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This report presents an exhaustive literature review within the domain of urban planning, with a 

particular emphasis on the integration of digital twin technology. The review is a critical component 

of Work Package 2 of the Expedite project, aiming to consolidate existing knowledge and insights 

pertinent to the field. Digital twins, as virtual counterparts of physical entities, have emerged as a 

pivotal innovation in urban planning, offering the potential to revolutionize the way cities are 

designed, monitored, and managed. By simulating urban environments in a digital space, 

planners can test scenarios, optimize decision-making, and enhance the sustainability and 

liveability of urban areas. 

The methodology employed in this review is qualitative, involving the meticulous analysis of 33 

documents sourced from academic journals, conference proceedings, and industry reports. 

These documents were selected based on their relevance to the subject matter and were 

subjected to a rigorous screening and coding process using specialized qualitative analysis 

software. The findings from this literature review are intended to inform the Expedite project and 

contribute to a broader understanding of the application of digital twins in urban planning. 

The literature review explores the current state of research on digital twins in urban environments, 

focusing on the spatial and temporal distribution of case studies, thematic research focuses, data 

types utilized, machine learning methods employed, and the reporting of training-testing and 

hyperparameter-parameter information. The review identifies significant gaps in the current 

research, such as the need for enhanced data management, standardization of data models, and 

the integration of socio-economic and human factors into digital twin models. It also highlights the 

potential of digital twins to provide dynamic, interactive platforms for urban planning, incorporating 

real-time data and advanced computational techniques. 

This report underscores the transformative potential of digital twins in urban planning and the 

necessity for future research to address the identified gaps. It advocates for the development of 

methodological frameworks that bridge analytical results with practical urban planning 

applications, ensuring that digital twin technology effectively supports sustainable urban 

development and improves the quality of life in urban areas. 

 

Abstract 
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The burgeoning field of urban planning is witnessing a paradigm shift with the advent of digital 

twin technology. This transformative approach, characterized by the creation of virtual 

representations of physical assets and systems, is poised to revolutionize the way urban 

environments are designed, analysed, and managed. The integration of digital twins into urban 

planning offers unprecedented opportunities for optimizing decision-making processes, 

enhancing the liveability and sustainability of cities, and engaging communities in the planning 

discourse. 

This report presents a comprehensive literature review that delves into the intersection of urban 

planning and digital twins, with a particular emphasis on the research associated with Work 

Package 2 of the Expedite project. The objective of this review is to distil the existing body of 

knowledge, identify trends, and uncover gaps in the current research landscape. By doing so, it 

aims to inform the development of the Expedite project and contribute to the broader 

understanding of digital twins in the context of urban planning. 

Through a qualitative research approach, this review meticulously examines a collection of 

relevant documents, including academic journals, conference proceedings, and industry reports. 

The analysis is structured around key perspectives such as the spatial and temporal distribution 

of case studies, thematic focus, types of data utilized, machine learning methods employed, and 

the reporting of training-testing and hyperparameter-parameter information. The findings from this 

literature review are expected to offer valuable insights and recommendations that will guide the 

further development of the Expedite project and enhance the potential impact of digital twins on 

sustainable urban development. 

In summary, this report not only synthesizes key findings from the existing literature but also sets 

the stage for future research directions. It underscores the importance of addressing the 

challenges and harnessing the full potential of digital twins to create positive energy districts and 

foster a more sustainable urban future. 
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Analysis of existing research on digital twins in urban 
environments. 
The analysis of the selected literature was structured around five key perspectives: the spatial 

and temporal distribution of case studies, the thematic focus of the research, the types of data 

utilized, the ML methods employed, and the reporting of training-testing and hyperparameter-

parameter information. The spatial analysis revealed a concentration of case studies in China and 

the United States, followed by the United Kingdom, with a notable increase in publications 

between 2014 and 2021, indicating a burgeoning interest in the field. 

The thematic categorization of studies was informed by the conceptual model of a sustainable 

urban system proposed by (Meerow & Newell, 2019). Four categories were delineated: land use 

and urban form, socioeconomic factors, environment, and infrastructures. The review found that 

a significant portion of the studies focused on infrastructure, followed by socioeconomic topics, 

land use and urban form, and environmental factors (Al-Sehrawy, Kumar, & Watson, 2023). 

In terms of data types, the review identified a preference for tabular, vector, raster, and remote 

sensing data. The ML methods were categorized into supervised, unsupervised, a combination 

of both, and natural language processing algorithms. The analysis of training-testing and 

hyperparameter-parameter information highlighted the need for improved reporting standards to 

enhance reproducibility and facilitate the advancement of the field (Casali, Aydin , & Comes, 

2022) (Blais, 1999). 

The papers underscore the critical role of ML in urban spatial analyses and advocate for the 

development of methodological frameworks that bridge the gap between analytical results and 

their practical application in urban science and policy. The findings of this review not only 

contribute to the existing body of knowledge but also pave the way for future research directions 

that prioritize the integration of ICT & ML techniques in urban management and planning. 

The current state of research on city digital twins is still nascent, with a growing body of literature 

exploring its potential applications and challenges. (Shahat, Hyun, & Yeom, 2021) provides a 

valuable overview of the field, highlighting the benefits of digital twins in urban planning decision-

making, such as scenario evaluation, urban climate integration, and public participation. The 

authors also identify areas requiring further development, including enhancing the level of detail 

in 3D models, integrating Building Information Modeling (BIM) and Geographic Information 

System (GIS) applications, and improving data update frequency and processing times. 

The research agenda proposed in the aforementioned study emphasizes the need to enhance 

data processing efficiency, incorporate socio-economic components, and foster a mutual 

integration between the physical city and its digital counterpart. These directions are crucial for 

achieving a fully mirrored city digital twin that can effectively support urban sustainability, 

operability, and quality of life improvements. 

Another emerging topic is the concept of citizen-centric digital twins, which focus on modeling 

citizens' emotional states and experiences within the built environment. This approach can inform 

policymakers and contribute to more inclusive urban development. However, it also raises ethical 

Literature Review: 
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concerns related to data privacy and security, particularly when dealing with sensitive biometric 

data. Ensuring compliance with regulations like the EU's General Data Protection Regulation 

(GDPR) is paramount in the development of these systems (Raes, et al., 2022). 

 

Case studies on the application of digital twins in 
urban planning. 
The concept of Digital Twins (DTs) has been gaining traction in the realm of urban planning, 

offering a transformative approach to city management and development. Digital Twins serve as 

dynamic digital replicas of physical entities, enabling real-time monitoring, simulation, and 

analysis. In the context of urban environments, they provide a multi-dimensional, data-driven 

perspective that can enhance decision-making processes, improve sustainability, and foster 

citizen engagement. This section delves into various case studies that illustrate the application of 

Digital Twins in urban planning, as documented in the literature (Jeddoub, Nys, Hajji, & Billen, 

2023). 

The City of Zurich's Digital Twin 

One of the most notable case studies is the Digital Twin of the city of Zurich. This initiative utilized 

open governmental data to facilitate contributions from different stakeholders and improve 

accessibility to city data. A geoportal was developed to collect automatically updated geodata, 

and a viewer was created to visualize the 3D components of the city and ongoing construction 

projects. The Digital Twin of Zurich has been instrumental in comparing and evaluating different 

urban development scenarios, integrating urban climate issues into development plans, and 

facilitating public participation in planning. However, the model requires further development, 

such as increasing the level of detail of buildings and other city elements, integrating Building 

Information Modeling (BIM) and Geographic Information Systems (GIS) applications, and 

reducing the time between data updates and 3D model processing time (Shahat, Hyun, & Yeom, 

2021). 

West Cambridge Campus Digital Twin 

Another case study involves the development of a Digital Twin at the building and city levels, 

focusing on the West Cambridge campus. This project aimed to create a comprehensive digital 

representation that could support various urban planning objectives, including energy 

management and benchmarking. The Digital Twin enabled real-time urban building energy 

benchmarking, providing valuable insights for optimizing energy consumption and contributing to 

the campus's sustainability goals. The study brakes down the system architecture in different 

layers such as the data acquisition, transmission, digital modelling, data/model integration level 

and service layers (Lu, et al., 2019). 
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Figure 1: Transmission layer at Building Level in West Cambridge campus 

Digital GeoTwin Vienna 

The Digital GeoTwin Vienna represents a case study where a Digital Twin city serves as a 

geodata hub. This initiative aimed to create a digital replica that could support various urban 

analytics and decision-making processes. The project highlighted the potential of integrating 

various data sources and leveraging machine learning techniques to enhance the Digital Twin's 

capabilities. The paper also analyses different levels of detail (LOD) in models and how different 

requirements define the LOD based on semantics / attributes, spatio-semantic coherence etc 

(Lehner & Dorffner, 2020).  

Rinascimento III district in Rome 

The case study analyses the digital twin (DT) of Rinascimento III, a residential district in Rome, 

which represents a significant implementation of a geothermal source heat pump (GSHP) system, 

currently the largest in Europe. Rinascimento III is designed as an energetically self-sufficient part 

of the city, integrated with the surrounding urban planning and services. It is considered significant 

due to its use of a renewable energy system that is not commonly deployed. 
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Figure 2: Rinascimento III Master Plan 

 

The urban planning agreement between the Municipality of Rome and the private owner included 

primary and secondary public works and the completion of the Talenti Park area in front of the 

district. The new district falls under the category of bioenergetic improvement interventions, 

aiming to enhance the bioclimatic performance of the settlement. Italian energy policies, such as 

Decree Law no. 63 of June 4, 2013, offer partial refunds up to 65% for energy requalification 

expenses, promoting the use of renewable sources like geothermal energy. 
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Figure 3: Evolution phases of the BIM Model LOD 

 

The geological characteristics of Italy are favorable for the development of geothermal energy 

systems, allowing the exploitation of low-enthalpy resources at various depths across the country. 

