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A B S T R A C T

Sustainable smart cities are increasingly turning to innovative technologies, such as Urban Digital Twins (UDTs)
and Zero Energy Buildings (ZEBs), which offer transformative opportunities to enhance energy management and
reduce environmental impacts. Despite significant progress, research on the integration of UDTs and ZEBs re-
mains limited, and the lack of a unified framework hampers their potential to fully contribute to environmental
goals in smart cities. Therefore, this study conducts a comprehensive systematic review of how UDTs and ZEBs
can be integrated to strengthen climate change mitigation efforts in sustainable smart cities. It primarily aims to
develop a novel framework that leverages their synergies for maximizing their combined potential to advance
environmentally sustainable urban development. The study reveals key trends in the convergence of UDTs and
ZEBs, emphasizing the growing role of Artificial Intelligence (AI), the Internet of Things (IoT), and Cyber-
Physical Systems (CPS), while also highlighting specific research patterns related to their synergistic interplay
and its contribution to enabling the convergence. Moreover, it underscores the role of UDTs in enhancing the
energy management and performance capabilities of ZEBs by improving energy efficiency, boosting renewable
energy integration, and reducing carbon emissions through real-time monitoring, advanced data analytics,
predictive maintenance, and operational optimization. Conversely, ZEBs provide real-time data and performance
metrics that enhance UDTs’ analytical and predictive capabilities. Furthermore, the study introduces a
comprehensive framework that integrates UDT technical and operational indicators with ZEB performance in-
dicators. However, technical, ethical, environmental, financial, regulatory, and practical challenges must be
addressed and overcome for large-scale implementation. The novelty and contribution of this study lies in the
development of a unique integrated framework that bridges the gap between UDTs and ZEBs, highlighting their
collective impact on sustainable urban development, an area that has not been explored in previous review
research. Theoretical and practical insights are discussed to inform researchers, practitioners, and policymakers,
showing how these findings can shape future research directions, guide technological implementation, and in-
fluence policy decisions in advancing sustainable smart cities.

1. Introduction

In light of the escalating global challenges posed by resource
depletion, ecological degradation, and climate change, the urgency for
innovative approaches to urban development has intensified,
demanding immediate and innovative responses. These formidable
challenges highlight the critical need for comprehensive sustainable

development strategies, along with integrated frameworks. Conse-
quently, sustainable smart cities have increasingly become a focal point
as a sophisticated strategy for urban development, specifically designed
to tackle the intricate challenges associated with environmental sus-
tainability and climate change. Since the early 2020 s, these cities have
extensively adopted the Internet of Things (IoT) and Big Data technol-
ogies, renewable energy systems, efficient and green infrastructure, and
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data-driven solutions to optimize urban systems, enhance resource
management, improve energy efficiency, and reduce pollution (e.g.,
[1–8]). These innovations have fostered adaptive, resilient, and tech-
nologically advanced urban environments better equipped to mitigate
the effects of urbanization and tackle the strain caused by resource
scarcity.

Sustainable smart cities are merging latest digital innovations with
established sustainability practices, paving the way for urban environ-
ments that are not only more intelligent but also well-equipped to face
future challenges. In more recent years, sustainable smart cities have
become particularly pivotal arenas for the implementation of emerging
technologies, particularly Artificial Intelligence (AI) and Artificial In-
telligence of Things (AIoT), and their applied solutions to further
advance environmental sustainability and climate change mitigation
goals [9–21]. AI enables the analysis of vast amounts of real-time data,
improving decision-making and facilitating predictive modeling, while
AIoT connects intelligent sensors and physical devices to computational
processes or digital systems, optimizing resource utilization and
enabling proactive energy management to reduce consumption and
carbon emissions. These advancements have empowered sustainable
smart cities to hasten environmental transitions and cultivate circular
urban ecosystems, thereby promoting greater resource efficiency and
resilience [22].

Furthermore, at the heart of the transformative shift characterizing
sustainable smart cities are Urban Digital Twins (UDTs) (e.g., [23–27]),
and Zero Energy Buildings (ZEBs) (e.g., [28–30]), which are becoming
essential components of modern urban ecosystems. These technology
solutions play a critical role in optimizing resource management,
enhancing energy efficiency, integrating renewable energy sources,
reducing carbon footprints, and supporting climate strategies through
real-time monitoring, predictive maintenance, and system optimization
[23,31–38]. They contribute to the advancement of sustainable smart
cities by providing innovative solutions that align with the environ-
mental goals of sustainable development. In this rapidly evolving
landscape, ZEBs offer sustainable solutions by integrating solar photo-
voltaics, wind turbines, and hybrid energy system [29,39,40] and
playing an instrumental role in achieving climate goals by promoting
energy independence and promoting decarbonization or carbon–neutral
cities [41,42].

Similarly, UDTs contribute to optimizing energy consumption to
reduce building energy use [43], improving building energy efficiency
[44], forecasting energy consumption for better management [45], and
enhancing buildings’ operational optimization [46], all of which apply
broadly to building energy systems. UDTs, as digital replicas of physical
urban environments, integrate real-time data and simulation models to
monitor and optimize urban systems. They enhance decision-making
processes and forecasting capabilities by leveraging AI, AIoT, Building
Information Management (BIM), and Cyber-Physical Systems (CPS).
These technologies significantly improve energy performance, occupant
and thermal comfort, and building operational management
[23,33,47–53]; [157], b). In particular, CPS play a key role in UDTs by
integrating physical urban systems with digital models, creating a
feedback loop that enable real-time data collection, analysis, and opti-
mization while leveraging AI and AIoT for enhancing decision-making
processes and supporting sustainability efforts in smart cities and
beyond (e.g., [54–59]). Overall, the integration of UDTs with ZEBs
represents a transformative approach to system and infrastructure
management and forecasting [38,60–62].

Despite significant progress in both UDT and ZEB technologies, their
integration remains largely unexplored. Most review studies focus on
each technology independently, creating a gap in understanding how
their synergistic integration can enhance environmental sustainability
in the context of emerging sustainable smart cities. Specifically, much of
the existing review studies treat UDTs and ZEBs as isolated systems in
the context of climate change mitigation in smart cities, focusing on
their individual advancements, challenges, and impacts. Key topics

include the innovations and barriers in ZEBs as a strategy for mitigating
climate effects (e.g., [36,53,63–70]) and the role of UDTs in advancing
energy efficiency, renewable energy integration, and sustainable urban
development [33,43–47,60,62,71–77]. This gap limits their collective
impact on environmentally sustainable development in smart cities
environmentally sustianable development in smart cities. Nonetheless,
the research and practice landscape has evolved in recent years to
emphasize the critical importance of integrated approaches, which are
increasingly being explored in non-review studies.

Furthermore, there is a lack of a unified framework to guide the
integration of UDTs and ZEBs, which hampers the full realization of their
potential to maximize their contributions to environmental goals in
smart cities. This integration represents a burgeoning area of research
with the potential to leverage their strengths, driving the environmental
transformation of this rapidly evolving urban landscape. This gap em-
phasizes the need for a comprehensive framework that addresses the
technological and operational integration of UDTs and ZEBs, as well as
promotes their synergy that can yield a result or achieve an effect that is
greater than the sum of their individual contributions. Through this
synergy, they complement and enhance each other within the frame-
work of sustainable smart cities.

To address the identified gaps, this study conducts a comprehensive
systematic review of how UDTs and ZEBs can be effectively integrated to
enhance climate change mitigation efforts in sustainable smart cities. It
primarily aims to develop a novel framework that leverages their syn-
ergistic potential, optimizing their collective impact on environmentally
sustainable urban development. This study is guided by the following
main research questions:

RQ1: What are the key emerging trends and research patterns in
UDTs and ZEBs in the context of sustainable smart cities?

RQ2: How do UDTs enhance the operational performance and en-
ergy management of ZEBs in sustainable smart cities?

RQ3: How can a framework be developed to effectively integrate
UDTs and ZEBs for advancing climate change mitigation goals in sus-
tainable smart cities, considering the synergy of their technical, opera-
tional, and performance indicators?

The primary contribution of this study lies in developing a novel
framework for integrating UDTs and ZEBs to reduce carbon emissions,
improve energy efficiency, and integrate renewable energy sources in
urban environments. The integrated framework offers actionable in-
sights into the future of urban energy systems, driving the development
of environmentally sustainable and climate-resilient urban environ-
ments, and informing strategies for achieving long-term sustainability. It
can guide future urban planning, policy-making, and technological in-
novations aimed at improving climate mitigation actions and fostering
zero-energy and carbon–neutral urban ecosystems.

The study is structured as follows: Section 2 presents the conceptual
background, outlining the theoretical and practical foundations of UDTs
and ZEBs within the framework of sustainable smart cities. Section 3
provides a survey of related work in the field, identifying existing
research trends and highlighting gaps in the integration of these tech-
nologies. Section 4 details and illustrates the systematic approach to
literature review. Section 5 presents the results and introduces the novel
integrated framework. Section 7 provides a comprehensive discussion,
summarizing the findings in relation to the research questions,
comparing them with existing studies, exploring their implications for
research, practice, and policymaking, and addressing the identified
challenges while offering suggestions for future research. Finally, Sec-
tion 8 concludes the study by recapping the key insights and high-
lighting the contributions made, along with some final reflections on the
implications for future developments in sustainable smart cities.

2. Theoretical and practical foundations

This section outlines the key theoretical and practical foundations
underpinning this study, providing a comprehensive understanding of
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the critical components involved in advancing environmentally sus-
tainable urban development. The rapid expansion of sustainable smart
cities, alongside the urgent need to mitigate the effects of climate
change, has highlighted the critical role of integrating innovative tech-
nologies and data-driven approaches to tackle pressing environmental
challenges. Central to this transformation are UDTs, ZEBs, and the
convergence of AI, IoT, and CPS, which work in synergy to optimize
resource management, improve energy efficiency, and strengthen urban
resilience. These interconnected technologies and strategies support
sustainable development goals and lay the groundwork for sustainable
smart cities to mitigate future climate-related challenges while main-
taining ecological balance.

2.1. Sustainable smart cities: The recent shift towards environmental
sustainability

Sustainable smart cities represent a vision for the future of urban
development, where the integration of advanced technologies, innova-
tive solutions, and efficient and resilient infrastructure systems work
together to enhance the quality of life for urban residents. These cities
leverage emerging technologies—such as AI, AIoT, UDTs, and CPS—to
optimize urban systems and foster sustainable practices, with a partic-
ular focus on advancing environmental sustainability (e.g.,
[11,15,18–21,26,57,78]. As an emerging model for urban development,
sustainable smart cities seek to balance environmental, economic, and
social dimensions of sustainability (e.g., [79–82]). The environmental
dimension emphasizes the reduction of carbon emissions, the promotion
of energy efficiency, the optimization of resource use, the improvement
of waste management systems, and the mitigation of environmental
degradation. The economic dimension fosters growth by advancing
green technologies and supporting the development of sustainable in-
dustries while promoting job creation, enhancing local economies
through eco-friendly innovations, and driving energy cost savings for
urban communities. Accordingly, it aims to create a resilient economy
that thrives while maintaining environmental integrity [1], ensuring
long-term prosperity without depleting natural resources. The social
dimension focuses on improving the quality of life by providing equi-
table access to services, fostering community engagement, addressing
inequalities, and enhancing social well-being. This holistic approach
emphasizes the need for greener, more adaptive urban solutions capable
of meeting the needs of current generations while ensuring that future
generations inherit a sustainable, thriving urban environment.

In recent years, urban development has increasingly focused on
tackling the urgent challenges of environmental sustainability and
addressing the impacts of climate change, with sustainable smart cities
at the forefront of this transformation (see [11] for a bibliometric
analysis). Initially driven by the adoption of IoT and Big Data technol-
ogies, this evolution has expanded to incorporate green and energy ef-
ficiency technologies and data-driven innovative solutions and
approaches, fostering more adaptive, efficient, and resilient urban en-
vironments (e.g., [2–8]). Since the early 2020 s, the integration of
cutting-edge technologies such as AI, AIoT, UDTs, and CPS has played a
critical role in enhancing energy efficiency, reducing resource con-
sumption, mitigating carbon emissions, and strengthening climate
resilience [12–15,18–20,22,25,57,83]. While these technologies are not
the primary focus of this study, their potential is reshaping urban
infrastructure and setting the stage for the future of sustainable urban
development through sophisticated, data-driven solutions
[10,16,17,56,84–87], including ZEBs and UDTs. As cities continue to
embrace these innovations, they are addressing current challenges and
laying the groundwork for a future where urban ecosystems are capable
of adapting to and thriving in the face of environmental pressures and
climate-related uncertainties.

2.2. Urban digital twins: opportunities and challenges in advancing
environmental sustainability goals

UDTs are digital replicas of urban environments that integrate real-
time data from sensors, IoT devices, satellite imagery, and other sour-
ces to model, simulate, analyze, and predict the behavior of physical city
infrastructure and systems using AI models and algorithms. This virtual
representation enables a deeper understanding of city dynamics and
offers actionable insights for optimizing urban operational functioning
and enhancing urban planning processes. In the context of sustainable
smart cities, AI- and AIoT-driven UDTs play a critical role in advancing
environmental sustainability goals by enhancing resource management,
optimizing energy usage, mitigating pollution, and improving infra-
structure resilience to climate change. By simulating various urban
scenarios, UDTs enable decision-makers to anticipate environmental
impacts and devise solutions that promote sustainability and resilience
through innovative approaches to infrastructure management and
strategic planning (e.g., [27,88–90]). These advanced computational
models help monitor and manage emissions, identify inefficiencies in
urban systems, and foster data-driven decision-making that guides cities
towards more sustainable, climate-resilient practices.

The integration of AI, AIoT, and CPS into UDTs significantly en-
hances their functionality and performance, enabling data-driven ap-
proaches to urban management and planning [55,56,91–93]. AI
algorithms allow for real-time data analysis and predictive modeling,
improving decision-making processes related to various environmental
domains. AIoT, combining the power of AI and IoT, enables seamless
communication between devices and systems, allowing for more accu-
rate monitoring and management of environmental factors such as en-
ergy usage, emissions, and waste [25]. CPS facilitates the interaction
between the physical and digital worlds, optimizing processes and
improving the responsiveness of urban systems. Furthermore, AI is
increasingly integrated into CPS, enabling smarter, more efficient
operation through real-time data processing and predictive analytics
[29,94]. This convergence of AI and CPS, alongside IoT, is essential for
optimizing complex systems and creating more adaptive, resilient in-
frastructures in modern urban settings [95–97]. Together, these tech-
nologies empower cities to adapt more quickly to environmental
challenges and achieve their sustainability goals [57].

The development and implementation of UDTs encounter a variety
of challenges that hinder their effectiveness and scalability. These
challenges include limited scenario exploration, which restricts the po-
tential for comprehensive decision-making, and the analysis and inter-
pretation of unstructured data are cumbersome due to the intricacy of
urban systems and the vast variety of data types involved, complicating
decision support by offering limited alternatives for action [27,98–102].
Issues with data quality, such as inadequate data availability and data
inconsistency across different sources, further exacerbate these chal-
lenges [100,103–106]. These data issues are compounded with
computational constraints that necessitate the development of multi-
level integrated models to effectively manage and process the data
within UDT frameworks [107–109]. Moreover, current UDT frameworks
struggle with the complexity of integrating and visualizing detailed and
realistic urban models, often lacking robust validation mechanisms to
ensure the accuracy and reliability of their outputs
[101,102,105,110,111]. These issues underscore the need for advance-
ments in UDT systems to enhance their capability to support sustainable
development and environmental sustainability in smart cities [107].

The integration of UDTs with AI and AIoT involves several chal-
lenges, as identified and discussed by several studies (e.g.,
[112,113,25,26,85,92,93,174]. These challenges include:

Complex urban system management: Managing interconnected urban
systems at scale is inherently complex. The integration of UDTs with AI
and AIoT requires the coordination of multiple systems, technologies,
and stakeholders, which can be difficult to manage, particularly when
there are legacy systems and infrastructure that may not be compatible
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with newer technologies.
Data synchronization: Ensuring synchronization of data from various

sources (e.g., sensors, devices, and IoT systems) is critical to ensure that
the digital representation of urban systems (i.e., UDTs) accurately re-
flects real-world conditions. Mismatched or delayed data can undermine
the accuracy and effectiveness of AI-driven decisions.

Real-time processing capabilities: UDTs, combined with AI and AIoT,
must process large volumes of data in real-time, which requires high-
performance computing resources. Real-time decision-making capabil-
ities are essential, but data overload and system latency may hinder the
efficiency of this process.

Data latency: The need to handle real-time data introduces issues
around latency. In fast-moving urban environments, even minor delays
in data processing can significantly impact the effectiveness of AI sys-
tems that rely on this data for predictions and optimizations.

Computational overhead: The integration of machine learning and
deep learning algorithms requires substantial computational power,
particularly when processing vast amounts of sensor and operational
data. The computational overhead can strain system resources,
requiring ongoing upgrades and optimization efforts.

Security concerns: The deployment of AI and IoT systems introduces
security risks, particularly when sensitive data is involved. Privacy
concerns and potential cyberattacks on integrated urban infrastructure
systems remain significant challenges that need to be addressed.

Interoperability and scalability: Integrating diverse systems across
different urban contexts and ensuring they can communicate effectively
with one another is a major challenge. Moreover, as cities grow and
evolve, scaling these solutions to accommodate new data sources,
technologies, and demands becomes more difficult.

These challenges highlight the complexity and scope of integrating
UDTs with AI and AIoT technologies in the context of sustainable smart
cities, especially when seeking to optimize urban systems for energy
efficiency, sustainability, and climate change mitigation. Addressing
these challenges is crucial for realizing the full potential of UDTs and
ZEBs in sustainable urban development.

Moreover, in the realm of ZEBs, the integration of UDTs has some-
times failed to optimize energy consumption as predicted due to inac-
curate energy modeling or inadequate sensor data integration,
impacting the buildings’ ability to achieve net-zero energy status. AI-
driven predictive models in UDT systems may provide inaccurate fore-
casts due to insufficient training data or overlooked variables. Moreover,
ZEB projects have occasionally underperformed when real-time data
integration from IoT devices did not align effectively with the UDT
system, resulting in less than optimal energy management and higher
operational costs. These integration challenges and failures highlight the
need for improved system interoperability and scalability to fully
leverage the potential of UDTs in enhancing urban infrastructure man-
agement (e.g., [27,54,99,114]), including the energy efficiency of
buildings.

2.3. Zero energy buildings: Contributions to climate change mitigation
strategies

ZEBs are structures designed to produce as much energy as they
consume over a one-year period, primarily through renewable energy
sources such as solar, wind, and geothermal energy. The key principle
behind ZEBs is energy efficiency, with these buildings incorporating
advanced insulation, high-efficiency HVAC systems, and smart tech-
nologies to minimize energy consumption. ZEBs contribute directly to
climate change mitigation by reducing reliance on fossil fuels and
lowering greenhouse gas emissions [36,64,68]. They help reduce the
carbon footprint of buildings, which are significant contributors to
global energy use and emissions [41,53,69]. ZEBs align with broader
efforts to transition toward a low-carbon economy by demonstrating
how buildings can function sustainably, producing renewable energy
while minimizing waste and environmental impact [67,70].

The integration of AI and AIoT with ZEBs plays an essential role in
enhancing their functionality. AI algorithms enable smart, sustainable
energy management by optimizing energy performance based on real-
time data and predictive analytics [53]. Leveraging the capabilities of
AIoT, ZEBs continuously monitor and adjust energy usage, ensuring that
energy production from renewable sources is maximized while mini-
mizing consumption. For example, AIoT systems can predict energy
demands, optimize heating, cooling, and lighting operations, and detect
inefficiencies in building systems. This seamless integration ensures that
ZEBs meet their energy goals and adapt to environmental changes,
further strengthening their role in climate change mitigation and sup-
porting sustainable urban development.

