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Abstract

This study examines how the strategic integration of digital transformation and national
innovation capacity contributes to accelerating sustainable development in Saudi Arabia
by focusing on six Sustainable Development Goals (SDGs): SDG 4—Quality Education,
SDG 7—Affordable and Clean Energy, SDG 8—Decent Work and Economic Growth, SDG
9—Industry, Innovation and Infrastructure, SDG 12—Responsible Consumption and Pro-
duction, and SDG 13—Climate Action. Using annual data on ICT use, ICT access, R&D
expenditure, and patent applications, the analysis evaluates both the direct and joint re-
lationships between these indicators and SDG performance. Digital transformation is
captured through ICT use and ICT access, while national innovation capacity is represented
by R&D expenditure and patent applications, reflecting the input and output dimensions
of formal innovation activity. The findings indicate that the direct long-run effects of digi-
tal transformation and national innovation capacity on the six SDGs are not statistically
significant, suggesting that these domains have not yet become standalone drivers of educa-
tional advancement, clean-energy adoption, economic performance, industrial upgrading,
sustainable resource management, or emissions reduction. In contrast, their interaction
produces substantial positive effects on SDG 4, SDG 7, SDG 8, and SDG 9, highlighting
improvements in educational quality, renewable energy transition, productivity, and indus-
trial innovation. The interaction also has significant negative effects on SDG 12 and SDG
13, as reflected by reductions in CO; intensity and environmental pressures. These results
indicate that meaningful progress toward the SDGs emerges when digital capabilities and
national innovation capacity evolve jointly, rather than through isolated improvements
in ICT infrastructure or innovation inputs. Robustness checks using a composite SDG
index confirm the stability of these complementary effects. These findings suggest that
Saudi Arabia can accelerate progress toward the SDGs by adopting integrated policies that
link ICT expansion with stronger R&D systems, patent commercialization, technological
innovation, and sustainability-oriented industrial transformation across education, energy,
industry, resource efficiency, and climate action.

Keywords: sustainable development goals; digital transformation; innovation capacity;
renewable energy transition; Saudi Arabia

1. Introduction

Sustainable development has become the cornerstone of global policy and academic
discourse, emphasizing the simultaneous pursuit of economic growth, social inclusion,
and environmental protection [1,2]. Since the launch of the United Nations Sustainable
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Development Goals (SDGs) in 2015, governments and institutions worldwide have been
striving to integrate technological progress and innovation capabilities into strategies that
advance these multidimensional objectives. Within this global framework, the Kingdom
of Saudi Arabia has emerged as a regional leader in embedding sustainability principles
into its national transformation agenda, as reflected in Vision 2030. The vision seeks to
achieve a comprehensive developmental renaissance by diversifying the economy, em-
powering human capital, promoting innovation, and ensuring environmental resilience.
Central to this transformative process are two critical and complementary drivers: digital
transformation and national innovation capacity. Digital transformation encompasses the
adoption and strategic integration of digital technologies, e-government platforms, arti-
ficial intelligence, data analytics, and data-driven decision-making systems that enhance
organizational efficiency, institutional transparency, public service delivery, and value
creation across the public and private sectors [3-5]. National innovation capacity refers
to a country’s systemic capacity to generate, absorb, diffuse, and transform scientific and
technological knowledge into innovation-driven economic and social outcomes [6,7]. It
reflects the strength of a national innovation system in mobilizing research capabilities,
institutional support, human skills, technological infrastructure, and productive linkages
to support sustained innovation and development [8,9]. Together, digital transformation
and national innovation capacity are increasingly viewed as essential levers for achiev-
ing sustainable progress across the social, economic, and environmental dimensions of
the SDGs.

The rapid expansion of digital infrastructure in Saudi Arabia, supported by strategic
initiatives such as the National Transformation Program and the Saudi Data and Artificial
Intelligence Authority, has significantly advanced the country’s transition toward a digitally
enabled and innovation-oriented economy. Simultaneously, increased investment in educa-
tion, universities, scientific research, and technological development has strengthened the
foundations of national innovation capacity. However, while progress has been notable,
the potential synergy between digital transformation and national innovation capacity re-
mains underexplored in both academic research and policy practice. Previous studies have
provided important insights into the individual impact of these two drivers on different
aspects of sustainable development, yet they often treat them in isolation. For example,
Zhao et al. [10] found that the digital economy enhances energy efficiency and green pro-
ductivity through technological innovation and smart resource allocation. Zhang et al. [11]
demonstrated that information and communication technologies reduce environmental
degradation in the Middle East and North Africa by promoting the diffusion of innovation.
Likewise, Abulkhair [12] emphasized that e-government and digital governance strengthen
institutional transparency and accountability—key enablers of SDG 8 (Decent Work and
Economic Growth), SDG 9 (Industry, Innovation, and Infrastructure), and SDG 12 (Respon-
sible Consumption and Production). Nevertheless, these contributions remain limited by
their narrow focus on the technological dimension, often neglecting the role of national
innovation capacity in maximizing the developmental benefits of digitalization.

Similarly, the literature on innovation capacity highlights its positive contribution to
long-term sustainability but rarely connects it with digital advancement. Alzate-Alvarado
et al. [13] found that R&D investment, human capital, and higher education improve indus-
trial innovation and sustainable economic performance across OECD and Latin American
economies. Aldieri et al. [14] showed that investment in innovation and knowledge diffu-
sion fosters environmental innovation and a shift toward renewable energy, while Fehérvari
and Varga [15] observed that higher education enhances institutional resilience and social
inclusion. Despite these findings, the absence of integrated analyses remains striking. Few
studies have explored how digital capabilities and national innovation capacity interact to
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reinforce each other’s effects on achieving the SDGs. The majority of prior research employs
linear frameworks that ignore the possibility of complementarities between technological
progress and innovation capacity—interactions that can amplify sustainable outcomes.
Furthermore, most existing evidence is drawn from advanced economies and has limited
applicability to emerging contexts such as Saudi Arabia, where digital governance, educa-
tional reform, research investment, and innovation-oriented industrial transformation are
unfolding simultaneously under Vision 2030. This research gap calls for a comprehensive
assessment of how the interplay between digital transformation and national innovation
capacity contributes to specific sustainability goals, including SDGs 4, 7, 8, 9, 12, and 13.

The proposed study aims to fill these gaps by empirically analyzing the influence of
digital transformation and national innovation capacity on achieving sustainable develop-
ment in Saudi Arabia and demonstrating how their interaction can accelerate the realization
of Vision 2030 objectives. It assumes that digital technologies and innovation capacity are
mutually reinforcing pillars of progress: digital transformation facilitates access to infor-
mation, enhances institutional efficiency, supports data-driven governance, and enables
inclusive growth, while national innovation capacity strengthens the absorptive and inven-
tive capabilities needed to leverage digital tools effectively. By linking these domains within
a unified analytical framework, the project introduces a new perspective on how digital
and innovation assets drive sustainability transitions. Unlike previous studies that evaluate
only one factor at a time, this research investigates their integrated and complementary
impact, thereby providing a more holistic understanding of development processes. Using
data from the World Bank, UNESCO, the International Telecommunication Union, and the
United Nations Development Programme, the project employs descriptive and econometric
methods to assess how both factors simultaneously influence multiple SDGs. The expected
outcomes will likely show that digital transformation improves productivity, transparency,
and resource efficiency, while national innovation capacity enhances the quality of edu-
cation, technological development, industrial upgrading, and institutional adaptability.
More importantly, their combined influence is expected to foster a synergistic effect that
strengthens national capabilities in renewable energy transition, responsible production,
and climate resilience.

The expected contribution of this research is both theoretical and practical. Theo-
retically, it extends the literature by introducing a comprehensive model that integrates
digital transformation and national innovation capacity into the analysis of sustainable
development. This approach enriches our understanding of how technological and in-
novation capabilities can be mobilized to achieve inclusive, environmentally responsible
growth, bridging the resource-based and endogenous growth perspectives. Empirically, it
offers the first evidence, to the best of current knowledge, on how digital transformation
and national innovation capacity jointly contribute to the SDGs within the Saudi context.
In practice, the study will provide policymakers and development planners with action-
able recommendations for designing strategies that align digital infrastructure, research
investment, patent generation, and human capability development with sustainability
objectives. These insights will support national initiatives, such as the Digital Government
Strategy, the Human Capability Development Program, the National Transformation Pro-
gram, and the National R&D Strategy, ensuring that digital transformation and innovation
capacity become mutually reinforcing engines of sustainable progress. By highlighting the
complementarities between these domains, the project contributes to the formulation of
integrated policies that can accelerate Saudi Arabia’s transition toward a knowledge-based,
innovation-led, and environmentally conscious economy—fully aligned with Vision 2030
and the global SDGs agenda.
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The remainder of the article reviews the relevant literature, outlines the data and
empirical methodology, reports and discusses the main findings, and concludes with key
insights, policy recommendations, and directions for future research.

2. Literature Review
2.1. Sustainable Development Goals in Saudi Arabia

Saudi Arabia’s SDG story is closely embedded in Vision 2030, which has become the
Kingdom’s main national framework for transforming sustainability from a global agenda
into a country-specific development pathway. Introduced in 2016, Vision 2030 aligns with
the SDGs by linking economic diversification, human capability development, institutional
modernization, innovation, and environmental sustainability within a unified transfor-
mation strategy [16,17]. Through its three pillars—vibrant society, thriving economy, and
ambitious nation—the Vision connects social, economic, and environmental objectives with
national programs designed to reduce oil dependence, expand the digital economy, im-
prove public services, strengthen human capital, and build a more competitive, sustainable
economy. This makes the Saudi case particularly important because SDG implementation
is not treated as a separate policy agenda, but as part of a wider national reform project.

Several Saudi national programs directly support the SDGs examined in this study.
SDG 4 (Quality Education) is advanced through education reform, digital learning, univer-
sity development, research excellence, and the Human Capability Development Program.
These initiatives aim to improve learning outcomes, strengthen workforce skills, and sup-
port the transition toward a knowledge-based and innovation-driven economy. SDG 7
(Affordable and Clean Energy) is addressed through the National Renewable Energy Pro-
gram, solar and wind energy investments, green hydrogen projects, and major initiatives
associated with NEOM and the broader clean energy transition. SDG 8 (Decent Work and
Economic Growth) is supported by labor market reform, entrepreneurship, SME devel-
opment, tourism expansion, private sector participation, and the growth of the digital
economy. These reforms are intended to increase productivity, diversify employment
opportunities, and reduce dependence on hydrocarbon-based growth. Saudi Arabia has
also made SDG 9 (Industry, Innovation and Infrastructure) a central part of its development
model. The Kingdom has invested heavily in digital infrastructure, artificial intelligence,
smart logistics, advanced manufacturing, industrial cities, data platforms, and research-
oriented transformation (Saudi Ministry of Communications and Information Technology,
2023). These initiatives reflect the national ambition to build a stronger innovation ecosys-
tem and modernize the industrial base. In parallel, SDG 12 (Responsible Consumption and
Production) and SDG 13 (Climate Action) are increasingly addressed through circular econ-
omy policies, waste-management reforms, water-efficiency programs, emissions-reduction
initiatives, vegetation expansion, and land-restoration projects. The Saudi Green Initiative
and the Middle East Green Initiative represent important environmental commitments,
including efforts to reduce carbon emissions and improve ecological resilience [18].