A research activity by the CNR (National Centre for Research) with a pilot project in four Italian 

regions (Calabria, Campania, Apulia, and Sicily) aimed to increase knowledge about the use of 

geothermal resources and provide information for exploring and improving geothermal energy 

uses in southern Italy. In Rinascimento III, the connection between the physical and virtual model 

is made through sensors monitoring and communicating electrical power data, such as power 

energy voltmeter ammeter for lighting, HVAC (Heating, Ventilation, and Air Conditioning) 

systems, and smart plugs for electromotive equipment like computers, televisions, washing 

machines, etc (Agostinelli, Cumo, Guidi, & Tomazzoli, 2021). 

 

Figure 4: Rinascimento III district in Rome 
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Detailed explanation of digital twins and their 
components. 
 

A digital twin is a dynamic, virtual representation of a physical entity or system, which is 

continuously updated with real-time data, enabling simulation, analysis, and control of its physical 

counterpart (Shahat, Hyun, & Yeom, 2021). The essence of a digital twin lies in its ability to 

amalgamate real-time and historical data, providing a comprehensive view of an asset throughout 

its lifecycle, which is particularly pertinent for professionals in the built environment and academia 

(Hartmann & Van der Auweraer , 2020). 

 

 

Figure 5: Digital Twin layers 

 

At the core of a digital twin is an intricate web of data sources, including sensors, IoT devices, 

and various forms of operational and environmental data. These sources are the lifeblood of the 

digital twin, supplying the necessary information to mirror the physical counterpart's state and 

behavior accurately. An information model then takes this data and structures it within a 

framework that defines the relationships between different elements, ensuring the digital twin's 

usability and comprehensibility (M., Sayidov, & R.). 

The integration layer is another critical component, acting as a conduit for the digital twin to 

interface with external systems and data sources. It is this layer that ensures the digital twin's 

seamless communication with other digital systems, such as BIM, GIS, and ERP, allowing for a 

holistic integration of data and processes (Scalas, Cabiddu, Mortara, & Spagnuolo, 2022). 

Digital Twins: Concepts and 
Technologies: 
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Embedded within the digital twin is a layer of analytics and intelligence, where advanced 

algorithms and artificial intelligence come into play. This layer processes and analyzes the data, 

enabling features like predictive maintenance and performance optimization, which are invaluable 

for decision-making and strategic planning. Visualisation tools complement this analytical 

capability, offering stakeholders intuitive and accessible ways to interact with the digital twin 

through 3D models, dashboards, and immersive technologies (Hartmann & Van der Auweraer , 

2020) (Mylonas, et al., 2021). 

Communication is also pivotal to the functionality of a digital twin. A dedicated communication 

layer ensures that information exchange between the digital twin and its users is both secure and 

efficient, maintaining the integrity of the data and the system as a whole (Hartmann & Van der 

Auweraer , 2020). 

One of the most powerful aspects of digital twins is their ability to simulate and test various 

scenarios. This feature allows for the exploration of design options, risk assessments, and training 

opportunities without the constraints of the physical world. It is this simulation capability that can 

lead to significant advancements in design optimization and risk mitigation. The concept of 

lifecycle management is embedded within the digital twin, acknowledging that as the physical 

asset evolves, so too must its digital counterpart. This evolution reflects changes, maintenance, 

and even decommissioning activities, ensuring that the digital twin remains an accurate and up-

to-date reflection of the physical asset (Raes, et al., 2022) (Mylonas, et al., 2021). 

In weaving together these components, digital twins offer a multitude of functionalities. They 

enable predictive maintenance, allowing for the anticipation of failures before they occur. They 

optimize performance by simulating different operational strategies. They enhance asset 

management by providing a detailed view of asset health and usage. They also facilitate 

collaboration and training, offering a safe and interactive environment for stakeholders to engage 

with complex systems. 

Information Management: Importance in handling 
urban data 
Information management plays a crucial role in handling urban data within the context of utilizing 

digital twins for urban planning, particularly in the development and operation of Positive Energy 

Districts (PEDs). Efficient and effective information management processes are essential to 

ensure that urban planners and stakeholders can make informed decisions based on accurate, 

reliable, and up-to-date data. 

Data Collection and Integration 

Information management involves the collection, integration, and organization of diverse urban 

data sources into a cohesive and unified system. Digital twins rely on data from various sensors, 

Internet of Things (IoT) devices, and other sources to create a holistic representation of the urban 

environment (Jeddoub, Nys, Hajji, & Billen, 2023). Proper information management ensures that 

data is collected consistently, validated for quality, and integrated seamlessly into the digital twin 

platform. 

Data Governance and Quality Assurance 

Information management establishes governance frameworks to ensure the responsible and 

ethical use of urban data. It includes defining data ownership, access controls, and data-sharing 

protocols to protect sensitive information and maintain data privacy (Ferre-Bigorra, Casals, & 

Gangolells, 2022). Additionally, information management practices enforce data quality 

assurance measures, such as data cleaning, validation, and standardization, to ensure the 

accuracy and reliability of the data used in digital twins. (Ruohomäki, et al., 2018) discusses the 

importance of open data in the implementation of Digital Twins and the effectiveness of open data 

in sensor information and automation systems.  



 

 

 

Sweco | ExPEDite Utilizing Digital Twins for Urban Planning: An Integrated Approach to Sustainable and Smart City Development 

Project Number N/A 

Date 2024-05-07 Ver P00  

Document reference 65210132-SWE-WP2-XX-T-X-0001_UrbanPlanningAndDigitalTwins 

 15/52 

Data Storage and Accessibility 

Urban data can be vast and complex, requiring robust storage and retrieval mechanisms. 

Information management involves implementing appropriate data storage infrastructure, such as 

cloud-based platforms or distributed databases, to securely store and manage the vast amounts 

of data generated by digital twins. As an example, (Ruohomäki, et al., 2018) describes the 

process of handling this data by storing information in a SKOSMOS server and producing the 

information in JSON-LD format. Furthermore, information management ensures that authorized 

stakeholders have seamless and timely access to the data they need, enabling them to make 

informed decisions on time. (Bakhtiari, Piadeh, Behzadian, & Kapelan, 2023) have investigated 

the stakeholder access and engagement in urban flood risk management, the challenges and 

potentials, in this and further applications.  

Collaboration and Knowledge Sharing 

Effective information management enables collaboration and knowledge sharing among 

stakeholders involved in urban planning. By providing a centralized platform for data storage and 

analysis, digital twins supported by information management systems facilitate interdisciplinary 

collaboration, allowing urban planners, architects, engineers, policymakers, and citizens to 

contribute their expertise and insights. This collaborative approach promotes a holistic 

understanding of urban challenges and fosters consensus-driven decision-making processes. An 

example that proves the concept of collaboration and knowledge sharing is the Open Geospatial 

Consortium which includes over 500 companies, government agencies, research organisations 

and universities. The consortium produces publicly available geospatial standards (Ruohomäki, 

et al., 2018). 

 

The technology stack behind digital twins, including 
IoT, AI, and data analytics. 
 

Artificial Intelligence (AI) is increasingly becoming a cornerstone in the realm of urban planning, 

particularly in the context of Positive Energy Districts (PEDs) and the implementation of Digital 

Twins (Li, et al., 2021). In this domain, AI's role is multifaceted, with predictive analysis and 

decision-making being two of its most critical applications. 

Predictive Analysis 

AI-driven predictive analysis in the context of Digital Twins involves the use of machine learning 

algorithms and data analytics to forecast future scenarios based on historical and real-time data. 

This predictive capability is essential for urban planning as it allows city planners to anticipate 

potential issues and opportunities within the urban environment (Shahat, Hyun, & Yeom, 2021). 

For instance, AI can predict energy consumption patterns in PEDs, enabling planners to optimize 

energy production and distribution to meet the fluctuating demands effectively (Hamalainen, 

2021). 

By leveraging AI, Digital Twins can simulate various "what-if" scenarios, considering a multitude 

of variables such as weather conditions, population growth, and traffic patterns. This level of 

analysis provides valuable insights into the potential impact of urban planning decisions before 

they are implemented, reducing the risk of unforeseen consequences (Shahat, Hyun, & Yeom, 

2021). 

Decision-Making 

AI's role in decision-making within Digital Twins is to provide evidence-based recommendations 

that guide urban planners and policymakers. By processing complex datasets, AI can identify 

trends, correlations, and anomalies that might not be immediately apparent to human analysts. 
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These insights empower decision-makers with a deeper understanding of the urban ecosystem, 

leading to more informed and strategic planning (Charitonidou, 2022). 

In the development of PEDs, AI can evaluate the effectiveness of different energy-saving 

measures, renewable energy integrations, and infrastructure developments, ensuring that the 

decisions made contribute to the overarching goal of creating a positive energy balance (Raes, 

et al., 2022). 

Moreover, AI can facilitate participatory decision-making by incorporating feedback from citizens 

and stakeholders into the planning process. Through natural language processing and sentiment 

analysis, AI can analyze public opinions and preferences, aligning urban development with the 

community's needs and aspirations (Dai, Hasanefendic, & Bossink, 2023). 

Integration with Digital Twins 

Integrating AI with Digital Twins in urban planning creates a dynamic and adaptive planning tool. 

Digital Twin is a virtual representation of a physical system (and its associated environment and 

processes) that is updated through the ex change of information between the physical and virtual 

systems (Jeddoub, Nys, Hajji, & Billen, 2023) (Hartmann & Van der Auweraer , 2020), and when 

infused with AI, they become intelligent systems capable of learning and evolving (Li, et al., 2021). 

This symbiosis enables continuous improvement in urban planning strategies, ensuring they 

remain effective and resilient in changing urban dynamics. 

AI-enhanced Digital Twins can monitor the health of urban infrastructure, predict maintenance 

needs, and optimize resource allocation (Shahat, Hyun, & Yeom, 2021). In PEDs, this translates 

to improved energy efficiency, reduced carbon footprint, and enhanced quality of life for residents. 

 

Internet of Things (IoT): Data collection from urban 
environments 
The Internet of Things (IoT) is an interconnected system of physical devices, vehicles, buildings, 

and other items embedded with sensors, software, and network connectivity that enables these 

objects to collect and exchange data (Atzori, Iera, & Morabito, 2017) (Weber, 2010). In the context 

of urban environments and the development of Positive Energy Districts (PEDs), IoT plays a 

crucial role in collecting real-time data, which is essential for creating and managing Digital Twins. 