The integration of UDTs and ZEBs in the dynamic landscape of sus-
tainable smart cities provides a comprehensive framework for
advancing environmentally sustainable urban development. UDTs sup-
port ZEBs by providing real-time data that enhances building perfor-
mance, optimizes energy usage, and supports predictive maintenance
[38,61,62]. ZEBs, in turn, play a key role in mitigating climate change
by reducing energy demand and incorporating renewable energy tech-
nologies. Furthermore, ZEBs and UDTs are key to optimizing energy
management, particularly when integrated with AI, AIoT, and CPS.
Building performance simulations, powered by AI and DTs, has the
potential to significantly improve energy efficiency in buildings [115].
Expanding on this integration, Cali et al. [116] explore the combination
of DTs with AI, IoT, and blockchain to enhance energy management in
smart cities. They emphasize the potential of DTs as decision-support
tools in urban energy systems, highlighting the need for further tech-
nological advancements to fully realize their potential. The application
and integration of DTs, AI, IoT, and CPS in residential districts and
buildings demonstrates how these technologies work together to opti-
mize energy consumption while maintaining comfort in ZEBs, nZEBs,
and building performance [23,47,51–53,55,117], b). The collaboration
between these technologies contributes to achieving broader climate
goals by optimizing energy flows, reducing carbon emissions, and
fostering sustainable urban ecosystems. Together, UDTs and ZEBs,
powered by AI, AIoT, and CPS, provide a powerful synergy, where
digital innovation and energy efficiency intersect to promote climate
resilience and reduce environmental footprints in urban areas. This in-
tegrated approach provides a roadmap for cities to mitigate climate
change while advancing environmental sustainability.

3. Related work

UDT systems have garnered significant attention as a foundational
technology in sustainable smart cities, offering functionalities such as
real-time monitoring, control, and decision-making through a dynamic
digital representation of physical city assets. Similarly, ZEBs are
designed to function by significantly reducing the need for external
energy sources, particularly through renewable energy systems. The
convergence of UDT and ZEB technologies represents a transformative
frontier in sustainable urban development, addressing challenges such
as energy efficiency, performance optimization, system integration, and
climate resilience. This section analyzes aims and findings from 25 re-
view studies conducted in recent years, categorized into two themes: 1)
advancements and challenges in ZEBs as a strategy for climate change
mitigation and 2) the role of UDTs in enhancing energy efficiency,
enabling predictive maintenance, and supporting sustainable urban
management. The first theme focuses the evolution of ZEB concepts,
technological innovations, and their implementation across diverse cli-
matic and regulatory contexts. The second theme involves how UDTs
enhance real-time monitoring, facilitate data-driven decision-making,
and optimize energy flows in smart cities. Together, these studies
showcase the catalytic impact of ZEBs and UDTs in advancing envi-
ronmental sustainability and creating efficient, resilient urban ecosys-
tems, as well as illuminate the collaborative potential of ZEBs and UDTs
in advancing climate change mitigation goals.
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3.1. Advancements and challenges in zero energy buildings as a strategy
for climate change mitigation

ZEBs have emerged as a crucial solution to mitigate the impacts of
climate change by reducing energy consumption and minimizing carbon
emissions in urban settings. They involve advancements in technologies
such as energy-efficient design principles, strategies for optimizing en-
ergy use, and the implementation of renewable energy systems. The
studies reviewed revolve around the progress made in ZEB technologies,
the challenges in achieving energy goals, and potential pathways for
scaling their implementation across various urban contexts.

In the realm of technological advancements, Wang et al. [53] provide
a comprehensive review of key technologies critical for achieving ZEBs.
The study highlights the role of energy-efficient measures, renewable
energy technologies, and building energy management systems,
emphasizing the integration of AI to optimize energy performance.
Similarly, Al Dakheel et al. [63] explore the evolution of smart retro-
fitting, proposing it as a pathway to achieving nZEB standards. This
research underscores the importance of energy flexibility and renewable
energy integration as key features of modern ZEBs.

Regarding the role of renewable energy, Senyonyi et al. [69] present
a systematic review of solar energy techniques in ZEBs, identifying
passive and active approaches as essential for optimizing building per-
formance. The study emphasizes gaps in experimental research and
workforce training, advocating for stronger collaborations between
academia and industry to advance solar technology adoption in ZEBs.
Expanding on this, concerning case studies and global practices,
Mohammed et al. [36] review ZEB implementations in residential
buildings worldwide, analyzing 40 case studies to identify effective
technologies across climates. Solar PV systems dominate warmer cli-
mates, while advanced insulation and heat recovery systems are critical
for colder regions. The study highlights regional disparities in adoption
and stresses the importance of context-specific solutions.

As regards conceptual frameworks and regional adaptation, Jay-
sawal et al. [64] review foundational concepts of Net Zero Energy
Buildings (NZEBs), focusing on their self-sustaining energy cycles and
renewable energy utilization. The study emphasizes the importance of
tailoring energy systems to climatic conditions and regional energy
demands. Expanding on this, Mengaw et al. [67] investigate NZEBs in
tropical climates, highlighting unique challenges such as high cooling
demands and limited energy storage solutions. The study underscores
the need for region-specific innovations to address climatic constraints
and improve the feasibility of ZEBs in such environments.

In the domain of policy and global strategies, Labaran et al. [65]
examine barriers and facilitators to adopting energy-efficient building
practices, identifying key influences such as government oversight,
design standards, and material availability. The study proposes
leveraging IoT and building automation systems to address imple-
mentation challenges. Furthermore, Lou and Hsieh [66] emphasize the
role of Life Cycle Assessments (LCA) in reducing both embodied and
operational emissions of ZEBs. The study discusses multidisciplinary
strategies to align energy efficiency with emissions reduction. Mean-
while, Wilberforce et al. [70] critically evaluate the commercialization
challenges of ZEBs, identifying cost barriers, limited awareness, and
public perception as major obstacles. The study suggests policy in-
centives, such as subsidies and tax rebates, to drive adoption.

With respect to research trends and thematic evolution, Omrany
et al. [68] conduct a bibliometric analysis involving three decades of
research on NZEBs, identifying key themes, influential researchers, and
emerging topics in the field. The analysis highlights the evolution of
NZEB research, with a particular focus on energy conservation, energy
production, storage, and methodologies. The study suggests new
research directions, such as the integration of electric vehicles, zero-
emission neighborhoods, and smart buildings, providing a comprehen-
sive overview of the trends and gaps in the field.

The reviewed studies highlight the significant progress made in the

development and implementation of ZEBs. Key advancements include
improvements in building energy management systems, the integration
of renewable energy sources, and the optimization of building envelopes
to reduce energy demand. However, challenges persist in areas such as
cost, regional adaptation, and technical integration. The literature
highlights the importance of further research on overcoming these
barriers, developing standardized frameworks, and improving the scal-
ability of ZEB solutions across different climates and building types.

3.2. The role of urban digital twins in advancing energy efficiency and
sustainable urban development

UDT technologies are playing an increasingly important role in
enhancing energy efficiency and optimizing the management of urban
systems. They are being applied to improve building performance,
integrate renewable energy solutions, and manage resources more
effectively. The studies reviewed in this section explore the applications
of UDTs in various urban environments, from real-time monitoring of
energy use to predictive maintenance and advanced data analytics that
support sustainable urban development.

In the context of smart green buildings, Yang and Wang [62] provide
a comprehensive review of the applications and integration of DTs. They
emphasize their potential to enhance energy use, occupant comfort, and
sustainability in green buildings. However, they also highlight chal-
lenges in embedding DTs into the core design of smart green buildings,
noting the need for forward-looking approaches that integrate green
structures and user-centered designs to foster long-term ecological
benefits in urban areas. Regarding energy efficiency in buildings, Bor-
tolini et al. [44] provide a detailed analysis of DT applications in opti-
mizing building energy performance. Their study classifies research into
four categories: optimization design, occupant comfort, building oper-
ation and maintenance, and energy consumption simulation. It high-
lights the potential of DTs to revolutionize energy efficiency in the built
environment by identifying gaps and future directions.

Deng et al. [118] address the evolution of DTs from Building Infor-
mation Modeling (BIM), proposing a five-level ladder framework for
categorizing DT applications across the building lifecycle. These cate-
gories encompass energy performance optimization, construction man-
agement, and environmental monitoring. The study reveals a lack of
integration between lifecycle stages, limiting the full realization of DTs’
potential. They propose a structured framework to address these chal-
lenges and provide a baseline for advanced DT research. In the opera-
tional phase of buildings, Cespedes-Cubides and Jradi [46] review DT
applications aimed at improving energy efficiency during operations
and maintenance. Their findings identify five primary applications:
component monitoring, anomaly detection, operational optimization,
predictive maintenance, and scenario simulation. However, the reliance
on BIM and the lack of robust data acquisition systems present signifi-
cant hurdles to effective implementation.

In regard to smart energy management and thermal comfort,
Lamagna et al. [72] review DT applications for optimizing energy flows
in interconnected systems, such as power grids and thermal networks.
The study identifies critical challenges, including real-time data pro-
cessing, system interoperability, and storage integration. They propose a
roadmap to address these barriers, underscoring DTs’ pivotal role in
transforming urban energy systems. Focusing on thermal comfort and
energy optimization, Arowoiya et al. [23] examine how DTs leverage
technologies like Artificial Neural Networks (ANNs) and AI-driven
models to predict and manage building energy consumption. Their
study highlights barriers such as limited interoperability, insufficient
adoption of environmental sensors, and the lack of occupant-centered
models. They call for the development of standardized frameworks
and emphasize the need for collaboration to enhance DT adoption in
improving building sustainability and performance.

Regarding broader urban applications, Liu et al. [73] explore DT
implementation across buildings, landscapes, and urban environments.
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They identify key research trends, including the development of DT
frameworks for urban design, the use of DT-based analytical tools, and
their application in underexplored areas such as landscape planning.
Despite advancements, they call for more interdisciplinary research to
fully exploit DTs’ potential in developing cohesive and sustainable
urban ecosystems. In advancing global practices. Papadonikolaki and
Anumba [76] systemically review how DTs can support the Net Zero
vision by tracking carbon emissions across assets’ lifecycles for decar-
bonization efforts. Their study underscores the underutilization of DTs
for Net Zero applications and discusses challenges such as overreliance
on technocratic solutions and misconceptions about the role of visuali-
zation in DT systems. The findings emphasize emergent themes,
including the need for systems thinking and the future design of DT
systems to achieve Net Zero.

Addressing energy consumption forecasting, Boukaf et al. [45]
evaluate the role of DTs in forecasting building energy consumption
using IoT devices and ML algorithms. Their study highlights DT appli-
cations in HVAC system performance, indoor air quality improvement,
and overall energy prediction, underscoring the potential for DTs to
meet net-zero energy goals. In reducing energy consumption in build-
ings, Arsecularatne et al. [43] investigate DTs’ ability to monitor and
optimize energy usage, focusing on predictive maintenance and occu-
pant behavior analysis. They emphasize the necessity of standardized
frameworks and enhanced data privacy measures to fully integrate DTs
into urban building systems.

The application of DT technology spans several critical areas in
advancing sustainability and energy efficiency in urban environments.
Onile et al. [75] examine how DTs enhance consumer energy behavior
modeling through personalized recommendations and intelligent
recommendation systems. Their review highlights DTs’ role in
improving energy efficiency and demand-side sustainability, despite
challenges related to privacy concerns and data abstraction. Concerning
sustainable material assessment and urban context. In relation to
decarbonization frameworks, Ohueri et al. [74] develop the DT-DeFOB
framework for achieving net-zero carbon targets in operating buildings.
Their review integrates ISO guidelines for carbon assessment and
highlights the need for dynamic criteria tailored for operational build-
ings. The study provides a pioneering blueprint for decarbonizing urban
environments using DTs. Lastly, Ferdaus et al. [33] assess the integration
of DTs with AI and blockchain technologies in urban environments.
Their comprehensive review highlights several themes that illustrate
DTs’ innovative role in energy management, renewable integration, and
achieving net-zero energy objectives.

In the context of building performance assessment, Rocco [77] in-
tegrates LCA with DTs to optimize building material selection and real-
time evaluations. The study highlights how DTs facilitate rapid assess-
ments of environmental impacts, enabling more sustainable construc-
tion practices and bridging gaps in traditional building methodologies. A
recent review study by Bibri [60] develops a ZEB rating framework for
sustainable smart cities by integrating DT technology. The study ad-
dresses a key challenge in energy-efficient building certifications,
namely the “building performance gap”—the discrepancy between ex-
pected and actual building performance, often influenced by occupant
behavior. The framework enables real-time, dynamic assessments of key
parameters such as energy consumption patterns, occupant comfort, and
system efficiency. This approach allows city planners to simulate various
scenarios, optimize resource allocation, and ensure that buildings are
both energy-efficient and aligned with the principles of sustainable
smart cities. The integration of UDT in the ZEB rating system enhances
the accuracy and applicability of performance evaluations, advancing
the goals of climate-resilient, sustainable urban environments.

Overall, these studies underscore the catalytic role of DTs in
advancing energy efficiency, green building innovation, building per-
formance assessment, decarbonization, and sustainable urban develop-
ment. They highlight critical challenges, including data integration,
insufficient integration across lifecycle stages, system interoperability, a

lack of standardized methodologies, scalability, and occupant-centered
design while advocating for robust frameworks, interdisciplinary
collaboration, and region-specific solutions to optimize DT applications
and maximize their impact in shaping emerging sustainable smart cities.
These insights suggest a promising trajectory for DTs in building and
energy sectors, with significant implications for achieving global sus-
tainability goals.

3.3. Research gap identification

The analysis of the 25 studies included in this survey reveals signif-
icant progress in the development and application of UDT and ZEB
technologies in environmentally sustainable urban development. How-
ever, it also uncovers critical gaps that hinder the full realization of their
synergistic potential. While advancements in key critical areas of both
technologies are evident, the interplay between UDTs and ZEBs remains
largely unexplored, particularly in terms of their combined impact on
climate change mitigation strategies. Existing research often overlooks
the critical need to synergize the management functionalities of UDTs
and ZEBs. The absence of a structured and scalable framework to align
their capabilities hampers cities’ ability to address the interconnected
challenges of environmental sustainability. This fragmentation un-
derscores the strategic importance of integrated frameworks that enable
cities to balance technological innovation with practical and adaptive
solutions for climate mitigation and sustainability.

These gaps highlight the critical need for this study to propose a
robust framework and strategic approaches for effectively integrating
UDTs with ZEBs, thereby unlocking their collaborative potential to
mitigate climate change effects and promote environmentally sustain-
able urban development. This study aims to address these limitations,
contribute to the broader discourse on sustainable urban ecosystems,
and pave the way for future interdisciplinary advancements by con-
ducting a comprehensive state-of-the-art review and presenting a novel
UDT-ZEB integration framework.

4. Research methodology

This study adopts a mixed-method approach, integrating both sys-
tematic review and bibliometric analysis, to analyze and synthesize
existing research on the integration of UDTs and ZEBs in driving climate
change mitigation strategies in sustainable smart cities. The systematic
review serves as the primary methodological focus, providing a thor-
ough and structured examination of the literature to address RQ 2 and
RQ 3. It allows for an in-depth exploration of the content, methodolo-
gies, and outcomes of studies related to the integration of UDTs and ZEBs
in the dynamic context of sustainable smart cities. In contrast, the bib-
liometric analysis, while secondary, plays a complementary role by of-
fering quantitative insights into research trends, publication patterns,
and emerging areas of interest related to UDT and ZEB integration to
answer RQ 1.

The systematic review approach helps to synthesize qualitative
findings, uncover knowledge gaps, and assess the implications of exist-
ing research. It allows for the identification of critical areas that require
further investigation and exploration. Meanwhile, bibliometric analysis,
using VOSviewer, provides a comprehensive mapping of research
trends, networks, and key themes by analyzing citation patterns, co-
occurrence of keywords, and collaboration networks. It visually high-
lights both the structural and dynamic features of the field, providing a
broader understanding of the integration of UDTs and ZEBs and their
collective role in achieving environmental sustainability and climate
mitigation goals in urban environments. This dual-method approach
ensures a holistic and well-rounded understanding of the multifaceted
topic and the evolving knowledge landscape by addressing both the
breadth of research trends and the depth of specific insights. It provides
the necessary tools to identify critical areas of focus and key gaps that
inform the convergence of UDTs and ZEBs while enabling a nuanced
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understanding of their future potential and the challenges and limita-
tions they encounter in contributing to climate change mitigation goals
within the framework of sustainable smart cities.

4.1. Research design

This research is designed primarily as a systematic review, involving
a structured process of identifying, screening, selecting, extracting,
analyzing, and synthesizing relevant studies, along with the tabulated
analysis of UDT and ZEB indicators versus topics discussed in these
studies, to develop a comprehensive framework (Fig. 1). This multi-
phase approach provides a robust foundation for identifying synergies
and opportunities for integrating UDTs and ZEBs in the context of sus-
tainable smart cities.

The methodology follows a thematic approach, which is particularly
effective for interdisciplinary topics, where diverse perspectives need to
be unified into a coherent narrative. This approach helps to highlight
key trends, synthesize critical insights, and identify gaps in the current
body of knowledge by categorizing the literature into central themes. It
builds on and addresses the gaps identified in Section 3, particularly the
absence of a comprehensive framework that integrate UDTs and ZEBs in
emerging sustainable smart cities. It allows for the identification of
synergies, disconnects, and priority areas for improvement by catego-
rizing prior studies under thematic headings. It substantiates the key
gaps in the literature and lays the foundation for developing a novel
framework that aligns operational and strategic capabilities of UDTs and
ZEBs to address the complexities of climate change mitigation and urban
sustainability. Furthermore, it reinforces the relevance and originality of
the proposed framework by synthesizing the latest research and de-
velopments in the field, ensuring it is grounded in current trends and
best practices.

4.2. Preferred reporting items for systematic reviews and meta-analyses

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) framework (Fig. 2) was applied to ensure trans-
parency and rigor throughout the review process. This standardized
approach ensures all stages of the systematic review are clearly docu-
mented and methodically executed. To support this process, leading
academic research databases, including Scopus, Web of Science (WoS),
ScienceDirect, and SpringerLink, were utilized. These databases are
recognized for their comprehensive coverage of high-quality, peer-
reviewed studies from a wide array of academic disciplines Their use
facilitated the retrieval of a wide range of academic journals, conference
proceedings, and book chapters, offering a broad spectrum of resources
that provide relevant insights into the integration of UDTs and ZEBs in
sustainable smart cities.

To further refine the search and improve specificity and relevance, a
set of carefully selected keywords and their corresponding combinations
were employed. These keywords were designed to address both the
technological and environmental aspects of UDTs and ZEBs, capturing
the breadth of existing knowledge while focusing on the interdisci-
plinary nature of the study. The keyword combinations used to conduct
the searches across the selected databases included: (“Digital Twins” OR
“DTs”) AND (“Zero Energy Buildings” OR “ZEBs”); (“Sustainable Smart
Cities” OR “Smart Cities”) AND (“Digital Twins” OR “DTs”); (“Sustain-
able Smart Cities” OR “Smart Cities”) AND (“Zero Energy Buildings” OR
“ZEBs”); (“Sustainable Urban Development” AND “Digital Twin”) OR
(“Energy Efficiency” AND “Zero Energy Buildings”); (“Smart Cities”

AND “Energy Management”) OR (“Digital Twins” AND “Climate Change
Mitigation”); and (“Climate Change Mitigation” AND “Zero Energy
Buildings”) OR (“Sustainable Urban Development” AND “Zero Energy
Buildings”). These combinations were applied across the title, abstract,
and keyword fields of articles, ensuring a thorough and precise search to
capture the most relevant literature for this review. The strategic use of
Boolean operators, such as “AND” and “OR,” helped optimize the results
to include studies that address multiple intersecting themes while
ensuring the inclusion of diverse perspectives on the convergence of
UDTs and ZEBs in sustainable smart cities.

The study includes research published between 2019 and 2024, a
period chosen to emphasize the most recent advancements and trends in
the rapidly evolving fields of UDTs, ZEBs, and sustainable smart cities.
This time span captures the latest innovations and the state-of-the-art in
research, providing valuable insights into the future directions of UDT
and ZEB integration in these cities. Accordingly, the study ensures a
relevant and up-to-date analysis of emerging technologies and their
applications in climate change mitigation and environmental
sustainability.

The inclusion and exclusion criteria outlined in in Table 1 were
carefully designed to ensure a focused and targeted selection of studies.
This process emphasizes the inclusion of high-quality, impactful peer-
reviewed research that is directly aligned with the study’s aim and
research questions. At the same time, it filters out studies that are
irrelevant, lack sufficient detail, or do not meet the required academic
standards, thereby ensuring that only the most relevant and rigorous
studies are considered for this review.

