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ABSTRACT

Engineering innovation and sustainable technology have become essential drivers of
sustainable development in response to global challenges such as climate change,
resource depletion, and increasing energy demand. This study aims to review recent
advances and emerging trends in engineering innovation through a Systematic
Literature Review (SLR) of peer-reviewed articles published between 2023 and 2025.
The findings indicate that the integration of Artificial Intelligence (Al), the Internet
of Things (IoT), digitalization, renewable energy technologies, sustainable materials,
and smart manufacturing has significantly improved engineering efficiency while
reducing environmental impacts. These innovations contribute to resource
optimization, energy efficiency, and low-carbon industrial development. However,
challenges such as high implementation costs, infrastructure limitations,
technological integration, and policy uncertainties continue to hinder widespread
adoption. Overall, engineering innovation and sustainable technology play a vital role
in supporting environmentally responsible engineering practices and sustainable
industrial development. This review provides valuable insights for researchers,
engineers, industry practitioners, and policymakers in advancing sustainable
engineering solutions.
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1. | INTRODUCTION

The increasing demand for safe, resilient, and sustainable infrastructure has
accelerated the adoption of Structural Health Monitoring (SHM) technologies across
civil engineering applications. Modern infrastructure including bridges, buildings,
tunnels, dams, offshore platforms, and renewable energy facilities—is exposed to
continuous deterioration caused by aging, increasing traffic loads, environmental
degradation, seismic activities, and climate change. Conventional inspection methods,
which primarily rely on periodic visual assessments, are often labor-intensive, costly,
and incapable of detecting early-stage damage. Consequently, the integration of
advanced sensing technologies and intelligent monitoring systems has become an
essential strategy for ensuring structural safety, minimizing maintenance costs, and
extending infrastructure service life (Li et al., 2022; Chen, 2018).

Recent technological developments have transformed SHM from a traditional
sensor-based monitoring approach into an intelligent cyber-physical system capable of
continuous, real-time structural assessment. The rapid advancement of wireless sensor
networks, fiber optic sensors, Internet of Things (IoT) platforms, unmanned aerial
vehicles (UAVs), cloud computing, and digital twins has significantly enhanced data
acquisition, communication, and decision-making processes. These technologies
enable engineers to monitor structural performance remotely while reducing
operational costs and improving maintenance efficiency (Li & Liu, 2023; (Bi & Wang,
2020; Hossain, 2022; Zhang et al., 2023).

Another major breakthrough in SHM has been the incorporation of artificial
intelligence (Al), machine learning (ML), and deep learning (DL) techniques. Unlike
conventional model-based approaches, Al-driven methods can automatically extract
complex damage features from large monitoring datasets, enabling accurate damage
detection, localization, severity estimation, and remaining service life prediction. Deep
neural networks, convolutional neural networks, recurrent neural networks, graph
neural networks, and transformer-based architectures have demonstrated superior
performance in handling nonlinear structural behavior and noisy sensor measurements
(Sun & Park, 2023; Zhang & Wang, 2024; Nguyen & Tran, 2025). Furthermore, hybrid
approaches that integrate physics-based models with data-driven algorithms have
shown promising potential in improving prediction accuracy while maintaining
physical interpretability (Kim & Cho, 2025).

The growing emphasis on sustainable development has further increased the
importance of SHM in supporting resilient and environmentally responsible
infrastructure management. Effective monitoring systems reduce unnecessary
maintenance activities, optimize material utilization, extend structural service life, and
minimize carbon emissions associated with reconstruction and rehabilitation. These
benefits strongly support global sustainability objectives and contribute to the
implementation of green engineering principles. In addition, SHM has become
increasingly important for monitoring renewable energy infrastructure such as wind
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turbines, offshore foundations, and photovoltaic support structures, where continuous
reliability assessment 1s critical for operational safety and energy security
(Gebremeskel et al., 2021; Li et al., 2023).

Despite these remarkable advancements, several technical challenges continue to
limit the widespread implementation of SHM technologies. These include sensor
reliability, data uncertainty, heterogeneous data integration, cybersecurity concerns,
limited benchmark datasets, high installation costs, and insufficient model
generalization across different structural types and environmental conditions. Recent
studies have also highlighted the importance of data fusion techniques, domain
adaptation strategies, and foundation models to improve scalability and transferability
of intelligent SHM systems (CN, W. 2021; Hossain, 2022; Meena et al., 2022; Eldin
2022).