Despite these policy commitments, Saudi Arabia’s SDG performance remains uneven.
As shown in Figure 1, the Kingdom records relatively stronger performance on several
socioeconomic and infrastructure-related goals, particularly those linked to education,
energy access, economic transformation, and innovation-related infrastructure. However,
the same figure shows weaker performance on environmental goals, especially SDG 12 and
SDG 13. This suggests that while Saudi Arabia has made progress in reforming education,
expanding infrastructure, promoting economic diversification, and supporting innovation,
environmental sustainability remains a more difficult area of transition. The weaker scores
for responsible consumption and climate action reflect persistent challenges related to
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carbon intensity, high energy use, resource efficiency, and the environmental pressures
associated with rapid economic and industrial development [19].

Figure 1. Average performance by SDG.

The trend evidence in Figure 2 reinforces this mixed picture. It shows that only part of
Saudi Arabia’s SDG indicators are on track or already achieved, while a substantial share
shows limited progress or worsening trajectories. This indicates that the Kingdom has made
important progress in embedding sustainability into national planning, but the conversion
of policy ambition into measurable SDG outcomes remains incomplete. In particular, the
limited or negative momentum in environmental indicators highlights the need for stronger
mechanisms that connect digital transformation, innovation, industrial upgrading, and
environmental management. Therefore, the Saudi SDG story is one of rapid reform and
strong institutional commitment, but also one of uneven implementation across different
sustainability dimensions. This uneven performance makes Saudi Arabia an important
context for examining the roles of digital transformation and national innovation capacity
in achieving the SDGs. Digital transformation can support Saudi Arabia’s progress toward
the SDGs by improving public service delivery, expanding access to education, enabling
data-driven governance, monitoring energy use, strengthening industrial efficiency, and
supporting climate and resource management systems. National innovation capacity
can contribute by enhancing research capabilities, technological development, patent
generation, industrial upgrading, and sustainability-oriented innovation. However, the
evidence shown in Figures 1 and 2 suggests that these two forces need to operate together
rather than separately. Progress toward environmental goals such as SDG 12 and SDG 13,
in particular, requires integrating digital monitoring systems, clean technologies, research
investment, industrial innovation, and circular economy practices.

Accordingly, Saudi Arabia’s SDG story provides the empirical motivation for this
study. The Kingdom has made substantial progress in aligning Vision 2030 with the global
SDG agenda, but its performance remains uneven across social, economic, industrial, and
environmental dimensions. This raises the question of whether digital transformation and
national innovation capacity contribute directly to SDG progress, or whether their effects
depend on complementarity. By focusing on SDG 4, SDG 7, SDG 8, SDG 9, SDG 12, and
SDG 13, this study examines the areas most closely linked to Vision 2030 priorities and to
Saudi Arabia’s transition toward a digitally enabled, innovation-driven, and environmen-
tally responsible development model.
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Figure 2. Status of SDG targets for Saudi Arabia (% trend indicators). Source: Sachs et al. [19].

2.2. Digital Transformation and Sustainable Development Goals

Digital transformation represents a broad structural shift in how societies, govern-
ments, and organizations operate, innovate, and deliver value through the integration of
advanced digital technologies and data-driven systems. It involves reconfiguring processes,
institutions, and behaviors to enhance connectivity, transparency, and the capacity for
innovation across economic and social domains [20]. From the perspective of the Resource-
Based View (RBV), digital transformation is not limited to technological adoption; it reflects
the strategic deployment of intangible resources that are valuable, rare, inimitable, and
non-substitutable [21,22]. These digital resources—such as information networks, data
analytics, and innovation ecosystems—enable nations and organizations to develop unique,
dynamic capabilities that sustain competitive advantage while promoting long-term envi-
ronmental and social well-being. When embedded into governance systems and economic
structures, digital transformation enhances resource efficiency, institutional agility, and
knowledge sharing—factors essential to achieving sustainable development. Within this
theoretical lens, the ability to generate, process, and apply digital knowledge becomes
a cornerstone for advancing multiple Sustainable Development Goals (SDGs) related to
energy, innovation, urban sustainability, and responsible consumption [23,24].

Empirical research supports the significant impact of digital transformation on achiev-
ing the Sustainable Development Goals. Several studies confirm that information and
communication technologies (ICTs) and digital innovation enhance energy efficiency, re-
duce environmental degradation, and stimulate green economic growth. For example,
Zhang et al. [11] demonstrated that digitalization reduces carbon intensity across MENA
economies through technological spillovers and the diffusion of innovation. Similarly;,
Liu et al. [25] found that the digital economy improves green total factor productivity
by promoting industrial modernization and eco-efficiency. Other studies from OECD
nations show that digitalization significantly improves sustainable development by in-
creasing Green Total Factor Productivity (GTFP), primarily through three mechanisms:
fostering technological innovation, strengthening human capital, and enabling industrial
upgrading [26]. Likewise, digital transformation accelerates progress toward the SDGs
by promoting green consumption, as digital tools such as artificial intelligence and big
data support environmentally friendly production and consumption patterns and gen-
erate beneficial spatial spillover effects across regions [27]. Additionally, digitalization
contributes to long-term, sustainable growth by enhancing educational quality, expanding
ICT capabilities, and supporting digital infrastructure—factors that have been shown to
strengthen economic performance in both Middle Eastern and OECD economies [28]. In
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addition, Xu et al. [29], EIMassah and Mohieldin [30], and Hermawan et al. [31] highlight
that digital transformation strengthens governance, transparency, and institutional account-
ability, contributing directly to SDG 8 (Decent Work and Economic Growth) and SDG 9
(Industry, innovation and infrastructure).

Moreover, the integration of e-government services and digital finance has improved
access to quality education (SDG 4) and fostered inclusive economic opportunities, demon-
strating the multidimensional influence of digital technologies on social and environmental
progress [32,33]. Recent studies also emphasize that digital infrastructure fosters clean
energy transition (SDG 7) and sustainable consumption (SDG 12) by enabling real-time
monitoring of energy use, supporting green innovation, and facilitating circular economy
practices, thereby reinforcing long-term environmental and economic resilience [34-36].

In Saudi Arabia, digital transformation has become a cornerstone of the Vision 2030
strategy, aligning national progress with the global SDG agenda. The development of
advanced ICT infrastructure, smart governance systems, and data-driven decision-making
has positioned the Kingdom as a regional leader in sustainable digital growth. Digital
platforms have optimized renewable energy management (SDG 7) and enhanced industrial
competitiveness (SDG 9). These outcomes exemplify how digital resources, when strategi-
cally embedded within policy and institutional frameworks, generate cumulative benefits
for both economic productivity and environmental responsibility. Therefore, based on the
RBV logic and growing empirical evidence, this study formulates the following hypothesis:

H1. Digital transformation positively contributes to achieving the Sustainable Development Goals
in Saudi Arabia.

2.3. Innovation Capacity and Sustainable Development Goals

National innovation capacity refers to a country’s systemic ability to generate, ab-
sorb, diffuse, and transform scientific and technological knowledge into innovation-driven
economic, social, and environmental outcomes [6,7]. It reflects the strength of a national
innovation system in mobilizing research capabilities, institutional support, human skills,
technological infrastructure, and productive linkages to support sustained innovation and
development [8,9]. From the perspective of the Knowledge-Based View (KBV), knowl-
edge represents a strategic resource that enables organizations and economies to create
value, renew capabilities, and strengthen competitiveness when it is effectively generated,
combined, and applied [37]. When coupled with dynamic capabilities—the ability to inte-
grate, build, and reconfigure internal and external competencies in response to changing
environments [38]—national innovation capacity becomes a critical mechanism through
which societies respond to sustainability-oriented challenges such as climate change, energy
transition, industrial upgrading, and inclusive growth. Thus, in the context of sustainable
development, national innovation capacity is not merely a technological input; it is a trans-
formative capability that enables countries to develop innovative education systems, adopt
clean technologies, strengthen industrial competitiveness, design adaptive institutions, and
build governance frameworks aligned with the Sustainable Development Goals (SDGs).

Prior studies increasingly validate the role of innovation capacity in advancing sus-
tainable development. At the macro level, national innovation systems are essential for
transforming research investments, technological learning, and institutional capabilities
into long-term economic and social progress [6,7,9]. Furman et al. [39] argue that national
innovative capacity depends on a country’s ability to produce and commercialize a con-
tinuous flow of innovation, while Yanhui et al. [40] show that R&D intensity and patent
activity are closely connected to regional innovation capacity. More recently, He et al. [41]
emphasize that the number of patents and patent applications, as well as R&D expenditure,
is widely used to measure a country’s innovation capacity. These studies support the view
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that national innovation capacity reflects both the resources devoted to knowledge creation
and the technological outputs generated from these resources. In sustainability contexts,
such capacity can support SDG 9 by promoting technological upgrading, industrial in-
novation, and infrastructure modernization, while also contributing to SDG 4 through
research-oriented education systems, SDG 7 through renewable-energy technologies, and
SDG 13 through climate-responsive innovation.

The relationship between national innovation capacity and sustainable development is
also supported by studies linking R&D, technological innovation, and human capabilities to
environmental and socioeconomic outcomes. Alzate-Alvarado et al. [13] show that research
investment, higher education, and technological capabilities improve industrial innova-
tion and sustainable economic performance across OECD and Latin American economies.
Aldjieri et al. [14] demonstrate that innovation and knowledge diffusion foster environmen-
tal innovation and support the transition toward renewable energy. Similarly, Fehérvari
and Varga [15] indicate that higher education and institutional learning enhance resilience
and social inclusion. Collectively, these findings suggest that countries with stronger in-
novation capacity are better positioned to embed sustainability objectives into industrial
policy, education systems, energy transition strategies, and environmental governance. In
this sense, national innovation capacity contributes to the SDGs not only by generating new
technologies but also by strengthening the absorptive and adaptive capabilities needed to
apply these technologies to development challenges.

In the case of Saudi Arabia, strengthening national innovation capacity is a core ele-
ment of the national transformation agenda. Vision 2030 emphasizes research excellence,
technological development, industrial diversification, digital transformation, entrepreneur-
ship, and human capability development as foundations for a more competitive and
sustainable economy. By strengthening universities, promoting R&D, supporting patent
generation, fostering innovation ecosystems, and encouraging technology transfer, Saudi
Arabia is building the innovation capabilities needed to advance multiple SDGs. These
efforts are particularly relevant to improving the quality of education (SDG 4), developing
industry, innovation, and infrastructure (SDG 9), supporting the renewable energy tran-
sition (SDG 7), enhancing economic productivity (SDG 8), and enabling climate-resilient
policies (SDG 13). Accordingly, national innovation capacity is a strategic capability that
supports the Kingdom’s ability to adapt, innovate, and translate Vision 2030 reforms into
measurable progress on the SDGs. Based on the KBV, dynamic capability logic and the
empirical evidence discussed above, this study posits the following hypothesis:

H2. National innovation capacity positively contributes to achieving the Sustainable Development
Goals in Saudi Arabia.