4.3. Process of data extraction

The data extraction process involved systematically gathering rele-
vant information from the selected studies to ensure consistency, accu-
racy, and thoroughness. Key details, including the study’s aim,
methodology, results, conclusions, and thematic insights, were recor-
ded. A structured approach was employed to capture essential attributes
such as core concepts, technologies, application domains, integrative
frameworks, and identified challenges. This approach facilitated the
collation of comprehensive and comparable data, enabling a detailed
evaluation of each study’s relevance and alignment with the objectives
of this research. Moreover, a quality appraisal was incorporated into the
process to assess the rigor and reliability of the studies included. This
appraisal involved evaluating each study’s details to ensure that only
studies with definitive and credible evidence were included in the
analysis.

4.4. Process of data analysis

Following the data extraction, the studies were analyzed using the-
matic synthesis, a qualitative approach that focuses on identifying
recurring themes, patterns, and relationships across the literature. The
analysis process involved grouping the studies into both pre-defined and
emergent categories, with a specific focus on technological synergies,
integration opportunities, and contributions to climate change mitiga-
tion efforts in the realm of sustainable smart cities. Special attention was
given to examining the synergistic integration of UDTs and ZEBs,
exploring their collaborative potential and role in addressing environ-
mental challenges. The analysis also included cross-comparing studies to
assess their alignment with the objectives of this research. This allowed
for the identification of areas of convergence and divergence, revealing

Fig. 1. A flow diagram outlining the step-by-step process of developing the integrated framework.
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common themes and conflicting viewpoints that highlight important
research areas needing further exploration.

4.5. Synthesis of findings

The synthesis process integrated the analyzed findings into a
coherent narrative that informed the development of the novel frame-
work. This approach focused on identifying the current state of knowl-
edge regarding the integration of UDTs and ZEBs, including how UDTs
can optimize the operational performance and energy management of
ZEBs, and the potential pathways for their integration. Insights from

thematic categories were combined to highlight synergies, address gaps,
and identify opportunities for future advancements in the field. The
synthesis created a unified understanding of how emerging technologies
can be effectively leveraged to foster environmentally sustainable urban
development by drawing connections between diverse studies. The
resulting narrative reflects the state-of-the-art in the field, substantiating
the novelty of the proposed framework for integrating UDTs and ZEBs in
sustainable smart cities.

4.6. Limitations

While the systematic review methodology ensures rigor and
comprehensive analysis, there are several limitations to acknowledge.
First, the inclusion criteria focused primarily on English-language pub-
lications, which may have excluded relevant studies in other languages.
In addition, the review is limited to studies published in the selected
databases, potentially overlooking other valuable research published in
non-indexed journals or conferences. Furthermore, the time frame of the
study (2019–2024) may exclude important earlier studies that laid the
groundwork for current knowledge or newer research that could
contribute to emerging trends.

Another limitation is the inherent risk of selection bias, where studies
that do not meet specific criteria may be excluded, leading to a poten-
tially narrow scope. While we aimed for a structured and objective
process, the categorization of studies into thematic areas can introduce a
degree of subjectivity, which may affect the consistency of the analysis.
The reliance on secondary data from published studies also means the
findings are limited by the quality and scope of the available literature

Fig. 2. The PRISMA flowchart for literature search and selection. Page et al. .
Source: Adapted from [131]

Table 1
Inclusion and Exclusion criteria.

Inclusion Criteria Exclusion Criteria

Studies published between 2019 and 2024. Studies published outside the
2019–2024 timeframe.

Studies focusing on the integration of DTs and
sustainable smart cities, the integration of
ZEBs and sustainable smart cities, DTs and
building and energy management in smart
cities, or DTs for building energy efficiency.

Studies irrelevant to any of these
integrative perspectives.

Studies addressing the integration of UDTs
and ZEBs or ZEBs.

Studies unrelated to the integration
of UDTs and ZEBs and to ZEBs

Peer-reviewed journal articles, conference
papers, and book chapters.

Articles that are not peer-reviewed
or published in academic outlets.

Studies published in English. Studies written in languages other
than English.
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and the interpretation of these studies.
Finally, we may have excluded valuable insights from grey literature

by focusing on peer-reviewed publications, including industry reports
and policy documents, which could provide alternative perspectives on
UDTs and ZEBs in sustainable smart cities. Despite these limitations, the
methodology provides a solid foundation for addressing the research
questions and offers useful insights into the integration of UDTs and
ZEBs to advance environmentally sustainable development in smart
cities.

5. A bibliometric analysis: term co-occurrence, cluster analysis,
and publication trends

The dual approach to review allowed for a more holistic under-
standing of the intellectual structure and research dynamics surrounding
UDTs and ZEBs. The bibliometric analysis involved the use of three key
figures to better understand the distribution of research on UDTs and
ZEBs in the dynamic context of sustainable smart cities. Fig. 3, which
represents the results of the term co-occurrence analysis, was employed
to map the relationships between key concepts and terms, revealing the
main themes and areas of focus in the literature. Fig. 4, illustrating the
relationship between different clusters and the weight of their occur-
rence, allowed for a deeper understanding of how different research
topics are connected and how influential certain research clusters are in
shaping the field. Finally, Fig. 5, showing the number of publications
from 2019 to 2024, provided insights into the temporal trends and shifts

in research activity, helping to identify emerging topics and research
areas.

The primary tool utilized for bibliometric analysis was VOSviewer
1.6.17, which enabled a detailed exploration of research trends, re-
lationships, and developments within the interdisciplinary field on
focus. The datasets compiled from the relevant scholarly sources pub-
lished between 2019 and 2024 included key metadata. Following the
application of inclusion and exclusion criteria, the documents address-
ing the role of UDTs in supporting ZEBs for climate change mitigation
and sustainable development in smart cities were selected for analysis.

VOSviewer was used to perform a term co-occurrence analysis,
identifying the most frequently used terms and concepts related to
UDTs and ZEBs and their integration in emerging sustainable smart
cities. This analysis mapped the relationships between these terms and
concepts, offering insights into the core themes driving the research,
to reiterate. Fig. 3 presents the results of this analysis, with nodes
representing frequently occurring terms. The size of each node cor-
responds to the frequency of the term, while links between nodes
indicate their co-occurrence, visualizing the relationships between
key topics in UDT, ZEB, and smart city research. Co-occurrence net-
works in VOSviewer are generated based on author keywords,
allowing researchers to explore connections within the data. The
distance-based maps illustrate the strength of relationships, where
smaller distances indicate stronger associations. Items are sized ac-
cording to their frequency in relevant publications, and clusters are
distinguished by different colors.

Fig. 3. Result of the term co-occurrence analysis.
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The analysis identified 48 clusters with significant thematic overlap,
each highlighting different aspects of UDTs, ZEBs, and related technol-
ogies. The primary focus is on five clusters due to their high relevance.
The red cluster is centered around the integration of DTs, AI, ML, and
Renewable Energy. It demonstrates how DTs are being combined with
cutting-edge technologies to enhance renewable energy systems and
their integration, offering a powerful framework for managing energy
demand and supply efficiently. The green cluster emphasizes the inter-
section of Sustainability, Climate Change, Buildings, AI, and Digitali-
zation. It showcases how DTs, along with advanced AI and digital
technologies, are being employed to tackle the urban sustainability
challenges related to climate change. This is critical for managing the
environmental impact of buildings and urban systems. The blue cluster
brings together terms like ZEBs, Energy Efficiency, Energy Policy, CPS,
and Smart Buildings. It focuses on the application of UDTs in optimizing
energy use, especially in building sectors. The integration of CPS allows
for real-time monitoring and operational optimization, making it
possible to enhance energy efficiency and reduce energy consumption in
buildings. The light green cluster includes keywords such as Resilience,
Smart Monitoring and Management, and Sustainability Transitions. It
highlights the role of UDTs in improving urban resilience through
advanced systems for monitoring and management. These systems
support sustainable transitions by helping cities adapt to changing
environmental conditions. The purple cluster prominently features
keywords such as Energy, Energy Consumption, Net Zero Carbon
Emissions, Existing Buildings, Building Refurbishment, and Thermal
Comfort. It shows the increasing integration of energy management
strategies aimed at reducing carbon footprints, with a focus on opti-
mizing energy consumption in existing buildings and refurbishing them
to meet energy performance standards.

The analysis reveals significant research trends, with a clear focus on
the convergence of UDTs and ZEBs, driven by the integration of trans-
formative technologies such as AI, IoT, and CPS. The prominence of AI
and IoT in the red and green clusters underscores their increasingly
instrumental role in advancing key aspects of sustainable urban devel-
opment, including energy efficiency, renewable energy integration, and
climate change mitigation. These technologies enable real-time moni-
toring, predictive analytics, and operational optimization, which are
crucial for reducing energy consumption and enhancing environmental
resilience in urban environments. Furthermore, the frequent occurrence
of terms such as “renewable energy” and “zero energy buildings” reflects
the growing emphasis on optimizing energy performance, particularly in
buildings, to reduce carbon emissions and enhance sustainability.
However, despite these developments, the analysis also uncovers a
critical gap in the literature—the lack of comprehensive studies
exploring the full integration of UDTs and ZEBs. This gap suggests that,
while individual technologies show promising potential, their syner-
gistic integration remains underexplored, limiting their ability to fully
realize and optimize environmental outcomes and accelerate progress
towards sustainable smart cities. This calls for further research that
bridges this gap, unlocking the combined power of these technologies to
meet climate change mitigation goals more effectively.

In the bibliometric analysis, Fig. 3 visualizes publication trends over
time, showing the volume of research focused on specific keywords or
topics. However, some keywords that appear in the VOSviewer term co-
occurrence analysis do not show up in Fig. 3 due to the differing focus of
each analysis. VOSviewer examines how often keywords appear
together within the same literature, focusing on the relationships

between terms rather than their individual frequency. For example,
keywords like “renewable energy” in the red cluster, “zero energy
building” in the blue cluster, and “buildings” in the green cluster do not
appear in Fig. 3 as they don’t meet the threshold for publication fre-
quency, despite being strongly connected with other dominant key-
words. This highlights emerging or niche topics that may not have
accumulated enough publications to be reflected in publication trends.
In contrast, VOSviewer emphasizes the strength of the relationships
between terms, capturing important but less frequently published key-
words that are linked with more prominent topics, even though they
may not yet be widely published. Thus, Fig. 3 is more focused on pub-
lication frequency, while VOSviewer identifies significant keywords
based on co-occurrence, providing deeper insights into the relationships
within the research landscape.

This term co-occurrence analysis uncovers significant thematic
trends, emphasizing the convergence of UDTs with technologies aimed
at improving energy efficiency, renewable energy integration, and
climate change mitigation in sustainable urban environments. The
visualization shows how different research topics are connected,
providing a comprehensive view of the key drivers in this domain.

The weight of occurrence within each cluster shows the prominence
of various topics and highlights the extent to which certain themes are
discussed in the literature. This analysis helped identify the areas that
are more heavily explored and the potential for convergence between
UDTs and ZEBs. Fig. 4 illustrates the relationships between the different
research clusters identified in Fig. 3, with each cluster representing a
distinct research focus.

The size of the clusters in the visualization correlates with their
weight of occurrence, indicating the relative importance of each theme
within the research landscape. This analysis highlights the intercon-
nectedness of various research topics related to UDTs, ZEBs, and climate
change mitigation in smart cities. The prominence of each cluster in-
dicates the degree with which specific themes dominate the literature.
Fig. 4 provides insight into how UDTs and ZEBs are being studied both
independently and in convergence. It also underscores the critical
research areas that require further attention and development, which
remains underexplored in existing literature.

In addition, a publication trend analysis was conducted to track the
evolution of research interest in UDTs and ZEBs between 2019 and 2024.
Fig. 5 displays the number of publications over time, indicating an
increasing trend in research focus on these technologies. This time-series
analysis allows for the identification of emerging areas in the interdis-
ciplinary field and provides an understanding of the growing interest in
integrating UDTs with ZEBs to support sustainable development and
climate change mitigation in smart cities. The timeline reveals signifi-
cant growth in the number of publications on these topics, with a
noticeable increase in the frequency of articles published each year.

The trend began in 2019with a relatively low number of publications
(11), reflecting the emerging nature of research in this area. In 2020, the
number of publications dropped slightly to (8), possibly due to the
global disruption caused by COVID-19 , but the subsequent years saw a
significant increase. In 2021, the number of publications rose to (23),
and this increase accelerated in 2022 (49 publications) and 2023 (51
publications). The publication activity peaked in 2024, with (160 pub-
lications) addressing the integration of UDTs and ZEBs in sustainable
urban contexts. This rising trend reflects the growing interest in these
technologies and their potential role in addressing environmental sus-
tainability challenges, particularly in climate change mitigation, in
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urban environments. The rising number of publications over time
highlights the urgent need to explore the synergistic integration of UDTs
and ZEBs, which has yet to be fully realized in the research landscape. It
also shows an increasing recognition of the potential of UDTs and ZEBs
in sustainable urban environments . Despite this growing interest, the
analysis reveals that, while these technologies are often studied inde-
pendently, their full potential can be unlocked when integrated

effectively. This gap in research on the synergistic integration of UDTs
and ZEBs underscores the importance of further exploration into how
these technologies can work together to maximize their contribution to
climate change mitigation efforts in smart cities.

In summary, Figs. 3, 4, and 5 collectively provide a detailed overview
of research trends, key themes, and the growing interest in the inte-
gration of UDTs and ZEBs in emerging sustainable smart cities. The

Fig. 5. Number of Publications from 2019 to 2024 extracted from VOS viewer.

Fig. 4. The relationship between different clusters and weight of occurrence extracted from VOS viewer.
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bibliometric analysis uncovers significant thematic clusters, illustrating
how these technologies have been studied both independently and in
conjunction, with a particular emphasis on their combined potential for
climate change mitigation. Concurrently, the analysis highlights a gap in
research regarding their full integration, underscoring the need for
further studies to harness their synergies. In particular, the growing
importance of AI, IoT, and CPS, along with the significant role of
renewable energy and energy-efficient buildings, points to the vast po-
tential of UDT-ZEB integration in transforming urban environments into
sustainable, resilient smart cities. However, further research is needed to
optimize their combined impact based on the convergence of these
advanced technologies on climate change mitigation and enhance the
overall sustainability of cities. Overall, the comprehensive mapping of
the research landscape sheds light on the field’s evolution and identifies
key areas for further investigation to advance UDT-ZEB integration in
the rapidly evolving landscape of sustainable smart cities.

6. Results

In this section, we present the results of our investigation into the
integration of UDTs and ZEBs as a strategy for advancing sustainable
energy management and mitigating climate change effects in sustain-
able smart cities. The findings are structured around two central
research questions: (2) How do UDTs enhance the operational perfor-
mance and energy management of ZEBs in sustainable smart cities? and
(3) How can a framework be developed to effectively integrate UDTs and
ZEBs to advance climate change mitigation goals in sustainable smart
cities, considering the synergy of their operational, technical, and per-
formance indicators?

To address RQ 1, we focus on three core themes from the literature:
(1) ZEBs, (2) DTs and ZEBs, and (3) ZEBs and Sustainable Smart Cities.
Each of these themes sheds light on distinct aspects of ZEBs and UDTs
and their synergistic integration and collaborative potential, collectively
providing a comprehensive understanding of their role in improving
energy efficiency, operational performance, and environmental sus-
tainability in urban environments. These insights are essential to grasp
how UDTs contribute to the optimization and management of ZEBs in
the context of sustainable smart cities.

For RQ 2, a broader range of six themes is considered: (1) ZEBs, (2)
DTs and ZEBs, (3) ZEBs and Sustainable Smart Cities, (4) DTs for
Building and Energy Management in Smart Cities, (5) DTs and Building
Energy Efficiency, and (6) DTs and Sustainable Smart Cities. This
broader scope provides a holistic view of the integration process and the
strategic framework required to optimize the collective impact of UDTs
and ZEBs in advancing climate change mitigation and sustainable
development in smart cities.

6.1. The role of UDTs in enhancing the operational performance and
energy management of ZEBs in sustainable smart cities

6.1.1. Relevance of the three themes to answering RQ 1
ZEBs: This theme is directly relevant to RQ 1, as it focuses on the

fundamental characteristics and functionalities of ZEBs, which are
crucial for understanding their integration with UDTs. The studies in this
theme explore energy-efficient technologies, renewable energy systems,
and energy performance optimization, which are key components in
achieving ZEBs. These aspects of ZEBs provide the necessary foundation
for investigating how UDTs can optimize energy use, resource man-
agement, and operational efficiency in ZEB systems in the context of
sustainable smart cities by examining the technological underpinnings
and operational strategies of ZEBs.

UDTs and ZEBs: This theme is highly relevant to RQ 1, as it explicitly
addresses the integration of UDTs and ZEBs. It explores how UDTs
improve the operational performance and energy management of ZEBs
through real-time data analytics, advanced modeling, and predictive
maintenance capabilities. UDTs play a critical role in optimizing ZEBs,

ensuring that energy consumption and production are balanced effec-
tively. This theme offers invaluable insights into the potential of UDTs to
manage and optimize ZEB energy systems, making it central to
answering RQ 1 regarding the enhancement of ZEBs through UDTs.

ZEBs and Sustainable Smart Cities: This theme is equally important
for RQ 1, as it explores how ZEBs contribute to energy efficiency and
environmental sustainability in the context of sustainable smart cities. It
examines the role of ZEBs in reducing carbon emissions, optimizing
resource management, and advancing the integration of renewable en-
ergy in urban environments, which directly aligns with the operational
role of UDTs in managing urban energy systems. This theme offers
critical insights into how UDTs can enhance the performance and effi-
ciency of ZEBs by investigating the integration of ZEBs within smart
cities, ultimately optimizing energy usage and supporting the sustain-
ability goals of smart cities.

Together, these three themes provide a comprehensive understand-
ing of how UDTs enhance the operational performance and energy
management of ZEBs. They address both the technological foundations
and the contextual factors influencing the integration of UDTs with
ZEBs, highlighting how UDTs can optimize ZEB functionalities to
contribute to climate change mitigation efforts in sustainable smart
cities.

6.1.2. Thematic analysis and synthesis
This subsection explores the contribution of ZEBs and UDTs in

advancing climate change mitigation goals in sustainable smart cities.
The synergistic integration of these technologies is crucial for maxi-
mizing the performance outcomes of ZEBs, ensuring their alignment
with the objectives of sustainable urban development, and supporting
the transition towards environmental sustainability.

6.1.2.1. Zero energy buildings. Senyonyi et al. [69] focuses on the role of
solar energy techniques in achieving ZEBs, presenting a combination of
passive and active solar techniques for energy production. The study
explores the technological advancements in solar energy systems,
identifies research gaps, and emphasizes the importance of experimental
studies across different climates. It sets the groundwork for under-
standing the integral role of solar energy in ZEBs, while also highlighting
key areas where further research and technological collaboration are
needed. This research contributes to the broader understanding of how
ZEBs can be optimized and lays the foundation for future studies on the
integration of emerging technologies to further enhance energy effi-
ciency in ZEBs.

Wang et al. [53] provide an in-depth exploration of the various
technologies that are essential for achieving ZEBs, such as energy-
efficient measures, renewable energy technologies, and building en-
ergy management systems. The study highlights the significant role of
energy-efficient strategies, including optimized building envelopes,
efficient HVAC systems, and renewable energy systems (solar, wind,
biomass, and geothermal), in reducing energy consumption. Further-
more, it emphasizes the importance of integrating AI to enhance energy
management, fault detection, and system optimization in ZEBs. This
study provides a comprehensive overview of the technological ad-
vancements in ZEBs, setting the foundation for their integration with
UDTs. Building on the role of AI in enhancing energy efficiency in ZEBs,
Rocha et al. (2024) introduce the concept of the net Zero Energy cost
Building (nZEcB), which aims to achieve near-zero or zero annual en-
ergy costs. Using AI techniques, including decision trees and K-means
clustering, the study designs an optimal distributed generation system
that integrates wind and photovoltaic energy sources, a battery bank,
and an automated capacitor bank. A case study of a public building with
an annual consumption of 1.748 GWh showed that the system generated
2.805 GWh per year, exceeding the building’s energy demand by 160.5
%. The system also covered 99.999 % of the building’s energy costs,
achieving the nZEcB concept. Despite excess energy production, which
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compensates for losses and feed-in tariff pricing issues, the project
demonstrated the economic and sustainable feasibility of using AI for
energy optimization, with a payback period of 6.79 years.