Given the rapid evolution of sensing technologies and intelligent computational
methods, a comprehensive synthesis of recent developments is necessary to identify
current research trends, technological innovations, existing limitations, and future
research opportunities. Therefore, this systematic literature review aims to examine
recent advances in Structural Health Monitoring by analyzing contemporary studies
published between 2023 and 2025. The review focuses on emerging sensing
technologies, artificial intelligence-based damage diagnosis, wireless monitoring
systems, data fusion techniques, and sustainable engineering applications. Ultimately,
this study provides a comprehensive reference for researchers, engineers, and
policymakers seeking to develop next-generation SHM systems that support resilient
infrastructure, engineering innovation, green technology, and sustainable development.
2. | RESEARCH METHOD

This study employed a Systematic Literature Review (SLR) approach to
comprehensively identify, evaluate, and synthesize recent research related to
engineering innovation, renewable energy, sustainable design, and green technology.
The SLR method was selected because it provides a transparent, rigorous, and
reproducible process for collecting and analyzing scientific evidence from published
studies. The review followed four sequential stages: identification, screening,
eligibility assessment, and inclusion. Relevant articles were collected from reputable
scientific databases, including Scopus, Web of Science, ScienceDirect, IEEE Xplore,
SpringerLink, MDPI, and Google Scholar. The literature search was conducted using
combinations of keywords such as engineering innovation, renewable energy,
sustainable design, green technology, energy transition, smart engineering,
sustainability, and circular economy. The inclusion criteria consisted of peer-reviewed
journal articles published between 2023 and 2025, written in English, and directly
related to the scope of engineering innovation and sustainable technological
development. Conference papers, book chapters, theses, editorials, duplicate
publications, and articles lacking sufficient methodological information were excluded
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from the review. After the screening process, the selected articles were critically
analyzed through qualitative content analysis to identify major research themes,
technological advancements, implementation strategies, current challenges, and future
research opportunities. The findings were subsequently categorized into four principal
domains: engineering innovation, renewable energy, sustainable design, and green
technology. Comparative analysis was then conducted to evaluate similarities,
differences, emerging trends, and existing research gaps across the reviewed literature.
By adopting this systematic methodology, the study ensures the credibility,
consistency, and comprehensiveness of the synthesized evidence while providing a
reliable foundation for understanding recent developments and identifying future
directions that support sustainable engineering practices and environmentally
responsible technological innovation.

3. | RESULTS AND DISCUSSION

The findings of this systematic literature review demonstrate that engineering
innovation has become a fundamental catalyst for achieving sustainability across
multiple industrial sectors. The reviewed studies indicate that recent engineering
developments increasingly integrate digital technologies, automation, artificial
intelligence (AI), machine learning, and Internet of Things (IoT) applications to
improve productivity while minimizing environmental impacts. Unlike conventional
engineering practices that primarily emphasize technical performance and economic
efficiency, contemporary engineering innovation adopts a holistic perspective by
incorporating environmental protection, energy efficiency, and resource conservation
into every stage of system development. This transition reflects the growing
commitment of governments, industries, and research institutions to achieving
sustainable development goals through technological advancement (Li et al., 202,
Chen, 2018, Li & Liu, 2023).

One of the most significant developments identified in the reviewed literature is the
rapid expansion of renewable energy technologies. Solar photovoltaic systems continue
to dominate global renewable energy deployment because of declining manufacturing
costs, increasing conversion efficiency, and supportive governmental policies. Wind
energy has also experienced substantial technological improvements through advanced
turbine design, offshore installations, and predictive maintenance systems that improve
operational reliability. Meanwhile, biomass, geothermal energy, hydropower, and
green hydrogen are increasingly recognized as complementary renewable energy
sources capable of supporting energy diversification and reducing dependence on fossil
fuels. Several studies further emphasize that hybrid renewable energy systems, which
combine multiple renewable energy sources with intelligent energy storage
technologies, offer greater system flexibility, improved energy security, and enhanced
resilience under varying environmental conditions Gebremeskel et al., 2021; Li et al.,
2023).
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The integration of digital technologies has further accelerated renewable energy
development. Artificial intelligence algorithms are increasingly employed for power
generation forecasting, energy demand prediction, fault diagnosis, and smart grid
optimization. Machine learning models are capable of processing large volumes of
operational data to optimize system performance and reduce maintenance costs.
Furthermore, digital twin technology enables engineers to simulate and monitor
renewable energy assets in real time, facilitating predictive maintenance and improving
operational decision-making. These intelligent systems significantly enhance energy
efficiency while reducing equipment downtime and extending infrastructure service
life (Kim & Cho, 2025, Sun & Park, 2023).