2.4. Research Gaps

Although extensive research has examined the individual effects of digital transfor-
mation and national innovation capacity on economic growth, industrial development,
and environmental sustainability, empirical understanding of how these two dimensions
interact to accelerate progress toward the SDGs remains limited. Most prior studies have
focused on linear or isolated relationships, treating digital innovation, R&D investment,
patent activity, and technological capabilities as separate determinants of sustainable out-
comes [10,11]. However, this perspective overlooks the powerful synergy that may emerge
when digital transformation and national innovation capacity interact. From the perspective
of the RBYV, digital transformation provides strategic technological resources that improve
connectivity, data processing, institutional efficiency, and value creation. According to the
KBYV, innovation capacity strengthens the ability of countries and organizations to gener-
ate, absorb, combine, and apply knowledge to achieve technological and developmental
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outcomes [37]. When combined with dynamic capabilities, this interaction can support
adaptation, innovation, and long-term resilience in response to sustainability-oriented
challenges [38].

Digital transformation provides the technological backbone for data-driven decision-
making, process optimization, e-government services, digital learning, energy monitoring,
and industrial modernization. National innovation capacity, in turn, strengthens the ab-
sorptive and inventive capabilities needed to transform digital technologies into practical
sustainability outcomes. This complementary relationship is particularly important for
advancing key SDGs, including quality education (SDG 4), affordable and clean energy
(SDG 7), decent work and economic growth (SDG 8), industry, innovation, and infrastruc-
ture (SDG 9), responsible consumption and production (SDG 12), and climate action (SDG
13). For example, digital platforms can improve education and public services, but their
developmental impact depends on research-based content, technological adaptation, and
human capabilities. Similarly, digital monitoring systems can support resource efficiency
and climate action, but their effectiveness depends on the capacity for innovation in clean
technologies, industrial processes, and environmental solutions. Accordingly, the RBV,
KBYV, and dynamic capability perspectives provide a robust theoretical lens for explaining
how the joint deployment of digital technologies and national innovation capacity may
generate stronger sustainable development outcomes than either factor alone.

Empirical evidence to date indicates that digital transformation enhances environmen-
tal efficiency, innovation, and institutional transparency [42,43], while national innovation
capacity strengthens technological upgrading, R&D performance, patent generation, green
innovation, and sustainable industrial development [39-41]. Yet few studies have investi-
gated the interactive mechanisms through which digital systems and innovation capacity
reinforce one another to influence multidimensional sustainability outcomes. The ex-
isting literature is also concentrated largely in developed economies, leaving a gap in
understanding how these complementarities operate in emerging contexts—particularly in
countries such as Saudi Arabia, where digital infrastructure, research investment, innova-
tion ecosystems, and sustainability policies are expanding simultaneously under Vision
2030. Furthermore, research has rarely quantified the joint impact of digital transformation
and national innovation capacity on specific SDGs rather than on broad measures of growth
or environmental performance.

Addressing these gaps is important for both theory and policy. The interaction be-
tween digital transformation and national innovation capacity may create a multiplier
effect that strengthens institutional capabilities, accelerates technology diffusion, improves
industrial efficiency, supports clean-energy transition, and enhances environmental sus-
tainability. In the Saudi context, this complementarity is especially relevant because Vision
2030 emphasizes both digital transformation and innovation-led diversification as key
pathways for achieving sustainable development. Accordingly, this study proposes the
following hypothesis:

H3. The synergistic effect of digital transformation and national innovation capacity accelerates
progress toward the Sustainable Development Goals in Saudi Arabia.

3. Data and Methodology

This section describes the dataset, variables, model specifications, robustness pro-
cedures, and econometric approach used to assess the impact of digital transformation
and innovation capacity on sustainable development in Saudi Arabia. The study relies on
annual time-series data covering the period 19902023, drawn primarily from the World
Bank World Development Indicators (WDI), and the International Labour Organization
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(ILO), consistent with global SDG monitoring standards [44]. The indicators used in this
paper correspond to the SDGs central to Saudi Vision 2030—namely, Goals 4, 7, 8, 9, 12,
and 13—ensuring that the empirical design aligns with national priorities and interna-
tional frameworks.

3.1. Data Description
3.1.1. Dependent Variables

Sustainable development is the primary outcome of interest and is measured using
seven SDG-specific indicators and a composite sustainable development index. The indi-
vidual indicators correspond to SDGs 4, 7, 8, 9, 12, and 13 and are widely used in global
SDG assessment exercises. For SDG 4 (Quality Education), the study uses average years
of schooling. This indicator is widely recognized as a key measure of human capital for-
mation and knowledge accumulation, and is closely linked to long-term socioeconomic
development and innovation capacity [45]. Increasing educational attainment reflects a
more skilled labor force and contributes to a country’s capacity for sustainable economic
transformation. SDG 7 (Affordable and Clean Energy) is measured by the share of renew-
able energy in total energy consumption, indicating the extent to which the energy mix is
shifting toward cleaner sources. A higher share of renewables indicates enhanced energy
efficiency and reduced environmental pressure [46,47]. SDG 8 (Decent Work and Economic
Growth) is proxied by labour productivity (output per hour worked) from the ILO, which
captures the efficiency and quality of economic activity. For SDG 9 (Industry, Innovation
and Infrastructure), manufacturing value added as a share of GDP is used. This variable
reflects the structure and strength of the industrial base, which is closely connected to
innovation and infrastructure upgrading. SDG 12 (Responsible Consumption and Produc-
tion) is measured by CO, intensity, expressed as kilograms of CO; emitted per dollar of
GDP. This indicator is widely used to capture the environmental pressure associated with
production and consumption patterns, with lower values indicating more resource-efficient
and less carbon-intensive economic activity. SDG 13 (Climate Action) is represented by
CO; emissions per capita, with higher values indicating lower emissions and better climate
performance. CO, emissions are the most widely used metric in climate action studies
and represent a direct indicator of national progress toward climate mitigation [10,43].
Because both SDG 12 and SDG 13 are environmental pressure indicators, lower values
represent better sustainability performance and stronger progress toward environmental
and climate-related objectives.

In addition to these goal-specific measures, a composite sustainable development index
is constructed by aggregating standardized values of the selected SDG indicators into a
single 0-100 scale, providing a holistic measure of the country’s sustainability performance
over time. All dependent variables, along with their definitions, units, and sources, are
summarized in Table 1.

Table 1. Sustainable development indicators (dependent variables).

Dimension/Variable

Indicator (Operational

Definition) Unit/Measure Data Source

Sustainable Development
(Composite Index)

Aggregated standardized scores

ofSDGs 4,7, 8,9, 12,13 Index (0-100) Authors calculation

SDG 4—Quality Education

Average number of years of total
schooling (primary, secondary,
and tertiary) for the population
aged 15 and over.

Education attainment Our World in Data
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Table 1. Cont.
Dimension/Variable Ind{ce?tf)r (Operational Unit/Measure Data Source
Definition)
SDG 7—Affordable and Clean Electricity production from
Ener Renewable energy renewable sources, excluding World Bank
gy hydroelectric (kWh)
SDG 8—Decent Work and . Output per worker (GDP
Economic Growth Labour productivity constant 2021) ILO
SDG 9—Industry, Innovation Manufacturing value added % of GDP World Bank
and Infrastructure
SDG 12—Responsible . . Kilograms of CO; emitted per .
Consumption and Production CO; intensity dollar of GDP Our World in Data
SDG 13—Climate Action CO, emissions per capita Tons per capita Our World in Data

3.1.2. Independent Variables

The key explanatory variables are digital transformation and national innovation
capacity. Digital transformation is captured by two ICT indicators that reflect both the
intensity of digital use and the degree of access to digital technologies. The first indicator
is ICT use, proxied by mobile cellular subscriptions per 100 people. This variable reflects
the diffusion of digital devices and connectivity among individuals, firms, and institutions,
which represents a necessary condition for the adoption of digital services, mobile appli-
cations, e-commerce, digital finance, and e-government platforms. The second indicator
is ICT access, measured as the percentage of individuals using the Internet. This variable
captures the extent of digital inclusion and the population’s ability to benefit from online
services, digital learning platforms, public e-services, digital financial tools, and knowledge
resources [48]. However, national innovation capacity refers to a country’s systemic ability
to generate, absorb, diffuse, and transform scientific and technological knowledge into
innovation-driven economic, social, and technological outcomes. In this study, national
innovation capacity is measured using two complementary indicators: R&D expenditure as
a percentage of GDP and total patent applications, including both resident and non-resident
applications. This measurement strategy is consistent with the national innovation capacity
literature, which commonly uses R&D expenditure and patenting activity to capture the
input and output dimensions of innovation systems [39-41]. R&D expenditure represents
the input side of national innovation capacity because it captures the financial resources
devoted to scientific research, technological development, experimentation, and knowledge
generation. Patent applications represent the output side of national innovation capac-
ity, as they reflect codified technological inventions and a country’s ability to translate
research efforts into measurable innovation outputs. Together, these indicators provide a
focused measure of formal national innovation capacity by linking the resources invested
in innovation to the technological outputs generated from such investments.

3.1.3. Control Variables

To avoid biased estimates and account for structural determinants of sustainability,
three control variables are included. Trade openness, measured as the ratio of total trade
(exports + imports) to GDP, captures the effects of global economic integration on tech-
nology transfer, innovation, and environmental performance. Urbanization, measured as
the percentage of the population living in urban areas, reflects changes in demographic
concentration, infrastructure demand, and environmental pressures. Energy use per capita
(kg of oil equivalent) reflects the intensity of energy consumption and directly influences
environmental quality and industrial sustainability. These control variables are commonly
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used in empirical sustainability analyses and align with the broader SDG framework,
particularly SDGs 7 and 13 [25,49-54]. All explanatory and control variables, along with
their precise definitions, units, and data sources, are presented in Table 2.

Table 2. Explanatory and control variables.

Variable Indicator/Proxy Unit/Measure Source
ICT use Mobile cellular subscriptions World Bank
(per 100 people)
Digital Transformation _ -
Individuals using the Internet
ICT access : World Bank
(% of population)
. ) . ) R&D expenditure % of GDP World Bank
National innovation capacity
Patent applications Total (Residents + nonresidents) World Bank
Trade Openness (Exports + Imports)/GDP  Ratio World Bank
Urbanization Urban population % of total population World Bank
Energy Use Energy use per capita kg oil eq. per capita World Bank

3.2. Model Specifications and Estimation Method

The empirical analysis is organized around three equations that correspond to the roles
of digital transformation and innovation capacity, and their interaction. In all models, SDG¢
denotes either one of the SDG indicators reported in Table 1 or the composite sustainable
development index at time t. The first equation relates sustainable development to digital
transformation and the control variables:

SDGt = Bo + B1DT; + BaX; + 1y 1)

where B is the intercept, DT} is the vector of digital transformation variables (ICT use and
ICT access), X; is the vector of control variables (trade openness, urbanization, and energy
use), and , is the error term.