Regarding the role of AI in enhancing the performance of net-zero
and positive-energy buildings, Mousavi et al. [119] provide a system-
atic exploration of data-driven prediction and optimization techniques
used in the design of these buildings. The study covers the integration of
AI, machine learning, and building modeling to enhance the perfor-
mance of buildings in achieving energy efficiency. It discusses the role of
renewable energy supply prediction, optimizing building envelope de-
signs, and controlling comfort levels with IoT technologies. The study
aims to provide a technical framework for future researchers and engi-
neers to implement data-driven approaches for achieving net-positive
energy performance in buildings. It also identifies gaps in existing al-
gorithms and calls for further optimization to improve prediction ac-
curacy in the context of sustainable building design.

Furthermore, Ahmed et al. [120] focus on the renewable energy
generation required to achieve net-zero energy buildings (nZEBs). The
authors review various renewable energy sources, including solar, wind,
and bioenergy, and examine their role in reducing energy consumption
and greenhouse gas emissions in the building sector. The study discusses
the technical, financial, and environmental considerations in nZEB
design, emphasizing the importance of multi-criteria decision analysis
for optimal decision-making. It also highlights the need for a universal
decision-making framework to optimize nZEB design and operations. It
provides insights into the contribution of renewable energy to nZEBs
and its role in the broader decarbonization of the building sector. In line
with this work, Lou and Hsieh [66] provide an in-depth analysis of net-
zero-energy and net-zero-carbon buildings, discussing the importance of
energy-efficient strategies and renewable energy technologies. The
study emphasizes multidisciplinary approaches and the integration of
LCA to evaluate both operational and embodied carbon emissions. This
is particularly relevant for understanding how UDTs can contribute to
reducing the carbon footprint of ZEBs by dynamically adjusting energy
use, optimizing energy production, and ensuring that buildings meet
both net-zero-energy and net-zero-carbon goals.

Focusing specifically on LCA, Kathiravel et al. [121] investigate the
LCA of net-zero energy residential buildings across different climates.
The authors evaluate the environmental and economic impacts of
various HVAC systems (Ground Source Heat Pumps, Air Source Heat
Pumps, and others) in cold, moderate, and warm climates. The results
highlight the significant impact of climate on the energy demands of
buildings and the global warming potential of different systems. The
study finds that ground-source heat pumps perform well in colder cli-
mates despite their high initial costs, whereas air-source heat pumps are
more efficient in milder climates. The research emphasizes that the
combination of photovoltaic panels with HVAC systems improves the
feasibility of achieving net-zero energy goals.

In addition, Jaysawal et al. [64] examine the global concept of
NZEBs, focusing on renewable energy integration and energy efficiency
strategies. It outlines the critical importance of achieving energy self-
sufficiency in buildings through renewable energy sources and dis-
cusses the role of smart systems in facilitating energy management. The
study highlights the challenges of implementing NZEBs in diverse cli-
matic conditions, providing valuable context for how UDTs can support
the management and optimization of energy systems in ZEBs by
adjusting to local environmental factors and operational needs. From a
different perspective, Mengaw et al. [67] examine the specific chal-
lenges and opportunities related to the implementation of NZEBs. It
emphasizes the importance of optimizing energy utilization in regions
with high cooling demands and explores how renewable energy systems
can be integrated into these climates to meet the ZEB standards. The
study discusses advancements in building innovation and the growing
feasibility of NZEBs due to improvements in building technologies and
renewable energy systems, laying the groundwork for the potential
integration of UDTs in managing these systems.

Al Dakheel et al. [63] analyze the features, functions, and technol-
ogies of smart buildings, including their role in achieving nearly zero-
energy performance. The study focuses on the concept of smart retro-
fitting and the integration of energy-efficient systems in existing build-
ings. The study also develops a set of key performance indicators (KPIs)
for evaluating the success of smart building interventions. These in-
dicators are essential for monitoring the operational efficiency of ZEBs
and provide a useful framework for assessing their impact on sustainable
urban development. Focusing on the social and technological aspects of
retrofitting buildings to achieve nearly zero-energy performance,
Mooses et al. [122] examine residents’ perceptions of the smart retrofit
intervention, revealing that acceptance varied based on individual at-
titudes toward technology and environmental concerns. It emphasizes
the importance of incorporating social practice theories in the adoption
of energy-efficient technologies, providing valuable insights into the
challenges and opportunities for widespread integration of smart and
sustainable technologies in achieving net-zero buildings.

Moreover, Wang et al. [123] investigate the actual energy efficiency
of retrofitting residential buildings to achieve nearly zero-energy status.
The study measures the impact of various energy efficiency measures,
such as upgrading insulation and windows, on energy savings and cost
reductions. Using a single-family home case study, the authors devise
new metrics to assess the effectiveness of each retrofit measure,
providing insight into the real-world performance of these measures.
The findings suggest that certain retrofits, such as roof and exterior wall
improvements, provide the most significant energy savings, while also
offering an economic evaluation of retrofit options.

Wu and Skye [124] provide a comprehensive review of advance-
ments in residential net-zero energy buildings (NZEBs) over the past
decade. The study covers energy infrastructure, renewable energy sys-
tems, and energy efficiency measures necessary for achieving NZEBs.
Key areas include the integration of renewable energy sources such as
solar photovoltaics (PV), wind, and biomass, as well as the importance
of energy-efficient systems such as advanced HVAC and domestic hot
water systems. The study highlights the flexibility in selecting the best
configuration for NZEBs, depending on local climate, building codes,
and energy resources. It emphasizes the need for technology adaptation
to local conditions to optimize energy savings and environmental ben-
efits. Specifically focusing on the integration of solar PV systems.

Wu et al. [125] explore the use of genetic algorithms to design
nearly-zero-energy residential buildings. The study adopts a multi-
objective optimization approach to minimize heating and cooling
loads, maximize PV power generation, and reduce investment costs. It
evaluates nine key parameters affecting energy use and PV potential. It
concludes that a careful balance of system parameters can significantly
improve the energy efficiency of residential buildings. By optimizing
design for various climate zones in China, the study provides a valuable
approach for achieving zero-energy goals in residential buildings, of-
fering theoretical and practical insights for future design projects.

Zhao et al. [126] investigate how correlation-based data mining
techniques can enhance the operation and maintenance of zero-carbon
buildings. The study focuses on analyzing the relationship between en-
ergy consumption data and environmental data in smart buildings.
Applying linear and trend correlations, the study enables anomaly
detection in building performance data, improving data reliability for
decision-making. It presents a method for correcting anomalies based on
fitting equations, which can be generalized across various scenarios in
zero-carbon buildings. This data-driven approach plays a critical role in
monitoring and ensuring the effective operation of energy-efficient
buildings.

Wilberforce et al. [70] address the pros and cons of ZEBs, discussing
the challenges impeding their widespread adoption, such as high initial
costs, technological limitations, and public perception. It provides in-
sights into policy measures, including government subsidies and public
awareness campaigns, to encourage the adoption of ZEBs. The study
calls for greater innovation in building technologies and emphasizes the
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importance of occupant behavior in the successful implementation of
energy-efficient strategies. Labaran et al. [65] examine the factors
influencing the adoption of energy-efficient practices in buildings, with
a particular focus on barriers and facilitators in the context of achieving
NZEB. It discusses the role of government policies, design standards, and
incentives in promoting energy conservation in the building sector. The
study highlights the importance of integrating innovative technologies,
such as IoT and automation systems, to enhance energy monitoring and
conservation in ZEBs.

Kalbasi and Afrand [127] assess the effectiveness of phase change
materials (PCM) and thermal insulation in reducing energy demand in
zero-carbon-ready buildings. Their study uses CFD-based techniques to
compare the thermal behavior of walls with PCM, insulation, or a
combination of both in different climates. The results indicate that PCM
is more effective in warmer climates for cooling, while insulation per-
forms better in colder climates. The study concludes that combining
PCM with insulation results in a more energy-efficient building, espe-
cially in hot regions, where the cooling load can be reduced to zero. This
research is important for advancing materials science in the context of
energy-efficient building design and decarbonization.

The reviewed studies in this theme advance the understanding of
ZEBs operate and how their performance can be optimized to meet
environmental sustainability goals. They emphasize the critical role of
energy-efficient measures, renewable energy technologies, and energy
management systems in reducing buildings’ energy consumption and
achieving net-zero energy status. Furthermore, the studies underscore
the importance of integrating advanced monitoring and optimization
tools, such as those provided by DTs, to ensure that ZEBs continue to
perform efficiently over time. This includes real-time data analytics,
predictive maintenance, and operational optimization to enhance en-
ergy management and contribute to climate mitigation strategies. The
studies further explore how technologies such as AI, machine learning,
and BIM can enhance the integration of renewable energy systems such
as solar photovoltaics, wind turbines, and heat pumps within ZEBs.
Combining these elements, the studies lay the groundwork for a future
where UDTs and ZEBs work in synergy to foster sustainable urban
environments.

6.1.2.2. Digital twins and zero energy buildings. Arsiwala et al. [32]
introduce a DT solution that integrates IoT, BIM, and AI to automate the
monitoring and control of carbon dioxide emissions from operational
assets, aiming to contribute to net-zero targets in buildings. A practical
application is showcased through a real-life use case, which illustrates
the system’s capability to enhance facility management by visualizing
critical spatial data for indoor air quality monitoring and employing AI
to predict emissions. The results are presented via an interactive dash-
board that supports stakeholders in managing emissions and making
informed, data-driven retrofitting decisions. This study marks a signifi-
cant step towards employing DTs in monitoring emissions and
advancing towards net zero targets in existing assets in the built envi-
ronment. Expanding on this, Ferdaus et al. [33] explore how advanced
technologies such as AI, DTs, and blockchain play an important role in
transitioning towards a net-zero energy future. The study identifies the
primary challenges in implementing these technologies and offers so-
lutions for their adoption, focusing on their impact on energy manage-
ment and renewable energy integration. The study also highlights the
importance of continued research to refine these technologies for better
integration with traditional power systems and to overcome existing
barriers to their widespread implementation.

Furthermore, Chen et al. [128] investigate the use of DT technology
in modeling and simulating smart city environments to optimize energy
usage, with an emphasis on renewable energy integration. The study
focuses on using a combination of machine learning (GRU) and Ant
Colony Optimization (ACO) to effectively manage energy distribution
within smart cities. The integration of DTs in the optimization process

highlights the potential for simulating energy use scenarios, offering a
holistic approach to achieving net-zero energy and improving the sus-
tainability of urban environments. Wang et al. [129] specifically focus
on the role of DTs in optimizing energy management within smart
buildings. They explore how DTs can be integrated into microgrids to
manage renewable energy sources and reduce carbon emissions, thereby
enhancing energy efficiency in urban environments. The study in-
troduces innovative methods that combine AI, machine learning, and
multi-objective optimization techniques to optimize the performance of
renewable energy systems, such as solar and wind, in these microgrids.
This approach underscores the potential of DTs in managing energy
flows and achieving net-zero emissions goals in smart buildings.

While Wang et al. [129] narrow the focus to smart buildings, Alnaser
et al. [23] expand the application of AI-driven DTs by exploring their
integration with IoT to optimize energy use and foster sustainability, not
just in smart buildings, but across broader urban environments, sup-
porting zero-energy buildings and enhancing overall energy manage-
ment. The study identifies the potential of AI and DTs in creating smart
cities and emphasizes the role of data-driven strategies to improve en-
ergy efficiency and resilience, thus supporting the broader goals of
sustainable urban development.

Shen et al. [130] present a conceptual framework for integrating BIM
and DT technologies to support the development of net-zero-carbon
buildings throughout their entire life cycle. The study highlights a crit-
ical gap in the current decision-making process, emphasizing the lack of
a standardized data integration approach to support carbon emissions
reduction and environmental sustainability. The proposed framework
aims to create a comprehensive computational model that incorporates
key decision variables by combining BIM for building information rep-
resentation wit DTs for real-time monitoring. These variables enable
more informed decision-making for the operational management of net-
zero-carbon buildings. The research emphasizes the importance of
integrating BIM and DT to create a standardized system for supporting
decision-making processes throughout the building’s life cycle, with the
goal of advancing the transition to sustainable, low-carbon buildings.

Kaewunruen et al. [34] focus on applying DT technology to evaluate
and enhance the energy performance of existing buildings to meet NZEB
standards. Using a combination of BIM and DT simulations, the study
investigates the feasibility of applying renewable energy technologies to
existing buildings. The study offers a practical approach to improving
energy efficiency in older buildings by providing a detailed evaluation of
renewable solutions and their impact on energy savings, promoting the
integration of digital twins for energy management and operation and
maintenance (O&M). Emphasizing the latter, Liu et al. [35] propose a
DT model for NZEB O&M by integrating BIM and IoT. The study focuses
on the use of DTs to manage data across the O&M phase, enhancing the
efficiency of energy management systems. It shows how digital twins
can optimize energy performance and automate feedback loops for
operational control, improving the overall maintenance and perfor-
mance of NZEBs. This research highlights the importance of integrated
data for achieving operational excellence in NZEBs. In relation nZEBs,
the study by Zhao et al. [38] looks into leveraging DT technology and
BIM to evaluate retrofitting schemes for existing buildings to achieve
nearly nZEB. Through a 3D laser scanning approach, the study develops
a Building Energy Model (BEM) to assess the feasibility of implementing
renewable energy systems, particularly solar photovoltaics, in reducing
energy consumption and carbon emissions. The case study demonstrates
a 14.1 % reduction in energy costs, a 24.13 % increase in solar energy
generation, and a substantial decrease in CO2 emissions, highlighting
the potential of DT to optimize energy performance and integrate
renewable energy in the retrofitting process.

Regarding the use of DT technology for energy optimization in
various urban infrastructures, Agostinelli et al. [31] examine the
transformation of port areas into Zero Energy Districts (ZEDs), focusing
on the application of DTs for energy management in port infrastructures.
The study explores how DTs can enhance the management and
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sustainability of port areas by integrating renewable energy sources,
including solar and wind, and utilizing open-source tools for energy
optimization. It provides a practical example of how DT technology can
optimize energy efficiency and contribute to energy self-sufficiency,
paving the way for sustainable urban infrastructure projects.

The key insights derived from this theme demonstrate the increasing
role of DT technology in enhancing energy management and perfor-
mance optimization of ZEBs. The integration of DTs with other tech-
nologies like AI, IoT, and BIM allows for real-time monitoring,
predictive maintenance, and improved decision-making throughout the
building’s lifecycle. DTs are particularly effective in managing energy
consumption, optimizing the integration of renewable energy sources,
and reducing carbon emissions. Furthermore, they enable better man-
agement of O&M processes, leading to more efficient energy perfor-
mance in both new and existing buildings. They also support the
transition to net-zero-carbon buildings by offering data-driven insights
that enhance the scalability of energy-saving solutions. In addition, they
play a key role in retrofitting existing buildings and transforming urban
areas into more sustainable, energy-efficient environments. The studies
highlight the potential of DTs to bridge the gap between theoretical
models and real-world energy performance, offering a comprehensive
tool for achieving the environmental objectives of sustainable
development.

6.1.2.3. Zero energy buildings and sustainable smart cities. Komninos
[41] explores the concept of NZEDs as a key component of smart-green
cities. The author discusses the potential of NZEDs to decentralize en-
ergy production and reduce carbon emissions through the integration of
renewable energy technologies and smart city systems. The study out-
lines a model to assess the feasibility of transitioning urban districts to
NZEDs, focusing on the local production of renewable energy and the
integration of nature-based solutions. This research supports the
development of sustainable urban systems by showing how NZEDs can
contribute to carbon–neutral cities, aligning with the goals of ZEBs in
reducing environmental impacts.

Mohammed et al. [36] evaluate the global adoption of ZEB tech-
niques, focusing on residential buildings. The study presents a system-
atic analysis of over 40 residential buildings worldwide, assessing their
technical details and performance. It highlights solar PV as the most
commonly used renewable energy source for ZEBs and discusses the
importance of advanced cooling technologies and heat pumps in warmer
climates. It also stresses the role of building envelopes and thermal
ventilation in achieving energy efficiency, particularly in cold climates.
It underscores the critical technologies and strategies necessary for
shaping sustainable cities by analyzing the global activities surrounding
ZEBs. Expanding on this practical endeavor, Mitsopoulos et al. [40]
explore the role of advanced PV technologies in achieving ZEBs across
different climate conditions. It specifically investigates various cooling
techniques integrated with PVs, such as radiative PV cells, externally
finned PVs, and phase-change materials (PCMs). These innovations are
compared with conventional PV designs for buildings in cities with
varied climates, including Athens, Barcelona, Munich, and Stockholm.
The results show that ZEBs can be achieved in all locations with the use
of roof PVs, with BIPVs (building-integrated photovoltaics) added in
colder climates. The study highlights that PV cooling techniques,
particularly externally finned PVs, offer significant improvements in
energy generation, especially in warmer climates. The findings also
suggest that the adoption of PCM is most beneficial in hot climates. This
research lays the foundation for designing ZEBs by optimizing PVs to
meet energy demand and exceed it in certain climates, providing valu-
able insights for integrating energy-efficient technologies into sustain-
able urban environments.

Additionally, Alagar and Thirumal [39] discuss a hybrid energy
system combining PV panels, wind energy, diesel generators, and bat-
teries, designed for ZEBs. The study uses HOMER software to simulate

energy production and consumption for a residential building in the
region. The findings highlight the potential of hybrid systems in
reducing carbon emissions and achieving energy self-sufficiency. The
study also emphasizes the environmental benefits of integrating
renewable energy sources, contributing to the overall sustainability of
ZEBs in smart cities.

Zhuang et al. [30] propose a framework for making urban areas more
sustainable through the development of smart cities. The study high-
lights the need for efficient energy consumption and the role of
renewable energy systems in urban buildings. It introduces an innova-
tive hybrid heating and cooling system powered by solar and wind en-
ergy, optimized using a deep-learning-based NARX-ANN model. The
research emphasizes the importance of integrating smart control sys-
tems to optimize energy usage in buildings, contributing to the sus-
tainability of smart cities. The findings support the feasibility of using
advanced technologies such as AI and machine learning to improve
energy efficiency in ZEBs.

Bibri [60] propose a novel framework for assessing ZEBs using DT
technology. The authors argue that current energy efficiency certifica-
tions often overlook critical factors such as occupant comfort, leading to
a “building performance gap.” The study proposes integrating DTs into
the ZEB rating system to enhance the accuracy of energy consumption
assessments and improve building performance. DTs provide dynamic
insights that help bridge the gap between theoretical models and actual
building performance by incorporating real-time data on energy con-
sumption, occupant comfort, and system efficiency. The framework of-
fers a holistic approach to designing energy-efficient, climate-resilient
buildings aligned with the principles of sustainable smart cities. This
study emphasizes the role of DTs in promoting coordinated, real-time
urban management solutions that enhance the performance and sus-
tainability of ZEBs, contributing to more resilient smart cities.

From a critical perspective, Uspenskaia et al. [42] investigate the
challenges and barriers to the adoption of net-zero/positive energy
buildings and districts within a smart city project. The authors empha-
size the difficulty of replicating successful solutions across different
cities due to varying historical, geographical, political, and economic
contexts. They argue that the scaling up of low-carbon solutions requires
a profound understanding of replication modeling and multi-
dimensional representation of these solutions. The study provides in-
sights into how smart city projects can overcome the challenges of
replication and scale-up, contributing to the broader adoption of ZEBs in
sustainable urban development.

The studies in this theme highlight the role of ZEBs and NZEDs in
driving sustainable urban development. Key insights include the inte-
gration of renewable energy systems, such as solar PV and wind, for
achieving ZEB goals, and the use of innovative technologies such as DTs
and AI for optimizing energy use. Moreover, challenges related to
scaling ZEBs across diverse urban environments are highlighted,
emphasizing the need for robust replication models and data-driven
strategies. The research collectively demonstrates how these technolo-
gies enhance energy efficiency and reduce carbon emissions, contrib-
uting to the broader goal of climate-resilient, sustainable smart cities.

