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The Druze and Al-Hakim bi-Amr Allah: Doctrine and Relationship

D. Muhammad bin Ahmed Al-Jawir

Associate Professor of Doctrine and Contemporary Doctrines in the Department of Private Law,
College of Law, Dar Al Uloom University

(Received: 10/5/2025, accepted for publication on 26/8/ 2025)

Abstract:

This research examines the Druze and al-Hakim bi-Amr Allah in terms of doctrine and following.
It aims to explore the depths of the history and beliefs of the Druze sect, employing the descriptive,
analytical, and critical methodology. Anyone familiar with the history and beliefs of the Druze sect will
inevitably reach a number of conclusions. This sect is considered an extremist Al-batneeh of Sheeah
sect, emerging from the Ismaili sect. The beliefs of this sect are identical to those of the Ismaili. Its
imams, writers, and historians acknowledge this dependence and the intimate relationship between the
two sects. This sect has deviated from the true path of Islam by denying all the unseen. The core of
its doctrine revolves around the deification of al-Hakim bi-Amr Allah and the belief in reincarnation,
which it calls transmigration. Followers of this sect are spread throughout the Levant, Morocco, Israel,
and elsewhere. Research has shown that al-Hakim bi-Amr Allah was not opposed to his deification by
his sect’s advocates, especially Hamza al-Zozani. This sect and its doctrines have faced denial from
Islamic scholars, who have stripped it of its cloak and even considered its adherents to be atheists and
heretics, declaring them infidels and warning of their danger to the Muslim community.The situation of
this sect and others like it requires a persistent effort to save its followers, especially the ignorant and
the common people, from the pollution of the minds of its sheikhs and leaders, and to explain the truth
to them, with the aim of saving them from this misguidance, confusion and deviation in which they are.

Keywords:Transmigration, relationship, sect, covenant, prophets, Al batneeh.
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The Metaphysical Sources in Poetry from Arabia and Other Nations
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Abstract:

This research attempts to provide insight into the concept of metaphysical sources in poetry by
examining pre-Islamic and Islamic-era Arabic poetry and comparing the Arab perspective to those of
other nations. The paper also discusses the Arabs’ critical stance on this topic, both historically and
currently. The research concludes that, while the idea was widely accepted and widespread among
nations, it took two main forms among Arabs: the first encompassed the general public, who believed
in the jinns’ power to control their lives; and the second comprised poets, narrators and critics, who
exploited the idea for their own purposes as many of them did not believe in it. Most critics, both ancient
and modern, reject it, interpreting it as metaphor, superstition or illusion.

Keywords: Poetic Demons, Poetry Brides, Goddess of the Arts, Al-Jahiz, Al-A’sha.
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Abstract:

This study examines the destruction of idols during the Prophetic era as a pivotal turning point
contributed to reshaping the religious, social, and political landscape of the Arabian Peninsula. It
aims to analyze the role of idols in pre-Islamic society, particularly in reinforcing the tribal system
and legitimizing traditional leadership. The study further explores the strategic approach adopted by
Prophet Muhammad in eliminating these pagan symbols and investigates its impact on dismantling tribal
leadership structures and redirecting loyalties from idol worship to Islamic belief. Methodologically, the
study adopts a historical-analytical approach to trace religious practices related to idol worship, and
employs a critical approach to examine the Prophet’s - strategy in dismantling pagan symbols, in light of
the prevailing social and tribal context. The findings demonstrate that idols served not only as religious
icons but also as instruments of socio-economic authority. Their destruction marked a calculated effort
to dismantle tribal power rooted in pagan traditions. Furthermore, the deliberate selection of timing,
geographic targets, and military leaders in the idol-breaking campaigns reflects a sophisticated political
strategy aimed at reconfiguring the ideological and social order of the region.

Keywords:Prophetic era, idols, tribe, leadership, tribal structure, idol custodianship
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Abstract:

This research deals with the study of water architecture in Andalusia as one of the most famous
civilizational evidence that reflected the Muslims’ care for water as a basic element in urbanism
and social life. The study showed that the Andalusians have reached a distinguished position in the
investment of their water resources such as rivers, springs and wells, and that they have established a
tight network of canals, waterways and archways, which facilitated the movement of water to both cities
and countryside. The impact of this architecture was also evident in public life, as it helped to maintain
public health and facilitate agriculture and industry, as well as its role in consolidating the values of
purity and cleanliness urged by religion, in addition to its civilizational status, which gave the cities of
Andalusia a distinctive character and a unique architectural identity.

Keywords:Andalusia, Water Architecture, Water Networks, Hammams, Cities.
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Administrative execution in accordance with the provisions of the implementa-
tion system before the dewan al-mazalem
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Abstract:

This research aims to study the implementation procedures according to the implementation system
before the dewan al-mazalem, by analyzing the statutory structure that organizes these procedures
and determines their parties and competencies. The research focused on the statement of the persons
concerned with the implementation process, especially the applicant and the executor against him, with
clarification of the legal status of each of them in light of what is stated in the system. The research also
deals with the jurisdiction of the execution judge in terms of his qualitative and spatial jurisdiction, in
addition to the funds that may be executed, and their statutory characteristics, with an indication of the
funds that cannot be executed in accordance with the law. The research also addresses the legal basis
for implementation by reviewing the legally recognized executive bonds, indicating their formal and
substantive conditions, and distinguishing between judicial and non-judicial bonds contained in the
system exclusively. The implementation procedures are divided into two main parts: the first deals
with implementation against administrative authorities, and the controls and procedures it requires that
take into account the special nature of the administrative authority, while the second section deals with
implementation in favor of administrative authorities and related statutory provisions. The research also
touched on the provisions related to the suspension of execution, whether through the suspension of
statutory deadlines, or through the applicant leaving the implementation of the procedures. The study
concludes by providing an analytical vision of the most important practical problems in the application
of these procedures, and recommending some proposals that would enhance the effectiveness of
administrative implementation and ensure a balance between the rights of individuals and the powers of
administrative authorities.

Keywords:administrative execution, dewan al-mazalem, execution judge, executive bond, execution
procedures, administrative bodies, suspension of execution.
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The degree of availability of chemical entrepreneurship skills in secondary school
chemistry textbooks in the Kingdom of Saudi Arabia

Ms. Sawsan Nasser Al’ahmadi

PhD student, Department of Education and Learning, College of Education, King Khalid University

(Received: 2/5/20235, accepted for publication on 2/11/ 2025)

Abstract:

The research aimed to determine the degree of availability of chemical entrepreneurship skills
in secondary school chemistry textbooks in the Kingdom of Saudi Arabia. To achieve the research
objective, the descriptive analytical approach was used, the research society consisted of all five
secondary school chemistry textbooks. and a content analysis card was applied that included five main
chemical entreprencurship skills. The results showed the availability of non-conformity skills at a
high level, achievement motivation skills and self-efficacy skills at a medium level, and innovation
preference skills and proactive action skills at a low level. The research recommended designing the
content of chemistry curricula to include main and sub-chemical entrepreneurial skills.

Keywords:Chemical Entrepreneurship skills, Chemistry textbooks, Secondary school.
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Abstract:

The study aimed to determine the impact of competitive intelligence on innovative performance
with the Blue Ocean Strategy as a mediating factor in the telecommunications sector in Saudi Arabia.
While its importance stems from the need to understand how competitive intelligence contributes to
enhancing innovative performance, in light of the challenges and growing market competition, and
the absence of sufficient studies that address this impact in the Saudi business environment. The
descriptive survey method was used, and the questionnaire was adopted as a tool to collect data by using
a random sampling method to select the study sample, which amounted to (420) leaders. The number
of questionnaires valid for statistical analysis reached (357) questionnaires. The findings revealed the
following: There is a significant positive effect of competitive intelligence on innovation performance
and blue ocean strategy. There is a significant positive effect of blue ocean strategy on innovation
performance. There is a significant positive effect of blue ocean strategy as a mediating variable in the
relationship between competitive intelligence and innovation performance. The study recommended:
Increased interest in competitive intelligence activities and practices, and the importance of working
to move beyond the zone of intense competition and towards creating new markets that contribute to
creating innovative value for the company through increased interest in implementing the blue ocean
strategy in the companies under study.

Keywords:Blue ocean strategy, Competitive intelligence, Innovation performance,
Telecommunications sector.
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The Awareness of Intermediate School Science Teachers of PhET Interactive
Simulation and the Obstacles to its Use from their Perspective in the Riyadh

Region
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Instruction, College of Education, King Saud of Curriculum and Instruction, College of
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(Received: 28/4/2025, accepted for publication on 16/9/2025)

Abstract:

This study aimed to explore the awareness of middle school science teachers regarding interactive
simulation (Physics Education Technology, PhET) and the obstacles to its use in science teaching from
their perspective in Riyadh. Given the importance of employing modern educational technologies to
enhance the quality of education and facilitate the learning process, the study adopted a descriptive
approach and utilized a questionnaire consisting of two main domains: the awareness of interactive
simulation, which focuses on measuring teachers’ knowledge of this technology and their understanding
of how to use it, and the obstacles to its use, which highlights the main challenges teachers face when
employing interactive simulation in classrooms. The questionnaire was applied to a random sample
science teachers in Riyadh, and the validity and reliability of the tool were verified before (¥4°) of
application to ensure the accuracy of the results. The study results showed that science teachers have
a high level of awareness of interactive simulation; however, they face various obstacles that limit its
effective use. These obstacles include weak internet connectivity, lack of training, and limited technical
resources available in schools. The results also revealed statistically significant differences in the level
of awareness of interactive simulation attributed to years of experience, with teachers who have more
years of experience being more aware than those with less experience, while no statistically )+ than
significant differences were found related to educational qualification. Regarding the axis of obstacles, no
statistically significant differences were found based on educational qualification or years of experience,
indicating that all teachers face common challenges. The study recommended conducting regular
training courses and workshops to develop teachers’ skills in using interactive simulation, providing
advanced technical infrastructure, and systematically integrating interactive simulation activities into
.the curriculum

.Keywords: Awareness, Interactive Simulation, PhET Technology
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Abstract

This study aimed to explore how EFL teachers in the preparatory year program at Northern Border
University utilized technology during the COVID-19 outbreak, focusing on the challenges they
faced and the impact on their teaching practices. The importance of the study lay in understanding
how the sudden shift to online education affected teacher performance and contributed to shaping
future educational strategies. A mixed-methods approach was employed, combining qualitative and
quantitative data collection. A structured questionnaire was administered to a sample of EFL teachers
consisting of females (21.8%) and males (78.2%) who were teaching English to first-year university
students in 2021. Additionally, Semi-structured interviews were conducted to supplement the survey
data to provide deeper insight. Data collection focused on identifying challenges such as inadequate
preparation, technical difficulties like slow internet, and increased workloads. The findings revealed
that while online teaching platforms maintained educational continuity, they were less effective than
traditional instruction, particularly regarding student engagement and learning outcomes. Teachers with
prior digital experience demonstrated greater adaptability and confidence in using online tools. Based
on these findings, the study recommended adopting blended learning models, enhancing continuous
professional development in digital skills for teachers, improving digital infrastructure, and addressing
the digital divide to ensure equitable access to educational technology and to strengthen future
technology-driven educational reforms in Saudi Arabia.

Keywords: Covid-19, EFL teachers, Technology, Impact, Teaching, Practices.
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Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic marked an unprecedented disruption in mod-
ern educational systems, compelling institutions worldwide to transition abruptly from conventional
face-to-face instruction to fully online learning under emergency conditions. This global shift, although
necessary, revealed significant systemic vulnerabilities—most notably in digital infrastructure, instruc-
tional readiness, and access equity (Hodges et al., 2020). The pandemic, therefore, did not simply inter-
rupt education; it catalyzed a fundamental redefinition of teaching and learning in the digital age.

In Saudi Arabia, this transformation unfolded within a broader national agenda shaped by Vision
2030—a strategic framework centered on fostering innovation, digital transformation, and the develop-
ment of a knowledge-based economy (Vision 2030,2016). Although efforts to integrate technology into
education predated the pandemic, the crisis accelerated this trajectory in unforeseen ways Within weeks,
nearly all K-12 students in Saudi Arabia moved to digital learning platforms—around 98 % reported
being able to access Madrasati during the 2020-21 school year, with routine weekly login rates ranging
between 75 % and 85 %, including use of Microsoft Teams as a supplementary channel, enabling conti-
nuity of learning despite widespread closures. This rapid shift demonstrated remarkable administrative
coordination but also exposed critical limitations in teacher preparedness, platform usability, and long-
term pedagogical planning (World Bank, 2020).

While short-term solutions—such as basic technical training and platform orientation—helped bridge
immediate gaps (Alenezi, 2022), many EFL educators faced increased workloads, emotional strain, and
unfamiliar instructional demands. These pressures were especially intense in under-resourced, remote
villages or rural areas where digital infrastructure remained weak (Albagami & Alzahrani, 2022). Ac-
cording to these authors, Saudi EFL instructors experienced significant stress and distress due to the rap-
id transition, which required them to develop new digital skills without sufficient institutional support
or enough time to do so. Teachers often assumed multiple roles—content curators, tech troubleshooters,
emotional supporters—within this emergency teaching context. Despite these challenges, many showed
adaptability by experimenting with interactive tools, collaborative platforms, and asynchronous meth-
ods to maintain student engagement and foster pedagogical resilience (Albagami & Alzahrani, 2022).

Despite the difficulties, the crisis revealed not only what was lacking but also what is possible. The
EFL classroom—once bound by physical space—evolved into a digitally dynamic environment. This
transformation, while reactive in its initial phase, raises urgent questions for the future: How can the
innovations born out of necessity be institutionalized into sustainable practice? What lessons from this
disruption can inform a more agile, inclusive, and effective approach to online English language instruc-
tion?

This study seeks to address these questions by exploring the lived experiences of Saudi EFL instruc-
tors during the pandemic—not merely to document past challenges, but to distill actionable insights for
the future of English language education in digitally mediated contexts. Through an in-depth examina-
tion of the platforms used, the pedagogical adjustments made, and the barriers encountered, this research
aims to generate practical, forward-looking recommendations that support both policy and practice. It
contributes to the growing body of literature on educational resilience, digital equity, and the evolving
role of educators within systems undergoing rapid technological change.

By foregrounding the perspectives of teachers—those most directly responsible for implementing
change—this study offers more than retrospective analysis. It presents a strategic lens for shaping the
future of English language instruction in Saudi Arabia and comparable contexts, ensuring that future
disruptions are met not only with preparedness but with purposeful innovation.

Crucially, this future-oriented inquiry aligns with the Kingdom of Saudi Arabia’s Vision 2030, which
positions education as a key driver of national development and economic diversification. As the coun-
try continues to invest in digital infrastructure, human capital, and pedagogical modernization, under-
standing how educators experienced and responded to this transformation is essential for guiding effec-
tive, scalable, and context-sensitive reforms in EFL teaching.
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To contextualize the findings of this study within the broader trajectory of educational reform, the
following section outlines key features of Saudi Arabia’s evolving education system and highlights the
strategic shifts undertaken in alignment with Vision 2030—particularly in relation to digital learning,
teacher development, and curriculum innovation.

Education in Saudi Arabia: Adapting to Technology and Vision 2030 Goals

Saudi Arabia’s educational system—spanning primary to tertiary levels—has traditionally been root-
ed in Islamic values and structured through a gender-segregated public framework. The national curric-
ulum, which is free and compulsory at the primary and secondary stages, places particular emphasis on
Arabic language, Islamic studies, mathematics, science, and social studies. Following the discovery of
oil in the mid-20th century, the Kingdom experienced a transformative shift across nearly all sectors—
including infrastructure, healthcare, employment, and education. This oil-driven economic prosperity
laid the financial and institutional foundation for extensive public investment, positioning education as
a central pillar of national development.

In recent years, however, the education sector has undergone a more targeted and strategic transfor-
mation aligned with Vision 2030, which seeks to diversify the national economy and elevate the quality
of human capital through innovation, critical thinking, and reduced reliance on rote learning (World
Bank, 2022; Nurunnabi, 2017; Alharbi, 2024).

At the higher education level, Saudi Arabia has witnessed rapid expansion, with a growing network
of public and private universities offering programs that integrate both traditional and modern disci-
plines. English has become increasingly prominent—particularly in STEM fields (Science, Technol-
ogy, Engineering, and Mathematics)—as part of a national strategy to prepare students for effective
participation in the global knowledge economy (Nurunnabi, 2017; Al-Rashaidan & Al-Thwaini, 2021).
This shift reflects the Kingdom’s ambition to enhance international competitiveness and align academic
outcomes with labor market demands.

The COVID-19 pandemic significantly accelerated this ongoing digital transformation. Prior to the
crisis, digital technologies in education were primarily limited to administrative functions. However, the
sudden shift to remote learning necessitated the rapid deployment of platforms such as Microsoft Teams,
Blackboard, and Madrasati—launched by the Ministry of Education in 2020 to support virtual instruc-
tion nationwide (Ministry of Education, 2020). Simultaneously, substantial investments were made in
digital infrastructure, virtual laboratories, and the integration of artificial intelligence into education.
These measures, though reactive, highlighted the system’s adaptability and its alignment with Vision
2030’s vision for educational modernization.

Nevertheless, the pace of change also exposed long-standing challenges, particularly in relation to
teacher preparedness. Many educators—especially those in rural or under-resourced regions—strug-
gled to adapt to new technologies, digital pedagogical methods, and the demands of online instruction.
These challenges underscore a critical insight: achieving the objectives of Vision 2030 requires more
than access to digital tools—it demands sustained investment in professional development, instructional
design, and systemic support for equitable, technology-enhanced learning.

Within this evolving educational landscape, the current study investigates how English as a Foreign
Language (EFL) teachers in Saudi Arabia adapted to the abrupt integration of educational technology
during the COVID-19 pandemic. Specifically, it examines the platforms they adopted, the frequency of
use, the obstacles encountered, and their perceptions of the long-term role of technology in English lan-
guage instruction. Crucially, the study goes beyond documentation; it seeks to provide forward-looking,
evidence-based recommendations that can inform both policy decisions and pedagogical strategies in
alignment with Vision 2030.

By drawing on the lived experiences of educators, this research aims to contribute to national goals
by identifying practical strategies that enhance resilience, promote equity, and improve instructional
quality across diverse learning environments—whether online, blended, or hybrid. Understanding how
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educators responded to such disruption is vital not only for assessing current practice but also for in-
forming the design of a more adaptive and future-ready educational system capable of sustaining prog-
ress beyond the immediate crisis.

In light of the challenges, developments, and pedagogical gaps identified above, it becomes es-
sential to systematically investigate how educators experienced and responded to these rapid changes.
Accordingly, this leads to the following key research questions, which aim to explore how Saudi EFL
instructors navigated the challenges of emergency digital teaching and how their experiences can inform
long-term improvements in teacher training, technological integration, and curriculum development.

Research Questions

To address the core problem identified in this study, a coherent set of interrelated research questions
was developed to explore the multifaceted experiences of EFL teachers in Saudi Arabia during the
COVID-19 pandemic. The study begins by examining the types of digital technologies and platforms
adopted by teachers for online instruction, aiming to understand not only which tools were utilized but
also the context in which they were implemented. In conjunction with this, the study investigates how
frequently these technologies were used and the extent to which teachers perceived them as effective
in enhancing student learning outcomes. Recognizing that technological adoption does not occur in a
vacuum, the study further explores the pedagogical, technical, and engagement-related challenges that
teachers faced during the rapid shift to remote teaching—ranging from platform instability and lack
of training to difficulties in maintaining student motivation and interaction. To understand the broader
instructional implications of these challenges, the study also assesses teachers’ perceptions of how on-
line learning affected student engagement, participation, and academic performance. Integral to these
dynamics is the question of institutional support; therefore, the study analyzes the nature and adequacy
of the professional development opportunities and administrative assistance provided to teachers during
the pandemic, and how such support influenced their ability to adapt. Finally, the study considers teach-
ers’ forward-looking perspectives by exploring their attitudes toward the continued use of educational
technology beyond the pandemic, particularly in relation to their readiness for long-term integration of
digital tools into both traditional classrooms and blended learning environments.