The second equation examines the contribution of innovation capacity:

SDGt = ag + a1 INOV + a4 Xt + € (2)

where INOV; denotes the vector of innovation capacity indicators (R&D expenditure and
patent applications), ag is the intercept, ay and «; capture the effects of innovation capacity
and the control variables, respectively, and ¢; is the error term.

The third equation introduces the interaction between digital transformation and
innovation capacity to test for complementarity effects:

SDGy = Ag+ AMDT + ApINOV; + /\3(DT X INOVt) + A Xy + 11 3)

where A is the intercept, A1 and A, measure the direct effects of digital transformation and
innovation capacity, A3 measures the joint effect of their interaction, A4 corresponds to the
control variables, and #; is the error term.

To enhance robustness, these three models are first estimated using the individual
SDG indicators and then re-estimated with the composite sustainable development index
(SDGI) as the dependent variable. Comparing results across both specifications allows
us to assess whether the effects of digital transformation, innovation capacity, and their
interaction are consistent when sustainability is treated as a multidimensional outcome
rather than a synthetic index. To construct the SDGI, the study applies Principal Component
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Analysis (PCA) to standardized SDG indicators, thereby extracting principal components
that capture the dominant structure of the sustainability construct. The general form of a
principal component is expressed as

WXV 4+ i X, (4)

where PCp is the score of the principal component p, b}, represents the weight (or loading)
assigned to the nth standardized variable of the pth component, and X}, is the standardized
value of the nth variable for unit p. The adequacy of the dataset for PCA is confirmed by
the Kaiser-Meyer-Olkin (KMO) measure and Bartlett’s Test of Sphericity, which indicate
satisfactory sampling adequacy and statistically significant correlations among the vari-
ables. Consistent with the Kaiser criterion, only components with eigenvalues greater than
one are retained. In this study, two principal components account for the majority of the
total variance, reflecting the underlying multidimensional structure of the sustainability
indicators. As shown in Table 3, the KMO value of 0.631 exceeds the minimum accept-
able threshold (0.60), indicating adequate common variance among variables. Bartlett’s
test yields a chi-square value of 152.263 (0.000), confirming that the correlation matrix is
statistically suitable for PCA.

Table 3. Principal Component Analysis for the Sustainable Development Goals Index (SDGI).

Variables/Statistics PC1 PC2 PC3 PC4 PC5 PCé
Tertiary education (SDG4) 0.9679 0.1746 —0.0817 —0.0295 0.1633 0.1696
Renewable energy (SDG7) 0.6046 0.5580 —0.5589 —0.1650 —0.1002 —0.0608
Labour productivity (SDGS8) —0.8803 0.3400 —0.2610 0.0920 0.2435 —0.0626
Manufacturing value added (SDG9) 0.8978 0.0206 —0.0195 0.4675 —0.0021 —0.0702
CO; intensity (SDG12) —0.8394 0.4748 —0.0975 0.2334 —0.1383 0.1312
CO; emissions per capita (SDG13) 0.2146 0.8060 0.5728 —0.0676 0.0128 —0.0437
Eigenvalues 3.6339 1.3329 0.7251 0.3142 0.1153 0.0604
Proportion of variance 0.5878 0.2156 0.1173 0.0508 0.0186 0.0098
Cumulative variance 0.5878 0.8035 0.9208 0.9716 0.9902 1.0000
KMO statistics 0.631

Bartlett’s test statistics 152.263 (0.000)

Note: PC refers to principal components. The reported coefficients are factor loadings obtained from principal
component analysis of the SDG indicators. Components with eigenvalues greater than one were retained to
construct the Sustainable Development Goals Index. KMO denotes the Kaiser-Meyer—Olkin measure of sampling
adequacy, and Bartlett’s test examines whether the correlation matrix significantly differs from an identity matrix.

PCA reduces the dimensionality of the dataset by identifying the principal components
that capture most of the variation in the six SDG indicators. Table 3 reports the factor
loadings of each SDG indicator on the extracted principal components, together with the
eigenvalues, the proportion of variance explained by each component, and the cumulative
variance. According to the Kaiser criterion, components with eigenvalues greater than
one are retained. Based on this rule, two components—PC1 and PC2—are selected for
index construction. The first component has an eigenvalue of 3.6339 and accounts for
58.78% of the total variance, while the second component has an eigenvalue of 1.3329 and
explains an additional 21.56% of the variance. Together, the two components account for
80.34% of the total variance, exceeding the commonly used 60-70% threshold for composite
index construction.
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The SDGl is calculated as a weighted average of the retained principal components,
with weights equal to the components’ eigenvalues. This ensures that each component
contributes proportionally to its explanatory power. Formally, the SDGI for period p is

computed as follows:
" Fpi X A

SDGI, = Zl—lmjA (5)
where SDGI}, is the composite sustainability index for period p, Fp,; represents the score of
component i, and A; is the corresponding eigenvalue serving as a weight. This formulation
ensures that components with greater explanatory power have a stronger influence on the
index, thereby producing a statistically grounded and conceptually coherent composite
measure. The resulting SDGI ranges from 0 to 1, with higher values reflecting stronger
overall sustainability performance. Estimating the models with this composite indicator
provides a rigorous robustness check, confirming whether the long-run effects observed for
individual SDGs persist when sustainability is assessed holistically.

The econometric strategy begins by testing the time-series properties of all variables
using the Augmented Dickey—Fuller and Phillips—Perron unit-root tests to determine their
orders of integration. Once it is verified that the variables are integrated of order zero
or one, the Johansen cointegration test is applied to examine whether there is a long-
run equilibrium relationship between sustainable development, digital transformation,
innovation capacity, and the control variables. When evidence of cointegration is found, the
long-run parameters are estimated using Dynamic Ordinary Least Squares (DOLS), which
corrects for endogeneity and serial correlation by including leads and lags of the differenced
regressors. This approach yields consistent estimates of the long-run elasticities and allows
us to quantify both the individual and joint contributions of digital transformation and
innovation capacity to sustainable development in Saudi Arabia.

4. Results and Discussion

The descriptive statistics presented in Table 4 offer a clear overview of how the pri-
mary dependent variables (SDGs) and the core independent variables evolve over the
sample period, highlighting both stability and variation across dimensions of sustainable
development. Education attainment (SDG 4) shows a steady rise with moderate dispersion,
consistent with long-term investment in human capital formation. Renewable energy
consumption (SDG 7), however, remains relatively low and exhibits limited variation,
suggesting that the national energy mix continues to rely heavily on conventional sources
despite policy commitments to cleaner alternatives. Economic indicators—labor productiv-
ity (SDG 8) and manufacturing value added (SDG 9)—exhibit greater volatility, reflecting
the combined effects of diversification reforms and cyclical economic adjustments. Envi-
ronmental indicators such as CO, intensity (SDG 12) and CO, emissions (SDG 13) show
narrower ranges, indicating persistent environmental pressures with only incremental an-
nual changes. With respect to the independent variables, digitalization indicators—digital
use and digital access—exhibit strong upward trends, capturing the rapid digital transition
associated with Vision 2030. In contrast, R&D expenditure and patent applications exhibit
lower averages and greater dispersion, suggesting that innovation capacity is progressing
but remains consolidating. Table 4 indicates that digital transformation has advanced more
rapidly than improvements in environmental and innovation capacity indicators, reinforc-
ing the importance of understanding how these shifts map onto broader SDG performance.
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Table 4. Descriptive statistics.

Variables Mean Median SD Min Max
Education attainment (SDG4) 8.294 8.114 1.9870 5.5751 11.6064
Renewable energy (SDG7) 58,031,540 45,880,000 77,438,000 610,000 266,950,000
Labour productivity (SDG8) 165,579.236 159,326.400 40,929.160 118,346.330 255,638.160
Manufacturing value added (SDG9)  10.725 9.941 2.032 8.283 15.892
CO; intensity (SDG12) 0.555 0.518 0.169 0.366 0.936
CO; emissions per capita (SDG13) 20.335 20.729 2177 14.670 24.374
SDG index (SDGI) 0.353 0.203 0.310 0 1
ICT use 90.577 109.384 78.350 0.085 206.852
ICT access 37.107 24.730 38.562 0 100
R&D expenditure (R&D) 0.386 0.386 0.230 0.042 0.891
Patent applications (Patent) 1262.250 812 1145.8 0 3979
Trade Openness (Trade) 69.586 67.456 12.591 47.533 96.103
Urbanization (URB) 81.230 81.316 2.323 76.583 84.950
Energy Use (Energy) 6923.973 6761.972 679.087 5451.719 7979.380

Note: SD is the standard deviation. In cases where data were unavailable for specific years, the missing obser-
vations were imputed using the arithmetic mean of the available values for the corresponding variable. This
procedure was applied to preserve the continuity of the time-series dataset and avoid loss of observations.

The correlation patterns in Table 5 further clarify how digital transformation and
innovation capacity interact to shape sustainability outcomes. Strong positive correlations
are observed between digital transformation indicators and SDGs related to education,
innovation, and economic activity, suggesting that expanding digital capacity closely aligns
with improvements in human capital and industrial performance. At the same time, Table 5
reveals notable trade-offs: economic and industrial variables often correlate positively with
CO; intensity and CO, emissions, indicating that economic expansion continues to impose
environmental costs. National innovation capacity variables, including R&D expenditure
and patent applications, show positive correlations with education and innovation-related
outcomes, indicating that formal research investment and codified technological outputs
are closely connected to human capital formation and industrial upgrading. However, their
associations with environmental indicators are mixed, suggesting that the environmental
returns of national innovation capacity do not emerge automatically. Instead, these benefits
may require time, stronger commercialization mechanisms, sustainability-oriented R&D,
and closer alignment between innovation outputs and environmental priorities such as
resource efficiency, renewable energy deployment, and emissions reduction. Digitalization
indicators display a similar duality—while supporting advances in SDG 4, SDG 8, and SDG
9, they also correlate with higher energy use, suggesting that the environmental implications
of digital growth depend on the pace of the clean-energy transition. Taken together, the
correlation structure in Table 5 shows that the relationships among digital transformation,
innovation capacity, and SDGs are multidimensional, with positive developmental effects
alongside environmental pressures.

Before proceeding to the long-run estimations, it is necessary to establish the time-
series properties of all variables included in the analysis. Table 6 summarizes the results
of the Augmented Dickey—Fuller (ADF) and Phillips—Perron (PP) tests, both of which
are standard procedures for detecting unit roots in macroeconomic data. The ADF test
controls for potential autocorrelation through lag augmentation, while the PP test adjusts for
serial correlation and heteroskedasticity using non-parametric corrections. Applying both
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approaches provides a comprehensive and robust assessment of integration orders. The
results clearly show that, at their levels, almost all variables fail to reject the null hypothesis
of non-stationarity, as evidenced by test statistics that do not exceed critical thresholds.
After first differencing, however, both the ADF and PP tests indicate statistical significance
at conventional levels, confirming that the series are stationary in their first differences.
These findings demonstrate that all variables—SDG indicators, digital transformation
measures, innovation capacity indicators, and the selected controls—are integrated of order
one, I(1). Establishing a common integration order is essential, as it validates the use of
cointegration techniques and provides the statistical grounding for examining long-run
equilibrium relationships among the variables.