In conclusion, combining the three themes associated with RQ 1, the
research related to theme 1 is the most extensive, with numerous studies
addressing various facets of ZEB technologies, energy efficiency, and
integration strategies in the rapidly evolving landscape of sustainable
smart cities. Theme 2, while more concentrated, has a smaller number of
studies compared to theme 1. In contrast, theme 3 remains notably
underexplored, with fewer studies addressing the integration of UDTs
and ZEBs. This limited body of research in both themes 2 and 3,
particularly in review studies, underscores a critical gap in the literature.
The relative scarcity of studies in theme 3 is especially significant in
relation to RQ 1, highlighting the need for further in-depth research into
the synergies between UDTs and ZEBs to advance climate change miti-
gation and sustainable urban development goals. Notably, this area re-
mains almost entirely absent from the current scholarly landscape,
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particularly in the context of review studies, which further emphasizes
the importance of addressing this gap in future research efforts. While
considerable progress has been made in exploring and understanding
each technology independently, the integration of UDTs and ZEBs pre-
sents an emerging area for scholarly exploration.

6.2. A novel framework for integrating urban digital twins and zero
energy buildings for advancing climate change mitigation goals in
sustainable smart cities

6.2.1. Main indicators of urban digital twins and zero energy buildings
This subsection provides an overview of the scholarly landscape in

the interdisciplinary field of sustainable smart cities, based on the 104
reviewed studies that have been categorized into six distinct themes. The
specific indicators of UDTs and ZEBs are derived from the synthesis of
these studies, as described in Tables 2 and 3. These main indicators act
as key benchmarks for understanding and evaluating the effectiveness of
UDT and ZEB technologies in promoting environmentally sustainable
development practices in smart cities. They are essential for assessing
the broader impact of these technologies on urban systems and infra-
structure efficiency, as well as guiding public policy to support climate
change mitigation efforts.

This overview highlights the significant role that ZEBs and UDTs play

in promoting sustainable development practices and climate change
mitigation efforts in smart cities. ZEBs and UDTs contribute to the
broader environmental goals of urban sustainability based on the
interrelated indicators presented in Tables 2 and 3. These insights
advocate for enhanced interdisciplinary collaboration to further opti-
mize these integrations, ensuring that smart cities evolve into sustain-
able ecosystems capable of addressing contemporary and future
challenges effectively.

6.2.2. Categorization of six themes based on their focus and in relation to
the operational, technical, and performance indicators of urban digital twins
and zero energy buildings

There are two themes related to ZEBs: (1) ZEBs and (2) ZEBs and
Smart Cities. The literature under theme 1 focuses on ZEBs as a critical
solution for reducing energy consumption and minimizing carbon
emissions. Studies highlight advancements in energy-efficient building
designs, renewable energy integration, and the use of smart technologies
to optimize energy usage. The key discussions emphasize how ZEBs
create buildings that balance energy needs with environmental sus-
tainability. Moreover, theme 1 provides direct insights into the perfor-
mance indicators of ZEBs. It highlights how these indicators measure the

Table 2
Main technical and operational performance indicators of Urban Digital Twins.

Indicators Description

Real-time Energy Monitoring
and Management

One of the primary benefits of UDTs in relation to
ZEBs is the ability to monitor and manage
building energy use in real-time. UDTs enable the
precise tracking of energy production,
consumption, and waste. This allows for
immediate adjustments in building operations to
maximize energy efficiency and ensure the
building maintains its zero energy status over
time.

Predictive Maintenance and
Operational Efficiency

UDTs can use predictive analytics to forecast
future building needs and operational issues. This
includes predicting HVAC system failures before
they occur or identifying areas where energy
inefficiency is likely to develop. Addressing these
issues proactively enable buildings to maintain
optimal energy performance, reduce downtime,
and extend the lifespan of critical systems, all of
which contribute to sustained zero energy
performance.

Integration of Renewable
Energy Sources

UDTs enhance the integration of renewable
energy sources with building operations by
optimizing when and how energy is used based on
availability and demand. For example, a DT can
manage the use of stored solar energy during peak
demand periods or shift non-essential loads to
times when solar power is most abundant,
enhancing the building’s overall energy balance.

Optimization of Building
Design and Retrofitting

UDTs can simulate various scenarios to determine
the most effective designs or retrofits for energy
efficiency. This can include the optimal placement
of solar panels, the best materials for insulation, or
the most effective building orientation for
maximum energy conservation and generation.
UDTs help in making informed decisions that
align with zero energy and climate mitigation
goals by modeling these scenarios.

Carbon Footprint Analysis and
Reduction

UDTs can calculate the carbon footprint of a
building in real-time, considering factors like
energy sources, building materials, and
operational practices. This capability allows for
ongoing assessment and strategic adjustments to
minimize carbon emissions, directly contributing
to climate mitigation efforts. Moreover, UDTs can
integrate external data such as grid carbon
intensity to make dynamic adjustments in
building operations to minimize carbon output.

Table 3
Main performance indicators of Zero Energy Buildings.

Indicators Description

Energy Efficiency This is a primary indicator of a ZEB’s performance.
Energy efficiency measures how well a building
uses energy to perform necessary functions such as
heating, cooling, and lighting, compared to
standard buildings. Effective insulation, high-
performance windows, and energy-efficient HVAC
systems are examples of factors that contribute to a
building’s energy efficiency. A building’s ability to
minimize energy waste is critical for reaching zero
energy status.

Renewable Energy
Generation

The ability of ZEBs to generate their own energy
from renewable sources is a key indicator. This
typically involves on-site renewable energy systems
such as solar photovoltaic panels, wind turbines, or
geothermal energy solutions. The proportion of
energy generated versus the building’s total energy
consumption is crucial; ideally, the building
produces enough energy on-site to meet its
operational needs over a year.

Carbon Emissions The net carbon emissions of a building, taking into
account both emissions produced and emissions
offset by renewable energy generation, is a key
metric. ZEBs aim to have net-zero carbon emissions,
making this a critical indicator of their effectiveness
in mitigating climate change.

Building Envelope
Performance

The performance of a building envelope (the barrier
between indoor and outdoor environments,
including walls, roof, and foundation) is crucial for
minimizing energy loss. Effective building
envelopes reduce the need for artificial heating and
cooling, thus decreasing the building’s energy
demand and contributing to its zero energy status.

Water Efficiency and
Sustainable Materials Use

While primarily aimed at energy performance, ZEBs
often incorporate broader sustainability measures
such as water efficiency and sustainable material
usage. The first indicator measures how effectively
a building uses water resources, including its
capacity for water conservation, wastewater
treatment, and the use of rainwater harvesting
systems. The second indicator focuses on selecting
building materials with low environmental impact,
recycled content, and low carbon footprints to
reduce the embodied carbon of a building and
supports its environmental sustainability. Both
practices reduce the building’s overall
environmental footprint, supporting broader
climate mitigation goals by conserving natural
resources and reducing waste.
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effectiveness of ZEBs in mitigating climate change and optimizing en-
ergy performance.

Regarding theme 2, smart cities integrate ZEBs into the broader
urban infrastructure, with an emphasis on enhancing energy efficiency
through connected building systems. This theme explores how ZEBs, as
part of smart cities, improve energy performance in individual buildings
and contribute to the overall sustainability of urban environments.
Discussions focus on how smart grids and automated management sys-
tems help ZEBs operate more effectively within the urban energy
framework, promoting sustainability at a city-wide scale. In addition,
theme 2 connects ZEBs to the environmental indicators of urban sus-
tainability, while emphasizing their contribution to climate change
mitigation and sustainable development in smart cities.

Themes related to UDTs are 1) DTs for Building and Energy Man-
agement in Smart Cities, 2) DTs and Building Energy Efficiency, and 3)
DTs and Sustainable Smart Cities. Concerning theme 1, UDTs play a
critical role in managing building and energy systems in smart cities.
This theme explores how UDTs facilitate the integration of renewable
energy sources, optimize energy usage, and enable real-time monitoring
across various types of buildings. It mainly pertains to UDT-specific in-
dicators such as real-time energy monitoring and management, predic-
tive maintenance, operational efficiency, and carbon footprint analysis.

Theme 2 examines how UDTs are employed to optimize energy ef-
ficiency across various building types. UDTs provide dynamic insights
that help in making informed decisions about energy use, building
design, and systems integration. The literature under this theme high-
lights the potential of UDTs to enhance building performance and reduce
energy consumption. Theme 2 relates more or less to UDT-specific
indicators.

Theme 3 emphasizes the broader impact of UDTs on urban sustain-
ability, particularly in their role in real-time monitoring, urban system
optimization, and environmental sustainability in sustainable smart
cities. It highlights how UDTs can manage energy systems effectively on
a city-wide scale, optimizing energy distribution and improving opera-
tional efficiency. By utilizing UDTs, sustainable smart cities can create
more efficient urban systems that reduce their carbon footprints and
support environmental sustainability goals. Furthermore, the integra-
tion of UDTs with urban planning enhances the adaptability of cities to
climate change, fostering the development of energy-efficient urban
environments. On the other hand, Theme 2 directly and indirectly ad-
dresses various UDT-specific indicators based on the applied domains,
showcasing how these technologies contribute to sustainable urban
development.

The only theme that directly addresses both ZEBs and UDTs is “DTs
and ZEBs.” This theme explicitly focuses on the integration of UDTs with
ZEBs to enhance energy efficiency, renewable energy generation, carbon
emissions reduction, water management, and material usage. It em-
phasizes how real-time data analytics, predictive maintenance, and
operational optimization through UDTs can significantly improve the
operational performance and energy management of ZEBs. This inte-
gration is essential for maximizing the combined impact of both tech-
nologies in the context of sustainable smart cities. Discussions focus on
how UDTs monitor and adjust energy use within ZEBs, ensuring their
long-term efficiency, resilience, and sustainability. Given its dual focus
on both technologies, this theme relates to all relevant indica-
tors—technical, operational, and performance—demonstrating the ho-
listic role of UDTs in optimizing ZEBs.

6.2.3. Relevance of six themes to answering RQ 2
As regards the relevance of the themes to answering RQ 2, the first

theme related to ZEBs informs RQ 2 by defining the core characteristics
of ZEBs, which are essential for developing a framework that integrates
ZEBs and UDTs. ZEBs’ need for optimized energy management and real-
time adjustments aligns directly with UDT capabilities. Understanding
ZEB functional characteristics and performance indicators helps estab-
lish the requirements for UDT integration to ensure ZEBs can meet

climate change mitigation goals in smart cities. The second theme
related to ZEBs helps explain how emerging advanced technology so-
lutions can be integrated with ZEBs to improve energy management and
contribute to carbon reduction strategies in smart cities. This sets the
stage for developing a framework that aligns ZEBs with UDTs in the
context of urban sustainability.

The first theme related to UDTs provides insights into how UDTs can
be utilized to optimize building and energy management in smart cities.
It directly contributes to RQ2 by demonstrating how UDTs enhance
operational performance and energy management within the smart city
framework. The second theme highlights UDTs’ capacity to optimize
energy efficiency in buildings, which is crucial for integrating UDTs with
advanced systems like ZEBs. This theme informs RQ2 by illustrating how
UDTs can manage energy use and improve the operational efficiency of
energy systems. The third theme expands on the broader role of UDTs in
managing energy systems across urban environments. Its relevance to
RQ2 lies in its explanation of how UDTs can be applied to urban energy
systems, ensuring optimal performance in terms of energy generation,
consumption, and sustainability across the larger smart city ecosystem.

The sole theme that directly relates to both ZEBs and UDTs is highly
relevant to RQ2, as it emphasizes the synergy between these two tech-
nologies. It underscores how UDTs enhance ZEB performance through
their computational and analytical capabilities. This integration is
essential for developing a framework that combines UDTs and ZEBs to
effectively achieve climate change mitigation goals and optimize sus-
tainable energy management in smart cities.

6.2.4. Tabulated analysis and synthesis
This subsection presents a tabulated analysis of how UDTs and ZEBs

are addressed across 103 articles, organized around three comprehen-
sive tables. Table 4 outlines the topics discussed in these articles,
providing a foundational overview for the following detailed syntheses.
Table 5a presents a synthesis of the relevant body of work in relation to
the five performance indicators of ZEBs in response to climate change
mitigation, compared to the topics discussed in this work. Table 5b
synthesizes the relevant body of work as related to the five technical and
operational indicators of UDTs in response to climate change mitigation,
compared to the topics discussed in this work. These two tables serve to
contextualize the literature within the 6 distinct themes identified. This
tabulated analysis and synthesis aims to highlight the integrated roles
and functions of UDTs and ZEBs in enhancing the environmental sus-
tainability of smart cities.

The analysis of themes and indicators provides valuable insights into
the synergistic relationship between UDTs and ZEBs in sustainable smart
cities. These findings contribute to developing a comprehensive frame-
work that effectively integrates UDTs with ZEBs, maximizing their col-
lective impact on climate change mitigation and the development of
zero-energy, low-carbon urban ecosystems. This synthesis emphasizes
the need for continued interdisciplinary collaboration and innovation to
fully leverage the potential of UDTs and ZEBs, transforming urban
spaces into sustainable, resilient, and energy-efficient environments.

6.2.5. Synergistic integration of ZEBs and UDTs
ZEBs and UDTs complement and enhance each other by leveraging

their unique capabilities to optimize urban sustainability efforts. The
integration of ZEBs with UDTs significantly amplifies their potential, as
UDTs provide real-time data analytics, predictive maintenance, and
system optimization, which enable dynamic adjustments in ZEB opera-
tions. This synergy allows for more efficient energy management and
enhanced adaptability of ZEBs to fluctuating environmental conditions.
Moreover, UDTs offer a comprehensive, city-wide perspective, ensuring
that ZEBs operate in harmony with broader urban infrastructure and
energy systems, enhancing their overall contribution to sustainable
smart cities. On the flip side, ZEBs enhance UDT functionalities by
providing them with valuable real-time operational data, which en-
riches their predictive accuracy. ZEBs generate vast amounts of real-
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Table 4
Topics discussed in selected 103 articles.

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

Theme 1: Zero Energy Buildings
1 [53] A Comprehensive

Review on
Technologies for
Achieving Zero- Energy
Buildings

✓ 1- Key
Technologies for
Achieving Zero
Energy Buildings

2 [67] Recent progress in Net-
Zero-Energy buildings
in Tropical Climates: A
review of the
challenges and
opportunities.

✓ 2- Net Zero Energy
Buildings in
Tropical Climates

3 [69] Systematic review of
solar techniques in zero
energy buildings.

✓ 3- Solar
Techniques to
achieve Zero
Energy Buildings

4 [66] Towards Zero: A
Review on Strategies in
Achieving Net-Zero-
Energy and Net-Zero-
Carbon Buildings.

✓ 4- Strategies of Net
Zero Energy and
Net Zero Carbon
Buildings

5 [65] Towards net zero
energy buildings: A
review of barriers and
facilitators to the
adoption of building
energy efficiency
practices

✓ 5- Implementing
Energy Efficiency
Practices Toward
Net Zero Energy
Buildings

6 [64] Concept of net zero
energy buildings
(NZEB)-A literature
review

✓ 6- Concept of Net
Zero Energy
Buildings

7 [122] Residents’ Perceptions
of a Smart Technology
Retrofit Towards
Nearly Zero-Energy
Performance

✓ 7- Smart
technologies to
achieve Nearly
Zero-Energy
Performance.

8 [68] A bibliometric review
of net zero energy
building research
1995–2022

✓ 8- Net Zero Energy
Building

9 [124] Residential net-zero
energy buildings:
Review and perspective

✓

10 [70] A review on zero
energy buildings – Pros
and cons

✓ 9- Zero Energy
Building

11 [63] Smart buildings
features and key
performance
indicators: A review

✓ 10- Smart
Buildings Features
and Key
Performance
Indicators

12 [132] Enhancing the
performance of zero
energy buildings with
boosted coyote
optimization and
Elman neural networks

✓ 11- Zero Energy
Building using a
combination of
Coyote
Optimization and
Elman Neural
Networks

13 [120] Assessment of the
renewable energy
generation towards net-
zero energy buildings:
A review

✓ 12- Net Zero
Energy Buildings
and Renewable
Energy Generation

14 [123] Measured performance
of energy efficiency
measures for zero-

✓ 13- Zero Energy
Buildings and

Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

energy retrofitting in
residential buildings

Energy Efficiency
Measures.

15 [127] Which one is more
effective to add to
building envelope:
Phase change material,
thermal insulation, or
their combination to
meet zero-carbon-ready
buildings?

X 14- Building
Envelope and Zero
Carbon − ready
Buildings

16 [121] LCA of net-zero energy
residential buildings
with different HVAC
systems
across Canadian
climates: A BIM-based
fuzzy approach

✓ 15- Net Zero
Energy Buildings
and Building Life
Cycle across
Canadian Climates
conditions

17 [51] Net Zero Energy Cost
Building system design
based on Artificial
Intelligence

✓ 16- Net Zero
Energy Cost
Building and
Artificial
Intelligence.

18 [119] Data-driven prediction
and optimization
toward net-zero and
positive-energy
buildings: A systematic
review

✓ 17- Net Zero and
Positive Energy
Buildings

19 [125] Research on parametric
design method of solar
photovoltaic utilization
potential of nearly zero-
energy high-rise
residential building
based on genetic
algorithm

✓ 18-Nearly Zero
Energy Building
and Solar
Photovoltaic
based on Genetic
Algorithm.

20 [126] Enhancing Zero-Carbon
Building Operation and
Maintenance: A
Correlation-Based Data
Mining Approach for
Database Analysis

X 19- Operation and
Maintenance of
Zero Carbon
Building

Theme 2: Zero Energy Buildings and Digital Twins
21 [31] Renewable energy

system controlled by
open-source tools and
Digital Twin model:
Zero energy port area in
Italy.

✓ 20- Zero Energy
Port Area and
Digital Twin
Model

22 [32] Digital twin with
machine learning for
predictive monitoring
of CO2 equivalent from
existing buildings

✓ 21- Digital Twin
with machine
learning for
Predicative
Monitoring and
control of CO2.

23 [133] Microgrids energy
management
considering net-zero
energy concept: The
role of renewable
energy landscaping
design and IoT
modeling in digital
twin realistic simulator

✓ 22– Digital Twin
Simulation for
Energy
Management in
Net Zero Energy

24 [33] Digital technologies for
a net-zero energy
future: A
comprehensive review

✓ 23– Digital
Technologies for A
Net-Zero Energy

(continued on next page)
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Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

25 [34] A digital-twin
evaluation of net zero
energy building for
existing buildings.

✓ 24- A Digital-Twin
Evaluation of Net
Zero Energy
Buildings

26 [35] Development and
application of a digital
twin model for Net Zero
Energy Building
operation and
maintenance utilizing
BIM-IoT integration

✓ 25- Digital Twin
Model for Net Zero
Energy Building
Operation and
Maintenance

27 [134] Hybrid approach for
digital twins in the built
environment

✓ 26- Digital Twin in
Built Environment

28 [38] Digital-twin-based
evaluation of nearly
zero-energy building
for existing buildings
based on scan-to-BIM

✓ 27- Digital-Twin-
Based Evaluation
of Nearly Zero-
Energy Building

29 [23] AI-Powered Digital
Twins and Internet of
Things for Smart Cities
and Sustainable
Building Environment

✓ 28- Digital Twin
Powered by AI &
IoT for Smart
Cities and
Sustainable
Building
Environment

30 [128] Carbon peak control for
achieving net-zero
renewable-based smart
cities: Digital twin
modeling and
simulation

✓ 29- Digital Twin
modeling and
simulating for Net
Zero renewable-
based in Smart
Cities

31 [130] Development of a
Framework to Support
Whole-Life-Cycle Net-
Zero-Carbon Buildings
through Integration of
Building Information
Modelling and Digital
Twins

✓ 30- Digital Twins
Technologies for
The Whole Life
Cycle of Net Zero
Carbon Buildings

Theme 3: Zero Energy Buildings and Sustainable Smart Cities
32 [42] Challenges and barriers

for net- zero/positive
energy buildings and
districts—empirical
evidence from the
smart city project
SPARCS.

✓ 31- Net Zero/
Positive Energy
Buildings and
districts in smart
cities in Smart
cities

33 [39] Stand alone PV-wind-
DG-battery hybrid
energy system for zero
energy buildings in
smart city Coimbatore,
India

✓ 32– Hybrid Energy
Resources for Zero
Energy Buildings
in Smart Cities

34 [28] Net Zero Energy
Districts: Connected
Intelligence for Carbon-
Neutral Cities

✓ 33– Net-Zero
Energy Districts to
achieve Carbon-
Neutral Cities

35 [36] Towards Sustainable
Cities: A Review of Zero
Energy Buildings
Techniques and Global
Activities in Residential
Buildings.

