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Abstract

This study explores Al's transformative role in enhancing urban energy efficiency. Focusing on Al-driven innovations in
smart grids, renewable energy integration, and predictive energy management, it evaluates Al's potential to optimize
energy distribution, reduce waste, and improve sustainability. A comprehensive literature review and case studies are
employed to analyze the application.

The findings indicate that Al technologies, including machine learning and predictive analytics, are crucial for
optimizing energy consumption, managing renewable energy variability, and improving smart grid efficiency. Al
enhances sustainability by forecasting energy demand and optimizing storage systems. However, challenges such as
data privacy concerns, integration complexities with existing infrastructure, and the need for specialized Al expertise
pose barriers to broader adoption of these technologies.

The study recommends that future research focus on advancing Al technologies for real-time optimization and
explainability, as well as addressing the skills gap in Al development. Policymakers and energy stakeholders should
invest in Al-driven solutions and establish supportive regulations to promote Al adoption in urban energy systems. In
the long term, Al will be pivotal in creating more sustainable, resilient, and energy-efficient cities.

Keywords: Artificial Intelligence; Energy efficiency; Smart buildings; Digital Transformation.

1. Introduction

Artificial intelligence (AI) has emerged as a major force behind innovation in a number of industries, most notably
energy management (Raman et al., 2024). With rising global urbanization and the growing urgency of climate change,
optimizing energy efficiency in urban areas and buildings has gained prominence (Esfandi et al.,, 2024). Utilizing cutting-
edge sensors and automation, Al-driven technologies in smart buildings offer a viable means of cutting down on energy
use, operating expenses, and environmental effect (Aguilar et al., 2021). The concept of Al-driven innovations is not
limited to individual buildings but extends to the development of smart urban areas that leverage digital technologies
to create sustainable and energy-efficient ecosystems (Szpilko et al, 2023). This growing trend highlights the
significance of understanding how Al and digital transformation can revolutionize energy efficiency practices.
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The goal of this study of the literature is to investigate how Al-driven innovations are revolutionizing energy efficiency
in smart buildings and metropolitan regions. It looks at how Al and digital technologies are incorporated into energy
management systems, evaluates the advantages and difficulties that come with it, and considers the consequences for
future urban development. The review also identifies research gaps, offering insights for policymakers, urban planners,
and technology providers on Al-powered solutions' potential to enhance energy efficiency. Drawing from diverse
academic and industry sources, it offers a thorough grasp of how Al is changing energy management.

Al and digital transformation are improving energy management by analyzing data from smart meters, building sensors,
and weather (Ukoba et al.,, 2022). These technologies allow for predictive maintenance, real-time monitoring, and
automated energy adjustments to optimize energy use while maintaining comfort and functionality (Hanafi et al., 2024).
This integration ensures more efficient energy use, reducing waste and enhancing the overall performance of energy
systems in buildings. Furthermore, the transition to smarter, more responsive urban energy systems is happening faster
thanks to the integration of Al with other digital advancements like the Internet of Things (IoT), cloud computing, and
blockchain (Alahi et al.,, 2023). This transformation has the potential to create energy-efficient buildings and urban areas
that are not only sustainable but also more adaptive to the evolving demands of the modern world.

The first half of this article will present an overview of Al-driven advancements in energy efficiency, as well as the
drivers driving demand for better energy management systems. The literature review will next look at major research,
paradigms, and technologies that have influenced our understanding of Al's role in increasing energy efficiency. The
following part will go over the problems and prospects of incorporating Al into smart buildings and urban areas. The
conclusion will summarize key insights, highlight future research areas, and offer recommendations for stakeholders
aiming to leverage Al's potential in energy management.

This paper seeks to provide an in-depth analysis of Al-driven innovations in energy efficiency through a comprehensive
review of existing literature. By examining the intersection of Al, digital transformation, and energy management, the
study aims to contribute valuable insights into the future of sustainable urban development.

2. Overview of Existing Research on Al Applications in Energy Efficiency

The integration of artificial intelligence (Al) into energy efficiency has become an area of substantial academic and
industry focus in recent years. This literature review provides a detailed exploration of the existing research on Al
applications in energy management, analysing key studies, identifying gaps in the current body of literature, and
highlighting emerging trends in Al-driven energy optimization. As energy consumption continues to rise due to rapid
urbanization and technological advancement, Al's potential to transform energy systems into more efficient and
sustainable models has generated widespread interest (Hoang, 2024).

2.1. Key Studies and Their Contributions

A significant body of research has explored how Al can enhance energy efficiency. Among the early contributors to this
field is the study by Karduri (2019), which examines the transformative role of Al in optimizing energy systems, with a
focus on improving efficiency, reliability, and sustainability. The study highlights AI's significant contributions to
renewable energy forecasting, grid management, and energy consumption efficiency. Challenges that were however
identified include data quality issues, scalability difficulties, cybersecurity risks, and the lack of clear regulatory
frameworks. Technical limitations in Al's ability to predict under extreme conditions also pose challenges, requiring
further research and development of robust solutions. Similarly, Olatunde et al. (2023) conducted a review on Al's
impact on optimizing energy efficiency across multiple sectors. The study revealed that Al technologies, such as machine
learning and neural networks, improve energy management by evaluating data to forecast demand and optimize use
while accounting for variables such as weather and occupancy. Al's ability to adapt and learn leads to ongoing
development, significant cost savings, and environmental benefits, such as improved integration of renewable energy
sources. However, to fully unlock Al's potential in energy efficiency, challenges like data privacy concerns, the need for
specialized skills, and integration complexities must be effectively addressed.

In the area of electricity demand, Aderibigbe et al.,, (2023) explores Al's role in transforming energy forecasting
techniques. The findings show that Al and machine learning (ML) models, particularly those using deep learning and
big data analytics, significantly surpass traditional electricity demand forecasting methods in accuracy and adaptability.
These models excel at managing complex, nonlinear relationships and large datasets, making them ideal for dynamic,
renewable energy markets. The study emphasizes selecting suitable ML models based on accuracy, forecasting
flexibility, and environmental impact. However, challenges like data privacy, cybersecurity, and the need for skilled
professionals remain key concerns.