Table 5. Correlation matrix.

SDG4 SDG7 SDG8 SDGY9 SDGI2 SDGI3 SDGI  ICTuse ICTaccess R&D  Patent Trade  URB  Energy
SDG4 1.000
SDG7 0417 1.000
SDG8 0.624 —0.073 1.000
SDG9 0.257 0.383 0.771 1.000
SDG12  —038  —0019 0767  —0.662  1.000
SDG13 0.264 0.138 0.158 0.165 0.095 1.000
SDGI 0.760 0.467 0.716 0.791 —0.706 0.388 1.000
ICTuse 0.697 —0.245 0.685 0.621 —0.614 0.097 0.653 1.000
ICTaccess  0.668 0.004 0.228 0555  —0.669  0.659 0.697 0.798 1.000
R&D 0.272 0.456 0.249 0188  —0.162  0.181 0.254 0.081 0.136 1.000
Patent 0.753 0.615 —0.316 0.790 —0.626 0.160 0.792 0.473 0.400 0.277 1.000
Trade —0.168 —0.638 0.130 —0.599 0.051 0.094 —0.483 0.100 0.074 —0.181 —0.674 1.000
URB 0.791 0.133 —0.717 0.765 0.667 0.274 0.590 0.791 0.789 0.210 0.706 —0.236 1.000
Energy 0763  —0.157  0.750 0.612 0.701 0.532 0.447 0.737 0.765 0437 0.600 0182  0.798 1.000
Table 6. Results of the Unit Root Tests.
ADF PP
Variables Level First Difference Level First Difference
Education attainment (SDG4) 0.606 (0.848) —2.176 ** (0.013) 9.758 (1.000) —2.012 * (0.283)
Renewable energy (SDG7) 1.269 (0.948) —5.152 * (0.000) —0.245 (0.597) —5.179 * (0.000)
Labour productivity (SDG8) —1.052 (0.109) —1.899 ** (0.029) —0.709 (0.409) —9.000 * (0.000)
Manufacturing value added (SDG9) 1.803 (0.984) —4.857 * (0.000) 2.113 (0.993) —4.815 * (0.000)
CO, intensity (SDG12) —1.306 (0.177) —3.967 * (0.000) —1.044 (0.267) —4.009 * (0.000)
CO, emissions per capita (SDG13) —0.283 (0.582) —5.800 * (0.000) 0.227 (0.754) —5.884 * (0.000)
SDG index (SDGI) —1.254 (0.123) —3.177 * (0.001) 0.058 (0.703) —3.315*(0.001)
ICT use 0.051 (0.701) —3.459 * (0.000) 0.054 (0.702) —3.734 * (0.000)
ICT access 1.038 (0.921) —5.855 * (0.000) —0.591 (0.458) —1.902 *** (0.054)
R&D expenditure (R&D) —0.914 (0.323) —5.254 * (0.000) —0.998 (0.289) —5.250 * (0.000)
Patent applications (Patent) 0.395 (0.800) —4.688 * (0.000) 0.352 (0.789) —4.681 * (0.000)
Trade Openness (Trade) —0.614 (0.449) —4.612 * (0.000) —0.609 (0.451) —4.539 * (0.000)
Urbanization (URB) 2.985 (1.000) —0.912 *** (0.043) 9.045 (1.000) —2.961 * (0.003)
Energy Use (Energy) 0.807 (0.886) —6.416 * (0.000) 0.888 (0.899) —6.532 * (0.000)

Note: *, **, and *** indicate significance levels at 1%, 5%, and 10%, respectively. ADF uses no constant/no trend

and lag length selected by AIC. PP uses no constant/no trend with Newey-West bandwidth.
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Building on the confirmation that the series are I(1), Table 7 reports the results of the
Johansen cointegration test, which evaluates whether the SDGs and their corresponding
explanatory variables share stable long-term relationships. The trace statistics consistently
exceed the 5% critical value across all models, and the associated probabilities are well below
the significance threshold, thereby allowing for the rejection of the null hypothesis of no
cointegration for every SDG equation. This outcome is robust for both specifications—those
capturing the role of digital transformation and those reflecting the influence of innovation
capacity. The results for SDGs 4, 7, 8, 9, 12, and 13, as well as for the composite SDG index,
indicate the presence of at least one cointegrating vector. This suggests that, despite short-
run fluctuations, Saudi Arabia’s sustainable development trajectories share stable long-run
relationships with digital transformation, national innovation capacity, and key structural
determinants such as trade openness, urbanization, and energy use. In other words,
progress toward the selected SDGs appears to evolve in connection with the country’s
digital expansion, formal innovation capacity, and broader macro-structural conditions,
supporting the use of long-run estimation techniques to assess these relationships. The
evidence of cointegration confirms that these variables move together over time and
supports the use of Dynamic Ordinary Least Squares (DOLS) to estimate the long-run
elasticities in the subsequent analysis.

Table 7. Results of the Johansen cointegration test.

Digital Transformation 2 Innovation Capacity ®
Models Rank =0 * Trace Test V:ifj:i(csa:/o) Probability = Trace Test V;:li:i(cgj/o) Probability
SDG4 0 169.43 * 95.75 (0.000) 118.58 * 95.75 (0.009)
SDG7 0 184.01 * 95.75 (0.000) 106.06 * 95.75 (0.000)
SDG8 0 176.91 * 95.75 (0.000) 124.05 * 95.75 (0.001)
SDG9 0 163.02 * 95.75 (0.000) 107.98 * 95.75 (0.000)
SDG12 0 194.90 * 95.75 (0.000) 104.53 ** 95.75 (0.030)
SDG13 0 195.02 * 95.75 (0.000) 99.33 ** 95.75 (0.015)
SDGI 0 172.76 * 95.75 (0.000) 103.85 ** 95.75 (0.041)

Note: * and ** indicate the rejection of the null hypothesis at the 1% and 5% levels, respectively; # indicates
SDGs = f(ICT use, ICT access, Trade, Urbanization, Energy use); b indicates SDGs = f(R&D, Patent, Trade,
Urbanization, Energy use). Probabilities are reported as significance bands because the Johansen trace test is
normally evaluated using critical values.

The findings reported in Table 8 indicate that the indicators of digital transfor-
mation—ICT use and ICT access—and the indicators of innovation capacity—R&D ex-
penditure and patent applications—do not exert statistically significant long-run effects
on any of the SDGs examined: SDG 4 (education quality), SDG 7 (clean energy), SDG 8
(economic growth), SDG 9 (industry and innovation), SDG 12 (responsible consumption),
and SDG 13 (climate action). Across Models 1 and 2, the coefficients on ICT variables
remain small—typically between 0.042 and 0.085—and statistically insignificant, despite
theoretically plausible signs. Substantively, these coefficients indicate the estimated long-
run association between changes in ICT use or access and the corresponding SDG indicator,
after controlling for trade openness, urbanization, and energy use. For SDG 4, SDG 7,
SDG 8, and SDG 9, a positive coefficient would imply that greater digital development is
associated with improvements in education attainment, renewable energy, labor productiv-
ity, or manufacturing value added. For SDG 12 and SDG 13, however, the interpretation
differs because these variables are measured as environmental pressure indicators: CO,
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intensity and CO, emissions per capita. Therefore, negative coefficients would indicate
favorable environmental effects, as they reflect reductions in carbon intensity or per capita
emissions, whereas positive coefficients would indicate higher environmental pressure. A
similar pattern emerges for R&D expenditure and patent applications in Models 3 and 4,
where coefficients remain modest in magnitude—mostly between 0.041 and 0.083—and
fail to reach significance at conventional levels. These coefficients capture the estimated
long-run association between formal innovation inputs or outputs and SDG performance.
However, because they are statistically insignificant, they should not be interpreted as
reliable evidence that R&D expenditure or patent applications independently improve SDG
outcomes during the study period. This outcome stands in contrast with the dominant
view in the literature that digitalization accelerates progress toward multiple SDGs by
improving learning systems, expanding access to services, reducing information frictions,
and enabling technology diffusion. For instance, EIMassah and Mohieldin [30] empirically
demonstrate that digitalization enhances the localization and implementation of the SDGs
in emerging economies, whereas Habibi and Zabardast [28] find that digital access sig-
nificantly improves educational outcomes and social inclusion. The lack of significance
in Table 8, therefore, suggests that digital progress has been more infrastructural than
transformative: ICT penetration and connectivity have improved rapidly, but the comple-
mentary institutional, pedagogical, and productive capabilities necessary for SDG-relevant
impacts may still be developing. This is consistent with global assessments showing that
digitalization yields measurable SDG gains only when integrated with governance reforms,
skill development, and innovation ecosystems (UNDP, 2022).

A more SDG-specific interpretation reinforces this view. For SDG 4, the insignificant
ICT coefficients contradict prior evidence that digital learning tools improve competency
acquisition, support remote learning, and enhance learning quality [55]. For SDG 7, the lack
of significance contrasts with evidence that digital technologies—especially Al-enabled
systems—promote cleaner energy deployment, reduce transmission losses, and improve
energy-efficiency monitoring [56]. Similarly, for SDG 8 and SDG 9, the insignificant effects
diverge from studies demonstrating that digitalization boosts labour productivity, stimu-
lates innovation, and accelerates industrial upgrading, particularly through automation,
digital platforms, and advanced manufacturing [57]. Regarding SDG 12 and SDG 13, the
lack of significant digital impacts is inconsistent with the growing literature on digital
sustainability, which finds that digital platforms reduce emissions and waste by optimizing
supply chains, enhancing transparency, and enabling circular-economy models [58,59].
Several explanations may account for these discrepancies: (1) the effects of digital transfor-
mation may be nonlinear or require threshold conditions; (2) time lags between investment
in digital capacity and realized sustainability benefits may be extended; and (3) rebound
effects—where digital usage increases energy demand—may offset environmental gains.
Thus, although the correlation matrix in Table 5 indicates meaningful associations, the
DOLS model indicates that, in the long run, direct causal effects remain weak or statisti-
cally uncertain.

Similarly, the innovation capacity indicators do not show significant coefficients across
the SDGs, contradicting the theoretical and empirical consensus that innovation is a pri-
mary engine of sustainable development. The endogenous growth literature predicts that
R&D strengthens human capital, accelerates technological progress, and increases produc-
tivity [60], whereas the innovation literature asserts that patents serve as proxies for new
ideas that bolster industrial competitiveness and the adoption of clean technologies [61].
Yet in Table 8, these effects are not statistically significant. For SDG 4, this finding contrasts
with studies suggesting that stronger national innovation systems—through universities,
research centers, R&D activities, and innovation networks—can improve education quality
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by promoting knowledge spillovers, curriculum modernization, research-based teaching,
and stronger links between higher education and technological development [62]. In the
Saudi context, the insignificant result may indicate that formal innovation inputs and
outputs, such as R&D expenditure and patent applications, have not yet translated directly
into measurable improvements in education outcomes during the study period, or that their
effects operate indirectly through digital transformation, institutional reform, and human
capability development rather than as standalone drivers. For SDG 7, the non-significant
finding is inconsistent with findings that green R&D and clean-energy patents significantly
reduce emissions and promote renewable energy adoption [63,64]. For SDGs 8 and 9, the
results diverge from the substantial literature linking R&D to total factor productivity,
manufacturing competitiveness, and structural transformation [65,66]. For SDG 12 and
SDG 13, the lack of significant mitigation effects contrasts with environmental innovation
studies showing that clean-technology R&D reduces carbon intensity [67].

