-statistic, and panel ADF-statistic. (2) Between dimensions, there are
three outputs: group-rho statistic, group-PP statistic, and group-ADF-statistic.

M
CO2;i¢= ai+pi+ ) BjiXjic + U )
=

Also, Kao Co integration test is provided as a robustness test.

Next to that, the study applies the Panel ARDL method suggested by Pesaran, et al. [68]Panel ARDL is a
popular approach for locating the long-tun and shott-run relatons between variables. This method's
robustness in capturing both short-run and long-run dynamics among energy efficiency, technology, and
sustainable environment in GCC countries makes it suitable for this study.

In addition, this method accommodates cross-section heterogeneity. Another important aspect of this
method for this study is that the variables are stationary at I(0), I(1), or a mix of the two, which is common
in macroeconomic datasets. Finally, the etror correction model (ECM) in the Panel ARDL model offers
unambiguous conclusions about the velocity of adjustment toward long-run equilibrium, guiding
policymakers in GCC countries on how to address environmental sustainability issues.

The basic econometric model for this study was later transformed into the following PMG:
ACO2; = 9(CO2; ¢y — 0X;e) + X120 AXye_jBij + XF21 v jBi j ACO2; o1 + &1, (10)

where, CO2;; denotes the dependent variable, X; ¢ denotes explanatory and control variables, & ; denotes
the error term. The last step is followed by PMG Models; the study uses the Dumitrescu Hurlin Panel
Causality Test as a robust method to detect possible casual relationships among the selected variables. A
causality test is desired to define the direction of the causal relations. Dumitrescu and Hutlin [69] extended
the Granger causality test for panel data, creating a more robust bootstrap panel causality test. They derived
the test statistics and probability values of the Dumitrescu and Hutlin tests using the Monte Carlo
simulation. Dumitrescu and Hurlin test statistics are the sum of individual Wald statistics. The following
equations are Wald statistics for panel causality tests.

p p
COZit = a; + ijCOZL t—j +ZBL in,t—j
j—-1 j-1
+u; ¢ (11)
N
WiEe = N7 W (12)
i-1
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7 - ﬁ T—2P—-5 (T—Zp—B__ ) (13)
2P T—P-3 T—-2P-1
Table (4) Cross-Sectional Dependence Tests
Tests Statistics P values.
Breusch-Pagan LM 20.9645 0.1380
Pesaran scaled LM 1.0890 0.2762
Pesaran CD 0.9223 0.3564

Source: Author’s calculations.

Table 4 show that the Breusch-Pagan LM test checks for cross-sectional dependence in large panels,
especially when the sample size is large relative to the number of units. The test’s p-value of 0.1380 is above
the conventional significance levels, indicating that we do not reject the null hypothesis of no cross-sectional
dependence. This suggests that the variables in each unit are not significantly correlated with those in other
units, meaning that the economic variables in one country or region do not strongly influence the others.
The Pesaran scaled LM, the p-value of 0.2762 again exceeds common significance thresholds, supporting
the null hypothesis of no cross-sectional dependence. This result implies that, on average, the economic
behavior or outcomes in one unit are relatively independent of those in other units in this dataset. The
results from all three tests consistently show that there is no statistically significant cross-sectional
dependence across the units in this panel dataset. Economically, this implies that each country or region in
the sample behaves independently in terms of the variables under study. In practical terms, this could mean
that economic, environmental, or policy changes in one country or region do not directly affect others in
the sample.

The absence of cross-sectional dependence is valuable for modeling, as it suggests that each unit can be
analyzed independently without worrying about spillover effects. However, it also means that regional

integration or economic interdependence may be limited, which could influence policies aimed at regional
cooperation or shared economic strategies.

Empirical Results and Discussion

Due to the absence of cross-section dependence, the study ran the first-generation unit root test; Levin,
Lin, Chu, Im, Pesaran and Shin, ADF — Fisher, and PP-Fisher [70]. The results are reported in Table 5.