142



World Journal of Advanced Research and Reviews, 2024, 24(01), 141-152

Similarly, Barhmi et al. (2024) review advancements in solar energy forecasting across time horizons from ultrashort
to 24 hours, emphasizing Al techniques, particularly Neural Networks, for enhanced accuracy. The study investigates
supervised learning, regression, ensembles, and physics-based approaches by combining satellite imagery, weather
forecasts, and historical data. It also emphasizes the importance of consistent datasets and benchmark procedures to
allow reliable evaluations and comparisons in solar energy forecasts. By addressing key gaps in the literature and
advocating for enhanced model precision, this review contributes significantly to optimizing solar energy resource
management and planning.

Several studies have examined the integration of Al and IoT to optimize energy use in urban areas, revealing its
transformative potential for smart cities. Hoang (2024) highlights how this synergy enhances real-time monitoring and
control of energy systems, leading to more efficient energy use and better management of urban infrastructure. Hoang
highlights that Al algorithms, when integrated with 10T sensors, provide actionable insights by analysing data from
various sources, leading to optimized energy consumption and better demand response strategies. Li et al. (2024)
examined the role of Al in data acquisition for power IoT systems, finding that Al-driven solutions greatly improve
energy efficiency and system performance. By utilizing advanced data analytics and machine learning, Al can predict
and manage energy loads more effectively, resulting in significant reductions in power consumption and operational
costs. This study underscores the potential for Al to support high-efficiency and low-power consumption in energy
systems, contributing to the broader goals of smart city development. In addition, Alahi et al. (2023) provide a
comprehensive overview of recent advancements and future trends in loT-enabled technologies and Al for smart cities.
The paper discusses how integrating Al and IoT enables advanced energy management solutions, including real-time
energy monitoring, predictive maintenance, and adaptive energy consumption. Alahi et al. highlight that this
combination enhances energy efficiency and facilitates the integration of renewable energy sources, promoting a more
sustainable urban energy landscape. Collectively, these studies illustrate that the synergy between Al and IoT
significantly optimizes energy use in urban areas. By providing precise control, predictive analytics, and real-time
adjustments, this integration advances the transition to smarter, more sustainable cities. However, ongoing research is
essential to tackle challenges like data privacy, system integration, and scalability for full potential realization.

The integration of Al in predictive maintenance for energy systems has garnered significant attention, with recent
studies highlighting its transformative potential. Shin et al. (2021) focus on the interplay between human inspectors
and Al in wind farm maintenance. Their research, involving 54 inspectors and 2,301 images from 138 turbines,
demonstrates that Al assistance markedly improves fault detection accuracy and efficiency. Specifically, generalists
benefited more from Al, showing improvements in specificity and time efficiency of 24.6% and 25.3%, respectively,
compared to specialists. This study underscores the value of combining human expertise with Al to enhance
maintenance processes. Hamdan et al. (2023) explore Al's impact on predictive maintenance across renewable energy
sources, including solar, wind, and hydro. Their review reveals that Al significantly optimizes energy output,
infrastructure maintenance, and grid integration. By examining successful case studies, they illustrate how Al enhances
predictive maintenance and energy optimization, contributing to more efficient and sustainable renewable energy
systems. The study highlights Al's advanced analytics and predictive capabilities, which are crucial for meeting global
renewable energy targets and improving infrastructure resilience. Ukoba et al. (2024) provide a comprehensive review
of Al applications in renewable energy systems (RES), focusing on predictive maintenance among other aspects. They
discuss how Al methods, such as machine learning and neural networks, improve resource assessment, energy
forecasting, and system monitoring. The review also addresses challenges like data variability and real-time adaptability
but emphasizes the benefits of overcoming these issues, including increased energy yield and reduced operational costs.
Emerging trends in Al, such as explainable Al and edge computing, are also considered for their potential to advance
RES optimization and integration.

3. The Role of Al in Smart Buildings

Artificial Intelligence (Al) is revolutionizing the development of smart buildings, particularly by optimizing energy
usage and improving operational efficiency (Olatunde et al., 2024). Al's capabilities in predictive maintenance, adaptive
control, load prediction, demand-response strategies, and occupancy and behavior analysis are transforming how
energy is managed in modern buildings (Muniandi et al 2024). Key areas where Al plays a crucial role include smart
HVAC systems, energy-saving algorithms, and occupancy monitoring, each contributing to significant energy savings
and improved building performance.

3.1. Smart HVAC Systems: AI's Role in Predictive Maintenance and Adaptive Control

Heating, ventilation, and air conditioning (HVAC) systems account for a considerable portion of building energy use. Al-
enhanced smart HVAC systems address this challenge through predictive maintenance and adaptive control, reducing
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energy waste and extending system lifespans (Lee and Lee, 2023). Al-driven predictive maintenance enables HVAC
systems to detect potential faults before they occur, unlike traditional maintenance models that rely on periodic checks,
leading to inefficiencies and breakdowns (Es-sakali et al., 2022). Al-enabled systems use real-time data from embedded
sensors to constantly assess performance (Cheng and Lee, 2019). Machine learning algorithms use past data and present
conditions to uncover patterns that anticipate system faults. This preventive approach decreases equipment problems,
downtime, and energy usage. For instance, Al can detect minor changes in airflow or temperature that signal
maintenance needs before major issues arise.

In addition to predictive maintenance, Al greatly enhances the adaptive control of HVAC systems (Cheng and Lee, 2019).
Instead of operating on fixed schedules, Al-powered systems adjust heating, cooling, and ventilation based on real-time
factors like occupancy, weather patterns, and indoor air quality (Selvam et al., 2021). This ensures energy is used only
when and where necessary. Al models can reduce cooling output during low occupancy and increase it when needed,
optimizing HVAC operations for energy efficiency while maintaining occupant comfort, ultimately reducing energy
consumption and operational costs.

3.2. Energy-Saving Algorithms: Al Models for Load Prediction and Demand-Response Strategies

Al also significantly enhances smart buildings through energy-saving algorithms, especially in load prediction and
demand-response strategies (Long, 2023). These models analyze past energy consumption, weather forecasts, and
other factors to predict future energy needs (Hou et al,, 2022). This allows smart systems to dynamically adjust energy
usage in real time, reducing waste during low-demand periods. For example, during off-peak hours, Al algorithms can
lower energy consumption by adjusting lighting and HVAC settings (Olatunde et al., 2024). Conversely, during peak
times, Al anticipates higher demand, managing energy distribution effectively to prevent grid strain and reduce costs.