Table 8. Direct effects of digital transformation and innovation capacity on SDGs.

Dependent Variable: Sustainable Development Goals (SDGs)

Digital Transformation

Independent
Variables ICT Use ICT Access
SDG4 SDG7 SDGS8 SDGY SDG12 SDG13 SDG4 SDG7 SDGS8 SDGY SDG12 SDG13
ICT 0.065 0.058 0.072 0.068 0.042 0.077
use (0.120) (0.160) (0.115) (0.110) (0.230) (0.100)
ICT access 0.085 0.068 0.074 0.069 0.048 0.073
(0.104) (0.120) (0.110) (0.125) (0.160) (0.135)
Trade 0.083 **  0.132** 0.100 0.124 ** 0.105**  0.109 0.153 * 0.099 ***  0.087 0.136 ** 0.142 ** 0.120
Openness (0.075) (0.028) (0.136) (0.046) (0.088) (0.174) (0.004) (0.098) (0.194) (0.038) (0.019) (0.104)
Urbanization 0.123 ** 0.187 * 0.122 0.137 ** 0.167 * 0.159 * 0.173 * 0.099 *** 0.114 0.143 ** 0.151 * 0.157 **
(0.032) (0.001) (0.147) (0.023) (0.000) (0.003) (0.009) (0.092) (0.144) (0.023) (0.008) (0.044)
Enerey Use 0.094 **  0.178 * —0.114 0.168 * 0.150 ** 0.185* 0.099 **  0.177* 0.142 ** 0.179* 0.165 * 0.127 ***
gy (0.098) (0.007) (0.328) (0.008) (0.039) (0.001) (0.060) (0.009) (0.046) (0.000) (0.000) (0.050)
Constant 0.420 * 0.385 ** 0.441* 0.398 * 0.352 ** 0.367 ** 0.405 * 0.380 ** 0.436 * 0.393 ** 0.348 ** 0.392 **
(0.000) (0.019) (0.000) (0.005) (0.021) (0.018) (0.003) (0.020) (0.000) (0.016) (0.022) (0.011)
R? 0.928 0.854 0.842 0.955 0.756 0.905 0.838 0.957 0.902 0.932 0.811 0.951
Adjusted R? 0.916 0.819 0.825 0.920 0.731 0.884 0.793 0.925 0.879 0.916 0.775 0.920
Root mean
square error 0.072 0.092 0.080 0.093 0.044 0.083 0.061 0.080 0.041 0.075 0.072 0.092
(RMSE)
Innovation Capacity
Patent Applications R&D
SDG4 SDG7 SDG8 SDG9 SDG12 SDG13 SDG4 SDG7 SDGS8 SDGY SDG12 SDG13
Patent 0.062 0.079 0.083 0.072 —0.041 —0.053
applications (0.144) (0.110) (0.103) (0.119) (0.212) (0.206)
R&D 0.081 0.069 0.061 0.070 —0.048 —0.061
(0.101) (0.149) (0.133) (0.109) (0.203) (0.176)
Trade 0.084 *** 0.129 ** 0.114 0.176 * 0.093 *** 0.118 0.117 *** 0.103 *** 0.116 0.132 *** 0.172* 0.105
Openness (0.092) (0.034) (0.103) (0.009) (0.062) (0.126) (0.060) (0.056) (0.184) (0.092) (0.000) (0.113)
Urbanization 0.176 * 0.104 *** 0.130 0.108 *** 0.107 ** 0.178 * 0.097 *** 0.164 * 0.154 0.175* 0.148 ** 0.189 *
(0.000) (0.071) (0.129) (0.069) (0.049) (0.005) (0.052) (0.009) (0.340) (0.006) (0.031) (0.000)
Enerev Use 0.145* 0.189 * 0.166 ** 0.149 ** 0.122 ** 0.096 *** 0.094 *** 0.126 ** 0.160 * 0.191 * 0.164 * 0.142 **
8y (0.000) (0.001) (0.015) (0.028) (0.047) (0.065) (0.071) (0.043) (0.000) (0.000) (0.007) (0.049)
Constant 0.517* 0.337 ** 0.533 * 0.441* 0.315 ** 0.446 * 0.117**  0.103**  0.116 0.102**  0.172* 0.185
(0.002) (0.012) (0.000) (0.000) (0.034) (0.000) (0.060) (0.056) (0.384) (0.092) (0.008) (0.213)
R? 0.742 0.827 0.932 0.944 0.818 0.842 0.961 0.927 0.872 0.948 0.825 0.838
Adjusted R? 0.714 0.798 0.908 0.922 0.782 0.829 0.942 0.916 0.842 0.909 0.786 0.827
Root mean
square error 0.040 0.059 0.067 0.103 0.076 0.070 0.087 0.072 0.059 0.112 0.057 0.058
(RMSE)

Note: *, **, and *** indicate the significance levels at 1%, 5%, and 10%, respectively. p-values are given
in parentheses.

https:/ /doi.org/10.3390/su18136542


https://doi.org/10.3390/su18136542

Sustainability 2026, 18, 6542

20 of 30

In contrast to the insignificant results for digital transformation and innovation capac-
ity, the control variables in Table 8—trade openness, urbanization, and energy use—show
patterns largely consistent with the broader empirical literature, reinforcing the model’s
internal validity. The positive effects of trade openness on SDG 4, SDG 8, and SDG 9 are
consistent with international evidence that greater integration into global markets enhances
human capital accumulation, stimulates productivity growth through technology transfer,
and facilitates industrial upgrading [50,52]. At the same time, the tendency of trade to
increase environmental pressures (SDG 12 and SDG 13) aligns with findings from the
pollution-haven, scale-effect, and energy-intensity literature, which documents that trade
can increase emissions in countries with carbon-intensive production structures [49,53].
Urbanization also produces significant effects consistent with theory: positive for education
and economic performance due to agglomeration economies, knowledge spillovers, and
improved access to services [25], but adverse for environmental indicators owing to higher
resource consumption, traffic congestion, and energy demand [68]. Finally, the strong
positive effects of energy use on SDG 12 and SDG 13 are consistent with well-established
findings in energy economics research, demonstrating the tight link between fossil-fuel
consumption and emissions intensity in developing and oil-exporting economies [51,54].
Together, these patterns confirm that traditional macro-drivers—trade, urbanization, and
energy consumption—remain central determinants of SDG outcomes, while the newer
levers of digital transformation and innovation capacity have yet to translate into statisti-
cally detectable long-run impacts.

Overall, the results in Table 8 highlight an important structural insight: traditional
macroeconomic fundamentals—trade integration, urbanization, and energy consumption—
continue to shape SDG performance in Saudi Arabia far more strongly than emerging
drivers such as digital transformation and innovation capacity. This suggests that while
digitalization and innovation systems are expanding rapidly, their effects remain diffuse,
delayed, or overshadowed by the scale of long-standing structural patterns in the Saudi
economy. The insignificant coefficients observed for ICT use, ICT access, R&D expen-
diture, and patent applications suggest that these domains have not yet matured into
fully functional standalone engines of sustainable development in Saudi Arabia. This
may be because digital expansion and national innovation capacity require complemen-
tary reforms to generate measurable SDG outcomes. In particular, stronger integration
of digital tools into production systems, closer alignment of R&D spending with green
and high-technology sectors, greater commercialization of patents, deeper development
of domestic innovation capabilities, and stronger governance mechanisms are needed to
transform digital and innovation assets into tangible progress in education, clean energy,
productivity, industrial upgrading, resource efficiency, and climate action. By contrast, the
strong and theoretically consistent effects of trade, urbanization, and energy use confirm
the enduring influence of established structural variables in shaping educational, economic,
and environmental dynamics.

Table 9 reports the joint effects of digital transformation and innovation capacity,
revealing a striking shift relative to the direct effects reported in Table 8. Whereas the indi-
vidual indicators of digital transformation and innovation capacity did not demonstrate
statistically significant long-run effects on the SDGs when examined independently,
the interaction terms become uniformly significant across all specifications in Table 9.
The interaction between ICT use and patent applications has positive and statistically
significant effects on SDG 4, SDG 7, SDG 8, and SDG 9, with coefficient magnitudes
ranging from 0.144 to 0.177 across these outcomes. These coefficients represent the addi-
tional long-run effect associated with the simultaneous increase in digital use and patent
activity, beyond their separate direct effects. In substantive terms, they indicate that the
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contribution of patent applications to SDG performance becomes stronger when ICT use
is higher. For SDG 4, a positive interaction coefficient indicates that the combination of
digital use and patent activity is associated with higher education-related performance,
reflecting the role of digital tools in facilitating the diffusion of pedagogical innovation,
research-based learning, and access to knowledge. For SDG 7, the positive coefficient
indicates that inventive activity contributes more effectively to the clean-energy transi-
tion when supported by digital systems that enable energy monitoring, grid intelligence,
and technology diffusion. For SDG 8 and SDG 9, the positive coefficients imply that
patent activity becomes more strongly linked to productivity, industrial upgrading, and
innovation-oriented manufacturing when digital capabilities facilitate the adoption,
dissemination, and application of new technologies. These results contrast sharply with
the insignificant direct effects reported in Table 8 and align more closely with empiri-
cal evidence suggesting that digital infrastructure strengthens the innovation process
by facilitating the diffusion, adoption, and practical application of new technologies.
For example, EIMassah and Mohieldin [30] show that digital platforms can enhance
the translation of knowledge and institutional capabilities into development outcomes,
while Habibi and Zabardast [28] emphasize the strong association between digital access,
learning opportunities, and skill formation. The emergence of coefficients above 0.150 in
the joint-effect estimations suggests that patent activity alone may be insufficient to gen-
erate structural transformation. However, when patent applications are combined with
digital transformation, the capacity to absorb, disseminate, and apply codified techno-
logical knowledge increases substantially, thereby supporting human capital formation,
innovation-led growth, industrial upgrading, and the renewable energy transition. This
pattern also extends to the interaction between ICT access and patent applications. The
positive coefficients, ranging from 0.147 to 0.171 for SDG 4, SDG 7, SDG 8, and SDG 9, in-
dicate that expanding digital connectivity increases the developmental value of codified
technological outputs in education, clean-energy adoption, productivity enhancement,
and industrial upgrading. In practical terms, these coefficients mean that patent ap-
plications are more strongly associated with SDG progress when a larger share of the
population has access to the Internet and digital services. These findings are consistent
with Huang et al. [69] and Song et al. [57], who show that digital accessibility accelerates
the utilization of advanced technologies and deepens innovation spillovers. For SDG 4,
the interaction suggests that digital access strengthens the contribution of innovation
outputs to educational performance by facilitating the diffusion of pedagogical technolo-
gies, online learning tools, and research-based teaching practices. This interpretation is
consistent with Azevedo et al. [55], who argue that technology-enabled learning becomes
more effective when embedded within broader innovation-oriented educational systems.
For SDG 7, the interaction supports the insights of Tunde et al. [56], who show that
clean-energy diffusion depends not only on technological invention but also on digital
monitoring, grid intelligence, and algorithmic optimization. Therefore, the positive
interaction effects reported in Table 9 indicate that the most meaningful sustainability
improvements emerge when digital transformation and national innovation capacity
evolve jointly, rather than as isolated policy domains.
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Table 9. Joint effects of digital transformation and innovation capacity on SDGs.
Dependent Variable: Sustainable Development Goals (SDGs)