Table 5 Unit Root Test results

Levin, Lin & Chu t* Im, Pesaran and Shin | ADF - Fisher Chi- PP - Fisher Chi-
W-stat square square
First First First First
Level difference Level difference Level difference Level difference
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InFTRI | 1.8553 2.96626*%** | 2.4485 ;t 0311745+ 2.48204 38.3139%+* | 10.1142 94.6336***
_ sokk | Fokok Fokok
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_ Fokok Fokok
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Source: Author’s estimates. Note: *** denote 1%, and **, denote 5% significant levels.

Table 5 shows the outcomes of panel unit root tests. All of the chosen vatiables were 1(1) at 1%, 5%, and
10% significance levels for at least two of the tests.

Pedroni Test Statistic Weighted Statistic
Panel v-Statistic _0.5713 _0.4835
Panel rho-Statistic 1.6210 1.7326
Panel PP-Statistic -1.2463 -1.4002*
Panel ADF-Statistic -1.4541* -1.6397*
Group rho-Statistic 2.7910

Group PP-Statistic -1.6917+*

Group ADF-Statistic -1.8027+*

KAO Test

ADF -2.6919%*

Source: Authot’s estimates. Note that, ** denote 5%, and * denote 10% significant levels.

Researchers using Pedroni integration tests found that the variables are linked, especially in the Panel PP-
Statistic and Panel ADF-Statistic results. This is true even though the autoregressive coefficients may
change within and between dimensions. The results of the KAO test confirmed the co-integration among
the variables. The Pedroni and KAO test results justified an investigation of the long-run estimates; the
study uses PMG ARDL to determine the long-run relationship [71].

Table 6 Panel ARDA (PMG) Tests

| Coefficient | t-Statistic

Long Run Equation

InFTRI 0.4881#+* 12.5499
InEE 0.8713%** 24.1847
InSJA -0.1288*** -17.9052
InHTM 0.0773%** 5.0011
InAGR -0.1235%** -8.1287
Short Run Equation

COINTEQO1 -0.6072%* -1.9423
InFTRI -0.0407 -0.6174
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InEE -0.1434 -0.4670
InSJA 0.0167 0.6808
InHTM 0.1501 1.5430
InAGR -0.0048 -0.0747
C 0.1438 1.1082

Source: Author’s estimates. Note that, *** denote 1%, and ** denote 5% significant levels.

Table 6 shows the PMG ARDL model estimation results. It shows that most explanatory variables have a
long-run relation with the dependent variable. In the long term, FTRI, EE, and HTM have a positive and
significant effect on CO2 emissions, while SJA and AGR have a negative and significant effect.

The coefficient of FTRI is 0.4881, indicating that a 1% increase in FTRI results in a 0.4881% increase in
CO2 emissions, under the assumption that all other factors remain constant. The result of the present
investigation is not supported by [26, 46, 72].

Findings from the EE show that a 1% increase in the energy intensity level of primary energy causes 0.8713
% more CO2 emissions. These findings agree with those of Wenlong, Tien, Sibghatullah, Asih, Soelton and
Ramli [33], Sultana and Rahman [37], and Chen, Alharthi, Zhang and Khan [3], who found that energy
intensity is linked to higher CO2 emissions. This positive correlation between CO2 emissions and energy
intensity is not consistent with the results of Khurshid et al. (2024).

The HTM results show that a 1% increase in medium—and high-tech manufacturing value added increases
CO2 emissions by 0.0773%. Alfantookh, Osman and Ellaythey [56] support this positive correlation, which
contradicts the conclusions of Ghosh, Adebayo, Abbas, Dogan and Sarkodie [57].

The long run coefficient of SJA equals -0.1288, pointing out that a 1% increase in SJA is accounted to a
decrease CO2 emissions by -0.1288%; this finding is supported by Milindi and Inglesi-Lotz [27]. The
coefficient of AGR is -0.1235, pointing out that a 1% increase in AGR reduces CO2 emissions by -0.1235%.
Several studies, including Asumadu-Sarkodie and Owusu [53] and Adedoyin, Alola and Bekun [54] also
supports the negative relation between agriculture and CO2 emissions. The ECM coefficient is negative -
0.6072 and significant at 5%, supporting the long-run relations. This result indicates that the annual speed
of adjustment to long-run equilibrium is about 61%.