Demand-response strategies, another Al-driven solution, enable buildings to adjust energy usage based on changes in
energy supply and grid conditions (Sankarananth et al., 2023). These strategies allow smart buildings to respond to
fluctuations in renewable energy production or shifts in grid demand. If renewable energy sources like solar or wind
are plentiful, Al systems can prioritize their use for energy-intensive operations. During peak demand times, Al systems
can reduce non-essential energy usage or switch to stored energy to alleviate grid pressure. (Ukoba et al., 2024). This
results in more efficient energy management and lower operational costs.

Moreover, energy-saving algorithms are particularly effective when integrated with renewable energy sources (Javaid
etal, 2018). Al models can predict renewable energy availability, such as solar power, based on weather forecasts, and
optimize its use. This helps buildings maximize their reliance on clean energy, reducing the need for fossil fuels and
lowering carbon emissions.

3.3. Occupancy and Behavior Analysis: Al Techniques for Monitoring and Adjusting Energy Usage

Al is vital for monitoring occupancy and analyzing behavior to optimize energy use in smart buildings (Aguilar et al.,
2021). By employing techniques like computer vision, motion sensors, and machine learning algorithms, these buildings
can track occupancy levels and adjust energy-consuming systems in real time (Tien et al,, 2021). Al-enabled systems
can detect when areas of a building are unoccupied and automatically reduce lighting or HVAC usage to conserve energy.
For instance, if Al sensors detect that a conference room is not in use, they can turn off lights and lower the HVAC output.
This ensures that energy is not wasted in unused spaces, contributing to overall efficiency.

Additionally, Al can learn from the behavior of building occupants to provide personalized energy management
solutions (Yan et al.,, 2023). By analyzing individual preferences for temperature, lighting, or ventilation, Al systems can
adjust building conditions to meet occupants' needs while minimizing energy waste (Hanafi et al, 2024). This
personalization enhances comfort and improves energy efficiency over time.

Predictive analytics can also be used to forecast occupancy trends. For example, during holiday seasons or off-peak
periods, Al systems can reduce energy usage in anticipation of lower occupancy levels (Kang and Reiner, 2022). This
foresight enables more precise control over energy consumption, further reducing costs and improving sustainability.

Hence, Al plays a transformative role in smart buildings, particularly in optimizing energy use through advanced

technologies such as predictive maintenance, adaptive control, load prediction, demand-response strategies, and
occupancy analysis.

144



World Journal of Advanced Research and Reviews, 2024, 24(01), 141-152

4. Alin Urban Energy Management

Artificial Intelligence (Al) is revolutionizing urban energy management by improving the efficiency of energy networks,
integrating renewable energy sources, and enhancing predictive capabilities (Onwusinkwue et al, 2024). In
contemporary cities, Al is essential for optimizing energy distribution, enabling smarter grids, and forecasting energy
needs (Arevalo and Jurado, 2024). The increasing reliance on renewable sources like solar and wind makes Al crucial
for the sustainable and effective management of urban energy systems.

4.1. Smart Grids and Energy Distribution: Al in Optimizing Urban Energy Networks

Smart grids are sophisticated energy networks that utilize Al technologies to enhance electricity distribution in urban
areas (Marques and Oliveira, 2024). Unlike traditional grids, which often face inefficiencies due to fixed generation and
demand patterns, Al-enabled smart grids dynamically balance energy supply and demand in real time (Sankarananth
et al,, 2023). By employing machine learning algorithms, these systems monitor consumption patterns, predict future
demand, and adjust electricity flow accordingly (Aguiar-Pérez et al., 2024). They rely on data from diverse sources,
including weather forecasts and real-time grid conditions, to optimize distribution. For instance, Al can redirect energy
to high-demand areas during peak hours while decreasing supply in less critical zones. Furthermore, Al is critical for
controlling decentralized energy sources like solar panels and tiny wind turbines by integrating them into the grid and
balancing their contributions to ensure a stable and robust energy network (Ukoba et al., 2024).

4.2. Renewable Energy Integration: AI's Role in Managing Solar, Wind, and Other Renewable Sources

A major challenge in urban energy management is the integration of renewable energy sources, which are inherently
variable and hard to predict (Wang et al., 2024). Solar and wind energy generation relies heavily on weather conditions,
time of day, and seasonal variations. Al addresses these challenges by delivering accurate predictions and optimizing
the incorporation of renewable sources into urban grids.

Al algorithms can analyse historical data and real-time weather information to forecast renewable energy generation
(Benti, etal., 2023). It can predict, for instance, how much solar energy will be available based on cloud cover or forecast
wind energy potential by analysing wind speed. These predictive capabilities enable grid operators to manage
fluctuations in renewable energy supply more effectively, ensuring energy demand is met even when renewable sources
are intermittent (Ukoba et al., 2024).

Al also enhances energy storage systems, such as batteries, by predicting when renewable energy generation will be
high (Liu et al,, 2022). By optimizing when to store excess energy and when to release it back into the grid, Al helps
balance the energy supply-demand equation and ensures that renewable sources are used efficiently.

4.3. Data Analytics and Forecasting: Predictive Modeling and Optimization at the Urban Level

Data analytics and Al-powered predictive modeling are critical in urban energy management because they provide real-
time insights into energy consumption and precise estimates of future needs (Le et al., 2024). These Al models assist
city planners and energy operators in predicting demand spikes, optimizing resource allocation, and reducing
operational costs. They can simulate the impacts of extreme weather, population growth, and shifts in energy
consumption behavior on the urban energy grid (Chen et al., 2023; Esmaeili, 2023). For instance, Al helps cities prepare
for heatwaves that lead to increased air conditioning use, ensuring energy availability during peak demand.
Additionally, Al optimization models highlight improvement areas in energy production and consumption,
recommending the best times for energy-intensive operations to mitigate grid strain and lower costs (Chen et al., 2023).
Al-powered demand-response strategies enable energy managers to dynamically adjust consumption, aligning supply
with current usage patterns. Overall, Al is transforming urban energy management by optimizing smart grids,
facilitating renewable energy integration, and enhancing predictive capabilities, ultimately improving the efficiency and
resilience of energy networks.