Independent Patent
Variables ICT Use ICT Access

SDG4 SDG7 SDGS8 SDG9 SDG12 SDG13 SDG4 SDG7 SDGS8 SDGY SDG12 SDG13
ICTuse * 0.144 ** 0.156 * 0.168 * 0.177 * —0.182* —0.151
Patent (0.031) (0.001) (0.000) (0.000) (0.000) **(0.017)
ICTaccess * 0.147 ** 0.171* 0.163 * 0.157 * —0.155* —0.175*
Patent (0.045) (0.000) (0.001) (0.000) (0.000) (0.000)
Trade 0.088 *** 0.116 ** 0.055 0.150 * 0.091 *** 0.046 0.096 *** 0.128 ** 0.083 0.185* 0.101 *** 0.045
Openness (0.065) (0.023) (0.170) (0.000) (0.055) (0.163) (0.065) (0.038) (0.118) (0.000) (0.071) (0.254)
Urbanization 0.155* 0.095 *** 0.084 0.094 *** 0.091 ** 0.168 * 0.157 * 0.109 *** 0.037 0.106 *** 0.124 ** 0.156 *

(0.000) (0.077) (0.122) (0.066) (0.049) (0.000) (0.000) (0.069) (0.244) (0.070) (0.036) (0.002)
Enerey Use 0.160 * 0.163 * 0.153 ** 0.163 ** 0.129 ** 0.090 *** 0.131* 0.160 * 0.187 * 0.133 ** 0.111 ** 0.105 ***

gy (0.000) (0.008) (0.019) (0.038) (0.012) (0.052) (0.000) (0.008) (0.000) (0.017) (0.030) (0.068)

Constant 0.1330 * 0.350 * 0.472* 0.512* 0.337 * 0.430 * 0.622 * 0.261 ** 0.479 * 0.384 * 0.607 * 0.444 *

(0.000) (0.000) (0.000) (0.00) (0.006) (0.000) (0.000) (0.014) (0.005) (0.004) (0.000) (0.000)
R? 0.748 0.824 0.956 0.904 0.842 0.826 0.752 0.854 0.963 0.952 0.786 0.831
Adjusted R? 0.716 0.783 0.887 0.894 0.798 0.816 0.743 0.799 0.913 0.919 0.781 0.821
Root mean
square error 0.033 0.068 0.067 0.047 0.088 0.079 0.048 0.045 0.062 0.105 0.090 0.057
(RMSE)

R&D
ICT Use ICT Access
SDG4 SDG7 SDGS8 SDG9 SDG12 SDG13 SDG4 SDG7 SDGS8 SDG9 SDG12 SDG13
. 0.160 * 0.140 ** 0.176 * 0.142 ** —0.150 * —0.154 *

[CTuse*R&D 9000y (0.027)  (0.000)  (0.040)  (0.000)  (0.000)
ICTaccess * 0.175* 0.142 * 0.171 % 0.166 * —0.155 —-0.177*
R&D (0.002) (0.006) (0.006) (0.009) *(0.049)  (0.002)
Trade 0.112 *** 0.098 *** 0.029 0.152 *** 0.187 * 0.027 0.103 *** 0.108 *** 0.036 0.138 *** 0.181 * 0.030
Openness (0.057) (0.064) (0.272) (0.065) (0.000) (0.139) (0.060) (0.099) (0.183) (0.083) (0.000) (0.192)
Urbanization 0.102 *** 0.187 * 0.093 0.187 * 0.142 ** 0.181 * 0.099 *** 0.179 * 0.084 0.180 * 0.151 ** 0.183 *

(0.055) (0.001) (0.326) (0.000) (0.044) (0.000) (0.053) (0.000) (0.166) (0.000) (0.011) (0.000)
Energy Use 0.104 *** 0.130 ** 0.169 * 0.180 * 0.183 * 0.145 ** 0.082 *** 0.135 ** 0.163 * 0.182* 0.145* 0.132 **

gy (0.080) (0.027) (0.000) (0.000) (0.000) (0.027) (0.067) (0.043) (0.000) (0.000) (0.001) (0.044)

Constant 0.322* 0.261 ** 0.679 * 0.484 * 0.307 ** 0.504 * 0.414 * 0.347 * 0.652 * 0.541 * 0.377 * 0.500 *

(0.000) (0.014) (0.000) (0.001) (0.019) (0.000) (0.000) (0.000) (0.000) (0.000) (0.004) (0.000)
R? 0.927 0.924 0.833 0.944 0.864 0.878 0.906 0.959 0.900 0.977 0.834 0.807
Adjusted R? 0.917 0.890 0.832 0.874 0.796 0.816 0.842 0.880 0.830 0.910 0.788 0.797
Root mean
square error 0.074 0.071 0.058 0.097 0.064 0.054 0.065 0.062 0.052 0.098 0.063 0.043
(RMSE)

Note: *, **, and *** indicate the significance levels at 1%, 5%, and 10%, respectively. p-values are given
in parentheses.

The negative and significant interaction coefficients for SDG 12 and SDG 13, generally
ranging between —0.150 and —0.182 across the ICT-patent and ICT-R&D specifications,
indicate that the joint development of digital transformation and national innovation capac-
ity is associated with reductions in CO; intensity and per capita emissions. Since SDG 12
and SDG 13 are measured as environmental pressure indicators, the negative signs should
be interpreted as favorable effects rather than adverse outcomes. In practical terms, a
negative interaction coefficient means that when digital transformation increases together
with patent activity or R&D expenditure, carbon-related pressures decline. For SDG 12, the
negative coefficients imply that the combination of ICT capabilities and innovation capacity
reduces CO, intensity, meaning economic activity becomes less carbon-intensive. For
SDG 13, the negative coefficients indicate that the same digital-innovation complementar-
ity is associated with lower per capita CO, emissions, reflecting improved climate-related
performance. Importantly, these favorable environmental effects appear only when digital
transformation and national innovation capacity operate together, reinforcing the argument
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that neither digital transformation nor formal innovation capacity is sufficient on its own
to reduce environmental pressures in the long run. Instead, meaningful environmental
improvements emerge when digital systems support the adoption, diffusion, and scaling
of sustainability-oriented innovations. This finding is consistent with the environmental
innovation literature. Costantini and Mazzanti [67] show that innovation contributes to
environmental performance when supported by strong absorptive and adaptive capac-
ities. Similarly, Popp [63] and Johnstone et al. [64] argue that clean-technology patents
can reduce emissions when they are effectively integrated into energy, industrial, and
production systems. George et al. [59] further emphasize that digital technologies support
circular-economy practices and emission-reducing production processes by improving
monitoring, coordination, and resource optimization. The magnitudes reported in Table 9,
often exceeding —0.150, suggest that digital-innovation complementarities play a substan-
tive role in shaping environmental sustainability. These results therefore reinforce the view
that Saudi Arabia’s low-carbon transition depends on the combined deployment of digital
infrastructure, R&D investment, patentable clean technologies, and innovation-oriented
environmental policies. The results also align with Ghisellini et al. [58], who highlight that
digitally supported innovation accelerates reductions in waste and inefficiency, suggesting
that both technological invention and digital capability are necessary to realize the full po-
tential of circular-economy strategies. Moreover, the ICT use x R&D and ICT access x R&D
interactions display similar magnitudes and patterns, with positive and significant effects
for SDG 4, SDG 7, SDG 8, and SDG 9, and negative and significant effects for SDG 12 and
SDG 13. This parallel pattern reinforces the argument that the developmental contribu-
tion of national innovation capacity—whether measured by R&D expenditure or patent
applications—critically depends on the presence of effective digital systems. In coefficient
terms, positive interaction values for SDG 4, SDG 7, SDG 8, and SDG 9 indicate that digital
transformation strengthens the contribution of R&D and patents to education, renewable
energy, productivity, and industrial upgrading. By contrast, negative interaction values for
SDG 12 and SDG 13 indicate that digital transformation strengthens the contribution of
R&D and patents to reducing carbon intensity and per capita emissions. This interpretation
reflects the broader theoretical insights of Romer [60] and Acs et al. [61], who argue that
innovation becomes economically and socially impactful when it is embedded in systems
of diffusion, learning, absorption, and practical application. The R&D-based interaction
results also align with Khan et al. [62], who show that the benefits of research and knowl-
edge systems for education and energy sustainability are strongest when supported by
complementary technological infrastructure.

These findings imply that the architecture of sustainable development transformations
depends less on isolated drivers and more on the strength of complementarities across pol-
icy domains. The results in Table 9 show that when digital transformation and innovation
capacity advance together, they drive capability deepening that yields measurable im-
provements in education, clean energy, industrial productivity, and innovation, while also
reducing carbon intensity and emissions. This echoes the perspective articulated in UNDP
(2022), which emphasizes that digitalization is transformative only when combined with
enhancements in institutions, human capital, and the innovation system. The results further
resonate with the views of Lopez-Rodriguez and Martinez-Lopez [66], who argue that tech-
nological progress requires accompanying structural reforms to translate into productivity
gains, as well as with Griliches [65], who underscores the role of absorptive capacity in
determining the returns to R&D. For environmental sustainability, the negative interaction
values demonstrate that the digital-innovation nexus forms an essential foundation for
low-carbon development, reinforcing the insights of Johnstone et al. [64] and Popp [63] that
environmental benefits arise when innovation systems are effectively deployed and scaled.
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The pattern observed in Table 9 illustrates a broader principle: sustainable development
outcomes improve when economies integrate digital transformation with national innova-
tion capacity, enabling continuous learning, adaptive efficiency, technology diffusion, and
the practical application of research and innovation outputs. In practical terms, this means
that R&D expenditure and patent activity must be supported by complementary digital
infrastructure, data systems, digital platforms, and digital skills to generate measurable im-
pacts on the SDGs. Conversely, expanding connectivity and digital access alone is unlikely
to produce substantial sustainability gains unless economies simultaneously strengthen
their innovation ecosystems, research capabilities, and commercialization mechanisms. The
joint effects identified in Table 9, therefore, provide a coherent roadmap for policy design.
Economies seeking progress in education, industrial upgrading, clean-energy transition,
resource efficiency, and climate mitigation should prioritize interventions that deliberately
combine digital transformation with national innovation capacity. These complementari-
ties increase the productivity of both domains and accelerate the transition toward more
sustainable development pathways.