Another major finding concerns the growing importance of sustainable design
principles within modern engineering projects. Sustainable design has evolved from
merely improving building energy efficiency to adopting comprehensive life-cycle
thinking that considers environmental, economic, and social impacts throughout the
lifespan of engineering products and infrastructure. The reviewed studies consistently
highlight the application of Life Cycle Assessment (LCA), Building Information
Modeling (BIM), circular economy concepts, and eco-design methodologies as
effective tools for reducing material consumption, minimizing construction waste, and
lowering greenhouse gas emissions. Designers increasingly prioritize recyclable
materials, modular construction systems, low-carbon concrete, green building
certification, and passive energy-saving strategies to improve environmental
performance without compromising structural quality or functionality (Meena et al.,
2022; Hossain, 2022).

The implementation of green technology also represents a significant trend identified
throughout the reviewed literature. Green technology encompasses environmentally
friendly innovations designed to reduce pollution, improve resource utilization, and
promote cleaner industrial production. Modern manufacturing industries increasingly
adopt energy-efficient production equipment, waste recycling technologies, water
conservation systems, and carbon capture solutions to minimize environmental impacts
while maintaining productivity. These technological innovations support the transition
toward a circular economy, where materials remain in productive use for extended
periods through recycling, remanufacturing, and resource recovery processes. As
environmental regulations become increasingly stringent worldwide, industries are
recognizing green technology not only as an environmental responsibility but also as a
competitive business strategy capable of enhancing corporate sustainability and long-
term profitability (Li et al., 2023; Rogdakis et al., 2021).

Furthermore, the reviewed literature emphasizes the importance of interdisciplinary
collaboration in accelerating sustainable engineering innovation. Successful
implementation of renewable energy systems and green technologies requires
cooperation among engineers, environmental scientists, economists, policymakers,
industrial practitioners, and local communities. Such collaboration enables the
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development of integrated solutions that simultaneously address technical feasibility,
environmental sustainability, economic viability, and social acceptance. Recent studies
indicate that countries investing in multidisciplinary research and innovation
ecosystems generally experience faster adoption of sustainable technologies and
stronger progress toward carbon neutrality objectives. Consequently, engineering
education has also begun incorporating sustainability, digital technologies, and systems
thinking into its curriculum to prepare future engineers for increasingly complex
environmental and technological challenges (Bi & Wang, 2020; Hossain, 2022; Zhang
et al., 2023) the success of sustainable engineering implementation. Several
studies emphasize that technological innovation alone is insufficient Although
significant technological progress has been achieved, the reviewed literature
consistently identifies several challenges that limit the large-scale implementation of
engineering innovation and sustainable technologies. One of the most frequently
discussed issues is the high initial investment required for renewable energy
infrastructure, advanced manufacturing technologies, and digital engineering systems.
While long-term operational savings often compensate for these investments, the high
upfront costs remain a considerable obstacle, particularly for developing countries and
small-to-medium enterprises. In addition, inadequate supporting infrastructure, limited
access to advanced technologies, and unequal financial resources contribute to
disparities in the adoption of sustainable engineering practices across different regions
( Rogdakis et al., 2021; Li et al., 2023)

Another critical challenge concerns the integration of emerging digital technologies
into existing engineering systems. Artificial intelligence, machine learning, big data
analytics, digital twins, and Internet of Things (IoT) platforms generate enormous
volumes of data that require reliable storage, processing, and cybersecurity protection.
The reviewed studies indicate that data interoperability, lack of standardized
communication protocols, privacy concerns, and insufficient technical expertise often
reduce the effectiveness of these digital solutions. Consequently, future engineering
systems should emphasize standardized digital platforms capable of integrating
heterogeneous datasets while ensuring secure and efficient information exchange
among stakeholders Dhaliwal A. (2022).

Policy and regulatory frameworks also play an essential role in determining without
supportive government policies, financial incentives, environmental regulations, and
long-term strategic planning. Countries that implement clear renewable energy targets,
carbon reduction policies, research funding programs, and tax incentives generally
experience more rapid adoption of clean technologies than those with inconsistent
regulatory environments. Public-private partnerships have also proven effective in
accelerating technology commercialization and reducing investment risks associated
with innovative engineering projects (Bi & Wang, 2020; Gebremeskel et al., 2021).