5. Technology innovation and Digital Transformation

Artificial Intelligence (Al)-driven solutions are at the forefront of technology innovation in energy management,
significantly transforming how energy is generated, distributed, and consumed (Onwusinkwue et al.,, 2024). With the
rapid adoption of Al and other digital technologies, energy management has become more efficient, sustainable, and
adaptable to modern demands. The convergence of Al and digital transformation is reshaping energy infrastructures
and practices, paving the way for smarter, greener, and more resilient systems (Olson, 2024).
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5.1. Al-Driven Solutions Accelerating Technology Innovation

Al is essential for innovation in energy management, leveraging its capability to analyze vast data, make real-time
decisions, and optimize energy flows (Ahmad, 2021). Al has a big impact on predictive maintenance, in which historical
and real-time data are examined to predict equipment faults or inefficiencies (Raza, 2023). This proactive approach
reduces downtime, enhances operational efficiency, and extends the lifespan of energy infrastructure, ultimately
leading to cost savings for both energy providers and consumers.

Another major area of innovation is energy load forecasting. Al models can predict energy demand more accurately by
analyzing consumption patterns, weather conditions, and historical data (Elhabyb et al., 2024). This enables energy
suppliers to better match production with demand, reducing waste and minimizing reliance on non-renewable sources.
Additionally, Al can dynamically optimize energy distribution across smart grids, improving the overall efficiency of
electricity networks (Arevalo and Jurado, 2024). These systems can autonomously regulate energy flow according to
real-time conditions, ensuring that urban areas receive reliable and uninterrupted power.

Furthermore, Al is improving the integration of renewable energy sources such as solar and wind into the grid. As
renewable energy is intermittent and unpredictable, Al helps manage its variability by forecasting energy generation
and adjusting grid operations accordingly. This allows cities and industries to rely more heavily on renewable energy
without compromising the stability of the grid, thereby advancing sustainability goals.

5.2. The Role of Digital Transformation in Reshaping Energy Infrastructure

By incorporating cutting-edge technologies like big data analytics, cloud computing, and the Internet of Things (I1oT)
into energy management systems, digital transformation is changing the energy infrastructure (Nazari and Musilek,
2023). This change makes it possible to monitor energy networks in real time, make data-driven decisions, and
automate more processes. A key outcome of this transformation is the development of smart grids, which utilize [oT
devices, sensors, and Al-driven analytics to optimize energy distribution. Utilities can respond to outages and
inefficiencies more quickly thanks to smart grids, which give them real-time data into energy use and grid problems
(Ohanu, 2024). In order to promote a more decentralized and robust energy system, they also improve the integration
of distributed energy resources, such as electric cars and rooftop solar panels.

Digital transformation is also significantly reshaping consumer energy practices. With the advent of smart meters and
connected devices, consumers can monitor their energy usage in real time and modify their behavior to reduce
consumption (Batalla-Bejerano, 2020). Al-driven applications empower homeowners and businesses to automate
energy-saving measures, such as adjusting heating and cooling systems based on occupancy or minimizing usage during
peak times.

In industrial contexts, digital twins-virtual replicas of physical systems, are utilized to simulate and optimize energy
infrastructure (Soori et al.,, 2023). By creating digital models of power plants, substations, and other assets, energy
companies can test various scenarios, anticipate maintenance needs, and identify opportunities for efficiency
improvements without interrupting operations.

Additionally, the adoption of cloud computing and big data analytics enables energy providers to manage large volumes
of data more effectively (Mostafa et al., 2022). This capability enhances forecasting, operational efficiency, and
personalized energy services, allowing providers to offer customized pricing models, incentives for conservation, and
improved service reliability to consumers.

6. Gaps in the Current Literature

The integration of Artificial Intelligence (AI) and the Internet of Things (IoT) in optimizing energy systems has made
notable progress, yet significant gaps remain in the literature. Studies by Shin et al. (2021), Hamdan et al. (2023), and
Barhmi et al. (2024) offer valuable insights but indicate areas needing further research. For instance, Shin et al. highlight
the advantages of Al-assisted inspections for predictive maintenance in wind farms, showing improvements in fault
detection. However, this research mainly addresses the interaction between human inspectors and Al, neglecting
broader human factors in Al adoption. Future studies should examine how user interfaces, training protocols, and
cognitive load influence Al effectiveness in maintenance contexts. Additionally, investigating the optimal integration of
human expertise with Al-driven decision-making tools across various sectors could yield deeper insights into enhancing
predictive maintenance strategies.
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Hamdan et al. (2023) review Al applications in renewable energy, highlighting its impact on predictive maintenance
and energy optimization. However, their study could benefit from a more detailed examination of the limitations and
challenges associated with specific Al techniques across various renewable energy sources. For instance, the
effectiveness of different Al methods in managing intermittent energy sources like wind and solar compared to more
stable sources like hydro remains underexplored. Further research should address how emerging Al technologies can
address these challenges and integrate effectively with existing grid infrastructure.

Barhmi et al. (2024) focus on advancements in solar energy forecasting, particularly using Al and neural networks.
Despite their comprehensive review of forecasting techniques and the call for standardized datasets, there is a notable
gap in the implementation and adoption of these standards in practical applications. The study highlights the
importance of benchmarking and standardized evaluation methods but lacks detailed strategies for achieving
widespread adoption and integration of these practices. Future research should develop frameworks for standardizing
datasets and evaluation metrics, ensuring that these standards are adopted consistently across different forecasting
models and applications.

The investigation of real-time adaptation and integration issues of Al and [oT systems in energy management is another
area of common deficiency among the studies. Although Al has demonstrated promise in energy optimization, little is
known about how these systems respond in real-time to dynamic circumstances, such as abrupt shifts in the supply or
demand for energy. Addressing these challenges involves developing robust Al algorithms that can handle real-time
data and provide actionable insights for immediate decision-making.

Another critical gap is the lack of comprehensive studies that assess the long-term sustainability of Al-driven energy
systems. Although many studies highlight the short-term benefits of Al for energy optimization, there is limited research
on how these systems perform over extended periods and under varying conditions, such as extreme weather events
or changes in energy policy.

7. Challenges and Barriers

The integration of Artificial Intelligence (Al) in energy efficiency management holds great promise for transforming
energy consumption, distribution, and generation, particularly in urban settings. Al-driven innovations are advancing
energy systems through smart grids, predictive maintenance, renewable energy integration, and advanced data
analytics. However, challenges remain that hinder widespread adoption, including technical, financial, regulatory, and
ethical issues. Unlocking the full potential of Al-driven solutions to improve energy efficiency and accomplish
sustainable energy goals requires addressing these obstacles.