The findings presented above make clear that meaningful advances in sustainable
development arise not from digital transformation or national innovation capacity op-
erating in isolation, but from the way these two dimensions reinforce each other within
a broader national system of technological capability. As shown in Figure 3, while ICT
access, ICT use, R&D expenditure, and patent applications may not individually generate
measurable long-run improvements in the SDGs, their interaction produces substantive,
directionally consistent, and policy-relevant effects. This pattern highlights a central mes-
sage: sustainable development is driven less by the scale of digital or innovation inputs
alone and more by the extent to which countries align, integrate, and sequence these inputs
within coherent development strategies. The results, therefore, suggest that investments in
digital infrastructure must be accompanied by national innovation policies that use digital
tools, data systems, and intelligent platforms to support scientific research, experimen-
tation, technology development, and commercialization. Likewise, innovation strategies
must increasingly embed digital components—ranging from advanced analytics to digital
prototyping and Al-enabled design—to ensure that R&D investments and patentable tech-
nologies are efficiently translated into solutions that address environmental, educational,
economic, and societal priorities. The implications of this systemic interdependence are
substantial: governments must move beyond parallel digital and innovation plans and
instead cultivate institutional environments that encourage complementarities across min-
istries, regulatory bodies, universities, research centers, and industry actors. This requires
strengthening the interfaces between digital industries and research institutions, ensuring
interoperability across data ecosystems, expanding digital skills to enable researchers and
innovators to use emerging technologies, and fostering regulatory flexibility to support
experimentation, technology diffusion, and commercialization. Integrated approaches
become essential in sectors such as education, where digital learning environments yield
greater benefits when aligned with pedagogical innovation and research-based curriculum
development; in environmental management, where digital monitoring and intelligent
systems work best when paired with clean technology research; and in industrial trans-
formation, where digital automation and domestic innovation capacity must co-evolve
to sustain competitiveness. The joint results underscore that sustainable development
depends not only on digital penetration or innovation intensity but also on the quality of
the connections that bind them—connections that create pathways through which research
outputs can diffuse, patented technologies can scale, and societies can transition toward
more resilient, inclusive, and future-oriented development systems.
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Figure 3. Summary of the key results.

5. Conclusions and Recommendations
5.1. Objectives and Key Findings

The objective of this study was to examine how digital transformation and national
innovation capacity—captured through ICT use, ICT access, R&D expenditure, and patent
applications—contribute individually and jointly to Saudi Arabia’s progress toward key
Sustainable Development Goals, specifically SDGs 4, 7, 8, 9, 12, and 13. Situated within the
national development trajectory shaped by Vision 2030, the analysis evaluated how these
indicators relate to educational quality, the clean-energy transition, economic performance,
industrial and innovation capacity, responsible consumption, and climate action. The study
further constructed a composite Sustainable Development Goals Index (SDGI) as a robust-
ness check to assess the multidimensional sustainability effects of digital and innovation
systems. Conceptually, the study frames R&D expenditure and patent applications as
indicators of national innovation capacity, with R&D expenditure representing the input
dimension of formal innovation activity and patent applications reflecting its codified
technological output dimension. The study contributes to the literature by offering a com-
prehensive empirical assessment of how the expansion of digital capabilities and national
innovation capacity relates to SDG achievement in an emerging and rapidly transforming
economy such as Saudi Arabia. It also demonstrates that the interaction between digital
transformation and national innovation capacity is the critical mechanism through which
measurable sustainability improvements emerge.

The empirical findings reveal a clear contrast between direct and joint effects. In the
long run, the DOLS estimates show that neither ICT use nor ICT access has a statistically
significant direct effect on any of the examined SDGs; the coefficients remain small and
theoretically plausible but are statistically indistinguishable from zero. Likewise, the
indicators of national innovation capacity—R&D expenditure and patent applications—do
not show significant direct long-run effects on SDG 4, SDG 7, SDG 8, SDG 9, SDG 12, or
SDG 13. These results suggest that, when considered separately, digital development and
formal innovation capacity have not yet matured into independent long-run drivers of
education quality, clean-energy adoption, economic productivity, industrial upgrading,
responsible consumption, or emissions reduction during the study period. In sharp contrast,
the joint-effect estimations reveal strong and statistically significant complementarities.
All interaction terms between digital transformation and national innovation capacity
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become significant across specifications. The combined effects of ICT use with patent
applications or R&D expenditure—and, similarly, of ICT access with these innovation
indicators—produce sizeable improvements in SDG outcomes. Positive and significant
interactions for SDG 4, SDG 7, SDG 8, and SDG 9 indicate that education, the clean energy
transition, economic growth, and industrial innovation improve when digital capabilities
and national innovation capacity work together. Conversely, the negative and significant
joint coefficients for SDG 12 and SDG 13 reveal that emissions intensity and carbon output
decrease meaningfully only through the coordinated development of digital and innovation
systems. The SDGI results reinforce this pattern: direct effects remain insignificant, whereas
all interaction terms become significant and positive, confirming that multidimensional
sustainability gains materialize through complementarities between digital transformation
and national innovation capacity rather than through their isolated expansion.

5.2. Policy Recommendations for Saudi Arabia

These findings provide important policy recommendations for Saudi Arabia and un-
derscore that meaningful progress toward the SDGs will occur when digital transformation
and national innovation capacity are pursued as complementary and mutually reinforcing
pillars rather than as parallel, disconnected strategies. The statistically significant joint
effects indicate that the Saudi government should prioritize integrated policies that link ICT
expansion with the generation, adaptation, commercialization, and deployment of innova-
tion. For SDG 4, the results imply that improving ICT access and use in classrooms must be
combined with stronger innovation-oriented mechanisms in the education sector. This may
include strengthening R&D units within universities, supporting pedagogical innovation
centers, expanding digital-learning research, and integrating digital platforms with locally
developed educational content. For example, expanding the Madrasati platform while
funding university-led research on digital learning methods would help ensure that digital
tools generate stronger educational outcomes. For SDG 7, the findings suggest that the
clean-energy transition requires not only digital monitoring systems—such as smart meters,
solar-intensity sensors, and grid-management platforms—but also targeted R&D programs
focusing on renewable technologies suited to Saudi climatic conditions. This could involve
linking the National Renewable Energy Program with dedicated R&D funds at institutions
such as KAUST and KACST to ensure that digital tools and scientific innovation advance
clean-energy adoption simultaneously.

For SDG 8 and SDG 9, digital transformation enhances productivity and industrial
upgrading only when firms can absorb, adapt, and utilize new technologies. This means
that the Saudi government should connect ICT investments with programs that strengthen
industrial R&D, encourage patenting, support applied innovation, and enhance technology
commercialization among SMEs and large firms. For example, digital manufacturing
zones within Saudi industrial cities, including MODON, could be directly linked to sector-
specific research clusters in advanced materials, robotics, biotechnology, renewable energy
technologies, and green hydrogen innovation. The Ministry of Industry and Mineral
Resources could introduce incentives that reward firms that simultaneously invest in
digital technologies and internal R&D capacity. Such an approach would operationalize the
positive complementarities identified in the empirical results. For SDG 12, the synergetic
effects indicate that digital monitoring of resource flows—such as IoT-based waste tracking,
digital recycling platforms, smart water-management systems, and industrial resource-
efficiency dashboards—should be supported by innovation in circular-economy models,
green chemistry, sustainable materials, and waste valorization. The Saudi government
could integrate the digital systems used by the National Center for Waste Management with
R&D programs on recycling technologies and the productive use of industrial byproducts.
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Linking real-time digital data with research-based process redesign would accelerate
reductions in CO, intensity, waste generation, and resource inefficiency. For SDG 13, the
negative and significant interaction coefficients confirm that emissions reductions depend
on the alignment of digital climate tools with environmental innovation. Saudi Arabia could
expand digital climate dashboards, satellite-based emissions monitoring, Al-supported
forecasting tools, and industrial emissions databases while investing in clean-tech research
programs on carbon capture, green hydrogen, energy-efficient production, and low-carbon
industrial processes. Pairing the digital emission-monitoring tools used by the Saudi
Green Initiative with research from national universities and industrial laboratories would
strengthen the feedback loop between data, innovation, and climate mitigation.

Across all SDGs, the empirical evidence suggests that Saudi Arabia should adopt a
systemic approach in which digital transformation policies include an explicit national
innovation capacity component, and innovation policies are designed with digital absorp-
tion and diffusion in mind. Concretely, this requires cross-ministerial coordination among
institutions responsible for ICT policies, research and innovation strategies, industrial
planning, energy transformation, and environmental governance. A national “Digital-
Innovation Complementarity Strategy” could be adopted to formalize this integration.
Practical policy tools may include joint digital-R&D funding schemes for SDG-oriented
sectors, innovation vouchers that support firms in adopting both digital tools and patented
technologies, national platforms that connect patent databases to digital demonstration
labs, and incentives for universities and technical colleges to integrate digital competencies
into research training. Saudi Arabia should also strengthen technology-transfer offices,
university-industry partnerships, innovation incubators, and venture capital mechanisms
to convert patents and R&D investments into marketable products, industrial applications,
and sustainability-oriented solutions. The overall implication is that Saudi Arabia will
most effectively accelerate SDG achievement by deliberately linking digital transformation
with national innovation capacity at every step of the policy process, ensuring that these
two levers work together to amplify educational quality, labor productivity, industrial
innovation, renewable-energy transition, resource efficiency, and climate action.

5.3. Limitations and Future Research Directions

While this study provides strong insights into the role of digital transformation and
national innovation capacity in achieving the SDGs, several limitations open avenues for
future research. First, R&D expenditure and patent applications are widely used indicators
of national innovation capacity; however, they do not capture the full complexity of national
innovation systems. R&D expenditure mainly reflects formal investment in research and
technological development, whereas patent applications capture codified technological
outputs. Both indicators may therefore overlook important forms of innovation that are
less visible in conventional statistics. Patent counts may also differ substantially in techno-
logical, economic, and commercial value, and some patents may have limited practical or
market relevance. Moreover, R&D- and patent-based indicators may underrepresent infor-
mal innovation, service-sector innovation, software-based innovation, creative industries,
open-source innovation, organizational learning, technology adoption, and tacit knowledge
diffusion. They may also fail to fully capture scientific publications, high-tech exports,
university—industry linkages, start-up activity, technology commercialization, knowledge-
intensive employment, and the quality of human capital. This limitation is particularly
relevant for Saudi Arabia, where national innovation capacity is developing within a broad
transformation agenda that includes digital services, human capability development, re-
search excellence, entrepreneurship, technology adoption, and industrial diversification.
Future studies may therefore construct broader composite indicators of national innovation
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capacity using Global Innovation Index-type measures or WIPO/OECD-style innovation
system indicators, provided that long, consistent, and comparable time-series data become
available for Saudi Arabia. Second, although the DOLS estimator helps address serial corre-
lation and potential endogeneity in cointegrated time-series models, residual endogeneity
may still arise from omitted institutional factors, reverse feedback between SDG progress
and digital or innovation investments, and measurement limitations in macro-level in-
dicators. Future research could address this issue by applying alternative identification
strategies, structural models, or disaggregated firm-level, sectoral, or regional data.
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