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Abstract
Purpose: Digital twins provide enormous opportunities for smart buildings; however, an up-to-date intellectual landscape to understand and identify the major opportunities of digital twins for smart buildings is still not enough. This study, therefore, performs an up-to-date comprehensive literature review to identify the major opportunities of digital twins for smart buildings. 
Methodology: Scientometric analysis and content analysis are utilised to comprehensively evaluate the intellectual landscape of the general knowledge of digital twins for smart buildings.
Finding: The study uncovered 24 opportunities that were further categorised into four major opportunities: efficient building performance (smart “building” environment), efficient building process (smart construction site environment), information efficiency, and effective user interactions. The study further identified the limitations of the existing studies and made recommendations for future research in the methodology adopted and the research domain. Five research domains considered for future research: “real-time data acquisition, processing, and storage”, “security and privacy issues”, “standardised and domain modelling”, “collaboration between the building industry and the digital twin developers”, and “skilled workforce to enable a seamless transition from theory to practice”.
Practical and theoretical implication: All stakeholders, including practitioners, policymakers, and researchers in the field of “architecture, engineering, construction and operations” (AECO), may benefit from the findings of this study by gaining an in-depth understanding of the opportunities of digital twins and their implementation in smart buildings in the AECO industry. The limitations and the possible research directions may serve as guidelines for streamlining the practical adoption and implementation of digital twins for smart buildings.
Originality: This study adopts scientometric analysis and content analysis to comprehensively assess the intellectual landscape of relevant literature and identify four major opportunities of digital twins for smart building, to which scholars have given limited attention. Finally, a research direction framework is presented to address the identified limitations of existing studies and help envision the ideal state of digital twins for smart buildings.
Keywords: Digital twins, Major opportunities, Prospects, Scientometric analysis, Smart buildings.

1 Introduction
[bookmark: _Hlk93322212]Smart buildings are digitally connected structures combining optimised and operational automation with intelligent space management to enhance user experience, increase productivity, reduce costs, and mitigate physical and cybersecurity risks (Wellener et al., 2018). The smart building notion has evolved primarily due to the development of new technologies that, when implemented, enable more intelligent resources and processes, allowing the building to run more efficiently, flexibly, interactively, and sustainably (Froufe et al., 2020). It is then widely accepted that using advanced technologies is a fundamental prerequisite to realise smart building, including but not limited to sensor deployment, big data engineering, cloud, and fog computing, etc. (Jia et al., 2019). As technology advances, similar concepts have evolved, including ‘intelligent building’ and ‘cognitive building’ (Cushman and Wakefield, 2019). One of the most popular areas of development among the supporting technologies is the Internet of Things (IoT) (Dong et al., 2019), which has born the idea of digital twins.
Though there is no commonly agreed definition of digital twins in the built environment, the existing subjective definitions consist of three items: the physical part, the digital part, and the information links between them (Grieves and Vickers., 2017; El Saddik, 2018). Michael Grieves originally defined a digital twin as a real-time digital footprint of a product system from the design and development to the end of its life cycle (Grieves, 2005). This is closely related to the cyber-physical system (CPS) integration concept (Tao et al., 2019; Boje et al., 2020) and the building information modelling (BIM) (Brilaski et al., 2019). It provides information and creates high-fidelity virtual model objects in virtual space to simulate assets’ behaviours in the real world and provide feedback (Tao et al., 2019). The digital twin concept may be achieved with IoT-based BIM (Brilaski et al., 2019) due to its IoT system, which is an essential component for digital twins (Cheng et al., 2016). Here, the study follows the definition by Michael Grieves. 
The ambition to create smart buildings has been impeded until recently by massive amounts of unintegrated data (Telfer, 2021). Digital twin realises the promises of smart buildings when combined with IoT technology to enable seamless integration of various devices and the real-time data they generate (Jia et al., 2019). It collects data produced by sensors and other devices, systematises, and organises it to make deliberate decisions and encourage a more efficient building use of resources (Telfer, 2021). Recent research in the fields of architecture, engineering, construction, and operation (AECO) has focused on the use of digital twins in construction (Sacks et al., 2020) and renovation (Amorocho and Hartmann, 2021), as well as digital twinning of bridges (Lu and Brilakis, 2019) and the general built environment (Brilakis et al., 2019). Digital twins provide enormous opportunities for smart buildings, and research on it has been prolific, yet still, an up-to-date intellectual landscape to understand the major opportunities of digital twins for smart buildings is not enough. 
Therefore, this study aims to identify the major opportunities of digital twins for smart building through scientometric analysis and content analysis of relevant studies. Contributions of the study include broad coverage of digital twins’ prospects for smart building using scientometric analysis and content analysis to identify the extent to which digital twin has been applied successfully in smart buildings. The findings can be used as a guideline to inform policies on the practical adoption and implementation of digital twins for smart buildings in the AECO industry. The study is organised as follows: Section 1 introduces the study; Section 2 provides a brief overview of digital twins for smart buildings; Section 3 details the research method; Section 4 considers the findings and discussion; Section 5 discusses the limitation of existing studies and make future recommendations; Section 6 deliberates on the theoretical and practical implications of the study, and finally, Section 7 concludes.