A primary challenge in Al-driven energy efficiency solutions is integrating Al into existing energy infrastructure (Danish,
2023). Legacy systems were not designed for Al or modern technologies, often lacking compatibility for seamless
integration. This results in difficulties with data collection, processing, and real-time monitoring. Al's effectiveness
depends on high-quality, real-time data, which is frequently fragmented across various sources (Nivedhaa, 2024).
Without a coherent and centralized data structure, the effectiveness of Al solutions in optimizing energy efficiency is
significantly reduced. Moreover, Al models require massive amounts of data to train machine learning algorithms
effectively (Nivedhaa, 2024). In many cases, this data is unavailable or incomplete, especially in sectors where data-
sharing protocols and digitalization are still in the early stages. Additionally, the variability and uncertainty in energy
data, especially from renewable sources like solar and wind, present another layer of complexity for Al systems.
Accurately forecasting energy demand and generation under these conditions can be challenging.

Second, a major obstacle to the adoption of Al-driven energy efficiency solutions is the high upfront costs, which are
especially problematic for emerging economies and small and medium-sized businesses (SMEs) (Alijoyo, 2024). These
technologies necessitate substantial investments in infrastructure, data collection systems, skilled personnel, and Al
software platforms. For example, installing sensors for real-time energy monitoring or upgrading legacy systems to be
compatible with Al-driven solutions can be cost-prohibitive for many organizations (Khan et al., 2024). The return on
investment (ROI) for Al-driven energy solutions, while promising in the long term, can take time to materialize. This
delayed ROI can deter businesses, particularly those with limited financial resources, from adopting Al technologies.
Furthermore, without clear case studies or success stories that showcase the cost-benefit analysis of Al in energy
efficiency, it remains difficult for organizations to justify the high upfront costs.

Al-driven innovations in energy efficiency also face significant regulatory and policy challenges (Olatunde et al., 2024).

Energy systems, especially in urban areas, are heavily regulated, with stringent rules governing energy generation,
distribution, and consumption. These regulations often lag behind technological advancements, making it difficult for
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Al-driven solutions to comply with existing legal frameworks. Integrating renewable energy sources into the grid
necessitates coordination with slow-to-adapt government agencies and utility companies. Furthermore, the absence of
standardized regulations for data privacy and security complicates Al adoption (Olatunde et al., 2024). In the energy
sector, concerns over data ownership and cybersecurity are particularly heightened. Governments and regulators also
need to create more supportive policies to incentivize Al adoption in energy management. This includes providing tax
incentives, subsidies, or grants for businesses investing in Al technologies, and establishing clear guidelines for Al
applications in energy systems.

The rapid adoption of Al technologies in energy efficiency raises several ethical and social concerns. A significant issue
is the potential job loss due to automation (Soueidan & Shoghari, 2024). Al systems, particularly in smart grids and
predictive maintenance, may reduce the need for human intervention, displacing workers in energy monitoring and
system maintenance. While Al can create new roles in data science and energy consulting, the transition for affected
workers can be challenging without adequate retraining programs.

Another ethical concern involves bias in Al algorithms (Saeidnia, 2023). If trained on incomplete or biased data, Al
systems may yield flawed predictions, impacting energy efficiency and renewable integration. This is especially critical
when balancing grid stability, energy demand, and environmental factors. Additionally, accountability concerns are
raised by the "black box" dilemma, or the lack of transparency in Al decision-making (Cheong, 2024). In energy,
stakeholders must trust that Al-driven decisions are accurate and fair; without explainability, achieving this trust
becomes difficult.

Additionally, Al-driven energy systems rely on extensive data from diverse sources, such as sensors, smart meters,
weather forecasts, and historical energy usage. While this data is crucial for optimizing energy systems, it also raises
significant privacy and security concerns (Olatunde et al.,, 2024). Unauthorized access to sensitive energy data can lead
to cybersecurity threats, including grid sabotage or the manipulation of energy prices. Given the critical nature of energy
infrastructure, ensuring robust cybersecurity measures is paramount. Data privacy is another concern, particularly in
smart buildings and urban areas where Al systems may collect detailed information about individual energy
consumption patterns (Bakar et al., 2024). Without robust data protection policies, there is a risk that personal
information may be misused or sold without consent, resulting in violations of privacy rights.

Successful implementation of Al-driven energy efficiency solutions depends on a highly skilled workforce proficient in
designing, deploying, and maintaining these systems. But a major obstacle to progress in this industry is the lack of
personnel with experience in Al, machine learning, data science, and energy management (Fearns et al., 2023).. This
skill gap poses a significant barrier to the widespread adoption of Al technologies, as organizations struggle to find
qualified personnel to lead Al projects. To overcome this challenge, there is a need for more education and training
programs focused on Al applications in energy systems. Collaboration between industry, academia, and government
can help address this skill shortage by providing upskilling opportunities and encouraging the development of new
talent in the field.

8. Future direction and opportunities

The role of Al in energy efficiency is set for significant advancements, presenting numerous opportunities for future
development, research, and contributions to sustainable urban growth. As energy systems become more complex and
urban populations increase, Al's capacity to manage, optimize, and innovate will be increasingly crucial.

Future developments in Al for energy efficiency will likely focus on improving the accuracy, scalability, and adaptability
of Al algorithms (Aderibigbe et al., 2023). Advancements in machine learning (ML) and deep learning (DL) technologies
are anticipated to produce more robust predictive models for energy consumption, generation, and distribution. This
will lead to even greater efficiencies in managing energy resources, particularly in smart grids and decentralized energy
systems. One potential area of growth is in real-time energy optimization. Currently, many Al systems operate with time
delays due to data collection and processing constraints. The development of faster, more efficient algorithms could
allow Al-driven energy management systems to respond to energy demand fluctuations in real time, optimizing energy
distribution instantaneously (Olatunde et al., 2024). Integrating Al with edge computing and Internet of Things (IoT)
devices offers a promising approach to energy optimization. This integration minimizes latency and enhances accuracy,
allowing smart meters and Al-powered HVAC systems to collaborate effectively, optimizing energy use based on real-
time data from users, appliances, and weather conditions.