✓ 34- Zero Energy
Buildings
Techniques in
Achieving and
Promoting
Sustainable Cities.

36 [30] Sustainable smart city
building construction
methods

X 35- Sustainable
smart city in
Building
Construction
Methods

Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

37 [40] Innovative
photovoltaic
technologies aiming to
design Zero-Energy
buildings in different
climate conditions

✓ 36- Zero Energy
Buildings and
Photovoltaic
technologies in
different climate
conditions

38 [12] Leveraging Digital
Twins for Zero-Energy
Building Ratings in
Sustainable Smart
Cities: A
Comprehensive Review
and Novel Framework

✓ 37- Zero Energy
Building Rating
and Digital Twins
in Sustainable
Smart Cities

Theme 4: Digital Twins for Building and Energy Management in Smart Cities
39 [61] Empowering smart

cities with digital twins
of buildings:
Applications and
implementation
considerations of data-
driven energy
modelling in building
management

✓ 38- Digital Twins
for Building
Management in
Smart Cities

40 [135] Integrated blockchain
and Digital Twin
framework for
sustainable building
energy management.

✓ 39- Digital Twin
Framework for
Sustainable
Building Energy
Management

41 [136] Development and
application of digital
twin technology for
integrated regional
energy systems in smart
cities

✓ 40- Digital Twin
technology in
integrated
regional energy
systems for smart
cities

42 [137] Smart landscaping
design for sustainable
net-zero energy smart
cities: Modeling energy
hub in digital twin

✓ 41- Digital Twin
Technology to
Optimize Energy
Hubs in Net-Zero
Energy Smart
Cities.

43 [62] Digital twins for
intelligent green
buildings

✓ 42- Integration of
Digital Twin
technology into
Intelligent Green
Buildings

44 [138] Smart Cities Net Zero
Planning considering
renewable energy
landscape design in
Digital Twin

✓ 43- Utilizing
Digital Twin
Technology in
Smart Cities & Net
Zero Planning

45 [139] Integrated
management of urban
resources toward Net-
Zero smart cities
considering renewable
energies uncertainty
and modeling in Digital
Twin

✓ 44- Integration of
Digital Twin in
Energy
Management
Towards Net Zero
Smart Cities

46 [140] Digital twins for
sustainable design and
management of smart
city buildings and
municipal
infrastructure

✓ 45- Digital Twins
for Sustainable
Design,
management, and
optimization in
Smart City

47 [141] Integration of an
energy management
tool and digital twin for
coordination and

✓ 46- Digital Twin
and Energy
Management

(continued on next page)
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Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

control of multi-vector
smart energy systems.

48 Francisco
and Taylor
[142]

Smart city digital
twin–enabled energy
management: Toward
real-time urban
building energy
benchmarking

✓ 47- Digital Twin,
Smart Cities and
Real − Time
Energy
Management

Theme 5: Digital Twins and Building Energy Efficiency
49 [143] Building performance

simulation in the brave
new world of artificial
intelligence and digital
twins: A systematic
review.

✓ 48- Digital Twin
and AI in Building
Performance.

50 [55] Cyber-physical systems
improving building
energy management:
Digital twin and
artificial intelligence

✓ 49- Digital Twin,
Cyber-Physical
Systems and AI in
Building Energy
Management

51 [47] Digital twin technology
for thermal comfort and
energy efficiency in
buildings: A state-of-
the-art and future
directions

✓ 50- Digital Twin
and Energy
Efficiency

52 [44] Digital Twins’
Applications for
Building Energy
Efficiency: A Review.

✓

53 [46] A review of building
digital twins to improve
energy efficiency in the
building operational
stage

✓

54 [144] A digital twin
framework for
improving energy
efficiency and occupant
comfort in public and
commercial buildings

✓

55 [145] Digital twin-driven
approach to improving
energy efficiency of
indoor lighting based
on computer vision and
dynamic BIM

✓

56 [52] Deep learning for
assessment of
environmental
satisfaction using BIM
big data in energy-
efficient building
digital twins

✓

57 [146] Recent trends of digital
twin technologies in the
energy sector: A
comprehensive review

✓

58 [147] DanRETwin: A digital
twin solution for
optimal energy retrofit
decision-making and
decarbonization of the
Danish building stock

✓

59 [148] The Efficiency of
building Maintenance
Using Digital Twins: A
Literature review.

✓

Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

60 [77] Bibliometric Review of
building Material
Assessment for Energy
Efficiency in urban
Digital Twins.

✓

61 [149] Major opportunities of
digital twins for smart
buildings: a
scientmetric and
content analysis,

✓

62 [43] Digital Twins for
Reducing Energy
Consumption in
Buildings: A Review

✓ 51- Digital Twin
and Energy
Consumption

63 [150] Exploring the Benefits
and Limitations of
Digital Twin
Technology in Building
Energy

✓

64 [48] A Digital Twin for
Energy Consumption
Prediction and Thermal
Comfort Monitoring in
Residential Buildings

✓

65 [50] Digital Twin-Driven
Decision Making and
Planning for Energy
Consumption

✓

66 [151] Energy Consumption
Forecasting for the
Digital-Twin Model of
the Building

✓

67 [152] Continuous model
calibration framework
for smart-building
digital twin: A
generative model-based
approach.

✓

68 [153] BIM integration: How
BIM can be leveraged to
create digital twins of
buildings.

✓

69 [45] A comprehensive
review of digital twin
technology in building
energy consumption
Forecasting

✓

70 [154] Comparative
assessment of simple
and detailed energy
performance models for
urban energymodelling
based on digital twin
and statistical typology
database for the
renovation of existing
building stock

✓ 52- Energy
Performance and
Digital Twin

71 [155] Improving building
energy footprint and
asset performance
using digital twin
technology

✓

72 [156] Quality and accuracy of
digital twin models for
the neighborhood-level
building energy
performance
calculations

✓

(continued on next page)

S.E. Bibri et al.



Energy & Buildings 333 (2025) 115484

21

Table 4 (continued )

No.
Citations Titles
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Zero
Energy
Building
or Digital
Twin
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73 [157] Classifying the
operational energy
performance of
buildings with the use
of digital twins

✓

74 [158] Digital twin technology
for integrated energy
system and its
application

✓

75 [159] Digital twins: Creating
digital twins of
buildings can enable
the simulation and
optimization of
building systems and
operations.

✓

76 [160] Digital Twin in the
Design and Dynamic
Assessment of Energy
Performance of Multi-
Family Buildings

✓

77 [75] Uses of the digital twins
concept for energy
services, intelligent
recommendation
systems, and demand
side management: A
review

✓ 53- Digital Twin
and Energy
Services

78 [161] Digital twin-based
assessment framework
for energy savings in
university classroom
lighting

✓ 54- Digital Twin
and Energy
Management

79 [162] Digital Twin as energy
management tool
through IoT and BIM
data integration

✓

80 [163] Energy digital twin
technology for
industrial energy
management:
Classification,
challenges and future

✓

81 [72] A comprehensive
review on digital twins
for smart energy
management system

✓

82 [164] Creating Digital Twins
of Smart Buildings on
The Azure Digital
Twins Platform.

✓

83 [165] Reviewing applications
of digital twins in
building management
in response to the
Covid-19 pandemic.

✓

84 [71] From BIM to digital
twins: A systematic
review of the evolution
of intelligent building
representations in the
AEC-FM industry

✓ 55- Digital Twin
and Intelligent
Buildings

85 [166] Towards occupant-
driven district energy
system operation: A
digital twin platform
for energy resilience
and occupant well-
being

✓ 56- Digital Twin
and Energy
System Operation

Table 4 (continued )
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Energy
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86 [167] Digital twin: vision,
benefits, boundaries,
and creation for
buildings

✓ 57- Digital Twin
for Predictive
Maintenance

87 [168] Digital Twins &
Sustainability: A
Pathway to Building
Positive-Energy District

✓ 58- Digital Twin
and Sustainability
for Positive Energy
Districts

88 [169] Digital Twin for
Accelerating
Sustainability in
Positive Energy
District: A Review of
Simulation Tools and
Applications

✓

89 [73] A Systematic Review of
the Digital Twin
Technology in
Buildings, Landscape
and Urban
Environment from
2018 to 2024

✓ 59-Digital Twins
in Architecture,
Engineering, and
Construction
(AEC) industry

90 [74] Digital twin for
decarbonizing
operating buildings: A
systematic review and
implementation
framework
development.

✓ 60- Digital Twins
for Decarbonizing
Operation
Buildings

Theme 6: Digital Twins and Smart Sustainable Cities
91 [170] Digital twins for cities:

Analyzing the gap
between concepts and
current
implementations with a
specific focus on data
integration

✓ 61-Digital Twin
and Smart Cities

92 [118] A systematic review of
a digital twin city: A
new pattern of urban
governance toward
smart cities

✓

93 [171] Smart city based on
digital twins

✓

94 [112] Architecting smart city
digital twins: Combined
semantic model and
machine learning
approach.

✓

95 [92] Smart City Digital
Twins, 3D Modeling
and Visualization
Tools, and Spatial
Cognition Algorithms
in Artificial
Intelligence-based
Urban Design and
Planning

✓

96 [172] Navigating urban
complexity: The
transformative role of
digital twins in smart
city development

✓

97 [173] Urban “Digital Twins”
for smart cities and
citizens

✓ 62-Urban Digital
Twin and Smart
Cities

98 [110] Urban digital twins for
smart cities and
citizens: The case study

✓

(continued on next page)
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time data on energy usage, carbon emissions, and resource efficiency,
which feed directly into UDTs. These data exchange enhances the ability
of UDTs to simulate energy flows, optimize decision-making, and
improve long-term operational strategies. Furthermore, ZEBs offer
practical, real-world insights into the functioning of energy systems,
improving the relevance and precision of simulations used by UDTs in
designing energy-efficient urban environments. Thus, the integration of
ZEBs supports the operational optimization of UDTs and enhances their
capacity to predict, model, and plan. This interconnected approach
fosters a more robust and holistic framework for advancing the climate
change mitigation goals of sustainable smart cities.

6.2.6. A novel framework for integrating urban digital twins and zero
energy buildings in sustainable smart cities

6.2.6.1. Description of essential components and their relationships and
Interactions. Essential The novel framework introduced in this study
integrates UDTs with ZEBs to optimize their performance, enhance en-
ergy efficiency, boost renewable energy integration, and reduce carbon
footprints, thereby supporting climate change mitigation efforts in the
context of sustainable smart cities. This framework is designed to bridge
the gap between building-level energy management and larger urban
energy systems, addressing key sustainability challenges at both the

individual building and city-wide levels. While a single ZEB can be
energy-efficient, it contributes only a fraction of the city’s overall
environmental sustainability efforts. Connecting ZEBs to broader urban
systems, this framework maximizes their impact, improves energy
resilience across the city, and enables cities to make smarter, data-driven
decisions about their energy and resource management. Ultimately, the
framework ensures that ZEBs contribute to the overall smart city infra-
structure, promoting energy management, water conservation, material
efficiency, and carbon emissions reduction. The essential components of
this framework are outlined in Table 6.

In summary, ZEBs play a crucial role in reducing reliance on non-
renewable energy sources and minimizing greenhouse gas emissions.
UDTs further enhance their effectiveness and amplify their impact by
optimizing performance and driving climate change mitigation efforts.
This integrated approach is essential for achieving the ambitious goals of
environmentally sustainable urban development. Moving forward,
further research should focus on developing robust tools and method-
ologies that can facilitate the practical implementation of this frame-
work across diverse urban environments.

6.2.6.2. Visual representation of essential components and practical case
examples. The essential components of the integrated framework are
depicted in Fig. 6 based on Table 6. To better illustrate the practical
application of the integrated framework, the following case examples
demonstrate how the synergy between UDTs and ZEBs can optimize
energy management and contribute to climate change mitigation efforts
in sustainable smart cities. These examples highlight the real-world
integration of UDTs and ZEBs in different urban settings, showcasing
their combined potential to enhance energy efficiency, boost renewable
energy integration, reduce carbon emissions, and support the transition
to more sustainable, resilient urban environments.

Smart City with integrated UDTs and ZEBs for energy management:
In a sustainable smart city, UDTs are used to collect real-time data on
energy consumption, building performance, and renewable energy
generation from ZEBs. For instance, ZEBs equipped with solar photo-
voltaics and energy storage systems can generate and store renewable
energy. The UDTs continuously monitor the building’s energy produc-
tion and consumption patterns, while also assessing the environmental
impact of different energy sources. The UDTs can, by analyzing these
data, predict fluctuations in energy demand throughout the day and
automatically optimize energy usage. For example, during peak hours,
when energy demand is high, the UDT can redirect stored energy from
the ZEB’s batteries to power building operations, minimizing reliance on
the grid and reducing carbon emissions. The integration of these tech-
nologies ensures that the building operates efficiently, contributing to
the city’s overall climate change mitigation strategies, such as reducing
greenhouse gas emissions and enhancing energy resilience.

Integration for urban energy efficiency in mixed-use development:
In a mixed-use urban development with multiple buildings, UDTs inte-
grate with ZEBs to optimize city-wide energy usage. Each ZEB in the
development utilizes renewable energy solutions, such as wind turbines
and geothermal systems, to meet its energy needs. UDTs collect real-
time data across all buildings, measuring factors like energy consump-
tion, weather patterns, and the performance of renewable energy sys-
tems. When one of the buildings faces increased energy demand due to
external conditions like a heatwave, the UDTs can dynamically redis-
tribute energy from other buildings with excess capacity or stored en-
ergy, ensuring optimal energy efficiency across the development. In
addition, the UDTs provide predictive maintenance data, alerting
maintenance teams to potential issues with renewable energy systems or
energy storage units before they disrupt the building’s operations. UDTs
and ZEBs collectively contribute to the development’s sustainable en-
ergy practices, reducing operational costs, enhancing resilience, and
supporting the city’s overall climate action goals by enabling this pro-
active approach to energy management and system optimization.

Table 4 (continued )

No.
Citations Titles

Include
Zero
Energy
Building
or Digital
Twin

Topics Discussed
in the Selected
Articles

of Herrenberg,
Germany

99 [25] The synergistic
interplay of artificial
intelligence and digital
twin in
environmentally
planning sustainable
smart cities: A
comprehensive
systematic review

✓

63- Digital Twin
and Sustainable
Smart Cities

100 [26] Artificial internet of
things, sensor-based
digital twin urban
computing vision
algorithms, and
blockchain cloud
networks in sustainable
smart city
administration

✓

101 [27] Urban Digital Twin
Challenges: A systemic
review of urban digital
twin challenges and
perspectives for
sustainable smart cities

✓

102 [107] Generative spatial
artificial intelligence
for sustainable smart
cities: A pioneering
large flow model for
urban digital twin

✓

103 [24] Artificial Intelligence of
Sustainable Smart City
Brain and Digital Twin
Systems: A Pioneering
Framework for
Advancing
Environmental
Sustainability.

✓
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Table 5a
Zero Energy Buildings Indicators in response to climate change mitigating versus topics discusses in selected articles.

No. Topics discussed in selected articles Zero Energy Buildings Indicators in Response to Climate Change Mitigation Citation. No.
from Table 4.

Energy
Efficiency

Renewable Energy
Generation

Carbon
Emissions

Building Envelope
Performance

Water Efficiency and
Sustainable Materials
Use

1 Key Technologies for Achieving Zero Energy
Buildings

✓ ✓ ✓ ✓ x 1

2 Net Zero Energy Buildings in Tropical
Climates

✓ ✓ ✓ ✓ x 2

3 Solar Techniques to achieve Zero Energy
Buildings

✓ ✓ ✓ ✓ ✓ 3

4 Strategies of Net Zero Energy and Net Zero
Carbon Buildings

✓ ✓ ✓ ✓ ✓ 4

5 Implementing Energy Efficiency Practices
Toward Net Zero Energy Buildings

✓ ✓ ✓ ✓ ✓ 5

6 Concept of Net Zero Energy Buildings ✓ ✓ ✓ ✓ ✓ 6
7 Smart technologies to achieve Nearly Zero-

Energy Performance.
✓ ✓ ✓ ✓ ✓ 7

8 Net Zero Energy Building ✓ ✓ ✓ ✓ ✓ 8
✓ ✓ ✓ ✓ ✓ 9

9 Zero Energy Building ✓ ✓ ✓ ✓ x 10
10 Smart Buildings Features and Key

Performance Indicators
✓ ✓ ✓ ✓ x 11

11 Zero Energy Building using a combination of
Coyote Optimization and Elman Neural
Networks

✓ ✓ ✓ ✓ ✓ 12

12 Net Zero Energy Buildings and Renewable
Energy Generation

✓ ✓ ✓ ✓ ✓ 13

13 Zero Energy Buildings and Energy Efficiency
Measures.

✓ ✓ ✓ ✓ ✓ 14

14 Building Envelope and Zero Carbon − ready
Buildings

✓ ✓ ✓ ✓ ✓ 15

15 Net Zero Energy Buildings and Building Life
Cycle across Canadian Climates conditions

✓ ✓ ✓ ✓ ✓ 16

16 Net Zero Energy Cost Building and Artificial
Intelligence.

✓ ✓ ✓ x x 17

17 Net Zero and Positive Energy Buildings ✓ ✓ ✓ ✓ x 18
18 Nearly Zero Energy Building and Solar

Photovoltaic based on Genetic Algorithm.
✓ ✓ ✓ ✓ x 19

19 Operation and Maintenance of Zero Carbon
Building

✓ ✓ ✓ ✓ x 20

20 Zero Energy Port Area and Digital Twin
Model

✓ ✓ ✓ x x 21

21 Digital Twin with machine learning for
Predicative Monitoring and control of CO2.

✓ ✓ ✓ ✓ x 22

22 Digital Twin Simulation for Energy
Management in Net Zero Energy

✓ ✓ ✓ x x 23

23 Digital Technologies for A Net-Zero Energy ✓ ✓ ✓ x x 24
24 A Digital-Twin Evaluation of Net Zero

Energy Buildings
✓ ✓ ✓ ✓ x 25

25 Digital Twin Model for Net Zero Energy
Building Operation and Maintenance

✓ ✓ ✓ ✓ x 26

26 Digital Twin in Built Environment ✓ ✓ ✓ ✓ x 27
27 Digital-Twin-Based Evaluation of Nearly

Zero-Energy Building
✓ ✓ ✓ ✓ x 28

28 Digital Twin Powered by AI & IoT for Smart
Cities and Sustainable Building Environment

✓ ✓ ✓ ✓ ✓ 29

29 Digital Twin modeling and simulating for
Net Zero renewable-based in Smart Cities

✓ ✓ ✓ x x 30

30 Digital Twins Technologies for The Whole
Life Cycle of Net Zero Carbon Buildings

✓ ✓ ✓ ✓ x 31

31 Net Zero / Positive Energy Buildings and
districts in smart cities in Smart cities

✓ ✓ ✓ ✓ x 32

32 Hybrid Energy Resources for Zero Energy
Buildings in Smart Cities

✓ ✓ ✓ ✓ x 33

33 Net − Zero Energy Districts to achieve
Carbon-Neutral Cities

✓ ✓ ✓ ✓ ✓ 34

34 Zero Energy Buildings Techniques in
Achieving and Promoting Sustainable Cities

✓ ✓ ✓ ✓ ✓ 35

35 Sustainable smart city in Building
Construction Methods

✓ ✓ ✓ ✓ x 36

36 Zero Energy Buildings and Photovoltaic
technologies in different climate conditions

✓ ✓ ✓ ✓ x 37

37 37- Zero Energy Building Rating and Digital
Twins in Sustainable Smart Cities

✓ ✓ ✓ x ✓ 38
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Table 5b
Urban Digital Twins Indicators in response to climate change mitigating versus topics discusses in selected articles.

No. Topics discussed in selected
articles

Urban Digital Twins (UDTs) Indicators in response to climate change mitigation Citation. No.
from Table 4.