To accomplish the net-zero CO2 emission target and promote sustainable environment in GCCS states,
the PMG model findings suggests implementing policies that boost scientific and technical research
through encouraging clean technology, and ensuring sustainable agriculture. Meanwhile greater effort
should be directed to improve the efficiency of energy use. GCCs nations have to mitigate the
environmental effects of nonrenewable energy sources, supporting clean technology deployment, and
utilizing renewable energy sources. Nonetheless, their impact is significant enough to promote ecological
sustainability.

The study follows the PMG models and uses the Dumitrescu Hurlin Panel Causality Test as a robustness
mode to detect the possibility of casual relationships among the selected variables. Table 7 below displays

the findings of the Dumitrescu Hurlin Panel Causality Test [69].

Table 7 Dumitrescu Hurlin Panel Causality Test

HO W.Stat Zbar.Stat Prob
LOG(FTRI) does not Granger cause LOG(COZ2) —
LOG(CO2) does not Granger cause LOG(FTRI) 3.5192 1.8606 0.063

2.7136 0.8740 0.382
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LOG(EE) does not Granger cause LOG(COZ2) —

LOG(CO2) does not Granger cause LOG(EE) 3.6903 2.0702 0.038
1.7404 -0.3179 0.751

LOG(SJA) does not Granger cause LOG(CO2)

LOG(CO2) does not Granger cause LOG(SCJA) 10.8923 | 10.8908 | 0.0000 T
4.0122 2.4644 0.014

LOG(HTM) does not Granger cause LOG(CO2) —
LOG(CO2) does not Granger cause LOG(HTM) 4.3238 2.8460 0.004

2.9590 1.1746 0.240
LOG(AGR) does not Granger cause LOG(CO?2) 7.5893 6.8455 0.000
LOG(CO2) does not Granger cause LOG(AGR) 3.4854 1.8192 0.069 >

Source: Authot’s estimates.

Dumitrescu Hutlin causality testing examines the causative relationship between carbon dioxide CO2
emissions and various environmental and energy efficiency and technology advancement variables (FTRI,
EE, SCJA, HTM, and AGR) in GCCs nations. The outcomes outlined in table 7, reveal bidirectional granger
and unidirectional granger causality. There is marginal evidence that (FTRI) influence CO2 emissions, but
no reverse relationship is found. Energy efficiency improvements are shown to cause CO2 emissions, but
the reverse is not true. Moreover, medium and high-tech manufacturing value added influences CO2
emissions, but not the reverse. These findings demonstrate that policy makers ought to emphasize
implementation of (ICT), improving labor skills, investing in research and development, enhancing
manufacturing capacity, and ensuring financial inclusion, energy-efficiency, improvements medium and
high-tech manufacturing, as strategic measures for boosting the environment quality of GCCs nations’.

There is bidirectional solid causality between Scientific and technical journal articles SJA and CO2
emissions, and between agriculture and CO2 emissions. They mutually influence each other, though CO2’s
effect on agriculture is marginally weaker. Consequently, SJA and AGR can estimate the prospective future
amount of CO2 emissions in GCCS nations, whereas CO2 emissions can also be used to predict SJA and

AGR.

These findings align well with existing literature on the causality between technological advancement factors
and CO2 emissions, though with some distinctions in the direction and strength of causality. The
bidirectional relationships observed between agriculture AGR and CO2 emissions highlight the complexity
of environmental challenges in the studied regions. The unidirectional causality from energy efficiency to
CO2 emissions undetlines the importance of advancing sectors to mitigate emissions. These results provide
a foundation for policy discussions, particularly emphasizing the need for proactive environmental policies
to control emissions in emerging economies.