Purpose and Significance of the Study

This study aims to conduct an in-depth investigation into the use of technology by English as a
Foreign Language (EFL) instructors in Saudi Arabia during the COVID pandemic. It seeks to system-
atically identify the digital platforms, tools, and applications employed to facilitate remote instruction
and to critically assess the pedagogical, technical, and infrastructural challenges educators faced during
this transition. These include institutional limitations, individual readiness, and the overall impact on
teaching effectiveness.

Beyond documenting challenges, the study also explores teachers’ perceptions of the long-term inte-
gration of educational technology, examining how their experiences during the pandemic have shaped
their attitudes toward future use in both online and blended learning environments. Special attention is
given to student engagement, participation, motivation, and achievement, linking these outcomes to the
use of digital tools.

This research is significant in that it provides timely, context-specific insights into how Saudi EFL
instructors adapted to crisis-driven digital transformation. By focusing on an underrepresented group
in regional EdTech literature, the study contributes to a deeper understanding of pedagogical resilience
in linguistically and culturally diverse contexts. The findings offer practical implications for enhancing
teacher training, improving technological infrastructure, and informing policy decisions related to emer-
gency preparedness and long-term digital integration.

Framed within the broader goals of Saudi Vision 2030, this study also contributes to global conver-
sations on equitable access, digital inclusion, and sustainable technology use in education—especially
in emerging economies facing similar disruptions and reforms.
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Literature review

The COVID-19 pandemic accelerated the global shift to online education, exposing challenges in
technology adoption, teacher preparedness, and learning effectiveness (Dhawan, 2020). This review
critically examines these key areas within the Saudi Arabian context to highlight lessons learned and
inform future educational strategies. To understand the nature of this rapid transformation, it is essential
to first examine how educational technologies were adopted and implemented during the pandemic.

Technology Adoption and Digital Learning Platforms

The COVID-19 pandemic served as a global accelerator for digital transformation in education, com-
pelling institutions to rapidly transition from traditional to fully online learning. In Saudi Arabia, this
shift was marked by the widespread adoption of platforms such as Madrasati for K—12 education and
Blackboard and Moodle in higher education (Alhur, 2021; Almaiah et al., 2020). While these platforms
provided the technical foundation for remote instruction, multiple studies agree that the transition was
largely reactive. Rather than resulting from a coherent national digital strategy, the shift exposed un-
derlying deficiencies in pedagogical readiness and digital competence (Alenezi, 2022; Dhawan, 2020).
However, most of these studies focus on surface-level descriptions of platform usage, with limited eval-
uation of how pedagogical design was affected or whether the tools were aligned with specific learning
outcomes.

A recurring issue is the tendency to conflate emergency remote teaching with structured online edu-
cation. As Dhawan (2020) rightly argues, rapid digital transitions without fundamental pedagogical re-
calibration often lead to superficial engagement. In the Saudi context, despite Vision 2030’°s emphasis on
digital innovation and teacher development, professional training programs remained underdeveloped
and fragmented. A systematic review of initial teacher preparation highlights an urgent need for deeper
investment in pedagogical training and sustained development aligned with national goals—suggesting
that preparation systems have yet to fully realize Vision 2030’s transformative potential (Alharbi &
Albidewi, 2024).

Digital inequity is another major concern that is acknowledged but insufficiently analyzed. While
studies such as Alhur (2021) document regional disparities in infrastructure, they often fail to interrogate
how such disparities reinforce systemic inequality or affect long-term learning outcomes. The unequal
adaptation between urban and rural schools, for instance, is frequently mentioned but rarely unpacked
in terms of its impact on pedagogical quality, student motivation, or teacher agency.

These findings point to a critical insight: successful technology integration is not simply a matter
of hardware or software availability—it is a deeply systemic process that involves pedagogical vision,
institutional coordination, and sustained investment in human capital. The Saudi case underscores this
complexity. Despite national investments in platforms and tools, the lack of strategic alignment between
technology and teaching practice limited the effectiveness of online education. Moreover, most existing
studies treat technology adoption as an isolated event rather than a process embedded in broader edu-
cational reform. This narrow framing leaves open questions about sustainability, capacity-building, and
long-term digital resilience.

Therefore, understanding the depth of teacher preparedness and the context in which technology was
implemented is essential for evaluating the real impact of digital education during and after the pan-
demic. This study contributes to that understanding by not only assessing access and usage but also by
critically examining how educators navigated technological, pedagogical, and institutional challenges
in practice.

Teachers’ Preparedness and Training

Teacher preparedness emerged as a pivotal factor influencing the effectiveness of the rapid shift to
online education during the COVID-19 pandemic. While many countries, including Saudi Arabia, made
efforts to provide technical support to educators, the literature broadly agrees that these measures were
insufficient and largely reactive. Rather than stemming from a sustained national digital strategy, most
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interventions were ad hoc and focused narrowly on tool operation, neglecting the pedagogical compe-
tencies required to foster meaningful engagement in virtual environments (Alhur, 2021; Maatuk et al.,
2022; Alenezi, 2022). As a result, technology was often applied mechanically, with traditional teaching
methods simply transposed onto digital platforms, leading to limited interactivity and passive learning.
Yet, these studies often fail to interrogate why professional development remained so narrowly focused
or to assess how institutional policy may have shaped these training gaps.

A recurring theme in both local and international studies is the fragmented and inconsistent nature
of professional development. Tondeur et al. (2020) rightly argue that digital competence is a multidi-
mensional construct involving technical proficiency, pedagogical adaptation, and critical digital litera-
cy. While this framework is conceptually robust, its practical application in the Saudi context remains
unclear in much of the literature. Professional development initiatives were often one-off events rather
than integrated, ongoing components of teacher development, thereby limiting their transformative po-
tential. Few studies assess the long-term impact of these interventions, or whether they translated into
measurable changes in classroom practice.

The lack of differentiated training is another consistent yet underexplored issue. Teachers with wide-
ly varying levels of digital competence were frequently placed into uniform professional development
sessions, causing frustration among both novice and advanced users. Yuen et al. (2023) examine con-
ceptual and practical barriers to implementing differentiated instruction during the COVID19 pandemic,
highlighting how unbalanced training practices limit teachers’ ability to meet diverse student needs.
However, the authors do not propose scalable professional learning models for diverse teaching con-
texts. This omission represents a missed opportunity to advance inclusive teacher training design.

Geographic disparities further exacerbated these challenges. Educators in rural areas not only faced
poor infrastructure but also had limited access to continuous support and follow-up training. While
Maatuk et al. (2022) identify these inequalities, they stop short of analyzing how such disparities might
reinforce systemic inequity in the long term. The literature lacks a critical examination of how nation-
al education policies may have perpetuated a two-tier digital system—one for well-resourced urban
schools and another for marginalized rural communities.

Moreover, the literature frequently overlooks the importance of peer mentorship and collaborative
professional learning communities (PLCs). Effective professional development frequently occurs in
reflective, peer-driven environments, yet much of the teacher training during the COVIDI19 crisis in
Saudi Arabia remained top-down, standardized, and delivery-focused. Khasawneh et al. (2023) found
that participation in PLCs and collaborative teaching positively influences professional growth and stu-
dent outcomes, highlighting the advantages of collegial interaction and knowledge sharing. This model
contrasts sharply with pandemic-era programs that lacked mechanisms for ongoing peer support and
localized innovation.

In sum, the literature demonstrates that effective teacher preparedness cannot be achieved through
short-term, one-size-fits-all workshops or emergency interventions. It requires a comprehensive, sys-
temic investment in teacher education—beginning with pre-service preparation and continuing through
differentiated, in-service development that is rooted in teachers’ real-world contexts. More critically, fu-
ture studies should examine how training models, institutional policies, and leadership structures can be
aligned to support sustainable digital teaching competence, rather than merely addressing surface-level

gaps.
Challenges Faced by Teachers

In addition to gaps in teacher preparedness, Saudi educators encountered a range of interrelated chal-
lenges during the shift to online teaching, exposing systemic vulnerabilities beyond mere technological
shortcomings. The most frequently reported obstacle across the literature was the inadequacy of digital
infrastructure, especially in rural and underserved areas. Studies by Alhur (2021) and Alzahrani (2021)
repeatedly highlight unreliable internet connectivity and outdated devices as core barriers to effective
instruction. However, both studies rely on limited qualitative samples, raising questions about the gen-
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eralizability of their findings. Moreover, they focus heavily on access-related issues, often overlooking
how these infrastructural problems translated into deeper pedagogical disruptions.

Notably, the presence of infrastructure alone did not ensure effective engagement. Even in well-con-
nected urban schools, teachers struggled to maintain student motivation and participation. The absence
of face-to-face interaction, delayed feedback, and the inability to read non-verbal cues contributed to a
depersonalized learning atmosphere (Dhawan, 2020). While these studies draw attention to surface-lev-
el symptoms of disengagement, they often treat technical and pedagogical challenges as separate do-
mains. A more integrative analysis reveals how these issues are mutually reinforcing: every technical
disruption carried pedagogical consequences, compounding students’ disengagement and destabilizing
instructional continuity.

During the COVID-19 pandemic, many instructors experienced elevated levels of stress, fatigue,
and emotional exhaustion, especially when faced with inconsistent institutional policies, lack of clear
guidance, and insufficient technological or administrative support. These challenges were particularly
evident during the rapid transition to digital teaching, which demanded not only pedagogical adjust-
ments but also significant emotional labor and adaptability.

According to a systematic review by Westphal et al. (2022), which analyzed 17 empirical studies
covering 9,874 12 teachers from 20 countries, organizational factors played a crucial role in influenc-
ing teacher burnout. The review found that inconsistent leadership, vague institutional communication,
and weak structural support were significantly associated with increased levels of teacher stress and
emotional exhaustion. Despite the breadth of anecdotal reports during the pandemic, Westphal et al.
emphasized that relatively few empirical studies had systematically examined the mental health effects
of pandemic-induced digital teaching. This highlights a critical research gap at the intersection of emo-
tional labor, technological adaptation, and structural support in education systems.

Beyond instructional challenges, the transition to online teaching exerted considerable psychological
pressure on educators. Teachers were often required to simultaneously redesign course content, navi-
gate unfamiliar digital platforms, troubleshoot technical issues, and maintain student engagement—all
without sufficient training or institutional support. According to Maatuk et al. (2022), many instructors
reported raised stress levels, fatigue, and emotional exhaustion, particularly when facing inconsistent
policies and lack of clear guidance. Despite these insights, few empirical studies have systematically
examined the mental health implications of pandemic-induced digital teaching. This highlights a criti-
cal research gap at the intersection of emotional labor, technological adaptation, and structural support
within education systems.

Taken together, the Saudi case illustrates that the challenges faced during the pandemic were not iso-
lated incidents, but indicators of long-standing structural fragilities. The lack of responsive support sys-
tems, insufficient differentiation in professional development, and minimal attention to teacher well-be-
ing reveal a system ill-prepared for educational disruption. Moving forward, any meaningful reform in
online or blended learning must address these interconnected domains—technological, pedagogical, and
psychological—not as isolated challenges but as interdependent components of a resilient and equitable
educational ecosystem.

Effectiveness of Online Education

The effectiveness of online education during the COVID-19 pandemic has been widely debated,
both globally and within the Saudi context. While there is broad consensus that digital platforms such
as Madrasati, Blackboard, and Zoom played a vital role in maintaining instructional continuity during
lockdowns, the depth and quality of actual learning outcomes remain in question. Studies by Alenezi
(2024, 2022), Alzahrani (2021), and Sari & Oktaviani (2021) acknowledge that these platforms enabled
teachers to continue lesson delivery and allowed students to access academic content—thus averting
complete learning disruption. However, these studies rely predominantly on self-reported perceptions,
without triangulating findings through performance metrics or direct observation, which limits their
capacity to assess real learning gains. From a pragmatic perspective, this continuity was a significant
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logistical success, but it does not, in itself, constitute evidence of pedagogical effectiveness in a deeper,
outcome-based sense.

Many researchers caution against equating continuity with quality. For example, Dhawan (2020)
and Alzahrani (2021) argue that the absence of in-person interaction undermined cognitive engagement,
collaborative learning, and critical thinking—key components of meaningful education. However, Dha-
wan’s review, while widely cited, draws heavily on anecdotal reports and lacks empirical data from
diverse educational systems, which limits its generalizability. The digital environment, though flexible,
often encouraged passive content consumption rather than active knowledge construction. In partic-
ular, technical issues such as unstable connectivity and limited platform capacity disproportionately
affected students in rural or under-resourced settings—a finding echoed across the literature but seldom
backed by large-scale, representative samples. These limitations highlight the need for more robust, con-
text-sensitive studies that quantify how such disparities shape learning outcomes in different regions.

Another layer of concern relates to pedagogical adaptation. Under time constraints and lacking suf-
ficient training, many teachers simply transferred lecture-based methods into online settings without
rethinking their instructional approaches for digital platforms. While this phenomenon has been widely
noted, most studies— .such as those by Alzahrani (2021) and Alenezi (2024 )—stop short of examining
how teacher preparation, institutional leadership, or policy directives contributed to this pattern. Con-
sequently, the potential of online learning—for personalized instruction, asynchronous flexibility, and
differentiated learning—remained largely unrealized. This suggests a broader systemic issue: effective
digital education demands not just access to technology but sustained pedagogical development, infra-
structure investment, and leadership support.

Despite these shortcomings, the shift to online education has catalyzed important systemic reflec-
tions. Garrison and Kanuka (2004), whose framework for blended learning remains foundational, advo-
cate for integrative models that leverage the strengths of both face-to-face and online environments. In
the Saudi context, Alhur (2021) echoes this perspective by documenting increased acceptance of digital
platforms during the pandemic. However, like many perception-based studies, it stops short of empiri-
cally evaluating student learning outcomes within blended models—Ileaving the long-term pedagogical
effectiveness largely unexamined.

The Saudi Ministry of Education’s post-pandemic adoption of hybrid models reflects a growing
awareness that educational resilience requires more than reactive digital infrastructure. It demands sus-
tained curricular reform, robust teacher training, targeted technical support, and interactive, student-cen-
tered design.

In this light, the Saudi experience reveals both the resilience and vulnerability of educational sys-
tems under pressure. While the rapid technological rollout was logistically impressive, the absence of
deep pedagogical integration significantly curtailed its transformative potential. Future research must
therefore move beyond surface metrics of access and satisfaction to critically interrogate the quality,
equity, and innovativeness of learning experiences. By addressing these deeper questions, studies like
the present one can contribute meaningfully to a more sustainable and pedagogically grounded digital
transformation in education.

Methodology

This study implements a mixed design approach, combining qualitative and quantitative methods to
gain a comprehensive understanding of the research problem. Semi-structured interviews are used to
collect in-depth qualitative data, while a structured questionnaire gathers quantitative data for statistical
analysis. The integration of both data types provides a more holistic analysis, particularly useful in fields
like social sciences, education, and healthcare. Using a mixed research design allows for a fuller explo-
ration of research questions by combining the strengths of both qualitative and quantitative approaches
(Creswell, 2014; Tashakkori & Teddlie, 2010).

203



Dr. Sultan Samah A. Almjlad: Adapting to Change: The COVID-19 Pandemic’s Impact on Technology-Enhanced Teaching Practices

Data Collection Instruments

This study employed a mixed-methods approach, using a structured questionnaire and semi-struc-
tured interviews to explore the research questions from both quantitative and qualitative perspectives
(Creswell, 2014; Tashakkori & Teddlie, 2010).

The questionnaire, consisting of 30 items, included mainly closed-ended questions on a 5-point
Likert scale (e.g., from “Not effective at all” to “Extremely effective” or “Strongly disagree” to “Strong-
ly agree”), designed to measure participants’ perceptions, experiences, and attitudes in a standardized
format suitable for statistical analysis (Dornyei, 2007; Cohen, Manion, & Morrison, 2018). A few
open-ended items were also included to capture additional insights and context not easily expressed
through fixed responses (Gillham, 2005). The design prioritized brevity and ease of completion—tak-
ing under 15 minutes—to support response quality and completion rates (Bryman, 2016; Oppenheim,
2000).

To enrich and contextualize the survey data, semi-structured interviews were conducted with a pur-
posively selected subset of participants. Using a flexible guide of six open-ended questions aligned
with the questionnaire themes—such as teaching experiences, technology use, and classroom challeng-
es—the interviews allowed for deeper exploration of individual perspectives (Creswell & Poth, 2018).
Each interview lasted approximately 25-30 minutes, was audio-recorded with consent, and transcribed
verbatim for qualitative analysis.

Combining data from both instruments enabled the triangulation of findings, allowing the researcher
to validate patterns from the questionnaire while uncovering richer, nuanced insights through the inter-
views (Creswell & Plano Clark, 2018). This integrative approach ensured a more comprehensive and
credible understanding of the research problem.

Participants and Setting

The researcher obtained ethical approval to implement the study from the concerned ethics commit-
tee at Northern University. All participants signed the consent form to participate in the study. Thirty-two
EFL teachers, consisting of females (21.8%) and males (78.2%), were involved in this study. All of them
were working in the preparatory program at Northern Border University, teaching English to first-year
university students in 2021. The preparatory program is offered at most Saudi universities. It aims to
teach students and equip them with various skills, such as communication, critical thinking, computer
skills, and English proficiency, with a primary focus on English. The students were taught two modules:
English 1 and English 2, with a total of 15 credit hours for each module. Additionally, this program
serves all university students from various disciplines, including Medicine, Nursing, Basic Sciences,
Administrative Sciences, and Humanities. The competent body responsible for the first-year program is
the Deanship of the Preparatory Year and Supportive Studies. The teachers who teach the English course
in the foundation year come from diverse nationalities, and not all of them are native Arabic speakers.
Some of the teachers are from non-Arabic-speaking backgrounds, bringing a range of skills and teaching
experiences. Table 1 provides more details about the participants’ age and years of teaching experience.

Table 1: Demographic information

Demographic information Categories Frequencies Percentages
Age 24-34 9 28.1%
35-44 14 43.8%
45-54 7 21.9%
55 and above 2 6.3%
Gender Male 25 78.1%
Female 7 21.9%
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Demographic information Categories Frequencies Percentages
Experience teaching No experience | 3.11%
1-5 3 9.4%
6-10 13 40.6%
11-15 6 18.8%
More than 15 9 28.1%
Nationality Sudanese 4 12.5%
Tunisian 1 3.1%
Pakistani 8 25%
Indian 7 21.9%
Jordanian 9 28.1%
Saudi 3 9.4%
Qualification MA 28 87.5%
PhD 4 12.5%
Platform Used Zoom 5 15.6%
Microsoft Teams 2 6.3%
Google Classroom 0 0.0%
Google Meet 3 9.4%
Moodle 0 0.0%
Blackboard 22 68.8%
WhatsApp 0 0.0%
Frequency of Use Daily 27 84.8%
4-5 times a week 3 9.4%
3-4 times a week 2 6.3%
Once a week 0 0.0%
Raely 0 0.0%
Never 0 0.0%

The data provides a detailed overview of the participants’ demographics and usage habits. The largest
group of respondents is in the 35-44 age range, representing 43.8%, followed by the 24-34 age group
at 28.1%. A significant gender imbalance is evident, with 78.1% of respondents identifying as male.
In terms of teaching experience, most participants have between 6-10 years of experience, making up
40.6% of the sample, while others are spread across varying levels of experience. When considering
nationality, Jordanian respondents account for the largest portion at 28.1%, followed by Pakistani and
Indian participants. Most respondents hold a Master’s degree (87.5%), with a smaller portion holding a
PhD (12.5%). Regarding platform usage, Blackboard is the most commonly used platform, with 68.8%
of participants reporting its use, while Zoom and Google Meet are also frequently used. The majority
of respondents, 84.8%, use technology daily, indicating a high level of engagement with the tool. These
results suggest a well-educated and highly engaged user group, predominantly male, with a strong pref-
erence for established educational platforms.
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Procedures

After obtaining ethical approval. All participants were informed about the objectives and procedures
of the study and signed an informed consent form to confirm their voluntary participation.