Real-time Energy
Monitoring and
Management

Predictive
Maintenance and
Operational Efficiency

Integration of
Renewable Energy
Sources

Optimization of
Building Design and
Retrofitting

Carbon Footprint
Analysis and
Reduction

20 Zero Energy Port Area and
Digital Twin Model

✓ ✓ ✓ ✓ ✓ 21

21 Digital Twin with machine
learning for Predicative
Monitoring and control of CO2.

✓ ✓ ✓ ✓ ✓ 22

22 Digital Twin Simulation for
Energy Management in Net Zero
Energy

✓ ✓ ✓ ✓ ✓ 23

23 Digital Technologies for A Net-
Zero Energy

✓ ✓ ✓ ✓ ✓ 24

24 A Digital − Twin Evaluation of
Net Zero Energy Buildings

✓ ✓ ✓ x ✓ 25

25 Digital Twin Model for Net Zero
Energy Building Operation and
Maintenance

✓ ✓ ✓ ✓ ✓ 26

26 Digital Twin in Built
Environment

✓ ✓ ✓ x ✓ 27

27 Digital-Twin-Based Evaluation of
Nearly Zero-Energy Building

✓ ✓ ✓ ✓ ✓ 28

28 Digital Twin Powered by AI &
IoT for Smart Cities and
Sustainable Building
Environment

✓ ✓ ✓ ✓ ✓ 29

29 Digital Twin modeling and
simulating for Net Zero
renewable-based in Smart Cities

✓ ✓ ✓ ✓ ✓ 30

30 Digital Twins Technologies for
The Whole Life Cycle of Net Zero
Carbon Buildings

✓ ✓ ✓ ✓ ✓ 31

38 Digital Twins for Building
Management in Smart Cities

✓ ✓ ✓ x ✓ 39

39 Digital Twin Framework for
Sustainable Building Energy
Management

✓ ✓ ✓ ✓ ✓ 40

40 Digital Twin technology in
integrated regional energy
systems for smart cities

✓ ✓ x ✓ x 41

41 Digital Twin Technology to
Optimize Energy Hubs in Net-
Zero Energy Smart Cities.

✓ ✓ ✓ ✓ ✓ 42

42 Integration of Digital Twin
technology into Intelligent Green
Buildings

✓ ✓ ✓ ✓ ✓ 43

43 Utilizing Digital Twin
Technology in Smart Cities& Net
Zero Planning

✓ ✓ ✓ ✓ ✓ 44

44 Integration of Digital Twin in
Energy Management Towards
Net Zero Smart Cities

✓ ✓ ✓ ✓ ✓ 45

45 Digital Twins for Sustainable
Design, management, and
optimization in Smart City

✓ ✓ ✓ ✓ x 46

46 Digital Twin and Energy
Management

✓ ✓ ✓ x ✓ 47

47 Digital Twin, Smart Cities and
Real − Time Energy Management

✓ ✓ ✓ ✓ ✓ 48

48 Digital Twin and AI in Building
Performance.

x ✓ x ✓ x 49

49 Digital Twin, Cyber-Physical
Systems and AI in Building
Energy Management

✓ ✓ ✓ ✓ ✓ 50

50 50- Digital Twin and Energy
Efficiency

✓ ✓ ✓ ✓ ✓ 51
✓ ✓ ✓ ✓ ✓ 52
✓ ✓ ✓ ✓ ✓ 53
✓ ✓ ✓ ✓ x 54
✓ ✓ x ✓ x 55
✓ ✓ x ✓ x 56
✓ ✓ ✓ ✓ ✓ 57
✓ ✓ ✓ ✓ ✓ 58
✓ ✓ ✓ ✓ ✓ 59
✓ ✓ ✓ x ✓ 60

(continued on next page)
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These case examples demonstrate how the integration of UDTs and
ZEBs can optimize energy performance, ensure operational efficiency,
and contribute to climate change mitigation in real-world urban envi-
ronments. In this context, the integration of UDT technical and opera-
tional indicators with ZEB performance indicators, as illustrated in
Fig. 6, creates a synergistic relationship. This integration, as demon-
strated in the case examples, allows for dynamic adjustments that
optimize energy management and resource utilization, ultimately
achieving significant environmental outcomes. The integrated frame-
work enhances the ability of smart cities to meet their environmental
sustainability and climate change mitigation goals effectively by align-
ing both indicators.

7. Discussion

This study aimed to explore how the integration of UDT and ZEB

technologies could contribute to advancing climate change mitigation
and promoting sustainable development in smart cities. The findings
provide valuable insights into how UDTs can optimize ZEB performance
and energy management, laying the foundation for a comprehensive
framework to guide their integration in sustainable urban environments.
This section provides a comprehensive discussion that summarizes the
findings in relation to the research questions, compares them with
existing literature, explores their implications for research, practice, and
policymaking, and addresses the key challenges while highlighting di-
rections for future research.

7.1. Summary of the findings

The results of this study address three research questions. Regarding
RQ 1, the bibliometric analysis revealed emerging trends in the
convergence of UDTs and ZEBs, with a strong focus on optimizing

Table 5b (continued )

No. Topics discussed in selected
articles

Urban Digital Twins (UDTs) Indicators in response to climate change mitigation Citation. No.
from Table 4.

Real-time Energy
Monitoring and
Management

Predictive
Maintenance and
Operational Efficiency

Integration of
Renewable Energy
Sources

Optimization of
Building Design and
Retrofitting

Carbon Footprint
Analysis and
Reduction

✓ ✓ x ✓ x 61
51 51- Digital Twin and Energy

Consumption
✓ ✓ ✓ x ✓ 62
✓ ✓ ✓ ✓ ✓ 63
✓ ✓ x ✓ ✓ 64
✓ ✓ ✓ ✓ ✓ 65
✓ ✓ ✓ ✓ x 66
✓ ✓ x ✓ ✓ 67
✓ ✓ x ✓ x 68
✓ ✓ ✓ ✓ ✓ 69

52 52-Energy Performance and
Digital Twin

✓ ✓ ✓ x ✓ 70
✓ ✓ x ✓ x 71
✓ ✓ x ✓ x 72
✓ ✓ x ✓ ✓ 73
✓ ✓ x x x 74
✓ ✓ ✓ ✓ x 75
✓ ✓ ✓ ✓ ✓ 76

53 53- Digital Twin and Energy
Services

✓ ✓ ✓ ✓ ✓ 77

54 54- Digital Twin and Energy
Management

✓ ✓ ✓ ✓ ✓ 78
✓ ✓ x ✓ x 79
✓ ✓ ✓ ✓ ✓ 80
✓ ✓ ✓ ✓ ✓ 81
✓ ✓ x ✓ x 82
✓ ✓ x ✓ ✓ 83

55 55- Digital Twin and Intelligent
Buildings

✓ ✓ ✓ ✓ ✓ 84

56 56- Digital Twin and Energy
System Operation

✓ ✓ x ✓ x 85

57 57- Digital Twin for Predictive
Maintenance

✓ ✓ x ✓ x 86

58 58- Digital Twin and
Sustainability for Positive Energy
Districts

✓ ✓ ✓ ✓ ✓ 87
✓ ✓ ✓ ✓ ✓ 88

59 59- Digital Twins in Architecture,
Engineering, and Construction
(AEC) industry

✓ ✓ x ✓ ✓ 89

60 60- Digital Twins for
Decarbonizing Operation
Buildings

✓ ✓ ✓ ✓ ✓ 90

61 61-Digital Twin and Smart Cities ✓ ✓ ✓ x ✓ 91
✓ ✓ x ✓ x 92
✓ ✓ x ✓ x 93
✓ ✓ x ✓ x 94
✓ ✓ x ✓ x 95
✓ ✓ ✓ ✓ ✓ 96

62 62- Urban Digital Twin and
Smart Cities

✓ ✓ ✓ ✓ x 97
✓ ✓ ✓ ✓ ✓ 98

63 63- Digital Twin and Sustainable
Smart Cities

✓ ✓ ✓ x ✓ 99
✓ ✓ ✓ ✓ ✓ 100
✓ x x x x 101
✓ ✓ x x x 102
✓ x x x x 103
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energy efficiency, enhancing renewable energy integration, reducing
carbon emissions, and improving building performance. It also high-
lighted key research patterns, including the growing interest in using AI,
machine learning, and CPS in UDT systems for real-time monitoring,
predictive maintenance, and control of ZEBs, indicating a shift towards
data-driven solutions in sustainable urban development. Concerning RQ
2, the study underscores that UDTs enhance ZEBs by providing real-time
monitoring, advanced data analytics, and predictive maintenance. These
capabilities enable the optimization of energy consumption and pro-
duction, ensuring ZEBs maintain their net-zero energy status. The study
emphasizes the integration of renewable energy sources, where UDTs
facilitate efficient energy distribution and help manage fluctuations in
energy demand, a critical aspect of achieving sustainable urban energy
systems. As regards RQ 3, the study highlights the critical need for a
comprehensive framework that considers the technical and operational
aspects of integrating UDTs with the performance indicators of ZEBs.
This study proposes a strategic approach that merges data-driven in-
sights from UDTs with the sustainability objectives of ZEBs, aiming to
optimize their collective impact on climate change mitigation and
enhance sustainable development in smart cities.

7.2. Interpretation of the findings

The findings of this study contribute to the growing body of

Table 6
Key components of the integrated framework for UDTs and ZEBs in sustainable
smart cities.

Essential Components Detailed Description

ZEB Technologies: At the core of the
framework, ZEBs focus on energy-
efficient building technologies and
renewable energy integration. The
goal is to reduce the dependency on
external energy sources, optimize
energy consumption, and utilize on-
site renewable energy generation to
achieve zero-energy status.

• Energy-efficient building design (e.g.,
optimized building envelopes,
insulation, and HVAC systems).

• Renewable energy systems (e.g., solar
photovoltaics, wind turbines, hybrid
energy systems, energy storage
solutions).

• Building energy management systems
(e.g., smart meters, sensors for
monitoring energy use).

• Water management (e.g., smart water
systems for efficient use and reduction
of waste).

• Sustainable material usage (e.g.,
integration of sustainable construction
materials to lower environmental
impact).

• CPS-based integration (connecting
buildings and energy systems with
digital systems to enable real-time
monitoring, optimization, and
enhanced decision-making through AI
and IoT technologies).

UDT Technologies: UDTs are utilized to
create a dynamic digital
representation of physical urban
assets (buildings, energy systems,
etc.). They enable real-time
monitoring, predictive analytics, and
decision-making to optimize energy
consumption and ensure the
continuous performance of ZEBs.
UDTs serve as an intelligent layer for
managing and analyzing data
generated by the built environment.

• Real-time monitoring and data
analytics (e.g., continuous energy use
tracking, environmental data
gathering).

• Predictive maintenance (e.g.,
predicting when building systems
require maintenance or upgrades).

• Operational optimization (e.g.,
adjusting energy systems based on
real-time conditions to enhance
efficiency).

• Water and resource management (e.g.,
monitoring and optimizing water and
material usage throughout the urban
ecosystem).

• Carbon footprint analysis and
reduction (e.g., monitoring, analyzing,
and assessing carbon emissions across
urban infrastructures and building
operations, optimizing energy flows,
and making real-time adjustments to
building systems to reduce CO2 emis-
sions and improve overall environ-
mental performance across the city).

• CPS-based integration: (e.g., managing
interconnected physical systems such
as energy grids, water networks, and
building energy systems, leveraging AI
and IoT for real-time data processing,
system responsiveness, and enhanced
decision-making).

Integration Mechanisms: The
integration of UDTs with ZEBs is at the
heart of the framework, creating a
synergistic relationship between
smart buildings and urban systems.
This involves the seamless connection
of building-level data (from ZEBs) to
broader city-wide systems managed
by UDTs. The framework aims to
reduce urban carbon footprints,
improve energy resilience, and
contribute to the overall sustainability
of smart cities.

• Data-driven decision-making: UDTs
leverage real-time data from ZEBs to
inform operational adjustments,
ensuring the optimal performance of
both ZEBs and the broader urban sys-
tems they are part of.

• Smart energy management: UDTs
optimize energy distribution across
buildings (ZEBs) and other urban
infrastructure, balancing supply and
demand on a city-wide scale for
improved energy efficiency.

• Real-time adaptive systems: These
systems continuously adjust energy
systems and building operations based
on data collected by UDTs, enabling
dynamic responses to fluctuations in
energy demand and environmental
conditions.

Table 6 (continued )

Essential Components Detailed Description

• Water and Wastewater Management
Systems: These systems optimize water
and wastewater management within
buildings (ZEBs) and across city-wide
systems through the integration of
UDTs, ensuring efficient use, conser-
vation, and environmental
sustainability.

Climate Change Mitigation and
Environmental Sustainability Goals:
The integration of UDTs and ZEBs
ultimately serves the broader
objectives of climate change
mitigation and environmental
sustainability. The framework aims to
reduce urban carbon footprints,
improve energy resilience, and
contribute to sustainable smart cities.

• Energy efficiency (improving overall
energy use efficiency in buildings and
urban systems).

• Carbon emissions reduction (achieving
net-zero emissions through the inte-
gration of renewable energy and
advanced technologies).

• Resource optimization (e.g.,
optimizing water and energy usage
through smart systems and data
insights).

• Sustainable development (e.g.,
promoting green infrastructure and
reducing urban environmental
impacts).

Sustainable Smart Cities: These cities
represent the overarching vision that
drives the integration of UDTs and
ZEBs, where energy efficiency,
climate resilience, and carbon
reduction are at the core of urban
development. Powered by AI, IoT, and
CPS, these technologies work in
synergy to create urban environments
that maximize energy efficiency and
enable cities to effectively adapt to
changing climate conditions.

• Optimizing energy usage: At both the
building (ZEB) and city-wide (UDT)
scales, the integration ensures energy
efficiency across all systems.

• Enhancing resilience: The synergy
between UDTs and ZEBs enables cities
to respond effectively to
environmental changes and energy
supply fluctuations.

• Reducing carbon footprints: The
integration of renewable energy
systems and advanced data-driven
management techniques reduces
urban carbon footprints.

• Improving urban sustainability:
Combining resource management,
energy efficiency, and sustainable
infrastructure, the integration of UDTs
and ZEBs facilitates the development
of cities that align with environmental
goals, ensuring that urban areas
become energy-efficient, resilient, and
sustainable.
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knowledge on the integration of UDTs and ZEBs by aligning with the
identified trends and addressing the research questions posed in the
introduction. The integration of UDTs and ZEBs provides a promising
pathway for enhancing energy management and optimizing building
performance in emerging sustainable smart cities. In terms of emerging
trends (RQ1), the integration of UDTs with ZEBs is evolving to focus on
advanced data-driven solutions, such as IoT, AI, machine learning, and
CPS, as well as their integration. Their computational, analytical, and
operational capabilities help ZEBs maintain their energy balance while
reducing their environmental impact. The bibliometric analysis revealed
a strong trend towards interdisciplinary research, particularly the
convergence of emerging technologies with renewable energy systems.

As regards RQ2, the study illustrates that UDTs enhance the opera-
tional performance and energy management of ZEBs by providing real-
time insights into energy consumption, predicting system failures, and
optimizing energy flows between buildings, the grid, and storage sys-
tems. This dynamic approach is particularly critical in the context of
smart cities, where the complexity of urban systems requires advanced,
data-driven solutions to optimize resource utilization and minimize
environmental impact. Sustainable smart cities can achieve more effi-
cient energy use, enhance sustainability, and reduce operational costs by
integrating UDTs into ZEBs. Furthermore, the ability of UDTs to
dynamically adjust energy systems based on external factors, such as
weather conditions and diverse climates, further strengthens the inte-
gration of ZEBs within sustainable smart city frameworks.

Regarding RQ3, the proposed framework for integrating UDTs and
ZEBs outlines the critical role of data-driven technologies in optimizing
sustainable energy management, improving building performance, and
enhancing environmental sustainability. The integration of the perfor-
mance indicators of ZEBs and the technical and operational indicators of
UDTs within a unified framework enables city planners and developers
to create more sustainable, resilient, and energy-efficient buildings. The
framework also emphasizes the need for an interdisciplinary approach,
combining technological innovations with policy support and industry
collaboration to address the challenges and accelerate the adoption of
UDTs and ZEBs in urban settings.

In addition, the framework recognizes that ZEBs operate not just as
isolated entities but are part of the broader energy and infrastructure
networks in a sustainable smart city. Integrating ZEBs with UDTs en-
ables the transfer of building-level data (like energy use, renewable
energy generation, and performance metrics) into city-wide systems
managed by UDTs. This allows for more dynamic, real-time optimiza-
tion, not just at the building level but also at the city scale, impacting
energy distribution, resource management, and carbon reduction
efforts.

The findings indicate that UDTs, when integrated with ZEBs, can
significantly improve the energy performance of buildings, promote the
efficient use of renewable resources, and reduce the environmental
impact of urban infrastructures. Specifically, UDTs offer dynamic, real-
time monitoring and predictive capabilities that enhance the opera-
tional management of ZEBs, providing actionable insights to further
optimize energy efficiency and maintain zero-energy status. This
research highlights the synergies between UDTs and ZEBs, emphasizing
their potential to contribute to the realization of smart, environmentally
sustainable, and climate-resilient cities. It provides a solid foundation
for developing a comprehensive framework to guide the future inte-
gration of these technologies, with an emphasis on achieving the
broader environmental objectives of sustainable smart cities.

7.3. A comparative analysis with previous studies

This study makes a significant contribution to the broader discourse
on environmentally sustainable urban development by addressing a
critical gap in the integration of UDTs and ZEBs—an area that has been
largely overlooked in prior review research. While existing literature has
made notable progress in advancing our understanding of these tech-
nologies and their practical applications, often in isolation, it has
scarcely addressed the importance of the systematic exploration of their
collaborative potential and combined impact on advancing climate
change mitigation in the dynamic context of sustainable smart cities.
The current study critically evaluates this body of research, identifying
the limitations of fragmented studies, and proposes a unified approach

Fig. 6. A novel framework for integrating Urban Digital Twins and Zero Energy Buildings to advance environmentally sustainable smart city development.
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that bridges the gap between UDTs and ZEBs in this context. This sub-
section compares the findings of the current study with existing litera-
ture on ZEBs and UDTs, highlighting key similarities, differences, and
contributions to the body of knowledge. It offers valuable insights into
how these technologies have been explored separately and underscores
their potential for integration to enhance climate change mitigation
efforts and sustainable development practices in smart cities.

Several review studies provide comprehensive insights into the
technological advancements and challenges in ZEBs. A large part of this
research highlights the significant progress made in the development
and implementation of ZEBs, including improvements in energy man-
agement systems, renewable energy integration, carbon emission
reduction, and building envelope optimization (e.g., [36,53,64,69]).
However, other studies (e.g., [63,66,67,70]) reveal ongoing challenges,
including cost, regional adaptation, and technical integration.

Similarly, several review studies underscore the critical role of UDTs
in advancing energy efficiency and supporting sustainable urban
development. Key studies (e.g., [44,62]) emphasize the potential of
UDTs in optimizing building energy performance, improving occupant
comfort, and enabling real-time monitoring. Deng et al. [118] propose
frameworks integrating UDTs with BIM for better lifecycle management,
aligning with the operational goals of ZEBs. Cespedes-Cubides and Jradi
[46] review UDT applications in the operational phase, specifically
highlighting predictive maintenance and anomaly detection, which are
critical to ensuring the sustained energy performance of ZEBs. Arowoiya
et al. [47] examine how UDTs, combined with AI, can optimize building
energy consumption, focusing on predictive modeling and occupant
behavior analysis. Bibri [60] extend the relevance of UDTs by devel-
oping a ZEB rating framework that integrates real-time data to optimize
energy consumption patterns, ensuring alignment with sustainable
smart city principles.

The current study complements the findings from the two sets of
review studies by further focusing on the integration of UDTs with ZEBs.
While previous research has primarily examined ZEB technologies
independently, this study emphasizes the synergistic potential of
combining ZEBs and UDTs. It proposes a novel framework for their
integration, which has not been explored in earlier reviews. In contrast
to prior research that explores ZEB technologies and their challenges in
isolation, this study broadens the scope by focusing on how UDTs can
improve the operational efficiency and energy management of ZEBs,
making them more adaptive and efficient in real-time conditions. This
integration makes a significant step forward in advancing climate
change mitigation efforts in sustainable smart cities.

In addition, the current study stands out by proposing a conceptual
framework that integrates UDTs with ZEBs to optimize their joint per-
formance. Unlike previous review studies, this research not only ex-
plores how UDTs can optimize energy flows but also bridges the gap by
focusing on their integration with ZEBs, a combination that has not been
systematically explored. The contribution of this study lies in its novelty,
as it is the first to propose a framework specifically designed to integrate
UDTs with ZEBs to enhance climate change mitigation efforts.