IoT devices with various sensors can be deployed throughout an urban area to collect data on 

energy consumption, traffic flow, air quality, noise levels, and other environmental factors 

(Mylonas, et al., 2021). These sensors act as the urban environment's nervous system, providing 

continuous data streams. 

Data Aggregation and Integration: The data collection, aggregation and integration is a 

complex and challenging process, mainly due to data sitting in heterogenous and disparate 

sources. Open platforms are encouraged and utilised to enable stakeholders to access the city 

data. (Shahat, Hyun, & Yeom, 2021) 

Communication Infrastructure: A reliable and secure communication infrastructure is 

necessary to transmit data from IoT devices to the central platform. This includes the use of 

technologies such as 5G, LoRaWAN, or NB-IoT, which are designed to support large-scale IoT 

networks with minimal energy consumption (Hamalainen, 2021) (Li, et al., 2021) (Bakhtiari, 

Piadeh, Behzadian, & Kapelan, 2023). 

Simulation and Modeling: Digital Twins enable urban planners to create detailed simulations of 

urban environments, incorporating the real-time data provided by IoT. These models can be used 

to test various scenarios and predict the outcomes of different planning decisions, particularly in 

the development of PEDs where energy efficiency is paramount (Scalas, Cabiddu, Mortara, & 

Spagnuolo, 2022). 
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Energy Management: By analyzing data on energy consumption and generation within a district, 

Digital Twins can help identify patterns and optimize energy distribution. This is vital for PEDs, 

which aim to produce more energy than they consume, often through renewable sources 

(Speicher & DeFranco, 2023). 

Operational Efficiency: Digital Twins can assist in managing urban infrastructure more efficiently 

by predicting maintenance needs, optimizing resource allocation, and reducing operational costs. 

This leads to more sustainable and resilient urban environments (Shahat, Hyun, & Yeom, 2021). 

Stakeholder Engagement: Digital Twins provide a visual and interactive platform for engaging 

stakeholders, including residents, businesses, and policymakers. This can foster collaboration 

and ensure that the planning process is inclusive and reflective of the community's needs and 

aspirations.Innovative tools such as virtual reality enables broad citizens participation regardless 

of personal or professional backgrounds, providing simultaneous information. A great example is 

found in the Herrenberg digital twin (Dembski, Wössner, Letzgus, Ruddat, & Yamu, 2020).  

 

Figure 6: IoT data transfer to DT 

 

 

Integration of digital twins with other smart city 
technologies. 
The integration of digital twins with other smart city technologies represents a transformative step 

in urban development, harnessing the power of advanced simulations, real-time data, and 

interconnected systems to enhance the quality of life for citizens and streamline city operations. 

As cities evolve into smart urban ecosystems, the fusion of digital twins with technologies such 

as the Internet of Things (IoT), artificial intelligence (AI), and big data analytics becomes crucial. 

This synergy enables a dynamic and comprehensive representation of urban environments, 

facilitating informed decision-making and fostering sustainable growth. 

Interoperability and Data Sharing 

(Raes, et al., 2022) highlights the importance of interoperability in smart city technologies. Digital 

twins can break down silos by aggregating, virtualizing, and augmenting data, allowing for 

horizontal reuse of infrastructure. This means that objects like crossroads can serve multiple 

purposes, such as developing logistics applications, controlling traffic, or implementing security 
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arrangements. The integration of digital twins with IoT deployments is crucial for creating 

applications that facilitate sustainable growth and development in smart cities. 

Dynamic Data and Model Updates 

Urban digital twins require continuous updates to reflect changing physical conditions, such as 

traffic, air quality, or noise levels. This dynamic correspondence ensures that the digital twin 

remains synchronised with the physical environment. The integration of digital twins with smart 

city domains (transportation, environment, health) involves receiving input from multiple data 

sources, which allows for real-time monitoring and adaptation (Shahat, Hyun, & Yeom, 2021). 

Additionally, a solid data infrastructure is fundamental for creating digital twin platforms. Smart 

city practitioners can develop digital city services and applications, conduct simulations, and 

demonstrate alternative urban development scenarios using these platforms. For instance, 

(Agostinelli, Cumo, Guidi, & Tomazzoli, 2021) describe that in Helsinki, data-enriched digital twins 

were used to simulate the impacts of natural phenomena and weather conditions on the built 

environment. Other dynamic 3D city models, like the Energy Atlas platform, were utilised to 

simulate energy information, such as building energy leakages, and to promote energy-efficient 

consumption and carbon-neutral behaviour among property owners and citizens. 

T-Cell Data Broker Framework 

The DUET's T-Cell framework is mentioned as a central entity-cum-data broker that integrates 

different data models. This framework is essential for the integration of digital twins with other 

smart city technologies as it facilitates the flow of information and communication between various 

systems and data sources (Raes, et al., 2022). 

Use of Open Governmental Data & Blockchain technology 

(Deng, Zhang, & Shen, 2021) emphasize the use of open governmental data to enable 

contributions from different stakeholders and improve accessibility to city data. The subjects of 

digital transformation and how to apply advanced technologies in digital twin cities play a crucial 

role in the efficient creation of a digital twin. To achieve this, the use of open data is mandatory 

and a fine balance between efficiency and safety needs to be considered.  Additionally, the 

research states that blockchain technology could be integrated with digital twin cities to track 

detailed product information, prevent the entry of forged products into the market, and optimize 

decision-making processes. This integration would involve IoT sensors collecting data, distributed 

network nodes monitoring the data, and entities accessing the information they need after 

validation. The data can be securely uploaded to a blockchain network for transparency and 

seamless access to information. 

Challenges and Future Research 

The research acknowledges the challenges in fully utilizing the potentials of city digital twins, such 

as the need for enhanced data management, standardization of data models, and improved data 

interoperability and processing (Topping, et al., 2021). The integration of digital twins with other 

smart city technologies is not yet complete, and there is a need for further research and 

development to address issues like accuracy, error occurrence, and the integration of human 

interactions and socio-economic factors (Shahat, Hyun, & Yeom, 2021). Additionally, (Dembski, 

Wössner, Letzgus, Ruddat, & Yamu, 2020) discuss the importance of preserving data sovereignty 

for cities and their citizens. It emphasizes the use of open-source software like COVISE, 

OpenCOVER, and OpenFOAM to enable future research and give planners and decision-makers 

the ability to use and advance these approaches. This approach contrasts with commercial 

products that create dependencies on data providers.  
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How digital twins can model urban environments and 
simulate scenarios. 
In the exploration of digital twins as a transformative technology for urban environments, the 

literature presents a multifaceted view of their potential applications and the challenges that 

accompany their implementation. Digital twins, as dynamic and data-driven models, offer a 

comprehensive representation of urban systems, enabling the simulation of various scenarios 

and the prediction of future patterns and plans.  

(Shahat, Hyun, & Yeom, 2021) elucidates the burgeoning field of city digital twins, emphasizing 

their utility in urban planning and decision-making. The digital twin of Zurich, for instance, 

demonstrates the potential for enhancing visualisation and planning, integrating urban climate 

issues, and facilitating public participation. The research underscores the need for a holistic 

approach to develop a clear research agenda that addresses the potentials, challenges, and 

requirements for future research utilizing digital twin technology to enhance urban operability, 

sustainability, and quality of life. Furthermore, the document highlights the importance of 

integrating Building Information Modeling (BIM) and Geographic Information Systems (GIS) 

applications to maximize the use of digital twins' potentials. It also points out the necessity of 

reducing the time between data updates and the 3D model processing time to ensure the model's 

relevance and accuracy. 

(Topping, et al., 2021) discusses the potential of digital twins in the context of urban air quality 

management. It suggests that digital twins can ingest real-time data from various sources across 

a city, providing an end-to-end decision system that captures local dependencies. The paper also 

acknowledges the infrastructural needs for a digital twin ecosystem, including data harvesting, 

calibration, standardization, security, and information governance. 

(Nochta, Badstuber, & Wahby, 2019) addresses the governance aspects of city digital twins, 

highlighting the need for evidence-based decision-making in city planning and management. It 

suggests that computerized models of cities can contribute to making decision-making processes 

more objective and transparent by providing an evidence base that can be critically assessed by 

others. 

The adoption of urban digital twins is still in its nascent stages, with less than 20% of the projects 

being fully operational and a majority of the literature emerging from Europe. The literature also 

reveals a lack of standardization and interoperability, which hampers the sharing of data across 

different cities or organizations. Despite these challenges, urban digital twins offer a plethora of 

benefits, including the integration of city planning and management into a single tool, faster 

response times through autonomous actuation, and the potential for more comprehensive 

modelling of city infrastructures and services (Ferre-Bigorra, Casals, & Gangolells, 2022) 

Urban digital twins are primarily utilized by public administrations for operation and maintenance, 

with a growing interest in their application for urban planning. The most frequently modelled 

systems include meteorology, flood prediction, and mobility, which are favoured due to the relative 

ease of data availability. Data sources for these models typically include sensors and databases, 

Role of Digital Twins in Urban Planning: 
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with cloud computing being the preferred method for data processing due to its centralized nature 

(Ferre-Bigorra, Casals, & Gangolells, 2022) 

In Helsinki, the implementation of dynamic digital twins has demonstrated the potential to improve 

public debate quality, foster knowledge-based decision-making, and enhance citizen inclusion 

and transparency in smart city initiatives (Hamalainen, 2021). The study from Helsinki also 

underscores the importance of a solid data infrastructure as the foundation for creating digital twin 

platforms, which can be leveraged for developing digital city services, simulations, and urban 

development scenarios. 

The case study of Herrenberg, Germany, provides a practical example of an urban digital twin in 

action. The Herrenberg digital twin integrates various models and simulations, including 3D 

modelling, urban mobility simulation, and wind flow simulation, to address challenges such as 

traffic load and air pollution. This digital twin has been used to engage stakeholders in decision-

making processes and to visualize design variants and scenarios before construction begins 

(Dembski, Wössner, Letzgus, Ruddat, & Yamu, 2020). 