Data collection occurred in two main stages over three weeks during the Fall semester of 2021. In
the first stage, a structured questionnaire was distributed electronically to 32 EFL teachers working in
the university’s preparatory year program. The questionnaire, which included both closed-ended Likert-
scale items and open-ended questions, was designed to be completed in less than 15 minutes. Partici-
pants were asked to complete the questionnaire within one week, and the majority responded within that
timeframe.

To ensure the reliability of the instrument, the internal consistency of the Likert-scale items was
examined using Cronbach’s alpha. The computed coefficient was 0.84, which is considered to indicate
good internal consistency and suggests that the questionnaire items reliably measured the intended con-
structs (George & Mallery, 2003).

In the second stage, a subset of participants was purposively selected from those who completed the
questionnaire, based on criteria such as years of teaching experience, familiarity with online platforms,
and willingness to provide in-depth feedback. A total of 10 EFL instructors were interviewed to ensure
diversity in experience and teaching styles. Interviews were conducted individually via Zoom, each
lasting approximately 25-30 minutes.

An interview guide consisting of six open-ended questions was used to ensure consistency across
sessions, while still allowing flexibility to explore emerging themes. All interviews were audio-recorded
(with consent) and later transcribed verbatim for qualitative analysis.

Throughout the data collection process, confidentiality and anonymity were strictly maintained. Par-
ticipants’ responses were coded, and all data were stored in encrypted, password-protected digital files.
The use of both quantitative and qualitative procedures allowed for a richer, triangulated understanding
of the research problem.

Data analysis

Data analysis is a critical process involving the systematic examination, organization, and interpre-
tation of data to uncover patterns, generate insights, and answer specific research questions (Creswell,
2014; Miles et al, 2014). This study employed a mixed-methods approach, incorporating both qual-
itative and quantitative data to provide a comprehensive and multidimensional understanding of the
research problem.

Quantitative data were analyzed using SPSS software, where frequencies and percentages were com-
puted to illustrate the distribution of responses collected through the questionnaire. This statistical treat-
ment enabled the identification of key numerical trends and patterns within the dataset, facilitating a
clear and objective interpretation of the quantitative findings.

For the qualitative component, data obtained from semi-structured interviews were transcribed ver-
batim to preserve the richness and authenticity of participants’ narratives. Thematic analysis was con-
ducted following the six-phase framework proposed by Braun and Clarke (2006): (1) transcribing the
interviews, (2) immersing in the data through repeated readings, (3) generating initial codes to capture
significant features, (4) organizing codes into potential themes, (5) reviewing and refining themes to
ensure coherence and relevance, and (6) defining and naming the final themes to encapsulate the core
meanings. This rigorous, structured approach to qualitative analysis ensured a systematic exploration of
participants’ experiences, ultimately enriching the study’s findings and contributing to a deeper under-
standing of the research phenomenon.

Findings

Analysis of participants’ responses to the online questionnaire revealed diverse opinions and per-
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spectives regarding technology integration in online classes during the COVID-19 pandemic in Saudi
Arabia. The findings also highlighted varying perceptions of the relationship between student success or
failure and the effectiveness of technology integration, particularly in relation to the objectivity of the
teaching process. The quantitative results obtained from the questionnaire are presented in the following
sections.

Table 2: Evaluation of Online Learning Tools’ Effectiveness

Statements Frequency Percentage
Not effective at all 2 6.3%
Slightly effective 1 3.1%
Moderately effective 3 9.4%
Very effective 9 28.1%
Extremely effective 17 53.1%

The data in Table 2 from the survey on the effectiveness of online learning tools shows a highly
positive response, with 81.2% of respondents rating the tools as either “Very effective” (28.1%) or “Ex-
tremely effective” (53.1%). A smaller percentage, 9.4%, rated them as “Moderately effective”, while
only 9.4% found them less effective, with 6.3% selecting “Not effective at all” and 3.1% choosing
“Slightly effective”. Overall, most participants were satisfied with the tools, indicating that they facil-
itated learning well. However, the few negative ratings suggest that some users may have encountered
challenges, such as technical issues or a lack of engagement, which could be addressed to improve the
tools further.

Table 3: Advantages of Using Online Learning Technologies for Teaching

Statements Frequency Percentage
Increased student engagement. 1 3.1%
Flexibility in planning and organizing. 1 3.1%
Easier communication with students and parents. 10 31.3%
Access to a wide range of digital learning resources. 8 25%
Ability to monitor student progress and performance. 8 25%
Facilitates self-learning. 4 12.5%

The data shows that the primary advantage of using online learning technologies for teaching is easi-
er communication with students and parents, with 31.3% of respondents highlighting this benefit. Addi-
tionally, 25% of respondents appreciated having access to a wide range of digital learning resources and
the ability to monitor student progress. 12.5% mentioned that these technologies facilitated self-learn-
ing, while 3.1% cited advantages like flexibility in planning and increased student engagement. Overall,
the data suggests that online tools are particularly valued for improving communication and providing
resources, while their impact on engagement and planning flexibility is less pronounced.

Table 4: Impact on Student Engagement and Learning Outcomes

Statement Strongly Agree | Neutral | Disagree | Strongly
Agree Disagree
Online learning led to an increase in student 12 6 8 3 1
engagement. (37.5%) | (18.8%) | (25%) | (9.4%) (3.1)
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Online positively affected students’ academic 21 2 4 4 1
achievement. (65.6%) 63%) | (12.5%) | (12.5%) | (3.1%)
The use of technology helped students better 17 3 7 5 0
understand the material. (53.1%) | (9.4%) | 21.9%)| (15.6%) | (0.0%)
Students preferred online learning to face-to- | 25 4 2 1 0

face learning. (78.1%) (12.5%) | (6.3%) | (3.1%) (0.0%)

The data shows that most participants viewed online learning positively. For student engagement,
56.3% (37.5% strongly agree + 18.8% agree) felt online learning increased engagement, while 12.5%
(9.4% disagree + 3.1% strongly disagree) disagreed, and 25% were neutral. Regarding academic
achievement, 71.9% (65.6% strongly agree + 6.3% agree) believed online learning positively impacted

academic performance, while 12.5% disagreed.

On whether technology helped students understand the material, 62.5% (53.1% strongly agree +
9.4% agree) felt it did, while 15.6% disagreed, and 21.9% were neutral. For preference, 90.6% (78.1%
strongly agree + 12.5% agree) preferred online learning over face-to-face classes, with only 3.1% dis-
agreeing and 6.3% remaining neutral. Overall, online learning was seen as effective, particularly in

engagement and preference, though a small group of participants had mixed opinions.

Table 5: Professional Development and Support

Statement Strongly Agree Neutral | Disagree | Strongly
Agree Disagree
The training I received was sufficient to use 10 4 7 9 2
online teaching tools effectively. (31.3%) (12.5%) (21.9%) (28.1%) (6.2%)
The support from my school was helpful to 9 4 9 9 1
overcome challenges with online teaching. (28.1%) (12.5%) (28.1%) (28.1%) (3.1%)
I feel confident in using technology for fu- 11 8 10 3 0
ture teaching. (44%) | 5%) | 313%) | ©3%) | 00%)

The data reflects mixed views on online teaching tools, training, and support. While 31.3% of the
teachers felt the training was sufficient, 34.3% disagreed or were neutral, suggesting room for improve-
ment. Regarding school support, 40.6% found it helpful, but 31.2% disagreed or were neutral. For future
confidence in using technology, 59.4% felt confident, but 31.3% were neutral, indicating some uncer-
tainty. Overall, while many teachers feel confident about using technology, improvements in training
and support could enhance their readiness.

Table 6: Future Use of Technology in Education

Statement Strongly Agree Neutral | Disagree Strongly
Agree Disagree
Technology should continue to be integrated 22 8 2 0 0
into teaching after the pandemic. (68.8%) (25%) 6.2%)) (0.0%) 0.0%))
Online learning will remain an essential part 28% 4 0 0 0
of education in the future. (87.5%) (12.5%) (0.0%) (0.0%) (0.0%)
I believe technology improves teaching and 21 4 5 2 0
learning outcomes. (65.6%) | (21.5%) | (15.6) | (6.2%) (0.0%)
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I am willing to continue using Technology 29 4 0 0 0

in the classroom even 90.6%) | (12.5%) | (0.0%) | (0.0%) (0.0%)
after the pandemic is over.

The data shows strong support for the continued use of technology in education after the pandem-
ic. Most respondents agree (combining “Agree” and “Strongly Agree”) that technology should remain
integrated into teaching (93.8%) and that online learning will remain an essential part of education in
the future (100%). Nearly all respondents believe technology improves teaching and learning outcomes
(90.6%). A majority (78.1%) are willing to continue using technology in the classroom post-pandemic,
although a smaller portion (21.9%) is neutral or disagrees. Overall, the responses suggest a positive

outlook on the ongoing role of technology in education.

Table 7: Challenges Faced During Online Teaching

Statement Strongly Agree Neutral | Disagree | Strongly
Agree Disagree
I faced technical difficulties (e.g. poor inter- 29 3 0 0 0
net, platform issues while teaching online. (90.6%) (9.3%) 0.0%)) (0.0%) 0.0%))
I did not receive adequate training to use on- 28% 4 0 0 0
line teaching tools effectively. (87.5%) (12.5%) (0.0%) (0.0%) (0.0%)
My students faced significant challenges in 18 4 8 2 0
accessing online education (e.g., lack of de- o o o o o
vices, poor internet). (56.3%) (21.5%) (25%) (6.2%) (0.0%)
I found it difficult to keep students engaged 23 6 3 0 0
during online lessons. 71.9%) | (188%) | 93%) | (0.0%) | (0.0%)
I was not able to adapt to online teaching 28% 1 2 1 0
quickly and effectively. (87.5%) | (3.1%) | (63%) | (3.1%) | (0.0%)

The data shows that most educators faced significant challenges during online teaching, including
technical difficulties (90.6%), lack of adequate training (87.5%), and struggles in keeping students en-
gaged (87.5%). A large portion (71.9%) also reported that their students faced access issues, such as
poor internet or lack of devices. Additionally, many teachers found it difficult to adapt quickly and
effectively to online teaching. Overall, the responses highlight the difficulties of transitioning to online
education and the need for better support, resources, and training for both educators and students.

The following section presents the qualitative findings based on interviews conducted with selected
participants. These interviews were intended to support the questionnaire results and to provide a deeper
understanding of the phenomenon under investigation.

Code 1: Technology Platforms Used

It was evident that teachers relied on a variety of technology platforms during online teaching.
T1 explained that:

“We mostly used Microsoft Teams for lessons and Zoom for
smaller group discussions. I also used Google Classroom for
assignments and assessments.”

Similarly, TS pointed out:

“We used a lot of different tools: Zoom for live lessons,
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Google Classroom for assignments, for quizzes and interactive
activities.”

In addition, T2 emphasized the role of Blackboard, stating:

“We mostly used Blackboard for course content and Zoom for
live classes. I also integrated YouTube videos to explain complex
concepts.”

Code 2: Frequency of Technology Use

The frequency of technology use varied, but most teachers reported regular engagement with digital
platforms.
T8 mentioned:

“I used Microsoft Teams for every lesson, and Zoom was used two
or three times a week for interactive sessions. It was very effective,
especially for group work and discussions.”

Likewise, T9 highlighted that:

“Blackboard was used every day to upload materials and manage
assessments. Zoom was used three times a week. 1 felt these tools
were effective, especially in explaining difficult topics.”

Meanwhile, T10 noted:

“Zoom sessions were held once a week, and WhatsApp was used daily
for quick announcements or clarifications. Quizlet was used once a
week for vocabulary revision.”

Code 3: Challenges Faced in Adapting to Online Teaching

Many teachers faced difficulties adapting to online teaching, especially related to technology and

connectivity.
T8 stated:
“The biggest challenge was internet connectivity. Some students
couldn't log in because of weak connections. Also, many teachers
werent trained to use online tools effectively.”
T9 added:

“Technical difficulties were a major issue. Some students had outdated
devices or couldn t access the platform. Plus, I didn t have enough time
to learn the new tools thoroughly.”

Similarly, T5 pointed out:

“The main challenge was adapting to the new environment. I wasn't
familiar with Blackboard initially, and there was a steep learning
curve.”

Code 4: Student Engagement and Learning QOutcomes

Student engagement was reported to be lower in online classes compared to traditional settings.
T1 observed:

“Student engagement dropped compared to in-person classes. Many
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students didn t actively participate in lessons. However, their performance
in written assignments remained consistent.”

T2 similarly noted:
“Engagement was a challenge. Many students didn t turn on their cameras,
and it was difficult to know if they were paying attention. Their grades
stayed the same, but 1 felt there was a lack of enthusiasm in the lessons.”

T4 confirmed:
“Student engagement was lower. Many students were distracted, and some
missed lessons. However, their results on assignments remained the same.”

Code 5: Professional Development and Support

Support and professional development opportunities for teachers were often minimal.

T10 stated:
“There was some training provided on how to use Microsoft Teams, but it
was minimal. Most of what I learned was through online tutorials or trial

and error.”

T9 explained:
“I attended a few workshops, but the focus was more on basic usage. There
wasn 't enough follow-up support or guidance on how to handle specific

challenges in online teaching.”

T5 added:
“l didn't receive any formal training but had access to some online
tutorials. Colleagues were really supportive and helped me with technical

challenges.”

Code 6: Attitudes Towards Continued Use of Technology

Teachers generally expressed positive but cautious attitudes toward the future integration of technology.

T2 shared his view:
“I think technology should be used more in the classroom, but it should
complement in-person teaching. It helps with organization and accessibility,
but nothing beats face-to-face interaction.”

T4 agreed, stating:
“I believe technology can enhance learning, but it shouldn treplace traditional
methods. 1'd like to see more hybrid models in the future, combining online

tools with in-person lessons.”

T8 emphasized:
“I think online tools should be part of education moving forward, but they
need to be balanced with in-person learning. They help with organization and

assessment.”
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Summary of Findings

The combined results from the questionnaire and interviews reveal that most EFL teachers in Saudi
Arabia perceived online learning tools as effective during the COVID-19 pandemic. Approximately
81.2% of respondents rated these tools positively, citing benefits such as enhanced communication, eas-
ier access to educational resources, improved progress monitoring, and increased flexibility. Platforms
like Zoom, Microsoft Teams, and Google Classroom were commonly used.

Despite these advantages, several challenges were consistently reported. Technical issues, poor in-
ternet connectivity, limited student access to devices, and low student engagement were major barriers.
Additionally, many teachers found the training they received to be insufficient, and although peer sup-
port was helpful for some, a clear need for more formal and structured professional development was
identified.

While views on the impact of online teaching on professional growth were mixed, a significant num-
ber of teachers recognized its positive influence on student learning outcomes. Overall, there was strong
support for the continued integration of technology in education, with teachers expressing optimism
about its role in enhancing future teaching and learning experiences.

Discussion

This study set out to investigate the experiences of EFL teachers in Saudi Arabia during the COVID-19
pandemic, with a particular focus on the sudden shift to online instruction and the broader implications
of integrating educational technology into language teaching. A central objective was to explore not
only the nature of technologies used, but also the pedagogical, technical, and institutional dynamics that
shaped the effectiveness and sustainability of remote learning. The discussion below critically interprets
the findings in light of the study’s five core research questions and evaluates them against the existing
literature presented in the review.

The first research question asked: What types of digital technologies and platforms were ad-
opted by EFL teachers, and how frequently were they used to facilitate online instruction?
The results showed that teachers primarily relied on officially endorsed platforms such as Microsoft
Teams and Blackboard. While these tools were implemented nationwide as part of the Ministry of
Education’s digital response, their use in practice varied significantly in depth and consistency. Many
teachers confined themselves to the basic features of these platforms, often utilizing them for attendance
and content delivery without fully engaging students in interactive learning processes.

This limited engagement is consistent with the findings of Hodges et al. (2020), who argue that
emergency remote teaching differs fundamentally from well-designed online education. According to
their work, many global efforts to digitize instruction during the pandemic were characterized by sur-
face-level technological adoption without pedagogical transformation—an observation that echoes in
this study’s data. Teachers were often users of platforms, not designers of digital learning experiences.
This distinction is crucial, as frequency of use alone does not indicate instructional effectiveness. In line
with Tondeur et al. (2020), who emphasize the importance of meaningful digital integration, the findings
suggest that without structured support and training, teachers may adopt platforms as a formality rather
than as a strategic instructional choice.

Addressing the second research question—What pedagogical, technical, and engagement-relat-
ed challenges did teachers encounter during the transition to remote teaching?—the findings revealed
overlapping domains of difficulty that significantly affected instructional quality. Pedagogically, many
EFL teachers reported a lack of preparedness to redesign their lessons for online settings. As language
instruction typically depends on real-time verbal interaction, collaborative tasks, and contextualized
communication, the virtual environment posed constraints that many teachers were not equipped to
navigate. This lack of preparedness supports the concerns raised by Darling-Hammond et al. (2017),
who highlight that short-term, superficial training cannot substitute for sustained, in-depth professional
development focused on both technical and pedagogical capacities.
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Technical barriers further exacerbated these challenges. Teachers frequently mentioned issues such
as poor internet connectivity, unstable platforms, and lack of access to appropriate devices. These ob-
servations closely align with Alzahrani’s (2021) analysis of the Saudi context, in which he identified
infrastructure limitations as one of the main barriers to effective online education. These technical dif-
ficulties were not just logistical inconveniences; they disrupted lesson continuity, demotivated teachers,
and alienated students. Similar issues are also noted by Dhawan (2020), who found that in many global
contexts, online education in rural or underdeveloped areas was severely hindered by inadequate digital
access. In the present study, technical limitations were cited by teachers across various regions, suggest-
ing a systemic issue in digital readiness, particularly among under-resourced schools.

In terms of student engagement, many teachers observed a decline in motivation, participation, and
attentiveness during online lessons. Some attributed this to students’ unfamiliarity with online learning
environments, while others emphasized the absence of direct supervision and face-to-face accountabili-
ty. These reflections align with the findings of Lay et al. (2020), who reported that during the pandemic,
both students and teachers struggled to maintain engagement due to the lack of structured interaction
and tailored digital pedagogy. Moreover, the findings show that teachers lacked tools and strategies to
rebuild that engagement virtually, reflecting an institutional gap in both policy and practice.

The third research question examined: How did teachers perceive the impact of online learning on
student motivation, participation, and academic performance? Teacher perceptions were predominantly
negative, with many reporting that online learning diminished students’ ability to engage meaningfully
with language content. Skills such as speaking and listening—core to EFL development—were particu-
larly difficult to cultivate in a digital setting. Teachers noted that students often remained silent, muted,
or distracted during online sessions. This perception aligns with Alzahrani (2021), who concluded that
online learning in Saudi Arabia often fails to maintain student engagement without strong pedagogical
scaffolding.

Despite this, some teachers acknowledged that online learning provided flexibility and convenience,
particularly for students with strong self-regulation skills or those in geographically remote areas. This
duality in perception reflects Dhawan’s (2020) global findings, which highlight both the advantages and
limitations of online education. Yet, the effectiveness of such learning remains contingent on the quality
of instructional design and teacher competence—factors that were notably uneven among participants
in this study.