Secondly, while Al's role in energy efficiency is growing, there are several areas ripe for further research. One key area
is the development of Al algorithms that can handle incomplete or sparse data more effectively. Energy systems,
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particularly those involving renewable energy, often suffer from data gaps or irregularities (Leal et al., 2022). Research
into Al models that can function accurately even with limited or imperfect data will be crucial for advancing Al-driven
energy efficiency. Another research opportunity is to improve the transparency and explainability of Al systems
(Cheong 2024). Many current Al models, particularly those based on deep learning, function as "black boxes," making it
difficult for stakeholders to comprehend how choices are made. Developing more interpretable Al systems would
increase user trust, especially in key energy areas. Furthermore, research into Al's function in predictive maintenance
of renewable energy infrastructure, such as solar panels and wind turbines, has enormous potential. Enhanced
predictive maintenance has the potential to reduce operational downtime and increase the lifespan of renewable energy
assets, hence improving energy efficiency and sustainability (Ukoba et al., 2024).

In addition, Al is set to significantly impact sustainable urban development, particularly as cities confront the challenges
of population growth and climate change. In the long run, Al will enhance energy efficiency in urban areas, reducing
carbon footprints and dependence on non-renewable energy sources (Olawade et al., 2024). Al-powered smart cities
will successfully balance energy usage by using algorithms to regulate decentralized energy sources like solar panels,
wind turbines, and energy storage units. This method will reduce demand on central power grids, resulting in more
robust urban energy systems that can withstand environmental and economic challenges. Furthermore, Al will help to
develop and build energy-efficient urban infrastructure. Al can direct the development of energy-efficient
transportation systems, smart buildings, and green spaces by analyzing data on traffic patterns, weather conditions, and
energy use (Bharadiya, 2023; Olatunde et al., 2024). These developments will promote sustainability by reducing waste,
conserving energy, and enhancing the quality of life for urban residents.

In the long-term, energy efficiency driven by Al will be necessary for cities to meet their sustainability targets. Urban
regions will have an advantage in reducing energy consumption, emissions, and shifting to sustainable and renewable
energy sources due to the increasing adoption of Al technologies.

9. Conclusion

This study highlights the revolutionary influence of Al-driven innovations on improving energy efficiency, particularly
in metropolitan areas. Al technologies, such as machine learning and predictive analytics, are improving energy
distribution, integrating renewable sources, and increasing energy system resilience. Al enables smart grids, which
allow for real-time supply and demand balancing, minimizing waste and operating expenses. Furthermore, Al plays an
important role in managing the fluctuation of renewable energy sources such as solar and wind, optimizing storage, and
projecting energy requirements to assist sustainable urban growth.

However, the study identifies key challenges hindering the widespread adoption of Al in energy efficiency, including
data privacy concerns, the complexity of integrating Al with existing infrastructure, and the need for specialized skills.
Addressing these barriers is vital for maximizing Al's potential in transforming energy management systems.

Future opportunities include advancing Al for real-time optimization, enhancing the explainability of models, and
further research into predictive maintenance and edge computing. As Al evolves, its long-term influence on urban
energy efficiency promises to create more sustainable, resilient, and efficient cities worldwide

Compliance with ethical standards

Disclosure of Conflict of interest

No conflict of interest/ Competing Interests in the publication of the manuscript or with any institution or product that
is mentioned in the manuscript and/or is important to the outcome of the study presented.

Statement of informed consent

The study did not involve information about any individual. Hence, no informed consent was obtained.

References

[1]  Aderibigbe A, Ani E, Ohenhen P, Ohalete N, Daraojimba D. Enhancing energy efficiency with Al: A review of
machine learning models in electricity demand forecasting. Eng Sci Technol J. 2023;4:341-56. doi:
10.51594/estj.v4i6.636.

149



World Journal of Advanced Research and Reviews, 2024, 24(01), 141-152

Aguiar-Pérez JM, Pérez-Juarez MA. An insight of deep learning based demand forecasting in smart grids. Sensors.
2023;23(3):1467. doi: 10.3390/s23031467.

Aguilar ], Garces-Jimenez A, R-Moreno M, Garcia R. A systematic literature review on the use of artificial
intelligence in energy self-management in smart buildings. Renew Sustain Energy Rev. 2021;151:111530. doi:
10.1016/j.rser.2021.111530.

Ahmad T, Zhang D, Huang C, et al. Artificial intelligence in sustainable energy industry: Status Quo, challenges
and opportunities. / Clean Prod. 2021;289. Available from: https://doi.org/10.1016/j.jclepro.2021.125834.

Alahi MEE, Sukkuea A, Tina FW, Nag A, Kurdthongmee W, Suwannarat K, et al. Integration of loT-enabled
technologies and artificial intelligence (AI) for smart city scenario: Recent advancements and future trends.
Sensors. 2023;23(11):5206. doi: 10.3390/s23115206.

Alijoyo FA. Al-powered deep learning for sustainable industry 4.0 and internet of things: Enhancing energy
management in  smart buildings. Alexandria Eng ]. 2024;104:409-22. Available from:
https://doi.org/10.1016/j.aej.2024.07.110.

Arevalo W, Jurado F. Impact of artificial intelligence on the planning and operation of distributed energy systems
in smart grids. Energies. 2024;17(45):4501. doi: 10.3390/en17174501.

Bakar AA, Yussof S, Ghapar AA, Sameon SS, Jgrgensen BN. A review of privacy concerns in energy-efficient smart
buildings: Risks, rights, and regulations. Energies. 2024;17(5):977. doi: 10.3390/en17050977.

Batalla-Bejerano ], Trujillo-Baute E, Villa-Arrieta M. Smart meters and consumer behaviour: Insights from the
empirical literature. Energy Policy. 2020;144. Available from: https://doi.org/10.1016/j.enpol.2020.111610.

Benti NE, Chaka MD, Semie AG. Forecasting renewable energy generation with machine learning and deep
learning: Current advances and future prospects. Sustainability. 2023;15(9):7087. doi: 10.3390/su15097087.

Bharadiya J. Artificial intelligence in transportation systems: A critical review. Am ] Comput Eng. 2023;6:34-45.
doi: 10.47672/ajce.1487.

Chen L, Chen Z, Zhang Y, et al. Artificial intelligence-based solutions for climate change: A review. Environ Chem
Lett. 2023;21:2525-57. doi: 10.1007/s10311-023-01617-y.

Cheng CC, Lee D. Artificial intelligence-assisted heating ventilation and air conditioning control and the unmet
demand for sensors: Part 2. Prior information notice (PIN) sensor design and simulation results. Sensors.
2019;19(15):3440. doi: 10.3390/s19153440.