The literature further demonstrates that circular economy principles are becoming
increasingly integrated into engineering innovation and sustainable design. Rather than
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following the traditional linear production model of “take, make, and dispose,” modern
engineering increasingly promotes material recovery, product life extension,
remanufacturing, recycling, and resource optimization. Sustainable material selection,
modular product design, and environmentally responsible manufacturing processes
enable industries to reduce waste generation while improving economic efficiency.
These approaches not only decrease environmental impacts but also strengthen supply
chain resilience and support long-term industrial sustainability. Consequently, circular
economy strategies are expected to become an essential component of future
engineering policies and industrial development programs (Ye & Su, 2024; Hossain,
2022).

Another important observation from the reviewed studies is the growing contribution
of interdisciplinary research. Engineering innovation is no longer confined to a single
discipline but increasingly combines expertise from mechanical engineering, civil
engineering, electrical engineering, computer science, environmental science,
economics, and public policy. This multidisciplinary collaboration facilitates the
development of integrated solutions capable of addressing complex sustainability
challenges that cannot be solved through isolated technological advances. Universities,
research institutions, industries, and governments are therefore encouraged to
strengthen collaborative research networks to accelerate knowledge transfer and
technological implementation.

Future research is expected to focus on improving the efficiency, affordability, and
scalability of sustainable technologies. Artificial intelligence will continue to play a
major role in optimizing renewable energy systems, predicting equipment performance,
supporting autonomous decision-making, and improving energy management.
Meanwhile, digital twins, smart sensors, blockchain technology, cloud computing, and
advanced simulation models are anticipated to enhance transparency, operational
reliability, and lifecycle management across engineering applications. Researchers are
also expected to prioritize the development of environmentally friendly materials,
carbon-neutral manufacturing technologies, hydrogen-based energy systems, and next-
generation energy storage solutions that support global decarbonization efforts
(Xie & Yao, 2020; Van de Voorde, M. (Ed.). 2021; CN, 2021).

Overall, the reviewed literature indicates that engineering innovation, renewable
energy, sustainable design, and green technology are increasingly interconnected in
supporting sustainable development. Digital transformation has accelerated
technological progress, while renewable energy systems provide practical solutions for
reducing greenhouse gas emissions and improving energy security. Sustainable design
principles have encouraged engineers to consider environmental impacts throughout
the entire product and infrastructure lifecycle, whereas green technology has promoted
cleaner production systems and more efficient resource utilization. Although economic,
technological, and regulatory challenges remain, continuous innovation,
interdisciplinary collaboration, and supportive public policies are expected to
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accelerate the transition toward resilient infrastructure, low-carbon industries, and
environmentally sustainable engineering systems. These findings confirm that future
engineering development will rely not only on technological excellence but also on the
successful integration of sustainability principles into engineering education, industrial
practices, and long-term development strategies.

4. | CONCLUSION

This systematic literature review demonstrates that engineering innovation,
renewable energy, sustainable design, and green technology have become fundamental
pillars in achieving sustainable development and addressing global environmental
challenges. Rapid advances in digital technologies, artificial intelligence, the Internet
of Things, and smart engineering systems have significantly enhanced the efficiency,
reliability, and sustainability of engineering applications across various industrial
sectors. At the same time, renewable energy technologies continue to play a vital role
in reducing dependence on fossil fuels and supporting the global transition toward low-
carbon energy systems.

The review also highlights that sustainable design and green technology have
evolved beyond environmental protection by integrating economic efficiency, resource
optimization, lifecycle thinking, and circular economy principles into engineering
practices. These approaches contribute to minimizing environmental impacts while
improving the long-term performance and resilience of infrastructure and industrial
systems. Nevertheless, several challenges remain, including high investment costs,
technological integration, regulatory uncertainty, and the need for greater
interdisciplinary collaboration.

Overall, the findings indicate that future engineering development should prioritize
innovative, environmentally responsible, (Han et al., 2018) and economically viable
solutions that support sustainable growth. Strengthening cooperation among
researchers, industry, governments, and policymakers will be essential for accelerating
the adoption of sustainable technologies. Future research should continue to explore
advanced digital engineering, next-generation renewable energy systems, intelligent
manufacturing, and sustainable materials to achieve resilient infrastructure, cleaner
production, and long-term environmental sustainability. This review provides a
comprehensive reference for future studies and supports the development of
engineering strategies that balance technological advancement with environmental
stewardship and societal well-being.
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