In summary, this study makes an original contribution by pioneering
the convergence of emerging technological, environmental, and urban
domains. It provides new insights into the role of UDTs and ZEBs in
shaping the complex dynamics of their integration. Accordingly, the
study complements and expands on existing work and lays the founda-
tion for future research, particularly in exploring the practical imple-
mentation and scalability of UDT and ZEB integrations in diverse urban
settings, thus contributing to sustainable urban futures.

7.4. Implications for research, practice, and policy

The findings of this study have significant implications for the
development of sustainable smart cities, offering practical, theoretical,
and policy recommendations for advancing the integration of UDTs and
ZEBs.

The integration of UDTs with ZEBs provides a compelling practical
solution for improving energy efficiency, integrating renewable energy,
reducing carbon emissions, and fostering environmental sustainability
in urban settings. Urban planners and developers can optimize the
performance of ZEBs by leveraging the computational and analytical
functionalities of UDTs, making them more adaptive to changing energy
demands, climate conditions, and occupant behaviors. UDTs enable
continuous monitoring of energy consumption patterns and environ-
mental variables, facilitating predictive maintenance and energy man-
agement to ensure that ZEBs operate at peak efficiency throughout their
lifecycle. This integration enhances operational performance and leads
to significant cost savings by reducing resource waste and optimizing
building operations. Furthermore, UDTs provide a flexible platform for
scaling ZEB technologies across different urban environments, ensuring
that energy systems are tailored to the unique needs of each city or
district.

The development of a novel framework for integrating UDTs and
ZEBs contributes significantly to theoretical knowledge in the field of
sustainable smart cities. This study advances our understanding of how
digital and physical infrastructures can be combined to achieve climate
change mitigation goals by combining the technological capabilities of
UDTs and the sustainability objectives of ZEBs. It broadens the theo-
retical landscape by highlighting the potential of UDTs to optimize en-
ergy efficiency and the broader operational performance of ZEBs in real-
time. This approach challenges existing paradigms of building perfor-
mance and resource management by incorporating dynamic, data-
driven models that reflect the complex, evolving nature of urban sys-
tems. Moreover, the research offers an interdisciplinary framework that
enhances urban design and energy management, contributing to the
broader academic discourse on integrating advanced digital technolo-
gies with sustainable building practices. This theoretical framework
provides a comprehensive model for designing future urban ecosystems
that advance global environmental sustainability goals.

The findings underscore the urgent need for supportive policies to
facilitate the widespread adoption of UDTs and ZEBs in urban devel-
opment. Governments and policymakers have a critical role in pro-
moting the integration of these technologies by establishing regulations
and incentives that encourage the adoption of energy-efficient, net-zero,
or carbon–neutral building standards. Policies should prioritize the
development of regulatory frameworks that incentivize renewable en-
ergy integration, support advanced data analytics, and provide financial
backing for the implementation of smart technologies in building
design. Furthermore, the study highlights the need for policies that
enable collaboration between the public and private sectors to address
the financial, technical, and regulatory barriers that hinder large-scale
implementation of UDTs and ZEBs. Financial incentives, such as sub-
sidies for renewable energy systems or tax breaks for implementing
smart building technologies, can significantly reduce upfront costs and
increase the adoption of these technologies in diverse urban environ-
ments. In addition, how specific policies could mitigate data privacy
concerns involves strengthening data protection regulations to secure
the sensitive information collected by UDTs and ZEBs, which ensures
that data handling complies with privacy laws and building trust among
users. Moreover, governments can invest in creating public–private
partnerships to develop the necessary infrastructure and training pro-
grams that facilitate the integration of UDTs and ZEBs.

7.5. Challenges and barriers

While the integration of UDTs and ZEBs holds significant promise for
advancing climate change mitigation goals and enhancing sustainable
development practices in smart cities, key challenges remain in trans-
lating theoretical frameworks into real-world applications. These chal-
lenges encompass technical, social, environmental, regulatory, and
financial aspects that must be addressed to ensure the successful inte-
gration of these technologies within sustainable smart cities.
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One of the major challenges in integrating UDTs with ZEBs is the
complexity of managing real-time data, ensuring interoperability be-
tween different systems, and addressing the technical limitations of
current DT models. The integration of renewable energy systems (such
as solar panels, wind turbines, and battery storage) with UDTs and ZEBs
requires sophisticated monitoring and control systems that can handle
the dynamic nature of energy production and consumption. Moreover,
the scalability of these systems in larger urban settings remains a sig-
nificant technical hurdle. For example, integrating real-time data
monitoring and control systems across various building technologies
may present challenges, potentially delaying the deployment of UDT-
driven energy management systems. In addition, the implementation
of solar-powered ZEBs can encounter technical hurdles in synchronizing
renewable energy systems with building energy management platforms.
These practical challenges highlight the critical need to enhance system
interoperability and improve real-time data handling in the integration
of UDTs and ZEBs.

Moreover, data privacy concerns related to the deployment of UDTs
also need to be addressed. UDTs rely on continuous data collection and
real-time monitoring of building systems, raising concerns about data
privacy and security. Protecting sensitive information related to energy
consumption, occupancy behavior, and system performance is crucial to
ensure the widespread acceptance and use of these technologies.
Securing these data from cyber threats is an ongoing challenge, as
breaches could undermine the benefits of UDT integration. To safeguard
data integrity and security in UDTs, it is crucial to implement robust
cybersecurity frameworks. These should include end-to-end encryption
for data transmission, regular security audits, and the use of secure,
compliant cloud services for data storage. In addition, access control
mechanisms should be enforced to limit data access based on roles and
responsibilities. Implementing advanced intrusion detection systems
and real-time security monitoring can also help detect and respond to
potential threats swiftly, thereby minimizing risks. These measures will
protect sensitive information and bolster user confidence in UDT tech-
nology, enhancing its adoption and effectiveness. A case example of data
privacy concerns could involve the deployment of UDTs in smart city
initiatives, where challenges emerged in integrating citizen data from
various building systems, leading to the implementation of stricter data
privacy regulations and data anonymization protocols.

In addition, the success of ZEBs and UDTs is also influenced by
human behavior, including the adoption of energy-efficient practices
and the use of smart technologies by building occupants. Residents’
attitudes toward smart technology retrofits play a critical role in the
widespread adoption of ZEBs. There is a need to foster greater accep-
tance and understanding of these technologies among urban residents to
ensure their successful implementation.

Furthermore, environmental factors, including the variability of
renewable energy resources across diverse climates and geographical
locations, present significant challenges for the deployment of ZEBs and
their integration with UDTs. In regions with less favorable climates for
renewable energy generation, such as areas with low sunlight or
inconsistent wind patterns, energy production may not be sufficient to
meet the energy demand of buildings. This requires additional strategies
such as energy storage or hybrid energy systems to ensure a reliable and
sustainable energy supply. Focusing on specific geographies involves
tailoring sustainable technologies to the unique characteristics of
different urban environments. This approach recognizes that cities vary
widely in climate, infrastructure, regulatory landscapes, and socio-
economic factors, which all influence the effectiveness and imple-
mentation strategies of UDTs and ZEBs. As another example, deploying
ZEBs in colder regions might emphasize thermal insulation and energy-
efficient heating systems due to harsh winter conditions, while in trop-
ical climates, the focus could be on natural ventilation and solar energy
systems to reduce the cooling energy demand. Research can provide
more actionable insights and develop localized solutions that are more
likely to succeed by adapting these technologies to specific geographic

requirements, thus enhancing the overall sustainability and resilience of
urban areas around the world.

Moreover, regulatory frameworks for the integration of digital
technologies and renewable energy systems in building design are still
evolving, with inconsistent policies across regions and climates hin-
dering the large-scale adoption of these technologies. For example, the
lack of standardized regulations across cities can result in delays in the
adoption of ZEBs, particularly regarding grid connectivity for energy
storage systems. Climate-specific solutions and adaptable policies are
key to overcoming these challenges and ensure the effective deployment
of ZEBs and UDTs in a variety of environmental contexts.

While the integration of UDTs and ZEBs presents numerous advan-
tages in advancing climate change mitigation goals, it is important to
consider the environmental costs associated with the increasing use of
advanced technologies. The widespread adoption of UDTs, powered by
AI and AIoT, raises concerns about the energy consumption and envi-
ronmental impact of these systems. The production, operation, and
disposal of AI systems, sensors, and digital infrastructure can signifi-
cantly contribute to carbon emissions and resource depletion. The high
computational power required to manage real-time data from UDTs,
along with the energy demands of AI models and data processing,
further exacerbates the environmental footprint of these technologies. In
addition, the lifecycle impacts of energy systems integrated with UDTs,
such as the manufacturing and disposal of solar panels, wind turbines,
and battery storage, must also be accounted for when evaluating the
overall sustainability of ZEBs and UDTs. Addressing these environ-
mental costs is essential to ensure that the benefits of these technologies
outweigh their potential negative effects, and to promote a truly sus-
tainable and circular approach to smart city development.

Lastly, the high initial costs of implementing ZEBs and UDTs are
another significant barrier. Despite long-term savings in energy costs,
the capital investment required to integrate renewable energy systems,
advanced building technologies, and DTs is often prohibitive for many
building owners and urban developers and planners. An example would
be a smart city project that may face significant upfront costs due to the
need for high-tech energy-efficient buildings and renewable energy
systems, which can delay the implementation of a city-wide smart en-
ergy grid. Financial incentives, subsidies, and supportive policy frame-
works are essential to make these technologies more accessible and
financially viable for broader adoption.

7.6. Suggestions for future research

Several promising opportunities emerge for future research to
further advance the interdisciplinary field of sustainable smart cities.
Table 7 summarizes the key research areas identified for future explo-
ration based on the findings of this study, which focuses on the inte-
gration of UDTs and ZEBs to mitigate climate change effects and
enhance sustainable urban development practices.

These research areas, once explored, hold the potential to unlock
new possibilities for effectively integrating UDTs and ZEBs, thus opti-
mizing their contribution to achieving the goals of sustainable, efficient,
and climate-conscious smart cities.

8. Conclusion

This study aimed to systematically explore the integration of UDTs
and ZEBs for advancing climate change mitigation goals in sustainable
smart cities. The primary objectives were to: (1) identify the key
emerging trends and research patterns in this area; (2) investigate the
role of UDTs in enhancing the operational performance and energy
management of ZEBs; (3) and develop a novel framework for the inte-
gration of UDTs and ZEBs to optimize their collective impact on climate
change mitigation in sustainable smart cities. A critical gap identified in
the literature was the lack of a comprehensive framework that integrates
UDTs and ZEBs to effectively address environmental challengers in
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smart city development. This study aimed to bridge this gap by devel-
oping an integrated framework that harnesses the synergies between
UDTs and ZEBs, maximizing their combined potential to enhance
environmentally sustainable development practices in smart cities.

The findings of the study provide valuable insights into how UDTs
and ZEBs can be integrated to advance climate change mitigation goals
in sustainable smart cities. The study addressed three key research
questions. Regarding RQ 1, the bibliometric analysis revealed key trends
in the convergence of UDTs and ZEBs, highlighting an increasing focus
on renewable energy technologies, real-time energy management, and
the role of digital systems in optimizing building performance. The
analysis also identified a growing body of research that emphasizes the
importance of AI, IoT, and CPS technologies and related data-driven
approaches in advancing environmental sustainability goals in urban
settings. Transitioning to RQ 2, UDTs enhance the operational perfor-
mance and energy management of ZEBs by providing real-time moni-
toring, advanced data analytics, and predictive maintenance. The
integration of UDTs with ZEBs allows for better management of
renewable energy sources, improves energy efficiency, reduces carbon
emissions, and decrease operational costs. UDTs also enable more ac-
curate performance assessments and the identification of inefficiencies,
contributing to the long-term sustainability of ZEBs in smart cities.
Moving to RQ 3, the study developed a novel framework that integrates
UDTs and ZEBs. This framework takes into account technical, opera-
tional, and performance indicators of both technologies. This compre-
hensive approach ensures that UDTs and ZEBs can work synergistically
to drive sustainable development and mitigate climate change in sus-
tainable smart cities.

The findings represent a significant contribution to the body of
knowledge, as it provides insights into how the collaborative integration
of UDTs and ZEBs can maximize environmental impact and operational
efficiency in urban settings. This research is particularly relevant in light
of the growing emphasis on smart cities and sustainable development in
recent years, and the potential for UDTs to play a crucial role in
advancing ZEBs and other environmental solutions.

The conceptual framework developed in this study has significant
implications for the integration of UDTs and ZEBs in sustainable smart
cities. It provides a structured approach to harnessing the synergy be-
tween these technologies, enabling enhanced decision-making, dynamic
energy optimization, and improved performance of ZEBs. It ensures that
both UDTs and ZEBs are aligned with broader objectives of environ-
mental sustainability, contributing to the creation of energy-efficient,
carbon–neutral urban environments. Moreover, it serves as a practical
guide for urban planners, developers, and policymakers, offering a
strategic tool for designing and implementing integrated systems that
promote energy efficiency, reduce carbon footprints, and support the
transition toward net-zero smart cities.

Actionable future directions for advancing the integration of UDTs
and ZEBs can be effectively explored through targeted pilot projects and
strategic collaborations. One promising pilot project could focus on
urban retrofitting, where an existing urban area is selected to implement
UDTs and ZEBs to enhance energy efficiency and reduce carbon emis-
sions. This would serve to demonstrate the practical benefits and
establish a scalable model for other cities. Another pilot could involve
integrating ZEBs with local smart grids through UDTs, optimizing en-
ergy distribution and consumption with a focus on real-time data anal-
ysis and response capabilities. For specific collaborations, forming
partnerships between academic institutions and technology companies

Table 7
Summarizes the key research areas identified for future exploration based on the
findings.

Research Areas Description

Exploring the scalability of UDT
and ZEB integration

Future studies could focus on the scalability of
integrating UDTs and ZEBs in large urban
settings. This would involve evaluating the
feasibility of applying these technologies in
diverse climates, building typologies, and
geographic locations, as well as addressing the
challenges associated with integrating them
into existing infrastructure.

Behavioral insights into
technology adoption

Research that investigates the social aspects of
adopting ZEBs and UDTs, including the
perceptions, attitudes, and behaviors of
building occupants and urban residents, could
provide valuable insights into how to increase
the acceptance and uptake of these
technologies. Understanding the factors that
influence consumer behavior could help
design more effective engagement strategies
and promote wider adoption.

Adaptation to specific geographies Future research should emphasize the
adaptation of UDTs and ZEBs and their
integration to specific geographic conditions.
This approach would involve tailoring
technologies to local climates, urban
infrastructure, and regulatory environments,
which ensure that sustainable solutions are
both effective and contextually relevant.

Evaluating long-term performance
and empirical validation

While much of the existing literature focuses
on the potential benefits of UDTs and ZEBs,
there is a need for longitudinal studies that
track the performance of these systems over
time. Future research could investigate how
the integration of UDTs and ZEBs performs in
real-world conditions, assessing energy
savings, operational efficiency, and the
achievement of climate goals over extended
periods. This should include empirical
validation and testing to provide concrete
evidence of their effectiveness and to identify
potential areas for improvement in their
deployment and management.

Integrating emerging technologies As new technologies such as blockchain, AI,
AIoT, and advanced sensors continue to
evolve, future research should explore how
these innovations can further enhance the
integration of UDTs and ZEBs. For example,
blockchain could facilitate the decentralized
management of energy in smart grids, while AI
could optimize the energy consumption
patterns of buildings in real-time.

Enhancing data privacy and
security

Further research is needed to explore the
implementation of privacy and security
measures in data collection, analysis, and
transmission systems related to UDTs and ZEBs
to ensure trust and compliance.

Addressing environmental costs of
advanced technologies

Future studies should consider the
environmental costs of advanced technologies,
such as AI, AIoT, and blockchain, including
energy consumption during production,
operation, and disposal of these technologies.

Challenges in real-world
implementations of UDTs and
ZEBs

Future research should focus on city-specific
implementations, examining local case studies
to address the unique challenges encountered
in the real-world deployment of UDTs and
ZEBs, especially their integration. Key areas of
investigation could include the high upfront
costs associated with ZEB construction, the
organizational and social issues preventing the
wide adoption of UDTs, and the regulatory
gaps that exist in smart city governance.

Table 7 (continued )

Research Areas Description

Understanding these localized challenges are
crucial for optimizing the integration and
scaling of these technologies to meet the
specific needs of diverse urban environments.
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could drive forward innovations in AI and AIoT applications within
UDTs and ZEBs. In addition, engaging in international cooperation with
existing sustainable smart city initiatives could provide valuable op-
portunities to exchange insights, methodologies, and advanced techno-
logical solutions. These collaborations would enhance the development
and application of these technologies and ensure their broader global
impact and relevance.

This study makes several important contributions to the field of
sustainable smart cities. It proposes a comprehensive framework for
integrating UDTs and ZEBs. It provides a unified approach to optimizing
these technologies in the context of sustainable smart cities. It offers
practical insights into how UDTs can be used to enhance the perfor-
mance of ZEBs, providing actionable guidelines for stakeholders seeking
to integrate these technologies into their projects. Lastly, it identifies key
emerging trends in the integration of UDTs and ZEBs and highlights
critical research gaps that need to be addressed in future studies.

The limitations of our study primarily stem from its focus on recent
literature, which may inadvertently overlook foundational works
essential for understanding the full historical context and evolution of
UDTs and ZEBs. Recognizing this gap, future research should include a
comprehensive historical analysis to deepen understanding of how these
technologies have developed and their trajectory within sustainable
urban development. Furthermore, the study’s reliance on qualitative
data, while providing rich insights, limits the direct applicability of our
findings to specific quantitative outcomes. To address this, future
research should prioritize empirical studies that measure tangible im-
pacts of UDT and ZEB integration. Such studies would be crucial in
quantifying energy efficiency improvements, reductions in carbon
emissions, and enhancements in operational efficiencies. Specifically,
future empirical assessments should focus on: measuring energy con-
sumption before and after ZEB implementation within various urban
settings to assess actual energy savings; conducting quantitative
tracking of carbon emission reductions directly attributable to the
integration of UDTs and ZEBs, providing concrete evidence of their role
in climate change mitigation; and analyzing operational metrics to
evaluate the time and cost savings achieved through the use of UDTs in
urban infrastructure management.

In conclusion, this study advances knowledge in the field of sus-
tainable smart urban development, emphasizing the critical role of data-
driven approaches in achieving climate change mitigation goals. Despite
the challenges identified, the study illustrates that the integration of
UDTs and ZEBs presents a viable and advanced solution for meeting the
environmental objectives of sustainable smart cities. In addition, this
work serves as a valuable resource for the future design and manage-
ment of urban environments capable of meeting the challenges of
tomorrow. Future research should focus on exploring the scalability,
social acceptance, long-term performance, and environmental costs of
these technologies, while also investigating the integration of emerging
technological innovations to further amplify their impact. It should also
address quantitative aspects to provide robust data that validate the
theoretical models and qualitative findings discussed and serve as a
strong foundation for informed policymaking and further technological
enhancements in sustainable urban development. This approach would
strengthen the evidence base for the effectiveness of UDTs and ZEBs to
ensure that their potential benefits are both realized and clearly
demonstrated.
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[104] J. Ferré-Bigorra, M. Casals, M. Gangolells, The adoption of urban digital twins,
Cities 131 (2022) 103390, https://doi.org/10.1016/j.cities.2022.103390.

[105] B. Wang, Q. Wang, J.C.P. Cheng, C. Yin, Object verification based on deep
learning point feature comparison for scan-to-BIM, Autom. Constr. 142 (2022)
104515, https://doi.org/10.1016/j.autcon.2022.104515.
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[151] J. Henzel, Ł. Wróbel, M. Fice, M. Sikora, Energy consumption forecasting for the
digital-twin model of the building, Energies 15 (12) (2022) 4318, https://doi.org/
10.3390/en15124318.

[152] D.D. Eneyew, M.A. Capretz, G.T. Bitsuamlak, Continuous model calibration
framework for smart-building digital twin: a generative model-based approach,
Appl. Energy 375 (2024) 124080, https://doi.org/10.1016/j.
apenergy.2024.124080.

[153] N. Mwanga, J. Svensson, B. Hassan, BIM integration: How BIM can be leveraged
to create digital twins of buildings. Researchgate, (2024, September 1). Retrieved
January 11, 2025, fromhttps://www.researchgate.net/publication/384327332_
BIM_Integration_How_BIM_can_beleveraged_to_create_digital_twins_of_buildings.
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