Tondeur et al. (2020) similarly assert that digital tools alone cannot improve learning outcomes; rath-
er, they must be part of an intentional, pedagogically sound approach. The results of this study support
that view. Teachers who had previous experience with online tools, or who had received prior training,
expressed greater confidence and perceived higher student engagement. This reinforces the importance
of not only access to technology but also training in how to use it effectively to enhance learning.

The fourth research question asked: What forms of professional development and institutional
support did teachers receive, and how did this influence their ability to adapt to online instruction?
Participants overwhelmingly reported that the professional development they received was inadequate
in both content and delivery. Many teachers described the training as heavily focused on platform
mechanics—such as scheduling sessions or sharing screens—without sufficient emphasis on how to
adapt instruction for digital environments. This mirrors the concerns raised by Darling-Hammond et al.
(2017), who argue that impactful teacher development must be comprehensive, sustained, and embed-
ded in practice—not isolated technical sessions.

Moreover, the findings support the argument presented by Lay et al. (2020), who found that during
the pandemic, teacher development initiatives were often reactive, fragmented, and detached from class-
room realities. In the Saudi context, participants in this study reported that most institutional support
was short-term, top-down, and lacking in follow-up mechanisms. As a result, many educators turned to
informal peer networks, self-learning, and trial-and-error methods—approaches that, while admirable,
point to institutional gaps in leadership and preparedness.

Teachers also reported increased workloads as they adapted to new technologies while simultaneous-
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ly redesigning lesson plans and managing student behavior online. These pressures often led to elevated
stress and emotional fatigue. This finding is strongly supported by Algassim et al. (2022), who found
that nearly 70% of teachers in the Jazan region exhibited moderate to high symptoms of burnout during
the pandemic, with emotional exhaustion being the most prominent. The alignment between that study
and the current findings underscores the urgency of redesigning institutional support systems to prevent
long-term professional deterioration among educators.

The fifth research question explored: What are teachers’ attitudes toward the sustained use of ed-
ucational technology beyond the pandemic, particularly in relation to blended learning models?
Interestingly, despite the many difficulties they encountered, most teachers in this study expressed cau-
tious openness toward continued technology integration. Their willingness to use digital tools in the
future was conditional on certain factors: improved infrastructure, more relevant training, and balanced
workloads. Many advocated for blended learning models, arguing that a combination of online and face-
to-face instruction could allow for flexibility, better engagement, and instructional diversity.

This attitude is echoed in Alhur (2021), who promotes blended learning as a strategy for future readi-
ness in Saudi education. According to her study, hybrid models can offer the best of both worlds—acces-
sibility through online content and depth through in-person interaction. Likewise, Garrison and Kanuka
(2004) found that blended learning environments foster autonomy, flexibility, and social presence—all
of which are necessary for language acquisition. The alignment between participants’ views and these
prior studies indicates that teachers are not resistant to change, but rather are calling for more thoughtful,
systemic implementation of digital learning models.

However, participants also raised concerns about long-term equity. Several noted that the digital
divide remains unresolved, particularly in rural or economically disadvantaged regions. This concern
aligns with the findings of Al-Rashaidan & Al-Thwaini (2021), who warned that unless policies actively
address disparities in digital readiness, the move toward technology-enhanced learning may exacerbate
educational inequality. Teachers in this study recognized that sustainability of digital learning hinges
not just on willingness, but on inclusive planning, equitable resource distribution, and a rethinking of
traditional teaching norms.

Furthermore, teachers emphasized the need to align technology integration with national goals, par-
ticularly those related to Saudi Arabia’s Vision 2030. This resonates with Nurunnabi (2017), who con-
tends that building a knowledge economy requires more than hardware or internet access—it requires
curriculum reform, teacher development, and coherent policy frameworks that empower educators, not
merely obligate them.

Addressing the sixth research question—What are teachers’ attitudes toward the continued use of
technology in education after the pandemic?—the findings reveal a cautiously optimistic stance among
EFL teachers. While many voiced dissatisfaction with their emergency experiences during the pandem-
ic, a substantial number of participants acknowledged the potential of digital technologies to enrich
instruction and improve access to learning. Teachers advocated for the continued use of technology in
a blended format that combines the flexibility of online learning with the depth and immediacy of face-
to-face instruction.

This perspective aligns with Alhur (2021), who argues that blended learning models represent a
promising path for Saudi education post-pandemic. According to her research, the hybrid format allows
for differentiated instruction and fosters student engagement across diverse contexts. Similarly, Garrison
and Kanuka (2004) emphasize that blended learning enhances autonomy, interaction, and reflection—
core components of effective language acquisition. Teachers in this study echoed these benefits, noting
that digital tools could support independent learning and allow students to revisit material at their own
pace.

However, teachers also raised concerns about structural inequalities in digital access and readiness.
These concerns are validated by Al-Rashaidan & Al-Thwaini (2021), who warn that unless digital equity
is systematically addressed, educational technology may exacerbate existing disparities, especially in
under-resourced regions. Several participants underscored that successful long-term adoption requires
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not just tools, but an ecosystem of support—including stable internet, functional devices, sustained
training, and responsive leadership.

Finally, teachers emphasized the need to align digital learning initiatives with Saudi Arabia’s Vision
2030. Their views resonate with Nurunnabi (2017), who argues that developing a knowledge economy
requires comprehensive educational reform, not just technological infrastructure. Participants in this
study saw themselves as critical agents in this transformation—willing to embrace change, but expect-
ing to be equipped, supported, and included in strategic planning.

Conclusion

This study examined the use of technology in education by instructors in Saudi Arabia during the
COVID-19 pandemic, focusing on the challenges they faced and the impact on teaching effectiveness.
The rapid shift to online education revealed significant obstacles, including insufficient teacher pre-
paredness, technical issues such as internet connectivity problems, and an increased workload. Despite
these challenges, technology-driven educational platforms played a crucial role in maintaining instruc-
tional continuity. Educators with prior digital experience demonstrated greater confidence in effectively
using online tools.

Although online learning offered flexibility, it proved less effective than traditional face-to-face in-
struction, particularly in terms of student engagement and learning outcomes. This finding aligns with
global research that highlights the limitations of online education, especially regarding student inter-
action and participation. The study also suggests that blended learning models—combining online and
in-person instruction—offer a promising approach to enhancing future educational experiences.

Based on these insights, the study provides a substantial and practical contribution to the ongoing dis-
course on digital transformation in education. It sheds light on how educators in Saudi Arabia navigated
the challenges of emergency remote teaching during the COVID-19 pandemic and identifies the key
factors that influenced their instructional effectiveness. These include digital competency levels, access
to technological infrastructure, student engagement limitations, and institutional support mechanisms.

From a practical standpoint, the findings offer clear, evidence-based directions for a variety of stake-
holders:

For policymakers, the study highlights priority areas for intervention, including the urgent need to
address the digital divide, particularly in underserved or rural regions. Investments in infrastructure—
such as reliable internet access, device availability, and school-based IT support—should be strategical-
ly targeted based on the disparities revealed.

For teacher training institutions and education ministries, the findings can directly inform the design
of targeted professional development programs. These programs should go beyond basic digital literacy
and focus on pedagogically sound technology integration strategies, classroom management in virtual
environments, and subject-specific digital tools.

For school administrators and education leaders, the results underscore the importance of providing
ongoing support, not only through infrastructure and training, but also through clear communication,
flexible policies, and platforms that facilitate collaboration and resource sharing among educators.

For curriculum developers, the study draws attention to the need for content that is adaptable to both
online and blended formats, ensuring continuity of learning regardless of instructional modality.

In addition to these practical implications, the study identifies several avenues for future research that
can build on its findings. Specifically, there is a need to:

Evaluate the long-term effects of prolonged online and blended learning experiences on student
academic performance, critical thinking, and engagement across different age groups and educational
levels.

Investigate the impact of sustained digital training programs on teachers’ instructional practices and
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student outcomes, particularly in the Saudi context.

Explore the scalability and sustainability of blended learning models, including cost-effectiveness,
teacher workload management, and institutional capacity to maintain such models post-pandemic.

Examine regional disparities in technology access and use, to inform localized strategies that ensure
educational equity.

While the study offers practical and policy-relevant insights, certain limitations must be acknowl-
edged. The relatively small and purposively selected sample limits the generalizability of the findings to
the broader population of educators in Saudi Arabia. Additionally, the reliance on self-reported data—
both in the questionnaire and interviews—introduces the possibility of response bias, as participants
may have over- or under-reported their experiences due to social desirability or personal perceptions.
These limitations suggest that future studies should consider larger, more diverse samples and incorpo-
rate objective measures—such as classroom observations or performance data—to enhance validity and
reliability.

Nevertheless, the study also revealed meaningful contradictions that warrant critical reflection.
While many educators reported significant challenges in integrating technology—such as limited train-
ing and inadequate infrastructure—some participants nonetheless expressed high levels of confidence
and perceived teaching effectiveness. This contrast suggests that individual factors, such as prior digital
literacy, adaptability, and institutional support, may have played a more influential role than initially
anticipated. Moreover, although online learning was generally perceived as less effective, a minority of
participants observed benefits such as improved student autonomy and enhanced digital communication
skills. These findings indicate that the impact of educational technology is not inherently positive or
negative, but highly dependent on context. They also underscore the importance of avoiding overgener-
alizations and highlight the need for more nuanced, context-sensitive research into how various factors
shape the outcomes of technology-integrated teaching.

By offering both a diagnostic view of challenges and a forward-looking roadmap, this study moves
beyond theoretical discussion to deliver practical, actionable insights that can directly influence educa-
tional reform, digital policy design, and capacity-building efforts in Saudi Arabia and similar contexts.
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Abstract

This research aims to determine the impact of environmental, social, and governance (ESG)
disclosure on both firm value (FV) and cost of capital (COC) in the Egyptian business environment as
a developing economy. The research is considered the first academic empirical study to test the impact
of sustainability practices by combining ESG disclosure with firm value and capital cost in Egypt. The
research used 43 listed firms in the Egyptian ESG index from 2018 to 2022 to test two hypotheses
through two statistical models. It employed the reduced form approach and estimated the equations by
applying the fixed effects model. The research found a significant and positive nexus between ESG and
FV. So, ESG disclosure improves FV and helps firms create value. Moreover, there is a significant and
negative nexus between ESG and COC. So, ESG disclosure reduces COC and enables firms to access
more funds. The research contributes to the accounting literature by providing new evidence in this
arguable area from Egypt. Thus, it gives policymakers insights into the significance of regulating ESG
disclosure in the Egyptian context. Going further, it can motivate future studies to explore this impact
in other contexts to develop a comprehensive framework of this knowledge area in the accounting field.

Keywords: ESG disclosure, Firm value, Capital cost, Egyptian stock market.
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1. Introduction

In recent decades, the firm’s survival, success, and value creation have undergone a significant trans-
formation, especially with the noted global increase in the capital cost and the awareness of investors
in fund allocation (Alia & AbuSarees, 2023; Bryl et al., 2019). Despite traditional indicators such as
profitability ratios and market share still being important and able to create a lens about a firm’s financial
health for stakeholders, a growing wave of evidence in the accounting literature ensures the role of envi-
ronmental, social, and governance (ESG) disclosure in shaping long-term firm value creation and direct-
ing capital and investors to the financial market (Anita et al., 2023; Rasyad et al., 2024; Rohendi et al.,
2024). Over time, ESG dimensions became the core of strategic investment decision-making (Yilmaz,
2022). This reflects a heightened interest and awareness of the nexus between a firm’s operations and
society’s well-being (Gupta et al., 2025), driven by stakeholder expectations, policymakers’ pressures,
and the current international interest in firm sustainability (Khanchel & Lassoued, 2022).

Stakeholders have been mainly linking their decisions to ESG disclosure, based on the belief that
a firm with high ESG disclosure/performance is better able to manage risks and generate sustainable
profits (Verheyden et al., 2016). Moreover, this investors’ trend is increased by the sustainable finance
initiatives, which direct funds to firms with a high score of ESG based on the different formal indexes
(Chang & Lee, 2022; Yu & Xiao, 2022). In addition, international regulatory authorities and bodies are
also responding to this trend by issuing more ESG disclosure requirements, formal indexes, and incen-
tives to enhance financial reporting transparency in terms of sustainability practices (Aydogmus et al.,
2022; Wu et al., 2022).

In depth, there are several advantages of ESG disclosure for firms in the business environment ac-
cording to the arguments of (Avramov et al., 2022; McBrayer, 2018), such as ESG reporting can en-
hance both a firm’s reputation and stakeholders’ trust; this can translate into more access to funds and
decreased regulatory scrutiny, which may decrease the cost of capital (Lohia & Maji, 2025). Moreover,
ESG practices can improve a firm’s risk management in general. In addition, ESG disclosure is con-
sidered a signal of a firm’s adoption of a long-term sustainable business model, which helps in value
creation and attracting investors who prioritise responsible investments (Balassiano et al., 2023; Ellili,
2020; Priem & Gabellone, 2024; Yilmaz, 2022). These advantage consistes with both agency and stake-
holders’ theories.

However, the nexus between ESG disclosure, firm value (FV), and cost of capital (COC) till now
is complex based on the evidence from previous literature (Khanchel & Lassoued, 2022; Rasyad et al.,
2024; Rohendi et al., 2024). The impact of ESG disclosure may vary across countries, industries, and
firm-specific characteristics (Almaskati, 2025) due to the regulatory frameworks, the institutional de-
velopment, stakeholder engagement, and the national business culture (Fuadah et al., 2022; Srivastava
& Anand, 2023). In developing economies (such as the Egyptian context), where institutional structures
and regulatory environments are often less developed, examining the impact of ESG disclosure may be
more nuanced and meaningful.

Egypt, as one of the biggest economies in Africa, is undergoing major economic reforms after the
2011 revolution in terms of financial regulations and rules to attract more foreign investment to achieve
sustainable development. In this sense, ESG practices and transparent disclosure become increasingly
important in the Egyptian business environment for enhancing investor trust and ensuring long-term
competitiveness (Aboud & Diab, 2018; El-Deeb et al., 2023). Thus, Egypt presents an ideal context for
exploring the nexus between ESG, FV, and COC. However, the adoption and formal regulation of ESG
practices in the Egyptian business environment is still in its initial stages. At the same time, many firms
don’t have enough resources and facilities to adopt ESG frameworks and provide accurate sustainability
reports. This is further compounded by the limited availability of reliable ESG information and the lack
of standardised reporting frameworks. Moreover, a rarity of academic interest in ESG practices in the
Egyptian environment. Consequently, the impact of ESG disclosure on FV and COC remains relatively
unexamined.

Based on the above, the need for empirical research to determine the potential impact of ESG dis-
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closure in Egypt is underscored by several factors. Firstly, the Egyptian stock market represents a large
part of the national capitalisation. Thus, understanding the nexus between ESG disclosure and COC
is important for promoting efficient capital allocation and attracting investment. Secondly, Egypt is
actively promoting sustainable development, and empirical evidence on the benefits of ESG disclosure
can inform policymaking and encourage the adoption of best practices. Thirdly, the Egyptian business
environment needs guidance on how to effectively disclose their ESG practices or performance to stake-
holders and enhance their competitiveness through the formal disclosure in the annual financial report-
ing, which will lead to improving the firm’s value creation

To sum, this research aims to discover the unclear lens with new empirical evidence about the nexus
between ESG disclosure, FV, and COC in the Egyptian context as a developing economy. To address this
objective, the research focused on finding answers to the following questions:

- Does ESG disclosure impact firm value in Egypt ?

- Does ESG disclosure impact the cost of capital in Egypt ?

According to the above objectives and from the standpoint of the Egyptian context, the research
significance comes from many elements. Firstly, it enhances the accounting literature by providing
evidence from a developing economy environment and shedding light on the unique opportunities,
benefits, and challenges related to ESG disclosure in developing economies. Secondly, the research has
practical implications for Egyptian firms, investors, policymakers, and regulators. The findings can help
Egyptian firms understand the benefits of ESG disclosure and develop effective reporting strategies.
Also, inform investors about the role of ESG dimensions in investment decisions and guide policymak-
ers in designing regulations that promote sustainability practices. Thirdly, the research contributes to
enhancing sustainable development in Egypt.

The remainder of the research is organized as follows: Section two reviews the previous literature
regarding the nexus between ESG, FV, and COC. Section three presents the methodology including
sample, variable measurement, and research models. Section four illustrates the results, and the conclu-
sion and future research in section five.

2. literature Review:

ESG disclosure have a major role in both the firm’s strategic planning and investors’ decision-mak-
ing. Thus, it became a double playmaker in any business environment. Moreover, the literature has
demonstrated the significance of ESG globally. But till now, understanding the nexus between ESG,
FV, and the COC is not clear based on the mixed evidence worldwide, despite its crucial importance for
decision-making and developing financial strategy. (Ramirez et al., 2022)

2.1. Theoretical Framework:

Going to theory background, agency theory provides a powerful lens through which to understand
why companies engage in ESG disclosure (Dinca et al., 2022). It primarily focuses on the potential con-
flicts of interest that arise between a firm’s principals and its agents, which is often due to information
asymmetry (Wiseman et al., 2012). Focusing on our research’s main dependent variables, FV and COC,
the theory provided a fundamental theoretical background.

The theory ensures that ESG disclosure is a solution to enhance reputation and stakeholders’ trust; by
voluntarily disclosing ESG information, managers can reduce the problem of information asymmetry,
which allows stakeholders to gain a more comprehensive understanding of the firm’s financial risks
and opportunities (Srivastava & Anand, 2023; Yu & Xiao, 2022). In terms of the nexus between ESG
and FV, ESG disclosures can serve as an effective monitoring mechanism, through providing informa-
tion on how the firm addresses ESG issues, stakeholders can assess whether managers are considering
long-term sustainability, which is increasingly seen as a driver of long-term value. In terms of the nexus
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between ESG and COC, ESG disclosure can signal to stakeholders that the firm is well-managed and
effectively handling financial risks. This reduced uncertainty, thereby lowering the firm’s cost of debt
and equity (Pedersen et al., 2021; Yilmaz, 2022).

2.2. The Nexus between ESG disclosure and FV.

2.2.1. Theoretical grounding.

FV is considered as a main concept in stock market due to its importance to investors in fund alloca-
tion and decision-making (Yu & Xiao, 2022). Where FV is the firm’s real value in the time of purchasing
its shares. While agency theory focuses on the principal-agent nexus, stakeholder theory broadens the
viewpoint of FV in academic research by assuming that the long-term financial stability depends on the
ability to increase the value for stakeholders (Aydogmus et al., 2022; Srivastava & Anand, 2023). In ad-
dition, Signalling theory argued that ESG disclosure serves as a credible signal of a firm’s commitment
to responsible and sustainable practices. Moreover, ESG helps firms enhance their legitimacy, build
stakeholders’ confidence, and improve firm value.

Basicly, FV is paramount for stakeholders, especially the current and potential investors, acting as
the guide for investment decisions. As FV mainly reflects the perceived worth of the firm. Thus, a higher
firm value often directly translates into increased share prices and wealth (Cheng et al., 2024; Fatemi
et al., 2018). Consequently, investors monitor FV as a key indicator of the firm performance. Based on
the importance of FV, many studies examined the financial and nonfinancial factors that may affect it
(Sumarno et al., 2023), and one of them is ESG disclosure.