In conclusion, while urban digital twins are still evolving, they represent a significant advancement 

in the ability to model and simulate urban environments. The development of standards and the 

resolution of interoperability issues will be crucial for the widespread adoption and effectiveness 

of urban digital twins. As computational resources become more accessible and the technology 

matures, urban digital twins are poised to become an indispensable tool for smart city 

development, governance, and management. 

 

The use of digital twins for real-time monitoring and 
management of city infrastructure. 
The utilization of digital twins in the context of monitoring and management of city infrastructure 

is predicated on the creation of a dynamic and interactive replica, which can be used for various 

applications including urban planning, disaster management, and public participation in planning 

processes. 

The city of Zurich serves as a pertinent example, where the digital twin has been employed to 

enhance visualisation and planning, as well as to foster stakeholder inclusion. The digital twin in 

Zurich leverages open governmental data and a geoportal for the collection and visualisation of 

automatically updated geodata, which includes 3D components of the city and ongoing 

construction projects (Shahat, Hyun, & Yeom, 2021). Despite its potential, the Zurich model 

necessitates further development to increase the level of detail, integrate Building Information 

Modeling (BIM) and Geographic Information System (GIS) applications, and reduce the lag 

between data updates and 3D model processing time. 

 

Figure 7: Zurich Digital Twin 
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Another notable instance is Virtual Singapore, which has developed a city digital twin through the 

Virtual Singapore program. This initiative aimed to consolidate various 3D efforts into a unified 

platform, fostering collaboration among public agencies, citizens, the private sector, and research 

institutions. The Virtual Singapore digital twin enables better city/state visualisation, real-time 

information collection and analysis, and the simulation of "what if" scenarios for enhanced 

planning and decision-making. However, it is important to note that the flow of information in this 

model is predominantly one-way, from the physical to the digital, which does not fully exploit the 

capabilities of digital twin technology that requires mutual integration between the two 

counterparts (Shahat, Hyun, & Yeom, 2021). 

 

Figure 8: Virtual Singapore screenshot 

 

Real-time monitoring is crucial for systems such as road traffic, which necessitates a high 

sampling rate and sensor distribution density to accurately represent the physical system. 

However, this also increases the computational and energy resources required for data 

processing, presenting a challenge in balancing accuracy with cost (Ferré-Bigorra et al., 2022). 

Despite the infancy of urban digital twins, they have the potential to significantly improve urban 

management. They can integrate city planning and management into a single tool, enable faster 

response times through autonomous actuation, and facilitate the management of the city in a 

more holistic manner. However, challenges such as computational resource limitations, data 

quality issues, and the need for widely accepted standards and interoperability remain (Ferré-

Bigorra et al., 2022). 

The research community acknowledges the challenges in achieving a completely mirrored digital 

twin that encompasses the full spectrum of a city's physical, social, and economic aspects. 

Nevertheless, there is a consensus on the necessity to advance technological tools and uses to 

enhance the city digital twin for better visualisation, realization, and management of urban 

environments. 

 

Predictive analytics and its impact on urban planning 
decisions. 
Predictive analytics, a subset of artificial intelligence (AI) methodologies, has increasingly become 

a pivotal tool in urban planning, offering the potential to transform the way cities are designed, 

managed, and developed. The integration of predictive analytics into urban planning scenarios 

enables planners to forecast urban growth, assess the impact of policy interventions, and optimize 
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infrastructure development, thereby contributing to the creation of smart and sustainable urban 

environments. 

The systematic review of literature on algorithmic urban planning for smart and sustainable 

development, (Son, et al., 2023) provides a comprehensive analysis of the current state of AI 

applications in urban planning. The review categorizes the applications into four distinct areas: 

urban data analytics and planning decision support, urban and infrastructure management, urban 

monitoring and development control, and urban environmental and disaster management. 

Notably, the category of 'urban data analytics and planning decision support' encompasses 49.5% 

of the reviewed publications, highlighting the significant role of predictive analytics in supporting 

planning decisions. 

The document further reveals that machine learning, a critical component of predictive analytics, 

dominates the AI applications in urban planning, accounting for 84% of the publications. This 

underscores the importance of machine learning algorithms in analyzing complex urban data and 

generating predictions that inform urban planning processes. The prevalence of machine learning 

is followed by deep learning and neural networks, which are also instrumental in processing large 

datasets and identifying patterns that may not be immediately apparent to human analysts. 

Moreover, (Nochta, Badstuber, & Wahby, 2019) sheds light on the governance challenges 

associated with the use of predictive analytics in urban planning. It emphasizes the need for a 

challenge-driven approach to modelling and the importance of democratizing the process by 

which results are produced, used, and communicated in decision-making. The document also 

highlights the reliance on data and models by local government in Cambridge to argue for funding 

and investment and to address concerns about the impact of new development, illustrating the 

practical implications of predictive analytics in urban planning scenarios. 

(Casali, Aydin , & Comes, 2022) provides a comprehensive overview of the utilization of ML in 

urban spatial analysis, which is highly relevant to the topic of predictive analytics in urban 

planning. The review meticulously categorizes the existing literature into four primary urban 

subsystems: land use and urban form, socioeconomic factors, environment, and infrastructure. It 

underscores the significance of ML in deciphering complex urban patterns and contributing to 

sustainable urban development. The review also highlights the spatial and temporal distribution 

of studies, with a notable concentration of case studies in China, the US, and the UK, reflecting a 

geographical bias that may influence the generalizability of predictive analytics across diverse 

urban settings. In terms of data sources, the review identifies a reliance on demographic data, 

points of interest (POI), and socioeconomic indicators, which are instrumental in shaping 

predictive models. The types of data used, such as numeric, vector, remote sensing, and raster 

maps, are critical in understanding the granularity and scope of predictive analytics. The review 

also emphasizes the importance of data integration from various sources to establish a 

comprehensive urban understanding, which is a cornerstone of effective urban planning. 

The ML methods employed in the reviewed studies are categorized into supervised, 

unsupervised, mixed, and natural language processing algorithms. This classification is essential 

for urban planners to discern which methods are most suitable for specific urban challenges. For 

instance, support vector machines (SVM), random forests (RF), and boosted decision trees (DTs) 

have been identified as potent methods for classification tasks in remotely sensed data, which 

can be applied to urban land use and infrastructure monitoring. 
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Explanation of how digital twins can optimize energy 
consumption and production.  
Digital twins, as advanced digital replicas of physical systems, have the potential to significantly 

optimize energy consumption and production through their ability to integrate and analyse vast 

amounts of data in real time. In the context of energy services, intelligent recommendation 

systems, and demand-side management, digital twins can play a pivotal role in enhancing energy 

efficiency and sustainability. 

The concept of digital twins has been explored in various domains, including energy systems. 

According to the literature, digital twins can be employed to create highly detailed and dynamic 

models of energy systems that can simulate and predict energy consumption patterns, optimize 

energy production, and facilitate demand-side management (Mylonas, et al., 2021). These 

models can incorporate real-time data from sensors and other sources to provide accurate and 

timely insights into energy usage and potential inefficiencies. 

Furthermore, digital twins can support community energy schemes by engaging users and 

stakeholders in energy management processes. For instance, a case study at the Trent Basin in 

Nottingham, UK, demonstrated the use of digital twins in community energy schemes to enhance 

user engagement and optimize energy distribution within the community (Rodrigues, et al., 2020). 

In the context of smart campuses, digital twins have been utilized for sustainable comfort 

monitoring, which includes the management of energy consumption related to heating, ventilation, 

and air conditioning systems. By creating a digital twin of a smart campus, it is possible to monitor 

and adjust energy usage in real-time to ensure optimal comfort levels while minimizing energy 

waste (Zaballos, Briones, Massa, Centelles, & Caballero, 2020). 

The integration of digital twins with Building Information Modeling (BIM) and Geographic 

Information Systems (GIS) applications can further enhance the capabilities for energy 

optimization. By increasing the level of detail of buildings and other city elements within the digital 

twin, and reducing the time between data updates and 3D model processing time, more accurate 

and efficient energy management can be achieved (Shahat, Hyun, & Yeom, 2021). 

In the context of urban energy systems, digital twins can classify and predict energy demand 

patterns, as demonstrated in the district of Greenwich (O'Dwyer, Pan, Charlesworth, Butler, & 

Shah, 2020), by leveraging clustering techniques to analyze consumption data (Ferre-Bigorra, 

Casals, & Gangolells, 2022). This predictive capability is crucial for optimizing energy production 

and distribution, as it allows for the anticipation of peak demand periods and the adjustment of 

energy supply accordingly. 

The real-time connectivity between the virtual and physical realms is a defining feature of digital 

twins, enabling dynamic system product design and testing with reduced time and expenses 

(Hamalainen, 2021). This aspect is particularly beneficial for energy systems, where digital twins 

Digital Twins and Positive Energy 
Districts: 
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can minimize design errors and prevent failures, leading to more reliable and efficient energy 

production and distribution infrastructure. 

 

Figure 9: Flowchart of Energy optimisation 

 

Cybersecurity emerges as a critical concern in the deployment of digital twins for energy 

optimization. As these systems become integral to managing vital urban infrastructures, such as 

electrical power grids, ensuring the security of the digital twin is paramount to prevent data leaks 

and unauthorized control of the system (Ferre-Bigorra, Casals, & Gangolells, 2022). 

The adoption of urban digital twins represents a significant advancement in the pursuit of 

optimized energy consumption and production. By harnessing real-time data, predictive analytics, 

and simulation capabilities, digital twins offer a powerful tool for enhancing the efficiency and 

sustainability of urban energy systems. However, the successful implementation of these 

technologies requires careful consideration of cybersecurity measures to protect the integrity of 

both the digital and physical components of the energy infrastructure. 