Cheong BC. Transparency and accountability in Al systems: Safeguarding wellbeing in the age of algorithmic
decision-making. Front Hum Dyn. 2024;6. Available from: https://doi.org/10.3389/fhumd.2024.1421273.

Danish MSS. Al in energy: Overcoming unforeseen obstacles. Al. 2023;4(2):406-25. doi: 10.3390/ai4020022.

Elhabyb K, Baina A, Bellafkih M, Deifalla AF. Machine learning algorithms for predicting energy consumption in
educational buildings. Int | Energy Res. 2024;6812425:19 pages. doi: 10.1155/2024/6812425.

Esfandi S, Tayebi S, Byrne ], Taminiau ], Giyahchi G, Alavi SA. Smart cities and urban energy planning: An advanced
review of promises and challenges. Smart Cities. 2024;7(1):414-44. doi: 10.3390/smartcities7010016.

Esmaeili N. The application of artificial intelligence in demography. 2023.

Es-sakali N, Moha C, Mghazli O, Naimi Z. Review of predictive maintenance algorithms applied to HVAC systems.
Energy Rep. 2022;8:1003-12. doi: 10.1016/j.egyr.2022.07.130.

Fearns ] Harriss L, Lally C Data science skills in the UK workforce. UK Parliament Post. 2023. Available from:

Hamdan A, Ibekwe K], Ilojianya VI, et al. Al in renewable energy: A review of predictive maintenance and energy
optimization. Int ] Sci Res Arch. 2024;11(01):718-29. doi: 10.30574/ijsra.2024.11.1.0112.

Hoang T. Impact of integrated artificial intelligence and internet of things technologies on smart city
transformation. / Tech Educ Sci. 2024;19:64-73. doi: 10.54644 /jte.2024.1532.

Hanafi A, Moawed M, Abdullatif O. Advancing sustainable energy management: A comprehensive review of
artificial  intelligence  techniques in building. Eng Res | Shoubra. 2024;53:26-46. doi:
10.21608/erjsh.2023.226854.1196.

150


https://doi.org/10.1016/j.jclepro.2021.125834
https://doi.org/10.1016/j.aej.2024.07.110
https://doi.org/10.1016/j.enpol.2020.111610
https://doi.org/10.3389/fhumd.2024.1421273
https://researchbriefings.files.parliament.uk/documents/POST-PN-0697/POST-PN-0697.pdf

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

World Journal of Advanced Research and Reviews, 2024, 24(01), 141-152

Hou H, Liu C, Wang Q, Wu X, Tang ], Shi Y, et al. Review of load forecasting based on artificial intelligence
methodologies, models, and challenges. Electr Power Syst Res. 2022;210:108067. doi:
10.1016/j.epsr.2022.108067.

Javaid N, Hafeez G, Igbal S, Alrajeh N, Alabed MS, Guizani M. Energy-efficient integration of renewable energy
sources in the smart grid for demand side management. IEEE Access. 2018;PP:1-1. doi:
10.1109/ACCESS.2018.2866461.

Kang JK, Reiner DM. Off seasons, holidays and extreme weather events: Using data-mining techniques on smart
meter and energy consumption data from China. Energy Res Soc Sci. 2022;89. Available from:
https://doi.org/10.1016/j.erss.2022.102637

Kant K, Shukla A, Sharma A. Heating Ventilation and Air-Conditioning Systems for Energy-Efficient Buildings.
2018. https://doi.org/10.1201/9781315159065-9.

Karduri R. The Role of Artificial Intelligence in Optimizing Energy Systems. 2019;25-35.

Khan HR, Kazmi M, Lubaba, Khalid MHB, Alam U, Arshad K, Assaleh K, Qazi SA. A Low-Cost Energy Monitoring
System with Universal Compatibility and Real-Time Visualization for Enhanced Accessibility and Power Savings.
Sustainability. 2024;16(10):4137. https://doi.org/10.3390/su16104137.

Le T, Jayabal CP, Le H, Le NVL, Duong M, Cao DN. Harnessing artificial intelligence for data-driven energy
predictive analytics: A systematic survey towards enhancing sustainability. Int ] Renew Energy Dev. 2024;13.
https://doi.org/10.61435 /ijred.2024.60119.

Leal Filho W, Balogun AL, Surroop D, Salvia AL, Narula K, Li C, et al. Realising the Potential of Renewable Energy
as a Tool for Energy Security in Small Island Developing States. Sustainability. 2022;14(9):4965.
https://doi.org/10.3390/su14094965.

Lee D, Lee S. Artificial intelligence enabled energy-efficient heating, ventilation and air conditioning system:
Design,  analysis and necessary  hardware  upgrades. Appl  Therm Eng. 2023;235.
https://doi.org/10.1016/j.applthermaleng.2023.121253.

Liu Z, Sun Y, Xing C, et al. Artificial intelligence powered large-scale renewable integrations in multi-energy
systems for carbon neutrality transition: Challenges and future perspectives. Energy Al. 2022;10.
https://doi.org/10.1016/j.egyai.2022.100195.

Long LD. An Al-driven model for predicting and optimizing energy-efficient building envelopes. Alexandria Eng
J. 2023;79:480-501. https://doi.org/10.1016/j.2ej.2023.08.041.

Marques P, Oliveira P. Artificial Intelligence Technologies Applied to Smart Grids and Management. 2024.
https://doi.org/10.20944 /preprints202406.1248.v1.

Mostafa N, Ramadan HSM, Elfarouk O. Renewable energy management in smart grids by using big data analytics
and machine learning. Mach Learn Appl. 2022;9. https://doi.org/10.1016/j.mlwa.2022.100363.

Muniandi B, Maurya PK, Bhavani CH, et al. Al-Driven Energy Management Systems for Smart Buildings. Power
Syst Technol. 2024;48(1).

Nivedhaa N. A comprehensive review of Al's dependence on data. 2024.
https://doi.org/10.13140/RG.2.2.27033.63840.

Nazari Z, Musilek P. Impact of Digital Transformation on the Energy Sector: A Review. Algorithms.
2023;16(4):211. https://doi.org/10.3390/a16040211.

Ohanu CP, Rufai SA, Oluchi UC. A comprehensive review of recent developments in smart grid through renewable
energy resources integration. Heliyon. 2024;10(3). https://doi.org/10.1016/j.heliyon.2024.e25705.