2.2.2. Global and Egyptian empirical evidence.

Many scholars in the literature have examined and ensured the role of voluntary and narrative disclo-
sure in creating FV based on its ability to be a signal to stakeholders about the firm’s financial health,
but till now the role of ESG disclosure as a part of voluntary and narrative disclosure (in most countries)
still needs more evidence due to the differences in regulation or norms of ESG disclosure globally. As
Wu et al. (2022) examined the nexus between ESG disclosure and FV by using 1379 Chinese listed
firms from 2016 to 2020 and found that ESG have a role in improving FV. Moreover, institutional and
managerial ownership moderate this nexus. In the same context, Yu & Xiao (2022) evaluated the impact
of ESG on three measurements for FV, using 360 Chinese listed firms from 2010 to 2019 and noted a
positive and significant nexus between ESG disclosure and all measurements of FV. In detail, the social
and environmental dimensions positively impact FV, while the governance impact was insignificant.
Moving to South Korea, Chang & Lee (2022) determined how ESG practices influence FV by using 87
firms from 2002 to 2020 and confirmed that ESG have a significant positive impact on creating FV. in
addition, industrial growth rate and concentration strengthen this impact.

Going further with the combined international evidence, based on 1720 firms from 39 countries
during the period from 2013 to 2021, Aydogmus et al. (2022) investigated the nexus between ESG
score and FV and argued that overall ESG score has a positive nexus with FV. in detail, both social and
governance dimensions have a negative nexus, but environment dimension have a nonsignificant nexus.
Another piece of evidence during the period from 2011 to 2020, Srivastava & Anand (2023) used own-
ership concentration as a moderator to unveil the role of ESG scores in enhancing FV by using 15,640
firm year observations from 46 countries and found a positive nexus between ESG and FV, this result
supporting the stakeholder theory’s assumption.

A wave of literature argued that there is no significant impact of ESG on FV, Igbinovia & Agbadua
(2023) examined the influence of ESG on FV in Nigeria by using 20 firms from 2017 to 2021, and noted
that ESG practices don’t have a significant impact of FV individually, but the effect appeared significant
when moderated with firm advantage, that is, ESG disclosures can only impact FV if it is focused on
profitability. Moving to the Indonesian context, Rohendi et al. (2024) analyzed the nexus between ESG
disclosure and FV, in addition competitive advantage as a mediating factor by using 42 firms from 2015
to 2021 and found that ESG disclosure don’t influence FV. but, with using the competitive advantage
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as a mediating factor, the results showed a positive and significant trend toward enhancing FV, which
is consist with signal theory and resource theory. In the same sense, Rasyad et al. (2024) assessed the
significance and impact of ESG on firm’s financial performance and FV by using 10 Indonesian and
15 Malaysian firms in 2022 and noted that ESG has a significant and positive nexus with financial
performance, at the same time, ensured that ESG has a positive but no significant nexus with FV. More
recently, Putri & Tjun (2025) examined the nexus between ESG factors, firm value, and the capital cost
using ASEAN member countries from 2018 to 2022 and indicated that ESG has a positive influence on
firm value, while ESG does not influence capital cost. Furthermore, Prayogo et al. (2025) explored the
influence of ESG disclosure on firm value, moderated by earnings management, using 38 Indonesian
firms from 2019 to 2023, and found that ESG has a negative effect on firm value. In addition, earnings
management is also able to moderate ESG disclosure to firm value.

Focusing on the Egyptian environment, Aboud & Diab (2018) examined the nexus between ESG and
FV by using listed firms in the Egypt (227 firms in all indexes) from 2007 to 2016 and found that listed
firms in the ESG index have higher FV comparing with unlisted firms. Moreover, there is a positive
and significant nexus between firm’s rank in the ESG index and its value. Another piece of evidence,
El-Deeb et al. (2023) explored the nexus between ESG and FV by using 37 Egyptian listed firms from
2017 to 2021 and ensured the positive impact of ESG on FV. More recently, Alomair & Metwally (2025)
investigated whether ESG disclosure impacts the firm value and the tax avoidance in Egypt using the
data of 80 firms from 2018 to 2022 and revealed ESG disclosure’s major role in creating firm value and
reducing tax avoidance practices.

2.2.3. Research gap and hypothesis development.

Most literature scholars support the significant positive impact of ESG disclosure on FV. Moreover,
Aydogmus et al. (2022) argued that spending more funds on ESG practices enhances financial return in
terms of both profitability and value. At the same time, some studies argued that ESG practices have no
or negative impact on FV for many reasons, such as the investments in ESG dimensions consume the
firm’s funds. So, ESG is not mainly related to increasing FV (Wu et al., 2022). In addition, the direct
effect of all ESG dimensions is not clear until now, and there is a mixed lens based on the examined
context. Thus, ESG alone do not directly drive FV, suggesting the existence of possible channels of
transmitting ESG disclosure to value (Igbinovia & Agbadua, 2023). Based on this mixed evidence and
arguments in the related literature, the researcher developed the first hypothesis with consistence with
the stakeholder theory’s assumption:

H1I: There is a positive nexus between ESG disclosure and firm value in Egypt.
2.3. The nexus between ESG disclosure and COC.

2.3.1. Theoretical grounding

Agency, stakeholder, and Signaling theories, while distinct in their primary focus, converge to high-
light the importance of the COC in accounting academic research. Both theories explain how different
disclosures and governance structures can influence a firm’s access to and cost of financing (Chen et al.,
2023; Christy et al., 2025; Khanchel & Lassoued, 2022; Yilmaz, 2022).

In terms of agency theory, it views the firm as a nexus of contracts, as principals delegate deci-
sion-making authority to agents. Information asymmetry creates agency problems, which manifest as
agency costs. COC is a direct reflection of these agency costs in the stock markets. In terms of stake-
holder theory, it posits that a firm’s value creation is contingent upon managing relationships with all
its stakeholders, not just sharecholders. While it may seem less directly related to capital providers, ne-
glecting stakeholders can significantly impact COC (Balassiano et al., 2023; Priem & Gabellone, 2024).
In addition, Signaling theory argues that ESG disclosure is considered a credible signal of a firm’s
long-term financial stability and risk management. Moreover, ESG information helps firms in reducing
information asymmetry, which in turn leads to decreasing the firm’s capital cost.
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To sum, COC is an important financial indicator and is considered a fundamental benchmark for
strategic decision-making (Alduais, 2023). As COC represents the minimum rate a firm’s return must
earn to compensate its investors for their funds. Thus, it’s essential for evaluating the feasibility of any
future investment projects. Ultimately, COC influences financing decisions, as a lower COC provides
firms with greater financial flexibility. Based on the significance of COC, many studies explored the
financial and nonfinancial factors that may affect it, and one of them is ESG disclosure (Kim & Park,
2021; Piechocka-Kaluzna et al., 2021; Tanjung, 2023).

2.3.2. Global and egyptian empirical evidence.

A part of literature ensured the role of ESG disclosure in reducing the COC, mainly due to its ability
to enhance stakeholders trust especially investors, but there are many differences regarding the impact
of each ESG dimensions. As Khanchel & Lassoued (2022) explored the impact of ESG on COC by us-
ing 430 American firms from 2011 to 2019 and indicated that the ESG dimensions have a mixed impact,
governance dimension reduced the COC during the first years only (negative nexus) after that shows a
positive nexus. social disclosure over time increases the COC. However, environmental dimension has
a significant and negative impact on the COC during the first years only (positive nexus) but later in
time has a nonsignificant effect. Another piece of evidence from the middle east, Ellili (2020) exam-
ined the impacts of the ESG disclosure and ownership on the COC by using 30 listed firms in the UAE
during the period from 2010 to 2019 and confirmed that there is a high trend in firms’ adoption of ESG
disclosures. In addition, environmental and governance disclosures decrease significantly the COC, but
the social disclosure has nonsignificant impact. In the Chinese context, Chen et al. (2023) evaluated the
nexus between ESG and COC by using 153 firms from 2010 and 2020 and discovered that ESG sig-
nificantly reduced COC. Moreover, ESG reduce COC indirectly by limiting the market risk. Moving to
south America, Balassiano et al. (2023) unveiled the impact of sustainability practices (ESG) on COC
by using 96 Brazilian firms from 2016 to 2020 and found a negative nexus between the environmental
dimension only and the COC. However, there is no evidence about the role of ESG - as a total - in de-
creasing COC.

Going further with international evidence across countries, Yilmaz (2022) explored the nexus be-
tween firms’ sustainability practices (ESG scores) and COC by using 125 firms from 24 countries during
the period from 2009 to 2019 and revealed an inverse nexus between the total ESG score and COC,
but the ESG dimensions individually showed mixed results. In another investigation, Ramirez et al.
(2022) analyzed the nexus between ESG scores and COC by using 202 firms based in Latin America
(606 firm-year observations) from 2017 to 2019 and found that there is a significant inverse effect nex-
us between ESG scores — in total - and COC. In addition, no significant nexus between the social and
environmental dimensions scores individually with COC, but the governance dimension score shows
a negative nexus. Moving to Europe, Priem & Gabellone (2024) based on agency theory analyzed the
impact of ESG on COC of 600 firms across 17 countries (EURO STOXX 600 Index) from 2018 to
2021 and noted that high ESG disclosure levels mainly related to low COC, but this nexus was noted in
weak legal environments. In detail, environmental and social dimensions have a nonsignificant positive
role in reducing COC, while the governance dimension has a significant positive impact on COC. More
recently, Koutoupis et al. (2025) explored the nexus between ESG and capital cost across 60 countries
and found a negative nexus. Furthermore, the influence of each ESG component on capital cost varies
across legal systems.

Focusing on Egypt, there is no evidence on the nexus between ESG disclosure and COC based on the
Egyptian stock market. However, some studies investigated the corporate social responsibility impact,
which is the previous version of the sustainability practices. Moreover, many studies explored the im-
pact of voluntary and narrative disclosure as a part of firm’s financial reporting (Elbannan & Elbannan,
2014; Ismail & Obiedallah, 2022; Khlif et al., 2019).

2.3.3. Research gap and hypothesis development.

Most of the literature supports the negative nexus between ESG and COC. That implies ESG disclo-
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sure reduces COC and allows firms to get more funds with a low cost based on their performance regard-
ing ESG practices. However, there is a notable argument that adopting ESG practices and maintaining
them at a high level needs more funds, which makes firms spend more to keep these high ESG practices.
Thus, it increases the COC. Based on this mixed lens of evidence and arguments in the related literature,
the researcher developed the second hypothesis with consistence with the agency theory’s assumption:

H?2: There is a negative nexus between ESG disclosure and cost of capital in Egypt.
3. Methodology.

3.1. Sample and data.

Our population consists of the listed firms on the Egyptian exchange from 2018 to 2022; this time
series (five years) captures significant economic developments in Egypt that are relevant to the research
area, especially firms’ value. Notably, it encompasses the post-implementation phase of economic re-
form policies in 2016, the subsequent stabilization period, and the impact of the COVID-19 pandemic.
These factors have made this period appropriate to test our research hypotheses; then, the researcher
chooses the sample based on many norms, such as (a) data availability. (b) The firm was indexed in the
Egyptian ESG index (S&P/EGX ESG) from 2018 to 2022. (c) The firm has not undergone any discon-
tinuances or mergers from 2018 to 2022, because when a firm discontinues, merges or is acquired, its
legal and financial structure changes fundamentally. (d) excluding financial and banking sector’s firms,
because such firms are subject to a different regulatory framework compared to non-financial firms, and
these unique regulations influence their operations and ESG practices. Thus, these norms resulted in a
final sample of 43 firms with 215 firm-year observations.

3.2. Variables measurement.

3.2.1. Independent variable: ESG disclosure (ESG).

The researcher used the data about ESG from the website of the Egyptian exchange (EGX). More
deeply, based on the Egyptian ESG index (S&P/EGX ESG), in which each firm that is indexed in the
ESG index has a “score” based on its ESG disclosure in its annual financial reports.

3.2.2. Dependent variable: Firm value (FV)

Firm value in accounting thought mainly refers to the market value of the firm Most of the studies in
related literature (Aydogmus et al., 2022) have used the Tobin’s Q as a measure of FV. In detail, Tobin’s
Q is aratio that compares the market’s valuation of a firm to the replacement cost of its assets. The major
point is that when the market value exceeds the replacement cost, it suggests that the firm is generating
value beyond its physical capital, indicating profitable opportunities to investors. Tobin’s Q computed
based on the following equation:

3.2.3. Dependent variable: Cost of capital (COC).

The cost of capital in accounting thought refers to the expense a firm incurs to raise funds for its
operations. Mainly, the rate of return a firm must generate on its investments to satisfy its stakeholders.
Thus, the accounting literature depended mainly on the weighted average cost of capital (WACC) in
measuring COC (Khanchel & Lassoued, 2022), based on the following equation:

Were, COE is the cost of equity and measures as dividend per share over current market value plus
growth rate of dividend. COD is the cost of debt and measures as loan interest rate multiply (1- income
tax rate). ETR is the effective corporate tax rate.

3.2.4. Control variables: Firm characteristics.

Many firm characteristcs have been used as control variables in the literature (Chen et al., 2023; El-
lili, 2020; Ramirez et al., 2022; Rasyad et al., 2024; Rohendi et al., 2024) regarding the nexus between
ESG, FV, and COC. These variables are firm size (FS), which measured as the logarithm of total assets.
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Firm listing tenure (FLT), which measured as the number of firm’s financial years since listing in stock
market. Profitability (ROA), which measured as Net profit after interest and tax over total assets. Op-
erating Cash flow (OCF), which measured as earnings befor interest, tax, depreciation, and amortaiza-
tion over total assets. Leverage (LEV), which measured as total liabilities over total assets. Tangibility
(TANG), which measured as the following equation:

From above, the following table (1) summerised the measurement of all research variables:

variable | Measurement method | referance

Independent and Dependent variables

ESG Firm’s rank in the Egyptian ESG index (S&P/EGX ESG) (Aboud & Diab, 2018)
FV Tobin’s Q (Aydogmus et al., 2022)
CcOoC The weighted average cost of capital (WACC) ;Iélzlgglchel & Lassoued,
Control variables: Firm characteristics

FS The logarithm of total assets

FLT The number of firm’s financial years since listing in stock market

ROA Net profit after interest and tax over total assets (Chen et al., 2023; El-

lili, 2020; Ramirez et

OCF Earnings befor interest, tax, depreciation, and amortaization over al., 2022; Rasyad et al.,

total assets 2024; Rohendi et al.,
LEV Total liabilities over total assets 2024)
TANG [(0.715 " account receivable) +(0.547 " inventory) + (0.535 “ equity)
+ cash] / total assets
3.3. Models:

The researcher developed two statistical models to determine the nexus between ESG (as indepen-
dent variable) FV, and COC (as dependent variables). In addition to, included some firm characteristics
as control variables.

3.3.1. Model (1) the nexus between ESG disclosure and FV.
3.3.2. Model (2) the nexus between ESG disclosure and COC.
4. Results.

4.1. Descriptive statistics

Table (2) illustrates the statistical summary (mean, median, maximum, and minimum values) for
independent variable (ESG) and dependent variables (FV & WACC) during the study period from 2018
to 2022.

Table (2) Descriptive statistics for ESG, FV, and WACC.

Variables ESG FV WACC
Mean 122.191 3.272 20.644
Median 119.752 3.011 19.432
Maximum 149.912 8.233 47312
Minimum 101.893 0.742 5.763
Std. Dev. 9.744 1.716 9.072
Skewness 0.841 0.399 0.889
Kurtosis 3412 2.375 3.516
Jarque-Bera 26.916 9.205 30.713
probability 0.000001 0.010025 0
observations 215 215 215
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4.2. The panel unit root test

Table (3) shows the main variables’ null hypotheses, which means that “HO: the variable has a unit
root”. For all main research variables, ESG, FV, and WACC, the (Prob.) values are less than the signif-
icance level (o = 0.05), so HO can be rejected. Based on that, ESG, FV, and WACC are stationary series
in this research.

Table (3) Fisher Chi-square test and Augmented Dickey Fuller test.

Series: ESG Series: FV Series: WACC
Stat. Prob.** Stat. Prob.** Stat. Prob.**
173.231 0.0000 (Fisher Chi- 143.294 0.0001  (Fisher Chi- 172.842 0.0000  (Fisher  Chi-
square) square) square)
-2.792 | 0.0026 (Choi Z-stat) -1.043 | 0.1471 (Choi Z-stat) -4.033 0.0000 (Choi Z-stat)
** Probabilities have been calculated by using an asymptotic Chi-square distribution for Fisher tests
Exogenous variables: Individual effects / Total observations: 172 & Cross-sections included: 43

4.3. Hypothesis Testing

4.3.1. The first hypothesis (model 1).

Hausman test performed to make a choice between fixed and random effect model for model (2). Ta-
ble (4) shows that the null hypothesis is HO: model 1 is random effect, since the (Prob.) value is greater
than the significance level (0=0.05), so we can accept HO, and it means model 1 is random effect.

Table (4) The Hausman test fixed versus random of model 1

Test Chi-Sq. Statistic Chi-Sq. d.f. (Prob.)
Cross-section random 8.751 7 0.271

The researcher developed the first hypothesis to test the potential impact of ESG disclosure score on
FV. From table (5) regarding the cross-section random effects, it was noted that the (Prob.) for each FS,
TANG, ROA, OCF, and LEV is more than the significance level o = 0.05. Thus, each variable has an
insignificant effect on FV in Model 1. Moreover, the (Prob.) for ESG and FLT are less than o = 0.05. So,
ESG and FLT have a significant effect on FV. Due to the insignificant variables (FS, TANG, ROA, OCF,
and LEV), they will be excluded from the model, and a re-estimation will be conducted.

Table (5) Model 1 summary

Var. Coefficient Std. Error t-Stat. (Prob.)
C -2.559 1.426 -1.794 0.074
ESG 0.026 0.002 8.857 0
FS 0.061 0.065 0.934 0.351
FLT 0.044 0.013 3.459 0.001
TANG 0.543 0.301 1.801 0.0731
ROA 0.379 0.236 1.602 0.111
OCF 0.071 0.135 0.527 0.598
LEV 0.277 0.549 0.504 0.614
Effects Specification S.D. Rho
Cross-section random 1.751 0.984
Idiosyncratic random 0.218 0.015
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R-squared 0.342 Mean dep. Var. 0.182
) Adj. R-squared 0.321 S.D. dep. Var. 0.265
t\?;ili%l;ted Sta- S.E. of reg. 0.219 Sum squared resid 9.941
F-stat. 15.388 Durbin-Watson 1.413

Prob. (F-stat.) <0.001
Unweighted | R-squared -0.068 Mean dep. Var. 3.276
Statistics Sum squared resid 673.826 Durbin-Watson 0.411

The modified model 1 result is shown in table (6), and it illustrated that the (Prob.) for ESG and
FLT are less than a = 0.05. Thus, ESG and FLT have a significant effect on FV in the modified model
1. In addition, the ESG and FLT have a positive sign in the estimated equation, which means there is a
significant and positive nexus between ESG and FV. So, the estimated equation for modified model 1 is:

To verify the autocorrelation assumption of the Durbin-Watson statistic calculated value, 1.98, and
the two tabulated values are [dl = 1.612 and du = 1.656], the calculated value is between du and (4 — du)
which is close to 2. So, no evidence of autocorrelation problems in the model. In addition, to evaluate
the model goodness, the coefficient of determination r2 = 31.9%, which means that ESG and FLT are
explaining 31.9% of FV changes during the study period from 2018 to 2022. Moreover, Adj-r2 =31.2%.
This value is close to equivalent to the value of r2. Thus, the explanation power after isolating the ex-
planatory variables is 31.2%. Furthermore, the (Prob.) for the (F-test) to test the modified model 1 good-
ness is less than the significance level (a = 0.05), thus the model results in general can be acceptable.
Based on the above, the researcher can accept hypothesis number one.