 

The role of digital twins in managing renewable 
energy sources. 
The existing literature provides several sources that offer valuable insights into the utilization of 

digital twins in the context of renewable energy management. The article "Uses of the digital twins 

concept for energy services, intelligent recommendation systems, and demand side 

management: A review," published in Energy Reports, provides a comprehensive review of the 

applications of digital twins in energy services (Onile, Machlev, Petlenkov, Levron, & Belikov, 

2021). This source underscores the significance of digital twins in enhancing energy efficiency, 

facilitating intelligent recommendation systems, and optimizing demand-side management, all of 

which are critical components in the management of renewable energy sources.. 
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(Ferre-Bigorra, Casals, & Gangolells, 2022) provide a comprehensive methodology for identifying 

and analyzing urban digital twins, with a focus on physical urban infrastructure. The papers 

emphasize the importance of accurate data inputs from sensors and databases, which are crucial 

for the digital twin's performance. For renewable energy management, this would involve 

integrating data from weather forecasts, energy production metrics, and consumption patterns to 

optimize energy distribution and predict potential disruptions. Notwithstanding this, the processing 

capabilities of digital twins, as outlined in the same source, are essential for handling complex 

computations required for energy management. Techniques such as simulation, machine 

learning, and optimization algorithms are employed to process data inputs and generate 

actionable insights. In the context of renewable energy, low-latency edge computing could be 

advantageous for real-time control of energy assets, while cloud computing could handle large-

scale data analysis for long-term planning. 

The user interfaces and actuators are the means through which digital twins interact with the 

physical world, as detailed in (Ferre-Bigorra, Casals, & Gangolells, 2022). For renewable energy 

systems, user interfaces could provide stakeholders with intuitive visualisations of energy flows, 

production forecasts, and system health. Actuators, on the other hand, could enable automated 

control of energy assets, such as adjusting the angle of solar panels or controlling the flow of 

hydroelectric turbines, based on the insights derived from the digital twin. 

Furthermore, (Rodrigues, et al., 2020) illustrates the practical application of digital twins in 

engaging users within community energy. This study highlights the potential of digital twins to 

foster user engagement and participation, which is essential for the successful implementation 

and management of renewable energy projects. 

Additionally, (Zaballos, Briones, Massa, Centelles, & Caballero, 2020) discusses the development 

of a digital twin for a smart campus to monitor sustainable comfort. This research demonstrates 

how digital twins can be employed to monitor and manage the energy performance of buildings, 

an important aspect of renewable energy management in urban environments. 

Lastly, (Shahat, Hyun, & Yeom, 2021) provides a holistic overview of the potentials, challenges, 

and requirements for future research utilizing digital twin technology in smart cities. This paper 

emphasizes the need for a comprehensive research agenda to harness the full potential of digital 

twins in enhancing the operability, sustainability, and quality of life in urban areas, which directly 

relates to the management of renewable energy sources. 



 

 

 

Sweco | ExPEDite Utilizing Digital Twins for Urban Planning: An Integrated Approach to Sustainable and Smart City Development 

Project Number N/A 

Date 2024-05-07 Ver P00  

Document reference 65210132-SWE-WP2-XX-T-X-0001_UrbanPlanningAndDigitalTwins 

 26/52 

Description of the research approach and methods 
used to analyse digital twins in urban planning. 
The study adopted a qualitative research approach to explore the multifaceted role of digital twins 

in urban planning. This approach was chosen to gain a deep understanding of the complex 

interactions and potential of digital twins in the development of positive energy districts (PEDs). 

Data Collection and Document Screening: 
A comprehensive literature review was conducted, screening circa 135 journal articles and 

academic documents from various reputable sources, including ScienceDirect and 

ResearchGate. These platforms were chosen for their extensive databases of peer-reviewed 

scholarly articles, which provide a wealth of information on the latest advancements in digital twin 

technology and urban planning. 

The initial screening process involved identifying relevant publications based on predefined 

inclusion criteria, such as the relevance to digital twins, urban planning, and PEDs, as well as the 

recency of the research to ensure the inclusion of the latest findings and technological 

advancements. 

Qualitative Analysis: 
The qualitative analysis of the documents was carried out with exceptional attention to detail, 

utilizing a state-of-the-art software tool called AtlasTi that was specifically designed to handle the 

nuances and complexities of qualitative data. AtlasTi was instrumental in enhancing the efficiency 

and effectiveness of the research process. It provided a sophisticated platform that streamlined 

the organization and meticulous scrutiny of the vast amounts of data that had been accumulated 

over the course of the research. We were able to systematically annotate significant quotations 

and segments within the documents, marking them for further examination. These annotated 

excerpts were not left in isolation; instead, they were thoughtfully classified into thematic clusters. 

The software was adept at recognizing these clusters as codes, which served as the building 

blocks for the subsequent analysis. 

The initial coding phase was a comprehensive exercise that yielded an impressive total of 304 

distinct codes. These codes spanned an extensive array of topics and themes that were all 

pertinent to the overarching subjects of digital twins and urban planning. The breadth of these 

codes was indicative of the thorough nature of the research and the richness of the data that had 

been collected. 

However, to refine the analysis and concentrate more intently on the core elements of the 

research question, a stringent filtration process was implemented. This critical phase involved a 

careful evaluation of each of the 304 codes. The researcher meticulously assessed each code for 

its relevance to the research objectives, its potential redundancy with other codes, and its overall 

importance to the topic at hand. This evaluative process was not a mere formality; it was a vital 

step in distilling the essence of the research findings. As a result of this process, many of the 

Methodology: 
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codes were amalgamated, combining overlapping or similar themes to create a more streamlined 

and focused set of codes. 

The culmination of this rigorous analytical process was the performance of the final analysis with 

a curated set of 140 codes. These codes were not chosen arbitrarily; they were carefully selected 

as the ones that were considered most crucial for elucidating the intricate role of digital twins in 

the development of Positive Energy Districts (PEDs). This refined set of codes provided a clearer 

and more targeted lens through which the researchers could interpret the data, allowing for a 

more nuanced and insightful understanding of the potential impact and benefits of implementing 

digital twins in the context of urban planning for sustainable, energy-positive communities. The 

final analysis, supported by these 140 essential codes, offered a rich, in-depth perspective on the 

subject, contributing significantly to the body of knowledge in the field. 

Network Analysis & Document inclusion: 
The innovative software that was employed in the research played a pivotal role by facilitating the 

construction of intricate code networks. These networks were not just supplementary tools but 

were, in fact, central to the research process as they were instrumental in investigating the 

multifaceted interconnections that existed between the existing body of literature and the subject 

matter under scrutiny. The value of these code networks lay in their ability to provide visual 

representations, which acted as a map to navigate the convoluted web of concepts and themes. 

By laying out the relationships between different ideas in a visual format, the code networks 

greatly enhanced the clarity of understanding, offering a more lucid comprehension of the 

complex and often subtle relationships that were woven throughout the data. 

Delving into the analysis of these code networks, we were able to meticulously sift through the 

information and identify salient patterns, discernible trends, and notable gaps within the literature. 

This process was crucial as it illuminated the potential implications and applications of digital twins 

within the specific context of urban planning for positive energy districts (PEDs). The insights 

gained from this analysis were not only relevant to the current state of knowledge but also pointed 

towards future directions and innovations that could potentially transform the landscape of urban 

planning. 

The research process was marked by a rigorous screening and coding procedure that ultimately 

resulted in the inclusion of 33 documents that were deemed to be of paramount importance to the 

research. These documents were meticulously selected based on a set of criteria that ensured 

their direct relevance to the research objectives. Moreover, each document was evaluated to 

ensure that it contributed significantly to a comprehensive and nuanced understanding of the 

subject matter. This careful selection process was critical in ensuring that the research was built 

upon a foundation of the most pertinent and influential scholarly work available. 

The qualitative research approach that was adopted for this study, when combined with the 

systematic and methodical screening and coding of the academic literature, provided a robust 

framework for analysis. This approach facilitated a structured exploration of the data, allowing for 

an in-depth and insightful examination of the role that digital twins can play in urban planning, 

particularly within the context of positive energy districts. The methodological framework that was 

employed ensured that the research was not only grounded in a solid analysis of the existing 

scholarly work but also fostered the exploration of complex relationships. Furthermore, it provided 

the scaffolding necessary for the development of new insights and the advancement of knowledge 

regarding the application of digital twins in the realm of sustainable urban development. This 

comprehensive approach was instrumental in ensuring that the research outcomes were both 

credible and significant, offering valuable contributions to the field of urban planning and the 

ongoing discourse on sustainability. 
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Presentation of research findings on the 
effectiveness of digital twins in urban planning for 
PEDs. 
The research findings drawn from the reviewed existing literature elucidate the potential 

effectiveness of digital twins in facilitating informed decision-making processes, optimizing urban 

development scenarios, and fostering public participation in planning. 

The concept of a digital twin has seen successful applications in various fields, including 

aerospace, manufacturing, and the architecture, engineering, and construction (AEC) sector. In 

the urban context, digital twins can significantly contribute to the 'smartening' of cities, thereby 

enhancing their sustainability (Shahat, Hyun, & Yeom, 2021). 

The city of Zurich serves as a pertinent example where a digital twin has been employed to 

improve city visualisation and planning. The utilization of open governmental data and the 

development of a geoportal for the collection of automatically updated geodata have been 

instrumental in this process. The digital twin facilitates the visualisation of 3D city components 

and ongoing construction projects, which is particularly relevant for PEDs, where energy efficiency 

and integration of renewable energy sources are paramount. However, the research indicates 

that the model requires further development, such as increasing the level of detail and integrating 

Building Information Modeling (BIM) and Geographic Information System (GIS) applications to 

maximize potential uses. 

Another notable example is Virtual Singapore, which aimed to create a unified platform for 

collaboration among public agencies, citizens, the private sector, and research institutions. This 

platform enables better visualisation, real-time information collection, analysis, and simulation for 

enhanced planning and decision-making. Despite its significance, the model has not yet achieved 

a fully mirrored digital twin, as the information flow remains one-way from the physical to the digital 

counterpart. 

(Hamalainen, 2021) highlights that digital twins facilitate improved public debate and knowledge-

based decision-making among diverse urban stakeholders. The use of realistic urban 

development simulations, enabled by digital twins, contributes to a more informed and transparent 

decision-making process. This is particularly relevant for PEDs, where complex energy systems 

and sustainability goals necessitate a nuanced understanding of urban dynamics. 

Digital twins also play a crucial role in advancing citizen inclusion, transparency, and trust in smart 

city initiatives. By providing an accessible and comprehensible representation of urban plans, 

digital twins empower citizens to actively participate in the planning process. This is essential for 

PEDs, as achieving positive energy outcomes relies on the active involvement and cooperation 

of residents and local stakeholders. 