Conclusions and Policy Implications
Conclusion

Reducing CO2 emission is a crucial globe development challenge facing nations globally presently. The
global focus is largely on the effective lowering of environmental degradation and its accompanying
expenditure. Technology development and energy efficiency are the two main approaches ahead with a
sustainable environment. With the advent of the industrial revolution and the use of fossil fuels, CO2 levels
rose, causing global warming to start [73], [74] and [75]. The GCC countries' substantial dependence on
fossil fuels has significantly declined environmental quality and elevated CO2 emissions. Attaining an
environmentally sustainable framework via energy efficiency has been a significant challenge for GCC
nations. This study explores the leverage of energy efficiency and technology on CO2 emissions in the
GCC region, with a time frame covering the period from 2008 to 2022. The study began by performing
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descriptive, correlational, and cross-sectional dependency tests. Consequently, assessing the stationarity of
the variable series using first-generation panel unit root tests. The selected variables demonstrated mixed
orders of integration. The panel co-integration tests were followed by the Panel ARDL test to inspect both
short and long-run influences.

The finding shows that FTRI, energy intensity, and medium and high-tech manufacturing significantly
increase CO2 emissions among the GCC countries. Interestingly, agriculture and scientific and technical
publications contribute to reducing CO2 emissions among the GCC countries. By utilizing global data and
cutting-edge econometric approaches, this study aims to contribute to the expanding body of knowledge
on how technology can drive sustainable environments and aid in the shift to a circular economy. The
results are anticipated to have significant ramifications for decision-makers in government, business, and
academia committed to building a more resilient and sustainable future. GCC countries are making
significant efforts to mitigate climate change, including signing several climate agreements, such as the Paris
Agreement. However, much work still needs to be done to meet global goals.

Policy Implications

The study’s policy insights highlight a critical opportunity for the GCC countties to pivot toward sustainable
growth by embracing eco-friendly technologies and energy efficiency policies. As high per capita energy
consumers, the GCC nations, including Saudi Arabia, the UAE, Bahrain, Kuwait, Oman, and Qatar, face
unique challenges in balancing economic growth with environmental sustainability. The current lack of
robust energy efficiency policies means there is vast potential to reshape their energy consumption and
emissions patterns, addressing both regional and global climate goals.

Existing Gaps and Emerging Initiatives in Energy Efficiency

The study underscores that most GCC countries have been slow to adopt comprehensive energy efficiency
standards compared to global counterparts. While some efforts exist, they are generally limited in scope
and application. Policymakers are increasingly aware of the need to reduce energy consumption. They are
exploring measures such as: minimum enetgy efficiency standards, insulation requirements, energy labeling
programs to inform consumers about the energy efficiency of products, encouraging market shifts toward
greener options. Each of these initiatives not only contributes to reducing CO2 emissions but also helps
consumers and businesses lower costs, thereby building momentum for a green transition within the
economy.

Saudi Arabia as a Model for Energy Reform in the GCC

Saudi Arabia’s Vision 2030 and alignment with the SDGs reflect a commitment to both diversifying the
economy and achieving sustainability. As the largest economy in the GCC and a prominent oil exporter,
Saudi Arabia's actions set a significant precedent. Urban Planning and Infrastructure: With a growing
population and rapid urbanization, Saudi Arabia recognizes the importance of sustainable infrastructure.
New city projects, such as NEOM, are designed with a strong emphasis on environmental sustainability
and energy efficiency, setting a model for eco-friendly urban planning.

Economic and Environmental Benefits of Adopting Eco-Friendly Technology

Eco-friendly technology aligns with the GCC’s long-term economic goals by reducing dependence on oil
exports and supporting new industries, such as clean energy production, green construction, and energy-
efficient manufacturing. This shift can help mitigate the economic risks associated with fluctuating oil prices
and global decarbonization trends. By adopting energy-efficient technologies, local industries can lower
production costs, making GCC products more competitive on global markets. For example, reducing
energy-intensive practices in sectors like aluminum production, petrochemicals, and cement can create cost
savings, allowing these industries to compete more effectively internationally. The transition to a green
economy can generate jobs in renewable energy, environmental management, technology development, and
green infrastructure. These roles not only contribute to economic growth but also equip the workforce with
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future-oriented skills, enhancing regional resilience against economic disruptions. Lowering emissions
improves air quality, which has direct health benefits by reducing respiratory diseases and associated
healthcare costs. This can enhance the quality of life for citizens and reduce public healthcare expenditures,
contributing to long-term economic stability.