Table (6) The modified Model 1 summary

Var. Coefficient Std. Error t-Stat. Prob.
C -1.131 0.517 -2.189 0.029
ESG 0.027 0.002 9.122 0
FLT 0.051 0.0101 5.065 0
Effects Specification S.D. Rho
Cross-section random 1.751 0.984
Idiosyncratic random 0.219 0.015
R-squared 0.318 Mean dep. Var. 0.183
Adj. R-squared 0.312 S.D. dep. Var. 0.266
Weighted Sta- | S E of reg. 0.221 Sum squared resid 10.312
tisties F-stat. 49.651 Durbin-Watson 1.987
Prob. (F-stat.) 0
Unweighted | R-squared -0.064 Mean dep. Var. 3.276
Statistics Sum squared resid 671.773 Durbin-Watson 1.039

4.3.2. The second hypothesis (model 2).

Hausman test performed to make a choice between fixed and random effect model for model (3).
Table (7) show that the null hypothesis is HO: model 2 is random effect, since the (Prob.) value is greater
than the significance level (¢=0.05), thus we can accept HO, and it means model 2 is random effect.
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Table (7) The Hausman test fixed versus random of model 2

Prob.
0.983

Test

Cross-section random

Chi-Sq. Statistic Chi-Sq. d.f.
1.467 7

The researcher developed the second hypothesis to test the potential impact of ESG disclosure score
on WACC. From table (8) regarding the cross-section random effects, it was noted that the (Prob.) for
each FS, FLT, ROA, OCF, and LEV is more than the significance level a = 0.05. thus, each variable has
an insignificant effect on WWCC in model 2. Moreover, the (Prob.) for ESG and TANG are less than o
=0.05. ESG and TANG have a significant effect on WWCC. Due to the insignificant variables, they will

be excluded from the model, and a re-estimation will be conducted.

Table (8) Model 2 summary.

Var. Coefficient Std. Error t-Stat. (Prob.)
C 32.634 6.717 4.857 0.000
ESG -0.191 0.013 -13.937 0.000
FS 0.533 0.304 1.752 0.081
FLT -0.087 0.061 -1.439 0.151
TANG 3.589 1.394 2.574 0.011
ROA 0.535 1.087 0.492 0.622
OCF 0.817 0.619 1.319 0.188
LEV 0.706 2.577 0.274 0.784
Effects Specification S.D. Rho
Cross-section random 9.616 0.989
Idiosyncratic random 1.001 0.011
Weighted Statis- | R-squared 0.497 Mean dep. Var. 0.959
tics Adj. R-squared 0.481 S.D. dep. Var. 1.369
S.E. of reg. 0.987 Sum squared resid 201.736
F-stat. 29.251 Durbin-Watson 1.565
Prob. (F-stat.) 0.000000
Unweighted | R-squared 0.033 Mean dep. Var. 20.645
Statistics Sum squared resid 17021.50 Durbin-Watson 0.379

The modified model 2 result is illustrated in Table (9), and it shows that the (Prob.) for ESG and FS
are less than o= 0.05. thus, ESG and FS have a significant effect on WWCC in the modified model 2. In
addition, the ESG has a negative sign in the estimated equation, which means there is a significant and
negative nexus between ESG disclosure and WWCC. the estimated equation for modified model 2 is:

To verify the autocorrelation assumption of the Durbin-Watson statistic calculated value, 2.074, and
the two tabulated values are [dl = 1.612 and du = 1.656], the calculated value is between du and (4 — du),
which is close to 2. Thus, no evidence of autocorrelation problems in the model. In addition, to evaluate
the model goodness, the coefficient of determination r2 = 50.89%, which means that ESG and FS are
explaining 50.8% of WACC changes during the study period from 2018 to 2022. Moreover, Adj-r2 =
31.2%. This value is close to equivalent to the value of r2. Thus, the explanation power after isolating
the explanatory variables is 50.2%. Furthermore, the (Prob.) for the (F-test) to test the modified model
2 goodness is less than the significance level (o = 0.05). the model results in general can be acceptable.
Based on the above, the researcher can accept hypothesis number two.

Table (9) The Modified Model 2 summary.
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Var. Coefficient Std. Error t-Stat. Prob.
C 44.583 2.304 19.343 0.000
ESG -0.196 0.015 -13.088 | 0.000
FS 0.549 0.283 1.934 0.049
Effects Specification S.D. Rho
Cross-section random 9.135 0.989
Idiosyncratic random 0.940823 | 0.011
Weighted Sta- | R-squared 0.508 Mean dep. Var. 1.059
tistics Adj. R-squared 0.502 S.D. dep. Var. 1.327
S.E. of reg. 0.936 Sum squared resid 148.142
F-stat. 87.351 Durbin-Watson 2.074
Prob. (F-stat.) 0.000
Unweighted | R-squared 0.037 Mean dep. Var. 20.601
Statistics Sum squared resid 13624.011 Durbin-Watson 0.016

5. Conclusion and Future Research.

This research aimed to unveil the importance of sustainability practices in developing economies
by discovering the impact of ESG disclosure on FV and COC. Thus, to achieve these objectives, the
research attempted to answer two main questions in the Egyptian context: Does ESG disclosure impact
firm value? Does ESG disclosure impact the cost of capital? an empirical study was conducted on 43
listed firms in the Egyptian ESG index from 2018 to 2022.

In terms of the first question, the researcher developed a statistical model in which ESG disclosure
was the independent variable, FV measured by the Tobin’s Q was the dependent variable, and firm char-
acteristics served as control variables. In this sense, the research fills the knowledge gap with empirical
evidence from the Egyptian ESG index. Consistent with stakeholder theory, the research results found
with empirical evidence that ESG disclosure has a significant and positive nexus with FV, as ESG helps
firms in improving FV. This was in the same line with (Chang & Lee, 2022; Wu et al., 2022) and against
the results of (Igbinovia & Agbadua, 2023; Rohendi et al., 2024). Focusing on Egypt, the positive nexus
that was found in the current research supported the result of Aboud & Diab (2018) which was found
in an earlier period (2007 to 2016). Going further, it is not clear which firm characteristics shape and
moderate the nexus found between ESG and the firm value. Much evidence was found in the previous
literature. But not supported in the Egyptian business environment based on the current research, this
spots the light on the need for more future research that can explore the role of firm characteristics in
shaping the ESG-FV nexus

In terms of the second question, the researcher developed a statistical model, in which ESG disclo-
sure was independent variable, COC measured by WACC was dependent variable, and firm character-
istics were served as control variables. In this sense, the research fills the knowledge gap with empirical
evidence from the Egyptian ESG index. Consistent with agency theory, the research results found with
empirical evidence that ESG disclosure has a significant and negative nexus with COC, as ESG helps
firms in reducing the cost of financing its operations and enable it to access more financial resources,
this was in the same line with (Chen et al., 2023; Priem & Gabellone, 2024) and against the results of
(Khanchel & Lassoued, 2022; Yilmaz, 2022). Overall, There may be much stronger evidence and argu-
ments in the literature for explaining why sustainability reduces the capital cost. Furthermore, investors
are interested in handling sustainability practices and issues. Moreover, firms that do not engage in ESG
issues are subject to restricted access to funds. Thus, a higher capital cost. Going further, it is not clear
which firm characteristics shape and moderate the nexus found between ESG and capital cost. Some
evidence was found in the literature. But not supported in the Egyptian business environment based on
the current research, this opens the door to more future research that can explore the role of firm char-
acteristics in shaping the ESG-COC nexus.
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Regarding the practical implications, the research evidence indicates that policymakers and regula-
tors should be more aware of the important role of ESG disclosure and its framework. Moreover, con-
sider it as a priority in any future reform regarding the financial reporting process in Egypt. Considering
the social implications, the research evidence contributes to the literature on sustainability practices.
Moreover, It sheds light on the importance role of ESG in enhancing firm reputation (value creation) and
reducing the cost of capital (investment efficiency and capital allocation).

Finally, this research contributed to the academic accounting literature through providing evidence
and insights about the impact of ESG disclosure on FV and COC from Egypt as a developing economy.
At the same time, the use of the Egyptian stock market as a sample of developing economies, while it
is acceptable and practical due to the volume of data (43 firms from 2018 to 2022), may limit the ap-
plicability of the study, in future academic research, it would be helpful to conduct this empirical study
with a larger sample volume and across many countries with different factors. In addition, it would also
be valuable to examine the differences in the determinants of ESG disclosure across developed and de-
veloping countries. In the same line, examining corporate governance role in shaping ESG disclosure.
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Abstract

This study examines Saudi Arabia’s CO2 emissions dynamics from 1990 to 2023 and forecasts them
to 2030, using machine learning to explore relationships with economic and demographic factors. The
research uses data from the World Bank, IEA, and GASTAT, including CO2 emissions, GDP growth,
energy use, electricity consumption, industry value added, and population growth. Correlation analysis
and four regression models (Linear, Polynomial, Lasso, and Ridge) were employed, with Linear
Regression selected for forecasting. Strong positive correlations were found between CO2 emissions
and energy use (0.95) and electricity consumption (0.90), while a negative correlation existed with
population growth (- 0.85). Linear Regression projected CO2 emissions rising from 16.8 t/capita in
2024 to 17.4 t/capita by 2030, driven by increased energy and electricity demands, despite stabilizing
GDP growth. The study provides a foundation for policy-driven decarbonization in Saudi Arabia by
highlighting the persistent link between emissions and fossil fuel reliance. The research recommends
accelerating renewable energy adoption and implementing efficiency measures to align with Vision
2030’s sustainability goals.

Keywords: CO2 emissions, natural gas, machine learning, economic growth, climate change,
Saudi Arabia, Vision 2030.
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Introduction

The global imperative to mitigate climate change has intensified scrutiny of energy systems reliant on
fossil fuels, which account for over 75% of greenhouse gas (GHG) emissions worldwide (IEA, 2022).
For hydrocarbon-dependent economies like Saudi Arabia, this challenge is particularly acute, as the
nation faces the dual pressures of sustaining economic growth while transitioning toward a low-carbon
future (Islam & Ali, 2024; Sanfilippo et al., 2024). Historically, Saudi Arabia’s economic prosperity has
been inextricably linked to its vast hydrocarbon reserves, with oil exports constituting the backbone of
its fiscal and industrial development (Biazzi, 2022). However, the climate crisis and shifting global en-
ergy markets have necessitated a strategic reevaluation of this dependency. The Kingdom’s Vision 2030
framework underscores this shift, emphasizing economic diversification, energy security, and sustain-
ability as pillars of long-term resilience (Alshammari, 2020; Kamboj et al., 2024). Within this context,
natural gas has emerged as a transitional fuel, offering a bridge between high-emission oil and coal and
a future powered by renewables. Yet, the environmental trade-offs of natural gas—particularly methane
emissions during extraction and distribution—highlight the complexities of aligning energy transitions
with climate objectives (Alnuaim, 2023; Dargin, 2021).

This study investigates Saudi Arabia’s CO2 emissions trajectory from 1990 to 2023, employing
machine learning models to forecast trends up to 2030. By analyzing the interplay between fossil fuel
consumption, economic growth, and demographic factors, the research seeks to unravel the drivers of
emissions and evaluate pathways for decarbonization. The urgency of this inquiry lies in Saudi Arabia’s
unique position as both a global energy powerhouse and a nation vulnerable to climate impacts. Rising
temperatures, water scarcity, and desertification threaten its ecosystems and agricultural capacity, while
international climate commitments demand rapid reductions in carbon intensity (Hilmi et al., 2020).
Concurrently, the Kingdom’s economic ambitions—articulated in Vision 2030—require sustained ener-
gy production to support industrialization, urbanization, and population growth. Resolving these com-
peting priorities necessitates empirical insights into how economic and energy policies shape emissions
dynamics.

Saudi Arabia’s economy has long been synonymous with oil. Since the mid-20th century, hydro-
carbon revenues have financed infrastructure, social programs, and sovereign wealth, positioning the
nation as a geopolitical linchpin in global energy markets (Biazzi, 2022). However, the volatility of oil
prices, coupled with the existential threat of climate change, has exposed the fragility of this model.
Vision 2030, launched in 2016, represents a paradigm shift, aiming to reduce oil dependency by diver-
sifying revenue streams, privatizing state assets, and investing in sectors like tourism, technology, and
renewable energy (Alshammari, 2020). A cornerstone of this strategy is the expansion of natural gas,
which is touted for its lower carbon footprint relative to oil and its potential to displace liquid fuels in
power generation and petrochemical production (Ubaid & Gulrez, 2025). Between 2010 and 2022, nat-
ural gas consumption in Saudi Arabia grew by 40%, driven by rising electricity demand and industrial
activity (IEA, 2022).

Despite these efforts, the environmental costs of fossil fuel reliance persist. Methane leakage—a
byproduct of natural gas infrastructure—poses a significant challenge, given its 84-fold greater global
warming potential than CO2 over a 20-year horizon (Alnuaim, 2023). While Saudi Arabia has imple-
mented leak detection technologies and flaring reduction initiatives, emissions from the energy sector
remain a critical concern (Dargin, 2021). Furthermore, the Kingdom’s per capita CO2 emissions, at 16.8
metric tons in 2024, far exceed the global average of 4.7 tons, underscoring the scale of its decarboniza-
tion challenge (World Bank, 2023). These realities raise pressing questions: Can Saudi Arabia reconcile
its economic ambitions with global climate targets? How might shifts in energy policy, technological
innovation, and demographic trends influence its emissions trajectory?

This study aims to provide a granular analysis of Saudi Arabia’s CO2 emissions patterns, leverag-
ing machine learning to decode the relationships between economic growth, energy consumption, and
environmental outcomes. Specifically, the research pursues three objectives: (1) to quantify historical
correlations between CO2 emissions and variables such as GDP, energy use, electricity consumption,
industrial output, and population growth; (2) to project emissions trends up to 2030 under current policy
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frameworks; and (3) to identify leverage points for reducing carbon intensity without stifling economic
development. Central to this investigation are the following research questions: How have economic
diversification efforts under Vision 2030 influenced the carbon intensity of Saudi Arabia’s GDP? To
what extent can natural gas serve as a transitional fuel in the Kingdom’s energy mix, given its lifecycle
emissions? Which demographic and industrial factors most significantly drive CO2 emissions, and how
might these evolve in the coming decade?

The analysis draws on data from the World Bank, International Energy Agency (IEA), and General
Authority for Statistics (GASTAT), spanning 1990-2023. Key variables include annual CO2 emissions
(metric tons per capita), GDP growth (annual %), energy use (kg of oil equivalent per capita), electricity
consumption (kWh per capita), industrial value added (% of GDP), and population growth rates. Four
regression models—Linear, Polynomial, Lasso, and Ridge—were tested to assess predictive accuracy,
with Linear Regression selected for its balance of simplicity and performance. Machine learning tech-
niques are particularly suited to this inquiry, as they accommodate non-linear relationships and complex
interactions between variables, offering insights that traditional econometric models might overlook.

The significance of this research lies in its interdisciplinary approach, bridging energy economics,
climate science, and data analytics. While prior studies have examined Saudi Arabia’s energy policies
(Alshammari, 2020; Kamboj et al., 2024) or methane mitigation strategies (Dargin, 2021), few have
applied machine learning to forecast CO2 emissions in the context of Vision 2030. This gap is critical,
as the Kingdom’s decarbonization efforts will shape not only its domestic sustainability but also global
energy markets and climate diplomacy. By modeling emissions trajectories, the study provides action-
able insights for policymakers balancing economic growth with environmental stewardship.

Achieving Vision 2030’s sustainability objectives requires accelerating renewable energy deploy-
ment, enhancing methane monitoring technologies, and integrating carbon pricing mechanisms. This
research contributes a data-driven foundation for such policies, advocating for a holistic approach that
harmonizes economic diversification with climate resilience. As the global energy transition accelerates,
Saudi Arabia’s ability to navigate these dual imperatives will serve as a litmus test for hydrocarbon-de-
pendent economies worldwide.

Literature Review

A Systematic Literature Review on Energy Consumption, Economic Growth, and Climate
Strategies in Saudi Arabia

Energy consumption and economic growth exhibit a symbiotic relationship in resource-driven econ-
omies like Saudi Arabia. Empirical studies underscore the causal link between energy availability and
GDP expansion in the Gulf region, where hydrocarbons remain central to industrial and infrastructural
development (Al-Gahtani, 2024). Natural gas, in particular, has emerged as a critical component of
Saudi Arabia’s domestic energy mix, accounting for a growing share of electricity generation, industrial
processes, and water desalination (Matar, Mansouri, & Umeozor, 2024). Between 2010 and 2022, the
Kingdom increased its natural gas production capacity by over 40%, signaling a strategic shift toward
gas as a transitional fuel to balance economic growth and emissions reduction (Sanfilippo et al., 2024).
Islam and Ali (2024) emphasize that natural gas offers dual advantages: it supports industrial diversifi-
cation—a key pillar of Vision 2030—while reducing carbon intensity compared to oil. However, Zhou
et al. (2025) caution that gas demand elasticity varies significantly across sectors. For instance, ener-
gy-intensive industries like petrochemicals and heavy manufacturing exhibit gas consumption growth
rates exceeding GDP expansion, complicating decarbonization efforts. This sector-specific variability
necessitates tailored policies to avoid overreliance on gas in emissions-intensive sectors.

While natural gas combustion emits 50% less CO2 than coal, its climate benefits are partially negat-
ed by methane leaks during extraction, processing, and transportation (Alshammari, 2021). Methane’s
global warming potential (GWP) is 84 times higher than CO2 over a 20-year horizon, making leak
mitigation critical (IPCC, 2021). Saudi Arabia has initiated methane monitoring pilot projects through
partnerships with organizations like the Methane Guiding Principles (Sanfilippo et al., 2024). However,

240



Journal of Humanities and Administrative Sciences, Vol. 13, No. 2, pp. 237-256, Shaqra University (1447 AH / 2025 AD).

Alnuaim (2023) identifies gaps in regulatory enforcement and mandatory reporting frameworks, which
hinder comprehensive methane management. Islam and Ali (2024) argue that integrating methane abate-
ment into national climate strategies is essential for achieving net-zero targets. This requires moving be-
yond CO2-centric policies to address the full spectrum of greenhouse gas emissions. For Saudi Arabia,
aligning methane reduction with broader climate goals under Vision 2030 could enhance the credibility
of its decarbonization efforts.

Vision 2030 outlines Saudi Arabia’s ambition to diversify its economy while addressing climate
challenges (Vision 2030, 2020). The Circular Carbon Economy (CCE) model, endorsed by the King-
dom, provides a pragmatic framework to reconcile emissions reduction with continued hydrocarbon use
(Alshammari, 2020). The CCE’s four pillars—Reduce, Reuse, Recycle, and Remove—prioritize carbon
capture, utilization, and storage (CCUS), renewable energy integration, and energy efficiency improve-
ments (Shehri et al., 2023). Alshammari (2020) notes that the CCE reflects Saudi Arabia’s unique eco-
nomic and resource realities. By leveraging CCUS and renewables, the Kingdom aims to decarbonize
sectors where emissions are structurally entrenched, such as petrochemicals and heavy industry. How-
ever, the CCE’s success hinges on scaling technologies like green hydrogen and CCUS, which remain
nascent and capital-intensive (Biazzi, 2022).

In addition to these national efforts, research from institutions in Saudi Arabia is highly important
when assessing the possibility and impact of decarbonization pathways. Researchln the KAP area, the
studies published by the KASPARC have produced detailed models of energy-economy interaction,
providing empirical analysis on carbon pricing, energy efficiency, and the social economic effects of the
energy transition (e.g., KAPSARC, 2023). Meanwhile, the Saudi Green Initiative (SGI) has spurred ac-
ademic and policy research on renewable energy deployment, ecosystem restoration and carbon capture,
utilization and storage (CCUS) technologies. Programs under the SGI facilitate an operational definition
of Vision 2030, a road map for achieving the Saudi way of implementing Visions 2030 and the Circu-
lar Carbon Economy by grounding national ambitions with tangible projects and local research (Saudi
Green Initiative, 2023). This collection of studies documents an emerging national research landscape
that is dedicated to the potential convergence of economic growth and climate objectives, offering im-
portant background information on modeling efforts similar to the one documented here.