(Ferre-Bigorra, Casals, & Gangolells, 2022) discuss the application of digital twins in managing 

various urban systems, such as mobility, flooding, and atmospheric pollution. The integration of 

data from sensors and databases into digital twins enables real-time monitoring and management 

Analysis and Discussion: 
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of these systems. For PEDs, the ability to model and manage energy flows, resource 

consumption, and environmental impacts is critical for ensuring the district's energy positivity. 

 

Discussion of the benefits, challenges, and 
limitations observed in the study. 

Benefits 

The integration of AI and digital twin technologies in urban planning presents several benefits. 

These technologies enable data-driven and evidence-based decision-making, which can lead to 

more sustainable and efficient urban development outcomes. For instance, the use of city digital 

twins facilitates improved visualisation and planning, allowing for the evaluation of different urban 

development scenarios and the integration of urban climate issues into development plans 

(Shahat, Hyun, & Yeom, 2021). Moreover, the involvement of stakeholders through open 

governmental data and public participation platforms can enhance the inclusivity and 

transparency of the planning process. Furthermore, the scoping review by (Casali, Aydin , & 

Comes, 2022) provides a comprehensive overview of machine learning applications across 

various urban domains. This is beneficial for researchers seeking to understand the breadth of 

machine learning techniques and their applications in urban sustainability. The research identifies 

research gaps and potential areas for future investigation, which is crucial for advancing the field 

and encouraging interdisciplinary collaboration. It also highlights the importance of integrating 

various data sources and spatial granularities to establish a comprehensive understanding of 

urban phenomena, which is essential for informed decision-making. Lastly, as an example 

Hämäläinen's study on digital twins in Helsinki demonstrates the potential of digital twin 

technology to improve public debate, foster knowledge-based decision-making, and enhance 

citizen inclusion in urban planning processes.  

Challenges 

Despite the potential benefits, there are significant challenges associated with the implementation 

of these technologies. One of the primary challenges is the need for sound data collection and 

the assurance of data reliability and integrity. Structural constraints such as data ownership 

limitations and data collection rental schemes can hinder access to data and its effective use in 

policy-making (Nochta, Badstuber, & Wahby, 2019). Additionally, the integration of different data 

sources and the management of large data repositories require sophisticated governance 

frameworks to ensure data security and privacy. Furthermore, the research identifies the 

challenge of data availability and quality, particularly in regions with limited access to data. This 

can significantly impact the reliability and generalizability of machine learning models. 

Nevertheless, the deployment of digital twins requires significant computational and data 

processing power, which can be a barrier for cities with limited technological infrastructure. For 

example, (Hamalainen, 2021) discusses about the requirement of significant computational and 

data processing power, which can be a barrier for cities with limited technological infrastructure 

Limitations 

The studies also reveal limitations in the current state of research and practice. The digital twin of 

the city of Zurich, for example, requires further development to increase the level of detail of city 

elements and to integrate BIM and GIS applications effectively (Shahat, Hyun, & Yeom, 2021). 

Moreover, there is a need for a more detailed understanding of how governance structures and 

processes at the local level can enable or constrain the use of digital tools in urban planning 

(Nochta, Badstuber, & Wahby, 2019). The review reveals a geographical bias in case studies, 

with a concentration in Asia, North America, and Europe. This limits the understanding of urban 

challenges and machine learning applications in other regions. Another challenge is the rapid 

growth of publications in machine learning applications for urban analysis, causing the exclusion 

of relevant studies. Additionally, the applicability of the findings to other urban contexts is limited 

because of the limited number of practical digital twin experiences. Lastly, privacy concerns are 
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always a subject to act as a limitation due to the use of social media and telecommunication 

datasets in spatial analyses.  

Comparative analysis with traditional urban planning 
methods. 
In the realm of urban planning, traditional methods have predominantly relied on static models, 

manual data collection, and analysis, as well as public consultations that are often limited in scope 

and reach. The advent of digital technologies, particularly the concept of City Digital Twins 

(CDTs), presents a transformative opportunity to enhance the urban planning process. This 

comparative analysis draws upon the documentation provided to elucidate the potential 

advantages and challenges of integrating CDTs into urban planning, juxtaposed with traditional 

methodologies. 

(Nochta, Badstuber, & Wahby, 2019) provides insights into the governance challenges and citizen 

engagement aspects of urban modeling in the context of the Cambridge city region. It highlights 

the limitations of traditional data collection methods, such as the gaps in the GCP’s Trip Chain 

Reports based on the 2017 Automatic Number Plate Recognition (ANPR) camera traffic surveys. 

The document underscores the importance of citizen involvement in the initial design of data 

collection to enhance data integrity and reliability. This contrasts with traditional urban planning 

methods, which may not always incorporate such granular, localized input from residents. 

Furthermore, the document emphasizes the need for a governance framework that addresses 

data security, privacy, and the ethical use of data in the development of CDTs. Traditional urban 

planning methods may not have had to contend with these complex data governance issues to 

the same extent, given the more limited scope and scale of data collection and usage. 

(Shahat, Hyun, & Yeom, 2021) provides a comprehensive overview of the potential applications 

of CDTs in urban planning. It discusses the integration of Building Information Modeling (BIM) 

and Geographic Information Systems (GIS) as a means to create more sustainable and efficient 

urban environments. This integration enables a level of detail and analysis that surpasses 

traditional urban planning methods, which may rely on less sophisticated tools and isolated 

datasets. 

(Son, et al., 2023) further elaborates on the role of Artificial Intelligence (AI) in urban planning. It 

categorizes the applications of AI in urban planning into areas such as urban data analytics, 

infrastructure management, and environmental management. These AI-driven approaches can 

process vast amounts of data and provide predictive insights that are beyond the capabilities of 

traditional urban planning methods. 

(Casali, Aydin , & Comes, 2022) provides a comprehensive overview of the application of ML in 

urban spatial analysis. This review highlights the increasing popularity of ML methods in urban 

studies, with a focus on the integration of various data sources and the application of different ML 

algorithms to address urban sustainability issues. The review categorizes the studies into four 

main themes: land use and urban form, socioeconomic factors, environment, and infrastructures. 

It also discusses the spatial and temporal distribution of case studies, with a notable concentration 

in China and the US. The review underscores the importance of ML in analysing complex urban 

systems and the potential for these methods to contribute to sustainable urban development. 

On the other hand, (Ferre-Bigorra, Casals, & Gangolells, 2022) explores the concept of digital 

twins in urban planning. The paper outlines a methodology for identifying and analysing urban 

digital twins, focusing on their applications, inputs, data processing, and outputs. It emphasizes 

the role of digital twins in providing a dynamic and interactive platform for urban planning, which 

can incorporate real-time data and advanced computational techniques such as simulation and 

machine learning. 

Comparing these two approaches, it is evident that both ML and digital twin technologies offer 

significant advancements over traditional urban planning methods. ML allows for the processing 

of large datasets and the identification of patterns that may not be apparent through manual 
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analysis. It can enhance predictive modelling and decision-making processes by providing 

insights into land use changes, socioeconomic dynamics, and environmental impacts. 

Digital twins, on the other hand, provide a holistic and operational view of urban systems, enabling 

planners to simulate scenarios, optimize operations, and manage infrastructure more effectively. 

They can integrate various data sources, including those analysed by ML algorithms, to create a 

more responsive and adaptive planning environment. 
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A detailed case study of a specific project where a 
digital twin aims on being used to create a PED. 
ExPEDite, as a detailed case study, presents a compelling example of how digital twins can be 

utilized to create Positive Energy Districts (PEDs). The project's multifaceted approach 

encompasses the development of a novel digital twin (DT) platform, which facilitates real-time 

monitoring, visualisation, and management of district-level energy flows. This case study can 

provide valuable insights into the integration of digital twins in urban energy systems, the 

challenges faced, and the strategies employed to overcome them. The campus of Riga Technical 

University has been digitised and shall be used as a pilot, aiding the research on the different 

challenges and benefits the implementation of a digital twin brings in the process of creating a 

positive energy district. The project consists of 19 partners from 11 European Union countries 

and is due to be accomplished by end of 2026. It is funded by the European Commission under 

the Horizon Europe initiative.  

ExPEDite aims to deploy a digital twin to enable stakeholders to analyse planning actions towards 

positive energy in a cost-effective manner, thereby aiding evidence-based decision-making 

processes. The project's digital twin framework is developed based on a deep understanding of 

requirements, standards, and communication protocols, ensuring scalability and replicability. The 

digital twin developed by ExPEDite integrates various datasets, including time-series variables 

such as energy generation, demand, building consumption profiles, transport patterns, and 

meteorological parameters. The project emphasizes the importance of data management, 

adhering to the FAIR principles (Findable, Accessible, Interoperable, Reusable) and employing a 

Data Management Plan (DMP) that follows EC guidelines. 

 ExPEDite addresses interoperability by publishing datasets in standard formats and using 

common data models. The project dedicates a work package (WP) to the development of a data 

knowledge management framework, following standards and protocols to ensure interoperability, 

such as Minimum Interoperability Mechanisms (MIMs). 

The project actively involves citizens and stakeholders through a Living Lab and requirements 

elicitation phase. A mobile app is developed to engage citizens and raise awareness about the 

benefits of digital twins. ExPEDite also considers the gender dimension in its analysis, ensuring 

equal access to clean energy and sustainable transport for all citizens. 

To assist in the Digital Twin integration, a Design and Runtime view are developed in the well-

known Unreal Engine environment. The Design View shall assist the urban planners in decision 

making by providing different layers of information on a campus and city level, while the runtime 

view shall demonstrate information regarding the campus in real or almost near real time intervals. 

Over the next chapters certain aspects of the digital twin are analysed.  

Digital engineering 
ExPEDite is an outstanding example of the application of digital engineering. The author assists 

in the creation of the Design View among other research information that implements digital 

ExPEDite: 
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engineering to accomplish the given tasks. The digital engineering integration is proven via the 

interoperability and data sharing mechanisms, the dynamic data and model updates, the data 

standardisation and management and the tools that accompany those efforts.  