Strategic Implications for the GCC’s Global Position

If the GCC countries successfully implement eco-friendly policies and technologies, they could position
themselves as leaders in sustainable development within the Middle East and North Africa (MENA) region.
This leadership role could enhance their influence in international climate negotiations, allowing them to
advocate for policies that consider the unique needs of oil-producing nations. By showcasing a commitment
to sustainability, the GCC countries could attract foreign investment in renewable energy, sustainable
agriculture, and environmentally conscious tourism. Such investments could diversify their economies and
build a resilient financial ecosystem. The GCC countries have the potential to develop and export eco-
friendly technologies, especially in areas like solar power, given the region’s high levels of solar irradiance.
By becoming innovators in green technology, they could create new revenue streams and foster
partnerships with global clean-tech companies.

Challenges and Considerations in Policy Implementation

Many eco-friendly technologies and energy efficiency measures require high upfront investments.
Policymakers need to weigh these costs against the long-term economic and environmental benefits.
Financial incentives, such as subsidies for energy-efficient appliances or tax breaks for renewable energy
investments, could support the adoption of green technologies. For policies like energy labeling or
minimum efficiency standards to be effective, there needs to be a shift in consumer behavior. Public
awareness campaigns could play a vital role in educating consumers on the benefits of energy efficiency and
creating demand for eco-friendly products. Implementing energy-efficient practices and developing green
technologies requires a skilled workforce. The GCC countries need to invest in education and training
programs focused on renewable energy, environmental science, and sustainable engineering. Collaborations
with universities and technical institutes can help build this expertise. As energy efficiency reduces domestic
oil consumption, it could impact the revenue that GCC countries generate from oil sales. However, this
challenge could be mitigated by exporting more oil or reinvesting oil revenues into the green transition,
supporting new sectors while reducing dependence on fossil fuels.

Long-Term Impacts and Evolution of the Policy Landscape

Opver time, increased adoption of eco-friendly technology could shift the GCC economies from oil-centric
to diversified, knowledge-based economies. As eco-friendly policies reshape industries, they could reduce
the carbon intensity of these economies, alighing them more closely with international climate goals. The
GCC countries’ efforts to reduce emissions and improve energy efficiency could have a substantial impact
on global climate targets, especially if other oil-producing regions follow suit. This could also improve the
GCC’s reputation on the global stage, potentially attracting international partnerships in sustainable
development. As technologies and policies evolve, GCC countries may continue to innovate in fields such
as carbon capture, waste-to-energy, and hydrogen production. These advancements could not only reduce
emissions but also provide new business opportunities in green technology.

The policy insights offered by the study reveal a transformative pathway for the GCC countries, where eco-
friendly technology and energy efficiency can drive both economic growth and environmental sustainability.
Although challenges exist, the alignment of these efforts with global sustainable development agendas
provides a promising foundation for a green transition. By embracing these policies, the GCC countries
can not only enhance their economic resilience but also contribute meaningfully to global climate action.
The success of these efforts will hinge on the GCC’s ability to maintain momentum, foster innovation, and
adapt policies to meet evolving environmental and economic needs.
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Future and research

This study encourages future research addressing the empirical evaluation of energy efficiency programs
(such as smart grids, building codes, and industrial energy use) to determine their contribution to achieving
national sustainability goals; Assessing the adoption of advanced technologies, particulatly in sectors such
as oil and gas, construction, and transportation, and their role in reducing environmental degradation;
Comparative analysis of renewable energy initiatives, challenges in grid integration, and the role of
international collaborations to drive renewable adoption in the region; Policy reforms, exploring the
socioeconomic impacts of subsidy removal, and incentivizing the private sector to adopt green practices;
Analyzing how renewable energy projects and energy-efficient technologies could align with the broader
Vision 2030 initiatives in Saudi Arabia and similar strategies in other GCC states; and Examining how
national policies align with international environmental agreements and the role of government institutions
in facilitating sustainable transitions.
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