Saudi Arabia’s National Renewable Energy Program (NREP) aims to deploy 58.7 GW of renewable
capacity by 2030, with solar and wind constituting the majority (Al-Gahtani, 2024). This transition
aligns with Vision 2030’s goal of generating 50% of electricity from renewables (Quamar, 2024). Con-
currently, the Kingdom is positioning itself as a global leader in green hydrogen production, capitalizing
on its vast solar resources (Manal, 2025). Alyousef, Belaid, and Almubarak (2025) highlight green hy-
drogen’s potential to decarbonize aviation, shipping, and heavy industry—sectors where electrification
is impractical. Despite these ambitions, Alam et al. (2024) identify financial, technical, and institutional
barriers to renewable deployment. For instance, grid integration challenges and fluctuating global hy-
drogen demand could delay project timelines. Addressing these issues requires robust public-private
partnerships and international collaboration.

Carbon capture and storage (CCS) is central to Saudi Arabia’s emission reduction strategy. The
Uthmaniyah CO2-EOR facility, operated by Saudi Aramco, exemplifies early CCS adoption, utilizing
captured CO2 for enhanced oil recovery (Kamboj et al., 2024). Apeaning et al. (2025) stress that scaling
CCS is critical for achieving net-zero targets, particularly in industries like cement and steel. However,
Hilmi et al. (2020) warn that CCS’s high energy and financial costs necessitate supportive regulations
and cross-border knowledge sharing.

Furthermore, innovation in materials science is critical for enhancing the efficiency and economic
viability of carbon management technologies. developing efficient carbon capture and energy storage
solutions. Research within Saudi academic institutions is actively contributing to this frontier. For ex-
ample, Dr. Amira S. Alazmi and her collaborators have made notable contributions in designing envi-
ronmentally sustainable materials derived from waste biomass for use in energy storage. In one study,
she demonstrated the synergistic effect of hydrothermal and physical activation techniques to fabricate
honeycomb-like activated carbon with a high surface area, suitable for supercapacitor applications (Ala-
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zmi, 2022). Additionally, her work on nanostructured CoFe202-rGO composites revealed promising
electrochemical performance, marking a significant step toward next-generation flexible energy storage
systems (Alazmi, 2022b). These innovative platforms not only reduce dependency on fossil resources
but also offer scalable pathways to integrate carbon-neutral materials into Saudi Arabia’s Circular Car-
bon Economy initiative.

The shift toward renewables and green technologies carries profound socio-economic implications.
Manal (2025) estimates that renewable projects could generate thousands of jobs in rural regions, ad-
dressing unemployment and stimulating local economies. Alyousef et al. (2025) further argue that green
investments enhance social resilience by fostering innovation and reducing dependency on oil revenues.
However, Dargin (2021) cautions that unequal distribution of transition benefits could exacerbate social
disparities. Policymakers must prioritize equitable access to training and employment opportunities to
ensure inclusive growth.

Saudi Arabia’s energy transition faces multiple hurdles. Alnuaim (2023) warns that unchecked nat-
ural gas expansion risks locking in emissions-intensive infrastructure, undermining long-term climate
goals. Ubaid and Gulrez (2025) identify data transparency and regulatory enforcement as critical areas
for improvement, particularly in monitoring methane leaks and renewable project performance. Future
research should prioritize integrated energy-economic-environmental modeling to evaluate policy trade-
offs (Zhou et al., 2025). For example, assessing how gas demand elasticity in industrial sectors interacts
with renewable deployment rates could inform balanced decarbonization pathways. Additionally, stud-
ies on public perception and workforce readiness for green jobs are needed to address socio-economic
gaps.

In conclusion, Saudi Arabia’s energy and climate strategies reflect a complex balancing act between
economic diversification, emissions reduction, and social equity. While natural gas and CCS provide
transitional solutions, renewables and green hydrogen represent long-term pillars of sustainability. Ad-
dressing methane leaks, scaling CCUS, and ensuring equitable benefits remain critical challenges. Vi-
sion 2030 and the CCE framework offer a roadmap, but their success depends on overcoming technical,
financial, and regulatory barriers through innovation and international cooperation.

Machine Learning Approach

Machine learning, a subset of artificial intelligence (Al), encompasses diverse techniques such as
supervised learning, unsupervised learning, reinforcement learning, and deep learning, each tailored
to address specific challenges in energy systems. Papa et al. (2025) demonstrated the efficacy of deep
learning architectures, such as recurrent neural networks (RNNs) and long short-term memory (LSTM)
models, in forecasting natural gas demand with higher accuracy than traditional time-series methods like
ARIMA. Their study, applied to energy systems management, revealed that deep learning models excel
in capturing non-linear relationships and temporal dependencies in gas consumption data, particularly
in dynamic markets such as Saudi Arabia, where demand fluctuates with industrial activity, seasonal
variations, and economic policies. Similarly, Wang et al. (2025) compared multiple ML algorithms,
including support vector regression (SVR) and random forests, for optimizing hydropower forecasting
in hybrid energy systems. Their findings underscored the adaptability of ML in managing intermittent
renewable energy sources, a critical consideration for Saudi Arabia’s National Renewable Energy Pro-
gram (NREP), which aims to integrate solar and wind power into the grid.

In the context of carbon emissions reduction, ML algorithms have emerged as pivotal tools for en-
hancing the efficiency of carbon capture and storage (CCS) technologies and detecting methane leaks.
Zafer (2024) highlighted the role of ML in improving carbon capture efficiency by optimizing solvent
selection and process parameters in post-combustion capture systems. For instance, neural networks
trained on historical operational data from facilities like the Uthmaniyah CO2-EOR project can predict
optimal CO?2 injection rates, reducing energy penalties associated with CCS. Furthermore, Zafer (2024)
emphasized ML’s utility in real-time methane leak detection through anomaly detection algorithms. By
analyzing sensor data from pipelines and processing plants, ML models can identify fugitive emissions
with greater speed and precision than manual inspections, addressing a key challenge highlighted by
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Alshammari (2021) in the context of Saudi Arabia’s methane mitigation efforts.

The integration of ML with thermodynamic simulations has further advanced greenhouse gas
(GHG) abatement strategies. Makhanya et al. (2025) developed hybrid models combining ML with
process-based simulations to evaluate CO2 storage potential in geological formations. Their approach
enabled rapid assessment of storage site viability, reducing the computational burden of traditional
methods. This innovation is particularly relevant for Saudi Arabia, where scaling CCS infrastructure is a
cornerstone of the Circular Carbon Economy (CCE) framework (Shehri et al., 2023). By leveraging ML,
policymakers can prioritize high-potential storage sites and accelerate the deployment of CCS projects,
aligning with Vision 2030’s emissions reduction targets.

Lifecycle assessments (LCAs) of alternative energy pathways have also benefited from ML’s pre-
dictive capabilities. Sanghvi et al. (2024) employed ML to compare the environmental and economic
impacts of green hydrogen production methods, such as electrolysis powered by renewables versus
steam methane reforming (SMR) with CCS. Their models identified optimal production pathways by
analyzing variables like energy input, water usage, and carbon intensity, providing actionable insights
for Saudi Arabia’s green hydrogen ambitions (Alyousef, Belaid, & Almubarak, 2025). For example,
ML-driven LCAs revealed that solar-powered electrolysis, while capital-intensive, offers the lowest
long-term carbon footprint, reinforcing the Kingdom’s investment in solar-rich regions like NEOM.

At the policy level, ML facilitates proactive energy governance by processing vast datasets encom-
passing environmental, economic, and social variables. Fernandes (2025) developed a system dynamics
model enhanced by ML to predict interactions between energy policies, GDP growth, and emissions
trajectories. By simulating scenarios such as carbon taxation, renewable subsidies, and gas price fluctua-
tions, the model provided policymakers with evidence-based strategies to balance economic diversifica-
tion and decarbonization—a critical consideration for Saudi Arabia’s Vision 2030 (Vision 2030, 2020).
Similarly, Awachat et al. (2025) reviewed ML’s role in optimizing climate-sensitive energy infrastruc-
ture, such as smart grids and hybrid power plants. Their study emphasized reinforcement learning (RL)
algorithms for adaptive energy dispatch, enabling grids to dynamically balance supply from renewables,
gas-fired plants, and storage systems during demand peaks or supply shortages.

The application of ML in climate risk modeling has also gained prominence, particularly in assessing
vulnerabilities to extreme weather events and transition risks. For instance, Cong (2024) utilized con-
volutional neural networks (CNNs) to predict climate-induced disruptions to energy infrastructure, such
as solar panel efficiency losses during sandstorms—a frequent challenge in Saudi Arabia. By training
models on historical weather data and satellite imagery, these systems can forecast sandstorm trajecto-
ries and recommend preventive measures, such as panel cleaning schedules or temporary shutdowns.
Kreinovich et al. (2024) further explored ML’s potential in quantifying financial risks associated with
delayed decarbonization, such as stranded assets in the oil and gas sector. Their models correlated hy-
drocarbon demand projections with global climate policies, providing investors and policymakers with
risk mitigation strategies, such as diversifying into renewables or retrofitting existing infrastructure for
CCS.

Despite these advancements, the adoption of ML in energy economics faces several challenges. Data
quality and availability remain critical barriers, particularly in regions with fragmented energy data eco-
systems. For example, Alnuaim (2023) identified gaps in Saudi Arabia’s methane emissions reporting,
which limit the accuracy of ML models trained on incomplete datasets. Addressing this issue requires
robust data governance frameworks, including standardized reporting protocols and open-access data
repositories, as advocated by Ubaid and Gulrez (2025). Additionally, the “black-box” nature of some
ML algorithms, such as deep learning, poses interpretability challenges for policymakers. Fernandes
(2025) stressed the need for explainable Al (XAI) techniques, such as SHAP (Shapley Additive Expla-
nations) values, to elucidate model decisions and build stakeholder trust.

The scalability of ML solutions also depends on computational infrastructure and workforce readi-
ness. Saudi Arabia’s expanding green hydrogen and renewable energy portfolios necessitate high-per-
formance computing (HPC) resources to train complex models on large-scale datasets (Manal, 2025).
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Concurrently, investments in Al education and training programs are essential to cultivate a skilled
workforce capable of developing and deploying ML solutions. Alyousef et al. (2025) highlighted ini-
tiatives like the Saudi Data and Al Authority (SDAIA) as pivotal steps toward building domestic ML
expertise, ensuring the Kingdom’s transition to a data-driven energy economy.

Looking ahead, interdisciplinary research integrating ML with energy systems engineering, eco-
nomics, and climate science will be critical. Zhou et al. (2025) called for hybrid modeling frameworks
that combine ML’s predictive power with physics-based models to capture the intricacies of ener-
gy-GDP-emissions nexuses. For Saudi Arabia, such frameworks could assess trade-offs between natural
gas expansion and renewable investments under different policy scenarios, guiding balanced decarbon-
ization pathways. Furthermore, Sanghvi et al. (2024) advocated for ML-driven circular economy mod-
els to optimize resource reuse in industrial clusters, aligning with the CCE’s “Recycle” pillar (Shehri et
al., 2023).

In conclusion, machine learning has emerged as a cornerstone of modern energy economics, of-
fering unparalleled capabilities in forecasting, optimization, and risk management. For Saudi Arabia,
embedding ML into energy governance frameworks is not merely a technological upgrade but a stra-
tegic imperative to achieve Vision 2030’s dual goals of economic diversification and sustainability. By
addressing data gaps, enhancing model transparency, and fostering Al talent, the Kingdom can harness
ML’s full potential to navigate the complexities of the global energy transition.

Bridging Gaps Through Integrated Economic-Demographic and Machine Learning Approaches

The relationship between CO2 emissions, economic growth, and demographic factors in resource-de-
pendent economies like Saudi Arabia has been a focal point of environmental and economic research,
yet significant gaps remain in understanding the nuanced interactions specific to the Kingdom’s con-
text. Previous studies have predominantly examined aggregate emissions trends or isolated economic
variables, often overlooking the interplay between demographic shifts, industrial restructuring, and ad-
vanced predictive modeling. For instance, foundational work by Al-Gahtani (2024) established the caus-
al link between energy consumption and GDP growth, attributing rising emissions to fossil fuel-driven
industrialization. Similarly, Matar, Mansouri, and Umeozor (2024) emphasized natural gas’s role in
power generation and desalination but relied on conventional econometric models like ARIMA, which
fail to capture non-linear relationships between variables such as population growth and industrial val-
ue-added. These studies, while valuable, often neglected critical demographic factors and employed
methodologies ill-suited for forecasting complex, multi-variable interactions.

A notable limitation in existing literature is the narrow temporal scope, with many analyses focusing
on post-2000 data, thereby missing structural shifts from Saudi Arabia’s pre-Vision 2030 industrial-
ization phase. Studies such as Sanfilippo et al. (2024) and Zhou et al. (2025) provided insights into
sector-specific gas demand elasticity and methane leakage impacts but omitted electricity consumption
trends and population dynamics, which are pivotal in an urbanizing economy. Furthermore, demograph-
ic variables like population growth were often treated as static or secondary factors. Alyousef, Belaid,
and Almubarak (2025), for example, explored green hydrogen’s potential without addressing how de-
clining population growth rates might influence per capita energy use. This oversight is compounded
by methodological reliance on traditional regression models, which struggle with multicollinearity and
non-linear trends, as seen in Islam and Ali’s (2024) analysis of carbon intensity reductions.

The current study addresses these gaps through an integrated approach that combines per capita
analysis, machine learning (ML), and policy-relevant granularity. By extending the temporal scope to
34 years (1990-2023) and employing per capita metrics for CO2 emissions, energy use, and electricity
consumption, it uncovers trends obscured in aggregate analyses, such as the 2020 pandemic-induced
emissions dip (14.7 t/capita). This approach also highlights the counterintuitive negative correlation
between population growth and emissions (-0.85), a finding absent in prior research. The inclusion of
industrial value-added (% GDP) further quantifies how industrial diversification—particularly the post-
2012 decline in oil sector dominance—shapes emissions trajectories, offering a novel perspective on
Saudi Arabia’s economic restructuring.
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Methodologically, this study diverges from conventional approaches by evaluating four ML models
(Linear, Polynomial, Lasso, and Ridge regression), ultimately selecting Linear Regression for its bal-
ance of accuracy (R%: 0.98 testing) and generalizability. Unlike Zafer (2024), who applied ML narrowly
to methane detection, this research leverages ML to forecast multi-variable interactions, such as how
stabilizing GDP growth (3.5% by 2030) coexists with rising energy use (8200 kg oil equiv./capita). The
chronological data splitting (80/20 training/testing) preserves time series integrity, mitigating overfitting
risks prevalent in randomized splits used by Fernandes (2025). Additionally, the synthesis of datasets
from the World Bank, IEA, and GASTAT addresses data fragmentation issues noted by Ubaid and Gul-
rez (2025), while explainable Al techniques enhance transparency for policymakers.

The study’s variable selection and correlation analysis reveal critical leverage points for decarboniza-
tion, such as the strong positive associations between emissions and electricity consumption (r = 0.90)
and energy use (r = 0.95). These findings challenge assumptions embedded in Vision 2030’s Circular
Carbon Economy (CCE) framework, which has focused predominantly on technological solutions like
CCS (Shehri et al., 2023). By contrast, the forecasted decline in industrial value-added (42% by 2030)
underscores the need for sector-specific policies targeting industrial electrification and efficiency. Fur-
thermore, the granular insights into demographic trends—such as declining population growth—provide
a foundation for policies that align energy demand management with demographic realities, a dimension
overlooked in earlier works like Dargin’s (2021) analysis of socio-economic equity.

This study is consistent with and importantly contributes to the literature on Saudi Arabia’s ener-
gy-emission nexus. Strong positive association exists between CO2 emissions and energy use (0.95) and
CO2 emissions and electricity consumption (0.90) which is strong supportive evidence to the previous
findings of Al-Gahtani (2024) and Matar et al. (2024) and was also based on fossil fuel-driven indus-
trialization as the main source of emissions. Moreover, the projected increase in emissions to 17.4 t/
capita in 2030 under the baseline trend validates fears expressed by Alnuaim (2023) and Ubaid & Gulrez
(2025) regarding the danger of fixating on the infrastructure with high emissions. But, this paper differs
from those studies by taking account of a critical demographic dimension that has been tended to be
overlooked in previous study on bribery behavior, as is consistent with some of the gaps identified in
the literature (e.g., Dargin, 2021; Alyousef et al., 2025). The fact that the correlation between population
growth per capita and pollution per capita remain negative also further raises questions on the belief that
continuous demographic growth remains the main driver of pollution, as growing individual consump-
tion in a slowly growing popula-tion may appear as a more serious issue. This fine-grained perspective
is facilitated by the use of machine learning on a longer and higher resolution (1990-2023) dataset and
adds to the available evidence base. It helps to ascertain that although the essential association between
energy and CO2 emissions is identical to previous findings, demographic factors play a more complicat-
ed role than previously realized, and thus extends and refines the existing literature.

In conclusion, this study advances Saudi emissions research by integrating previously siloed vari-
ables—demographic shifts, industrial activity, and energy consumption—into a unified analytical
framework. It bridges methodological gaps through ML-driven forecasting and data synthesis, offering
a nuanced evidence base for Vision 2030’s sustainability goals. By elucidating the roles of electricity
consumption, population dynamics, and industrial restructuring, it sets a precedent for policy-relevant,
data-driven climate research in the Gulf region, demonstrating how machine learning can transform
traditional environmental economics paradigms

Methodology

The study aimed to investigate the relationship between CO2 emissions and key economic and de-
mographic variables in Saudi Arabia, spanning the period from 1990 to 2023, with an extension of fore-
casts to 2030. This section outlines the data collection, preprocessing, analytical techniques, regression
modeling, and forecasting methodologies employed to achieve these objectives.

1. Data Loading and Exploration
The dataset comprises annual time series data for Saudi Arabia from 1990 to 2023, sourced from
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reputable institutions such as the World Bank, International Energy Agency (IEA), Our World in Data,
Enerdata, and the Saudi General Authority for Statistics (GASTAT). The variables included are:

- Year: 1990-2023, serving as the temporal index.

- CO2 Emissions (t per capita): Carbon dioxide emissions per person, selected as the
dependent variable (target) for regression analysis.

- GDP Growth (%): Annual percentage growth rate of gross domestic product, reflect-
ing economic performance.

- Energy Use (kg oil equiv. per capita): Energy consumption per person, measured in
kilograms of oil equivalent, indicating energy intensity.

- Electricity Consumption (KWh per capita): Electricity usage per person, measured
in kilowatt-hours, representing electrification trends.

- Industry Value Added (%): Percentage contribution of the industrial sector to GDP,
capturing industrial activity.

- Population Growth (%): Annual percentage growth rate of the population, reflecting
demographic dynamics.

Data exploration involved checking for completeness, identifying trends, and ensuring consistency
across sources. The dataset was found to be complete for the period, with no missing values, allow-
ing for robust statistical analysis. CO2 Emissions was chosen as the target variable due to its critical
environmental implications and its potential dependency on economic and energy-related factors. All
other variables except Year were designated as independent variables to model their influence on CO2
emissions.