Olatunde TM, Okwandu AC, Akande DO, Sikhakhane ZQ. Reviewing the role of Artificial Intelligence in Energy
Efficiency Optimization. Eng Sci Technol J. 2024;5:1243-56. https://doi.org/10.51594 /estj/v5i4.1015.

Olawade DO, Wada O, David-Olawade A, et al. Artificial intelligence potential for net zero sustainability: Current
evidence and prospects. Next Sustain. 2024;4. https://doi.org/10.1016/j.nxsust.2024.100041.

Olson E. Digital Transformation and Al in Energy Systems: Applications, Challenges, and the Path Forward. In:
Lynn T, Rosati P, Kreps D, Conboy K, editors. Digital Sustainability. Cham: Palgrave Macmillan; 2024.
https://doi.org/10.1007/978-3-031-61749-2 4.

151


https://doi.org/10.1016/j.erss.2022.102637
https://doi.org/10.1201/9781315159065-9
https://doi.org/10.3390/su16104137
https://doi.org/10.61435/ijred.2024.60119
https://doi.org/10.3390/su14094965
https://doi.org/10.1016/j.applthermaleng.2023.121253
https://doi.org/10.1016/j.egyai.2022.100195
https://doi.org/10.1016/j.aej.2023.08.041
https://doi.org/10.20944/preprints202406.1248.v1
https://doi.org/10.1016/j.mlwa.2022.100363
https://doi.org/10.13140/RG.2.2.27033.63840
https://doi.org/10.3390/a16040211
https://doi.org/10.1016/j.heliyon.2024.e25705
https://doi.org/10.51594/estj/v5i4.1015
https://doi.org/10.1016/j.nxsust.2024.100041
https://doi.org/10.1007/978-3-031-61749-2_4

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

World Journal of Advanced Research and Reviews, 2024, 24(01), 141-152

Onwusinkwue S, Osasona F, Ahmad I, Anyanwu A, Dawodu S, Obi O, Hamdan A. Artificial intelligence (Al) in
renewable energy: A review of predictive maintenance and energy optimization. World | Adv Res Rev.
2024;21:2487-799. https://doi.org/10.30574 /wjarr.2024.21.1.0347.

Raman R, Pattnik D, Hughes L, Nedungadi P. Unveiling the dynamics of Al applications: A review of reviews using
scientometrics and BERTopic modeling. ] Innov Knowl. 2024;9. https://doi.org/10.1016/j.jik.2024.00568.

Raza F. Al for Predictive Maintenance in Industrial Systems. 2023.
https://doi.org/10.13140/RG.2.2.27313.35688.

Saeidnia HR. Ethical artificial intelligence (Al): confronting bias and discrimination in the library and information
industry. Libr Hi Tech News. 2023. https://doi.org/10.1108/LHTN-10-2023-0182.

Sankarananth S, Karthiga M, Suganya E, Sountharrajan S, Durga Prasad Bavirisetti. Al-enabled metaheuristic
optimization for predictive management of renewable energy production in smart grids. Energy Rep.
2023;10:1299-312. https://doi.org/10.1016/j.egyr.2023.08.005.

Selvam M, Kalaivanan C, Jain R, Puyalnithi T, Gothania J. Artificial Intelligence Based Cooling System For Managing
The Energy Efficiency. 2021.

Shin W, Han ], Rhee W. Al-assistance for predictive maintenance of renewable energy systems. Energy. 2021;221.
https://doi.org/10.1016/j.energy.2021.119775.

Soori M, Dastres AR. Digital twin for smart manufacturing, A review. Sustain Manuf Serv Econ. 2023;2.
https://doi.org/10.1016/j.smse.2023.100017.

Soueidan M, Shoghari R. The Impact of Artificial Intelligence on Job Loss: Risks for Governments. Technium Soc
Sci]. 2024;57:206-23. https: //doi.org/10.47577 /tssj.v57i1.10917.

Szpilko D, Jiménez Naharro F, Lazdroiu G, Nica E, Gallegos A. Artificial Intelligence in the Smart City — A
Literature Review. Eng Manag Prod Serv. 2023;15:53-75. https://doi.org/10.2478 /emj-2023-0028.

Tien PW, Wei S, Calautit JA. A Computer Vision-Based Occupancy and Equipment Usage Detection Approach for
Reducing Building Energy Demand. Energies. 2021;14:156. https://doi.org/10.3390/en14010156.

Ukoba K, Olatunji KO, Adeoye E, Jen TC, Madyira DM. Optimizing renewable energy systems through artificial
intelligence: Review and future prospects. Energy Environ. 2024.
https://doi.org/10.1177/0958305X241256293.

Wang H, Wen C, Duan L, et al. Sustainable energy transition in cities: A deep statistical prediction model for
renewable energy sources: management for low-carbon urban development. Sustain Cities Soc. 2024;107.
https://doi.org/10.1016/j.scs.2024.105434.

Li X, Zhao H, Feng Y, Li ], Zhao Y, Wang X. Research on key technologies of high energy efficiency and low power
consumption of new data acquisition equipment of power Internet of Things based on artificial intelligence. Int J
Thermofluids. 2024;21. https://doi.org/10.1016/}.ijft.2024.100575.

Yan B, Yang W, He F, et al. Occupant behavior impact in buildings and the artificial intelligence-based techniques
and data-driven approach solutions. Renew Sustain Energy Rev. 2023;184.
https://doi.org/10.1016/j.rser.2023.113372.

152


https://doi.org/10.30574/wjarr.2024.21.1.0347
https://doi.org/10.1016/j.jik.2024.00568
https://doi.org/10.13140/RG.2.2.27313.35688
https://doi.org/10.1108/LHTN-10-2023-0182
https://doi.org/10.1016/j.egyr.2023.08.005
https://doi.org/10.1016/j.energy.2021.119775
https://doi.org/10.1016/j.smse.2023.100017
https://doi.org/10.47577/tssj.v57i1.10917
https://doi.org/10.2478/emj-2023-0028
https://doi.org/10.3390/en14010156
https://doi.org/10.1177/0958305X241256293
https://doi.org/10.1016/j.scs.2024.105434
https://doi.org/10.1016/j.ijft.2024.100575
https://doi.org/10.1016/j.rser.2023.113372