 

The District Data Fusion Engine 

The District Data Fusion Engine, amongst other tasks, will deploy Artificial Intelligence and 

Machine Learning (AI/ML) models for i) identifying anomalous behaviour of sensor(s), such as 

due to incorrect readings, unexpected values, etc., and ii) for predicting missing values, e.g. in 

case a sensor is offline. 

Anomaly detection: This module will monitor building sensors and early identify unusual patterns 

or behaviours that could indicate faults, unusual conditions, equipment malfunctions, etc. Within 

ExPEDite, two methods are under consideration for this task. The first is ML based unsupervised 

learning, that relies on clustering algorithms (such as k-means) or neural-networks to detect 

deviations without prior labelling of the datasets.  

 

Figure 10: K-means clustering 

 

Challenges in this approach include the sparsity of unusual events, since the sensors should 

report normal operational values for the majority of their lifespan and overcoming seasonal 

variation in the data. The second is time series analysis, using methods such as ARIMA (Auto 

Regressive Integrated Moving Average) or LSTM (Long-Short Term Memory) networks, to predict 

expected values in a time series and flag deviations from these predictions. Both methods can 

benefit from data aggregation and considering multi-sensor data that could be complementary, to 

strengthen the confidence of the predictions, for example an unusual increase in temperature 

levels and could potentially indicate a malfunction in the HVAC system. The overall objective of 

this activity is to be able to identify anomalous behaviours that can lead to reduced energy 

consumption. 

Missing value prediction: This module will estimate and fill in gaps in data where sensor readings 

are unavailable or corrupted. Accurately predicting missing values is essential to ensure data 

continuity, reliable analysis and effectively support decision making with evidence. Here missing 

values could refer to completely missing values due to a sensor failure or disconnection or 

intermittent gaps. Again, from the multiple methods available to approach this problem, two are 

considered. The first is through Deep Learning using LSTMs or neural networks, while the second 

is using clustering techniques (such as k-nearest neighbours) to estimate missing values based 

on the closest complete readings from neighbouring sensors. 

The District Data Fusion Engine will provide the results in a data table form to be utilised in the 

Design and Runtime View of the Digital Twin Visualisation. The data shall be provided either via 

REST API calls through Json format or via .csv data table for insertion in the Unreal Engine 

Environment.   
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Unreal Engine 

The creation of the Design View is being deployed in Unreal Engine. The selection of Unreal 

Engine as a tool to assist urban planners is vital since the Engine can handle data and visual 

information. The evolution of computational power, technological advancements in gaming and 

the new algorithms that can handle large amounts of data puts Unreal Engine to the forefront of 

technology. Over the last years, engineers have been incorporating Unreal Engine as a form of 

communicating effectively design solutions. Unreal Engine is now being utilised through API calls 

and data interoperability as a solution to stream information to the interactive content.  

 

Building Information Modelling and Runtime 

The creation of the digital twin includes the production of and As-Built model of a campus building. 

The model adheres to ISO19650 standards and asset information. The model is produced in Revit 

and the components will follow the ISO22014 naming conventions, among with Uniclass asset 

information. The author is ISO19650 accredited via BRE and holds a MSc in BIM and Digital Built 

Environments and shall aid in the creation of the model providing necessary information to RTU. 

Any additional parametrisation of the information model shall take place in the native software 

(Revit), aiming to assist in the future facility management and the digital twin initiative. 

Subsequently, the production of information shall follow the WIP-Shared-Published-Archive 

process. The information management requirements are yet to be determined, however the initial 

model is being produced.  

 

 

Figure 11: BIM model of campus building 

 

One of the goals is to have the BIM model incorporated in the Runtime view so that the users can 

interrogate the model and the subsequent sensors. The information shall be presented via 

widgets during runtime from data either obtained in realtime or near realtime, or through static 

data tables incorporated within the model. The users have the ability to split by floor and navigate 

around the model to interrogate the sensors within the rooms.  

Design View 

The creation of the digital twin of the RTU campus (and with the intention of scaling the DT to a 

city level) includes the utilisation of Unreal Engine to create the Design view. The Design view is 

part of the Work Package 5 initiatives and more specifically a part of the Tasks 5.1 and 5.2 as 

stated in the Grant Agreement.  
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The Design View works in collaboration with initiatives from other Work Packages. More 

specifically, with Work Package 3, which includes the Core Data Services. This Work Package 

researches the implementation of various IoT data from different sources within the RTU campus. 

This may include occupancy information, CO2 levels, temperature and heating / cooling demands. 

This information is produced in databases and distributed through custom made APIs. The REST 

API framework, .csv file formats and json files shall be implemented to communicate the 

databases. AI algorithms shall be implemented to aggregate the data and provide the necessary 

outcomes   

The actions include the creation of an Unreal Engine project to assist the urban planners in 

decision making. The framework is shown in the following image: 

 

Figure 12: Design View UE Framework 

 

The project utilises Unreal Engine version 5.4. The following chapters describe the levels already 

created within the UE environment.  

 

Main Menu 

This is the landing level when someone accesses the Design View. This level supports free flight 

controls over the city of Riga and a sunlight simulation to alter the time of day. Two menus are 

presented via widgets, one to provide general information and controls, and the second menu is 

the navigation menu to the different levels.  
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Figure 13: Design View - Main Menu 

 

The creation of the underlying environment incorporated the Cesium Google 3D Tiles add-in. The 

georeferencing information was added in the parameters of the relevant actor to successfully 

georeference the level and the subsequent components. The agreement between the appointed 

partners (Sweco & RTU) is to utilise WGS84 and LAT92 as coordinate systems in different 

instances. This ensures the diversity and scalability of the design solution as requested by the 

EC.  

 

 

Figure 14: Design View - Main Menu - Georeference information 

  

This level also loads the Cesium OSM buildings. This actor places 3d buildings on top of the 

Google 3D tiles to enhance the visualisation. The 3d buildings are placed automatically correctly 

positioned since the georeferenced information is correct.  
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Buildings Information  

This level loads the similar environment to the main menu with the Google 3D Tiles and the 

Cesium OSM buildings. However, the major difference is the data that is loaded through the 

Cesium cloud services directly to Cesium OSM buildings. The data is streamed from the cloud 

to the widget via Blueprint logic.  

The following graph represents the logic of pointing the camera to a building and creating a line 

trace, the trace hits then a building within the level and the accompanied data of that building is 

presented to the widget.  

 

 

Figure 15: Design View - Builings Information - Line trace & data projection 

 

 The controls allow the user to freely navigate around the city of Riga and obtain information about 

the buildings of Riga city. Cesium OSM buildings loads 415 array elements which provide 

information such as geographical position, number of levels, building ID, accessibility information 

(e.g. wheelchair accessible buildings) etc. The dataset originates from the OpenStreetMap 

foundation, however over the last couple of years Cesium has created their own datasets. The 

widget currently incorporates four information parameters containing coordinates, number of 

levels and building ID aiming on enriching it by project completion.  

 

 

Figure 16: Design View - Buildings metadata 

 
Degraded Buildings 

The Degraded Buildings is the level that pulls information from GEO RĪGA website, a site that 

provides data for the city of Riga freely under Open Source policies. The data table is obtained 

from the website and appropriately edited to be readable from Unreal Engine as a data table. The 

https://georiga.eu/
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following images show the data table as it is downloaded natively from Georiga and the data table 

as imported in Unreal Engine.  

 

 

Figure 17: Design View - Data table 

 

 

Figure 18 Design View - Data table in UE 

  

A cylinder has been created as an actor to be populated where the coordinates of the buildings 

are. The WGS84 coordinate system has been incorporated. The actor is then enfused in a 

spawner actor that populates the cylinder in the coordinates based on the data table. The 

algorithm utilizes loops and functions to accomplish this. The results is multiple georeferenced 

cylinders during runtime. 
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Figure 19: Design View - Populated cylinders 

The flow of the spawner picks the data table row names when the level is loaded. A loop then 

breaks the Data Structure to the relevant fields where the latitude and longitude are separated 

from the array. A function to transform the coordinates from the unreal system coordinates to 

the WGS is executed and then spawns the cylinder to the georeferenced position.  

Additionally, the rest of the information from the data table is populated within the cylinders. This 

way, the combination of automated population of cylinders enfused with data is achieved.  

 

 

Figure 20: Cylinder spawner blueprint algorithm 

 

To access the information of the cylinders, the user clicks the cylinder and the information is 

projected to the widget on the top right corner of the screen.  
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Figure 21: Cylinders and data infused 

 

 

Figure 22: Degraded buildings widget 

 

Campus sensors 

The campus sensors level aims to demonstrate information about different data from sensors 

within the campus. For example CO2, SO2, relative humidity, lux and temperature is some of the 

values provided by the data table. The data is provided by RTU in .csv format and imported in 
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Unreal Engine. The data table then is transformed and through the relevant algorithms is turned 

into graphs during runtime.  

  

 

Figure 23: Campus sensors table 

 

The campus 3d model is a LiDar scanned model of a drone path that has been procesed in 

Meshlab for polygon decimation and then imported in Unreal Engine. The model is georeferenced 

using the LAT92 coordinate system. There have been different methods investigated and 

researched for the import such as .fbx import, .obj import and the Datasmith workflow.  

The campus model intents to present the data in a holistic approach and not use the different 

sensor information individually. The individual sensor information is covered in the Runtime View 

Unreal Engine experience developed by RTU. Additionally, the sensor information comes with 

different time intervals (daily, hourly, 15 minute etc) that shall be defined of what is the best option 

for urban planners to be implemented in the Living Lab moving forward.  

 

Figure 24: Campus level 3d model 

 

ExPEDite evaluates the economic impact and risks associated with the adoption of the digital 

twin. It includes a cost-benefit analysis, development of business models, and identification of 

funding sources for financial sustainability. The project leverages an open architecture and open-

source core services to avoid vendor lock-in and facilitate component interchangeability. 

The case study should detail the challenges encountered, such as high investment costs, public 

scepticism, technological complexity, and data quality issues. ExPEDite's mitigation strategies 

include illuminating financial benefits, engaging the public through gamification, developing 

interoperable solutions, and providing end-user training. 