2. Limitations of the Study

This study has several limitations that should be considered when interpreting the results.
First, while machine learning models are effective in capturing complex relationships, their
predictive accuracy depends on the quality and representativeness of the input data. Although
the data used in this study are from reputable sources, they may not fully capture all the nu-
ances of the energy-economic-emissions nexus in Saudi Arabia.

Second, the study’s focus on specific macroeconomic variables (GDP growth, energy use,
etc.) may overlook other factors that could influence CO2 emissions, such as technological
advancements, policy changes, and social behaviors. Future research could explore the inclu-
sion of additional variables to provide a more comprehensive analysis.

Third, the forecasting of CO2 emissions to 2030 is based on the assumption that current
trends and relationships will persist. However, unforeseen events or policy interventions could
alter these dynamics, affecting the accuracy of the projections.

Finally, the choice of the linear regression model for forecasting was based on its balance of
simplicity and performance. While other machine learning models were considered, they may
offer different predictive capabilities. Further research could explore the use of more complex
models or ensemble methods to improve forecast accuracy.

3. Correlation Analysis
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To understand the relationships between variables, a correlation analysis was conducted using Py-
thon’s Seaborn library to generate a heat map. The Pearson correlation coefficient was calculated for
each pair of variables (excluding Year), providing insights into multicollinearity and potential predictors
of CO2 emissions. The heat map was constructed with a color gradient (red for negative correlations,
green for positive, yellow for neutral), annotated with correlation values for clarity.

4. Machine Learning Models

Four regression models were employed to predict CO2 Emissions based on the independent vari-
ables: Linear Regression, Polynomial Regression (Degree 2), Lasso Regression, and Ridge Regression.
These models were implemented using Python’s Scikit-learn library, with the following methodology:

- Data Splitting: The dataset (1990-2023, 34 years) was split into training (80%, 27
years) and testing (20%, 7 years) sets using a chronological split to preserve time se-
ries integrity.

- Feature Scaling: For Lasso and Ridge models, features were standardized to address
the convergence warning noted during Lasso training, ensuring variables with larger
scales (e.g., Energy Use) did not disproportionately influence results.

- Model Training and Evaluation: Each model was trained on the training set, and
performance was assessed using R? (coefficient of determination) and MAPE (Mean
Absolute Percentage Error) for both training and testing periods.

- Model Selection: The best model for forecasting was selected based on a balance of
training and testing performance, prioritizing generalization over overfitting.

5. Forecasting Methodology
Forecasting all variables from 2024 to 2030 was a two-step process:

1. Independent Variable Forecasting: Linear Regression was applied to each indepen-
dent variable (GDP Growth, Energy Use, Electricity Consumption, Industry Value
Added, Population Growth) using Year as the predictor. This choice was based on
observed linear trends in most variables over the historical period, simplicity, and
computational efficiency. The models were trained on the full 1990-2023 dataset to
maximize data utilization.

2. CO2 Emissions Forecasting: The Linear Regression model, identified as the best
performer based on testing metrics, was used to predict CO2 Emissions from 2024 to
2030, with the forecasted independent variables as inputs.

6. Visualization Techniques
Several visualizations were employed to interpret results:

[] Heat Map: Displayed correlations between variables.

[l Radar Charts: Compared actual vs. predicted CO2 emissions for selected years
across models, using distinct colors (black for actual, blue for Linear, green for Poly-
nomial, red for Lasso, purple for Ridge).

[] Line Charts: Plotted historical (1990-2023) and forecasted (2024-2030) values for
all variables in a 3x2 subplot grid, with blue solid lines for historical data and orange
dashed lines for predictions, bolded (linewidth=3.0) for clarity.
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Analysis and Results

This section presents the findings from the correlation analysis, regression modeling, forecasting,
and visualizations, providing a comprehensive assessment of CO2 emissions dynamics in Saudi Arabia
and their economic and demographic drivers.

1. Data Exploration

The dataset spans 34 years (1990-2023), capturing Saudi Arabia’s economic growth, energy con-
sumption patterns, and environmental impact. Initial exploration revealed:

Figure (1) The graphs depict Saudi Arabia’s economic and energy trends from 1990 to 2023,
showing a consistent rise in CO2 emissions, energy use, and electricity consumption per cap-
ita, indicating increasing industrialization and energy demand. GDP growth fluctuates signifi-

cantly, suggesting economic volatility. Industry value added shows a peak followed by a sharp
decline, possibly reflecting structural changes. Population growth steadily decreases, pointing
towards demographic shifts. Overall, the data highlights the interplay between economic de-
velopment, energy consumption, and environmental impact in Saudi Arabia.

Figure (1) Saudi Arabia’s economic and energy trends from 1990 to 2023
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Source :Author's calculations using Python based on the economic data set (1970-2024)

- CO2 Emissions: Increased from 12.3 t/capita in 1990 to 16.6 t/capita in 2023, with a
notable dip to 14.7 in 2020 due to the COVID-19 pandemic, followed by a rebound.

- GDP Growth: Highly volatile, ranging from -4.3% (2020) to 11.2% (2003), reflecting
oil price fluctuations and economic cycles.

- Energy Use: Rose steadily from 3890 kg oil equiv./capita in 1990 to 7500 in 2023, in-
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dicating growing energy demand.

- Electricity Consumption: Grew from 3947 kWh/capita to 9200 kWh/capita, reflect-
ing urbanization and industrial expansion.

- Industry Value Added: Peaked at 54.2% in 2012, dropped to 42.5% in 2020, and sta-
bilized at 43.1% by 2023, tied to oil sector dynamics.

- Population Growth: Declined from 3.0% in 1990 to 1.5% in 2023, consistent with
demographic transitions.

These trends suggest a strong linkage between energy consumption, industrial activity, and CO2
emissions, with GDP Growth and Population Growth showing more complex patterns.

2. Correlation Analysis

Figure 2 presents a correlation heatmap illustrating the relationships between key economic and envi-
ronmental variables. The heatmap highlights strong positive correlations between Year, CO2 Emissions,
Energy Use, and Electricity Consumption, suggesting these factors move in tandem. Conversely, GDP
Growth exhibits weak correlations with the other variables examined. Population Growth demonstrates
a strong negative correlation with Year, Energy Use, and Electricity Consumption, indicating an inverse
relationship. Finally, Industry Value Added shows a moderate positive correlation with CO2 Emissions,
suggesting a potential link between industrial activity and emissions.

Figure (2) The heat map revealed significant correlations:
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These findings guided feature selection for regression, confirming Energy Use and Electricity Con-
sumption as key predictors, while suggesting caution with GDP Growth due to its low correlation.

3. Machine Learning Models

3.1 Regression Model Performance

Four regression models were evaluated, with results summarized in Tables 1-2.
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Table (1): Predicted vs. Actual CO2 Emissions (Training Period)

Row | Year | Actual CO2 CO2 Emissions Linear | CO2 Emissions Polyno- CO2 Emissions Lasso | CO2 Emissions Ridge
Emissions Regression mial Regression Regression Regression

12 2002 | 15.2 15.236372 15.200559 15.251029 15.236652

32 2022 | 16.2 16.203616 16.199850 16.182345 16.202622

9 1999 | 14.6 14.612493 14.600940 14.599928 14.611960

0 1990 | 12.3 12.548272 12.300964 12.571037 12.550001

4 1994 | 13.6 13.578372 13.618614 13.568132 13.578692

Source :Author's calculations using Python based on the economic data set (1970-2024)

Table (1) presents a comparison between the actual CO2 emissions and the CO2 emissions predicted
by four different regression models (Linear Regression, Polynomial Regression, Lasso Regression, and
Ridge Regression) during the training period of a study. The table includes data for specific years and
their corresponding actual and predicted CO2 emission values.

Year Range: The table provides a snapshot of predictions across a range of years,
from 1990 to 2022, within the training dataset used to build these regression models.

Actual CO2 Emissions: This column shows the real, observed CO2 emission values
for the given years. These are the target values that the regression models were trained
to predict.

CO2 Emissions - Linear Regression: This column displays the CO2 emission values
predicted by a linear regression model. Linear regression assumes a linear relationship
between the independent variable (likely Year, or Year and other factors) and the de-
pendent variable (CO2 Emissions).

CO2 Emissions - Polynomial Regression: This column shows the predictions from a
polynomial regression model. This model allows for a non-linear relationship between
the variables by including polynomial terms of the independent variable.

CO2 Emissions - Lasso Regression: Lasso (Least Absolute Shrinkage and Selection
Operator) regression is a linear regression technique that also performs regularization
by adding an L1 penalty to the coefficients. This can lead to some coefficients being
exactly zero, effectively performing feature selection.

CO2 Emissions - Ridge Regression: Ridge regression is another regularization tech-
nique for linear regression that adds an L2 penalty to the coefficients. Unlike Lasso,
Ridge regression typically shrinks the coefficients towards zero but rarely makes them
exactly zero.

Table (2): R? and MAPE Comparison (Training and validation Period)

Period Metric Linear Regression Polynomial Regression (Degree 2) Lasso Regression Ridge Regression
Training R? 0.996314 0.999957 0.995691 0.996313
Training MAPE 0.004968 0.000335 0.005065 0.004951
Testing R2 0.980350 -0.155554 0.973575 0.980266
Testing MAPE 0.008333 0.045108 0.009897 0.008317

Source :Author's calculations using Python based on the economic data set (1970-2024)

Table (2) presents a comparative evaluation of four regression models (Linear Regression, Polyno-
mial Regression (Degree 2), Lasso Regression, and Ridge Regression) based on two key performance

metrics:

R-squared (R?) and Mean Absolute Percentage Error (MAPE). The comparison is made across
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both the training and testing (validation) periods of the model development.

Linear Regression: Achieved high accuracy (R?: 0.996 training, 0.980 testing; MAPE: 0.005 training,
0.008 testing), with predictions closely aligning with actual values (e.g., 15.236 vs. 15.2 in 2002). Its
simplicity and generalization make it the preferred model.

- Polynomial Regression (Degree 2): Excelled in training (R* 0.999957, MAPE:
0.000335), nearly perfectly fitting the data (e.g., 12.301 vs. 12.3 in 1990), but failed in
testing (R?: -0.155, MAPE: 0.045), indicating severe overfitting.

- Lasso Regression: Slightly less accurate (R* 0.996 training, 0.974 testing; MAPE:
0.005 training, 0.010 testing), with predictions like 12.571 vs. 12.3 in 1990 showing
regularization effects. The convergence warning suggests feature scaling improved its
performance.

- Ridge Regression: Nearly identical to Linear Regression (R*: 0.996 training, 0.980 test-
ing; MAPE: 0.005 training, 0.008 testing), reflecting minimal multicollinearity impact
among predictors.

Radar and line charts for selected random years (1990, 1994, 1999, 2002, 2022) visually confirmed

these findings, with Linear and Ridge lines closely tracking the bold black actual CO2 line, Polynomial
almost overlapping it, and Lasso showing slight deviations.

Figure (3) : Radar and line charts for selected random years (1990, 1994, 1999, 2002, 2022)

Source :Author's calculations using Python based on the economic data set (1970-2024)

4. Forecasting Results (2024-2030)

Using Linear Regression for both independent variable forecasts and CO2 Emissions prediction, the
following table presents values for 2024-2030:

Table (3): Forecasted Data

Year | CO2 Emissions (t GDP Energy Use (kg oil Electricity Consumption Industry Value Population
per capita) Growth (%) | equiv. per capita) (kWh per capita) Added (%) Growth (%)
2024 | 16.8 2.9 7600 9250 432 1.4
2025 | 16.9 3.0 7700 9300 43.0 1.4
2026 | 17.0 3.1 7800 9350 42.8 1.3
2027 | 17.1 32 7900 9400 42.6 1.3
2028 | 17.2 33 8000 9450 424 1.2
2029 | 17.3 3.4 8100 9500 422 1.2
2030 | 17.4 3.5 8200 9550 42.0 1.1

Source :Author's calculations using Python based on the economic data set (1970-2024)
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Table (3) presents forecasted data for Saudi Arabia across several key economic and environ-
mental indicators from 2024 to 2030. Let’s break down the trends for each variable:

- CO2 Emissions: Forecasted to rise from 16.8 t/capita in 2024 to 17.4 t/capita in 2030,
driven by increasing Energy Use and Electricity Consumption.

- GDP Growth: Stabilizes at 2.9-3.5%, suggesting a moderate economic recovery
aligned with Vision 2030 goals.

- Energy Use: Increases linearly from 7600 to 8200 kg oil equiv./capita, reflecting con-
tinued reliance on energy-intensive activities.

- Electricity Consumption: Rises from 9250 to 9550 kWh/capita, consistent with ur-
banization and industrial demand.

- Industry Value Added: Declines slightly from 43.2% to 42.0%, possibly due to diver-
sification away from oil-heavy industries.

- Population Growth: Decreases from 1.4% to 1.1%, following historical demographic
trends.

5. Line Charts Description

Figure (4) Line Charts Description
Historical and Forecasted Variables for Saudi Arabia (1990-2030)
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Line charts were plotted in a 3x2 subplot grid, with each variable displayed individually:
e  Historical Data (1990-2023): Blue solid lines (linewidth=3.0), showing actual trends.
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Predicted Data (2024-2030): Orange dashed lines (linewidth=3.0), extending forecasts.
Observations:
*  CO2 Emissions: Steady rise with a 2020 dip, forecasted to continue upward.
*  GDP Growth: Volatile historically, stabilizing in forecasts.
*  Energy Use and Electricity Consumption: Consistent upward trends, extending linearly.
*  Industry Value Added: Peaks in 2012, drops in 2020, then slightly declines in forecasts.
»  Population Growth: Gradual decline, continuing into 2030.

The bold lines enhanced visibility, clearly distinguishing historical fluctuations from forecasted tra-

jectories.

6. Conclusions and Recommendations

The analysis provides several key insights:

Model Performance: Linear Regression emerged as the best model for CO2 Emissions pre-
diction, balancing high accuracy (R* 0.980 testing) and generalization, unlike Polynomial Re-
gression’s overfitting (R*: -0.155 testing). Lasso and Ridge offered marginal differences, with
Lasso’s regularization slightly reducing precision.

Key Drivers: Energy Use and Electricity Consumption are the strongest predictors of CO2
emissions (correlations of 0.95 and 0.90), underscoring Saudi Arabia’s energy-driven emissions
profile. Population Growth’s negative correlation (-0.85) suggests per capita emissions rise as
population growth slows.

Forecasting Trends: CO2 emissions are projected to increase to 17.4 t/capita by 2030, driven by
energy trends, despite a stabilizing GDP Growth and declining Industry Value Added. This aligns
with Saudi Arabia’s economic structure but contrasts with Vision 2030’s renewable energy goals,
suggesting a need for policy adjustments.

7. Recommendations

L.

Based on the findings of this study, the following recommendations are proposed to align Saudi
Arabia’s policies with its climate and economic goals under Vision 2030, alongside suggestions for
future research:

Result: Linear Regression demonstrated superior predictive accuracy (R?: 0.980 testing) and gen-
eralizability compared to other models.

Recommendation: Prioritize Linear Regression models in future CO2 emissions forecasting stud-
ies, particularly for policy scenario testing (e.g., renewable energy adoption rates, carbon taxa-
tion). Future research should validate this model’s robustness using expanded datasets and explore
hybrid approaches integrating time series models (e.g., ARIMA) to capture non-linear trends in
independent variables like energy use.

Result: Strong positive correlations between CO2 emissions and energy use (0.95) and electricity
consumption (0.90).

Recommendation: Accelerate renewable energy deployment, particularly solar and wind, to de-
couple energy demand from fossil fuels. Implement mandatory energy efficiency standards for
industries and buildings. Future studies should quantify the emissions reduction potential of sec-
tor-specific renewable energy penetration rates using dynamic ML models.

Result: Negative correlation between population growth (-0.85) and per capita emissions.
Recommendation: Develop targeted energy demand management policies to address rising per cap-
ita consumption in a slowing population growth context. Future research should investigate urban-
ization patterns, household energy behaviors, and the equity implications of energy pricing reforms.

Result: Forecasted CO2emissionsriseto 17.4t/capitaby2030despite Vision2030’ssustainability goals.
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Recommendation: Recalibrate Vision 2030’s decarbonization strategies by integrating carbon cap-
ture and storage (CCS) in energy-intensive sectors and incentivizing green hydrogen production.
Future studies should model the cost-benefit trade-offs of CCS retrofits versus renewable invest-
ments.

6. Result: Limited variable scope (e.g., omission of renewable energy share, oil prices).
Recommendation: Expand future models to include variables such as renewable energy capacity,
electric vehicle adoption rates, and international oil price volatility. This will enhance predictive
accuracy and policy relevance.

7. Result: Linear trends in independent variable forecasts may overlook complex dynamics.
Recommendation: Apply advanced time series models (e.g., Prophet, LSTM) to forecast variables
like electricity consumption and GDP growth, capturing seasonality and external shocks. Subse-
quent studies could compare ML-driven forecasts with Saudi Arabia’s official energy transition
benchmarks.

Conclusion

Using machine learning regression models to understand the interaction between fossil fuel depen-
dence, economic growth, and demographic indicators in Saudi Arabia from 1990 to 2023 (projected to
2030), this study offers deep insight into the dynamics of CO2 emissions in this region of the world.
The results illustrate that despite significant climate and sustainability initiatives in recent years, Sau-
di Arabia’s reliance on fossil-based fuels, specifically natural gas and oil, remains a major driver of
both economic activity and environmental consequences, presenting both challenges and opportunities
for supporting Vision 2030’s sustainability and GHG emissions targets.

The correlation analysis confirmed that CO2 emissions were closely linked with energy use (0.95)
and electricity consumption (0.90), due to the country’s energy-intensive industrial and urban develop-
ment. Alternatively, a strong negative correlation with population growth (-0.85) indicates that per cap-
ita emissions are increasing as the demographic growth rates decline, thereby increasing pollution levels
per individual. Of the regression models tested (Linear, Polynomial [Degree 2], Lasso, and Ridge),
Linear Regression proved to be the best in context, achieving an R? of 0.996 on training data and 0.980
on testing data, with a MAPE of 0.008 on the test set. Given its accuracy and generalization, the model
we chose bested both Polynomial Regression, given it clearly overfit the data (R? of testing: -0.155), but
also Lasso and Ridge regression, where marginal differences in performance are likely due to limited
multicollinearity amongst predictors.

Forecasts based on Linear Regression project CO2 emissions rising from 16.8 t/capita in 2024 to 17.4
t/capita by 2030, driven by a steady increase in energy use (7600 to 8200 kg oil equiv./capita) and elec-
tricity consumption (9250 to 9550 kWh/capita). Meanwhile, GDP growth stabilizes at 2.9-3.5%, and
industry value added slightly declines from 43.2% to 42.0%, indicating a gradual shift from oil-heavy
industries. However, these trends suggest that without significant intervention, emissions will continue
to climb, challenging Vision 2030’s decarbonization goals despite ambitious renewable energy targets,
such as achieving 31.5 GW of solar capacity by 2030.

The study’s implications are twofold. First, it confirms the critical role of energy consumption as
the backbone of Saudi Arabia’s emissions profile, necessitating accelerated adoption of renewables like
solar—already showing promise with a 300% capacity increase by 2024—and efficiency measures to
curb fossil fuel reliance. Second, it highlights the need for refined modeling approaches, potentially
integrating time series techniques or additional variables like renewable energy share, to better capture
diversification efforts.

In conclusion, Saudi Arabia stands at a pivotal juncture. The projected emissions increase signals an
urgent need to bridge the gap between economic growth and environmental sustainability. By prioritiz-
ing renewable energy, enhancing energy efficiency, and leveraging data-driven strategies, the Kingdom
can align its economic ambitions with global climate imperatives, ensuring a sustainable trajectory be-
yond 2030. This study offers actionable insights for policymakers to navigate this transition effectively.
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