To maximize its impact, ExPEDite employs a coherent marketing and dissemination strategy, 

stakeholder engagement, and training. The project's academy allows stakeholders to train their 

workforce and apply ExPEDite's digital twin tools to their district's energy planning. 
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ExPEDite commits to Open Science Practices, ensuring the greatest possible impact and 

knowledge spreading. Research outputs are managed responsibly, and scientific findings are 

submitted for publishing in Open Access journals. The project engages in open peer-review and 

ensures reproducibility of results. 
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The integration of digital twins into urban planning frameworks presents a multifaceted opportunity 

to enhance city management, functions, and operations. Based on the thematic analysis of the 

literature, several recommendations can be made to guide the incorporation of digital twin 

technology into urban planning. 

Data Management and Standardization  

To fully utilize the potential of city digital twins, there is a pressing need for enhanced data 

management and the standardization of data models. This will improve data interoperability and 

processing, allowing for a more comprehensive and accurate representation of the city. The 

development of unified data schemas that can encapsulate all city functions and processes is 

crucial for the creation of a fully mirrored digital twin. The following is mainly the outcomes from 

the City Digital Twin Potential: A Review and Research Agenda 

Integration of Socio-economic and Human Factors 

Current city digital twin models often lack the integration of human interactions and socio-

economic and political factors. Including these elements is essential for a holistic representation 

of the city. Future research should focus on incorporating these non-physical systems into the 

digital twin to better reflect the city's complexity. 

Enhancing Visualisation: The visualisation of the city's full physical details is still a challenge 

due to the vast amount of data required. High-capacity processing capabilities are needed to 

handle and visualize large-sized digital models. Efforts should be directed towards improving the 

level of detail and reducing the time between data updates and 3D model processing time. 

Privacy and Security: As digital twins involve the collection and analysis of vast amounts of data, 

privacy and security issues are of paramount concern. Research should investigate the societal 

challenges associated with digital twins, including the development of governance frameworks 

that protect citizens' privacy while ensuring data security. 

Collaborative Platforms: The provision of collaborative environments for stakeholders is 

essential for the co-creation and co-development of the city digital twin. Online and open platforms 

that enable data sharing and promote stakeholder inclusion in city planning, policy design, and 

evaluation should be utilized. Different levels of authorization can be assigned to make the city 

digital twin accessible and navigable by the public for urban planning purposes. 

Scenario Analysis and Predictive Modeling 

 The digital twin's ability to simulate future scenarios is a significant benefit. Research should 

continue to support decision-making processes by developing "what if" scenarios for various city 

domains. This includes simulating potential failures, urban development plans, climate scenarios, 

and mobility simulations to support urban planning decision-making. 

Recommendations for integrating digital 
twins into urban planning frameworks. 
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Layered Approach to Integration 

Given the complexity of cities, a layered approach to integrating the various domains and 

dimensions of the city digital twin may be more feasible than developing a single model for all 

systems and processes. This approach can help manage the complexity and facilitate the 

integration of information from different spheres. 

The integration of digital twins into urban planning frameworks requires a concerted effort to 

address data management, visualisation, privacy, security, collaboration, predictive modeling, 

and integration challenges. By addressing these areas, urban planners can leverage digital twin 

technology to create more sustainable, efficient, and livable cities. 
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Identification of gaps in the current research. 
This research has identified several gaps. These gaps, which represent areas for potential future 

investigation, are derived from a thorough analysis of the selected existing literature.  

The current research on digital twins in urban planning tends to focus on the physical and 

environmental aspects of urban systems. There is a noted lack of integration of human 

interactions, socio-economic, and political factors within city digital twin models (Shahat, Hyun, & 

Yeom, 2021). Future studies should aim to incorporate these non-physical systems to better 

reflect the complexity of urban environments and the lived experiences of citizens (Raes, et al., 

2022). 

A significant gap exists in the standardization of data models and enhanced data management 

practices. The creation of unified data schemas that can encapsulate all city functions and 

processes is crucial for developing fully mirrored digital twins (Shahat, Hyun, & Yeom, 2021). 

Improved data interoperability and processing are necessary to achieve a comprehensive and 

accurate representation of the city. Moreover, the collection and analysis of vast amounts of data 

by digital twins raise concerns regarding privacy and security. There is a need for research into 

governance frameworks that protect citizens' privacy while ensuring data security. This is 

particularly important in light of regulations such as the EU's General Data Protection Regulation 

(GDPR). 

The complexity of digital twin technology and the need for specialized knowledge to operate and 

interpret the systems present a barrier to widespread adoption. There is a gap in the provision of 

end-user training and the development of user-friendly, interoperable solutions. 

The review reveals a geographical bias in case studies, with a concentration in Asia, North 

America, and Europe. This limits the understanding of urban challenges and the applicability of 

digital twin technology in other regions. Future research should aim to include diverse 

geographical contexts to enhance the generalizability of findings. 

There is a need for more comparative analyses between digital twin approaches and traditional 

urban planning methods. Such studies could elucidate the specific advantages, limitations, and 

contexts in which digital twins offer the most significant benefits over conventional practices 

(Nochta, Badstuber, & Wahby, 2019). 

The potential for real-time data exchange and synchronization throughout the lifecycle of urban 

systems is not fully realized in current digital twin models. Research should focus on enhancing 

the level of detail in 3D models and improving data update frequency and processing times. 

While digital twins can facilitate improved public debate and knowledge-based decision-making, 

there is a gap in understanding how to effectively engage the public and incorporate their input 

into the urban planning process using digital twins (Hamalainen, 2021), 

Future Research Directions: 
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Suggestions for future studies on digital twins and 
PEDs. 
The current state of the art has emphasized the need to tackle the existing challenges in the field, 

such as improving data management, standardization, and the incorporation of socio-economic 

and human factors into digital twin models. Future research is urged to investigate these aspects 

further, examining the possibility of digital twins to reflect not only the physical features of urban 

environments but also the lively human interactions that shape them. 

Future studies could explore the integration of digital twins with other disciplines such as 

sociology, economics, and environmental science to create more comprehensive models that 

include human behaviour, economic factors, and environmental impacts on PEDs. Research 

could focus on developing standardized data models and management practices to improve 

interoperability between different digital twin platforms and enhance the accuracy and utility of 

digital twins in urban planning. With the increasing amount of data collected, studies on 

governance frameworks that balance the benefits of digital twins with privacy and security 

concerns are needed. This includes research on ethical considerations and public policy related 

to data usage in PEDs.  

Investigate the potential of emerging technologies such as blockchain for secure data sharing, 

augmented reality for enhanced visualization, and edge computing for real-time data processing 

in the context of digital twins for PEDs. Studies on methods to increase public engagement and 

participation through digital twins, possibly by developing user-friendly interfaces or gamification 

strategies, could be beneficial for the success of PEDs.  

Research on the economic impact, cost-benefit analysis, and business models related to the 

implementation of digital twins in PEDs would provide valuable insights for stakeholders and 

policymakers. Future studies could examine the scalability of digital twin projects and the 

challenges associated with replicating successful models in different urban contexts and PEDs. 

Investigate how digital twins can be used for continuous monitoring and optimization of energy 

systems within PEDs, including predictive maintenance and demand-response strategies. 

Research how digital twins can be used to simulate climate change scenarios and their impact 

on PEDs, and develop strategies for enhancing urban resilience. Examine the role of policy and 

regulatory frameworks in facilitating or hindering the adoption of digital twins in urban planning for 

PEDs. Conduct in-depth case studies of existing digital twin implementations in PEDs to identify 

best practices, challenges, and lessons learned that can inform future projects. 

Explore the socio-technical aspects of digital twins, including the interaction between technology, 

people, and processes within the context of PEDs. Study the long-term sustainability and lifecycle 

management of digital twins, including how they adapt to changes over time in the urban 

environment and energy systems. Research how digital twins can be integrated with broader 

smart city initiatives to create synergies and enhance the overall sustainability and livability of 

urban areas. 

By addressing these areas, future research can contribute to the advancement of digital twins as 

a tool for sustainable urban development and the successful implementation of Positive Energy 

Districts. 
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Summary of the key findings and their implications 
for urban planning and PEDs. 
The potential impact of digital twins on the future of 
sustainable urban development. 
 

In conclusion, the research presented in this paper has provided a thorough examination of the 

role of digital twins in urban planning, with a particular focus on their application within Positive 

Energy Districts (PEDs). Through a qualitative analysis of 33 documents, including academic 

literature and case studies, we have identified the multifaceted potential of digital twins to enhance 

the operability, sustainability, and quality of life in urban areas. Our findings underscore the 

transformative opportunity that digital twins offer for optimizing renewable energy systems, 

informed by real-time data, predictive analytics, and user engagement platforms. 

The thematic categorization of studies, informed by the conceptual model of a sustainable urban 

system, revealed a significant focus on infrastructure, followed by socioeconomic factors, land 

use and urban form, and environmental considerations. The preference for certain data types and 

machine learning methods indicates a trend towards sophisticated analytical tools in urban spatial 

analyses. However, the research also highlights the need for improved reporting standards to 

enhance reproducibility and facilitate the advancement of the field. 

Our analysis has identified several gaps and future research directions, including the need for 

standardized data models, enhanced data management practices, and the integration of socio-

economic and human factors into digital twin models. The importance of addressing privacy and 

security concerns in light of regulations such as the EU's General Data Protection Regulation 

(GDPR) has also been emphasized. 

The case studies examined, such as the City of Zurich's Digital Twin, illustrate the practical 

applications of digital twins in urban planning and the benefits they can bring to PEDs. 

Nonetheless, the research indicates a geographical bias in case studies and a need for more 

comparative analyses between digital twin approaches and traditional urban planning methods. 

In light of these findings, the researcher advocates for a comprehensive research agenda that 

addresses the identified challenges and explores the integration of digital twins with broader smart 

city initiatives. By doing so, we can advance the field of digital twins as a tool for sustainable urban 

development and ensure the successful implementation and scalability of Positive Energy 

Districts across diverse urban contexts. 

Conclusion: 
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Appendix A 

Qualitative Research Networks 
 

 

Figure 25: Artificial Intelligence network 
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Figure 26: City management network 

 

 

 

 

Figure 27: Urban design network 
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