2. Brief overview of digital twins for smart building
As the smart building is discussed in detail in section 2.1, a digital twin is a digital replica of a physical product, process, or system (El Saddik, 2018; Brilakis, 2019), and this is defined originally by Michael Grieves as a real-time digital footprint of a product system from the design and development to the end of its life cycle (Grieves, 2005). What a digital twin should contain and how it represents the physical asset are determined by its purpose. It should be updated regularly to represent the current conditions of the physical asset. A digital twin should be standardised yet extensible and address key use cases directly and specialty use cases with extensions, cloud and computationally friendly, scalable, and verifiable (Brilakis, 2019).
Digital twins for smart buildings emerge from integrating sensor networks (IoT sensors, information technology (IT), and operational technology (OT) systems) and the digitisation of building systems to collect relate-time data about the smart building (Jia et al., 2019; Khajavi et al., 2019; Semeraro et al., 2021). When combined with context, this data is utilised to understand better, analyse, alter, and optimise processes in smart buildings. It provides models and data for designing production, control, and operation throughout the smart building life-cycle toward sustainability (Corrado et al., 2022; Zhao et al., 2022; Alibrandi, 2022). Other studies have also integrated digital twins with blockchain, and this can ensure security and data transparency (Teisserenc and Sepasgozar, 2021).
The concept of digital twins for smart building acts as a bridge between the physical world (i.e., the smart building) and the digital worlds (Tao et al., 2019), serving as a contextual model of an entire smart building environment (see Figure 1). The digital twin concept for smart building exists threefold: the physical (smart building), the digital part, and the information links between them (Grieves and Vickers, 2017; El Saddik, 2018).
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Fig. 1: Digital Twin for Smart building

2.1 Smart Building – The physical world
Smart buildings are digitally connected physical buildings capable of combing optimised and operational automation with intelligent space management to enhance user experience, increase productivity, reduce cost, and mitigate physical and cybersecurity risks (Froufe et al., 2020; Wellener et al., 2018; Zhao et al., 2022; Tan et al., 2022). Embedding buildings with IoT devices (Jia et al., 2019), a prerequisite for digital twins (Telfer, 2021), is the frontier in developing digital twins from smart buildings.
The difference between smart building and intelligence has been confusing because there is no agreement on the holistic approach. Some researchers use intelligent building and smart building to mean the same thing (Yang and Peng, 2001; Merabet et al., 2021), whilst others try to differentiate. In this study, both concepts are regarded same due to the common feature of IoT devices in both cases.
IoT, an open and comprehensive network of intelligent objects, auto-organises, shares information and resources, reacts, and acts in the face of situations and changing environments (Khajavi et al., 2019). IoT devices are necessary to interact with the physical world for data exchange (Jazdi, 2014), a vital feature of the smart building, such as the sensors sensing the conditions of the physical smart building, including its environments, and executing commands (Tao et al., 2019). Multiple sensors distributed and embedded in smart buildings obtain real-time data to measure the performance of buildings, examine user behaviour data, and determine environmental conditions such as high humidity, low temperature, etc. (Wang and Haghighi, 2016; Agostinelli et al., 2021; Tan et al., 2022). 

2.2 The digital world
The Digital world constitutes the digital copy of the physical smart building to simulate and reflect the state and behaviour through modelling and analysis. The digital model serves as a communication and recording mechanism to help interpret the behaviours of smart buildings or users and to predict the future state of smart buildings, their environment, and users based on real-time data, historical data, experience, and knowledge, as well as data modelling (Hochhalter et al., 2014; Tao et al., 2019).
All kinds of data collected by the IoT sensors are transmitted to the digital world (see Figure 1), where processing is done with machine learning algorithms (Khajavi et al., 2019). The results are then fed back to the physical world to execute operations according to the control commands to adopt changes. 

2.3 Linking between the physical and digital worlds
The linkage is an important dimension of digital twins that reflects a real-time change of the physical world to the digital world for data processing. This is achieved through effectively deploying the IoT sensors in the physical world (Jia et al., 2019) (See Figure 1). The data and control bus in the physical smart building provides support for real-time communication and data exchange (Tao et al., 2019).
Effective linkage needs to be ensured to produce a high-fidelity virtual model, which is necessary to realistically reproduce the physical smart building’s geometries, physical properties, behaviours, and rules (Tao et al., 2018). These models need to be highly consistent with the physical building in terms of geometry and structure and able to simulate their spatiotemporal status, behaviours, functions, and more (Schleich et al.,2017). The one-to-one mapping relationship between the physical smart building and the digital world of the digital twin assures effective linkage, creating a bi-directional relationship.
Given the brief backdrop in comprehending the concept of digital twins for smart buildings, there is not enough attention on reviewing the existing literature to identify the major opportunities. This study further identifies the major opportunities of digital twins for smart buildings adopting scientometric analysis and content analysis.

3 Research Methods
Figure 2 presents the workflow of the study. It includes the collection of publications, scientometric analysis using VOSviewer as science mapping, and content analysis.
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Figure 2:  Workflow of the Study

3.1 Collection of Publications
Using the Scopus database, this study adopted a comprehensive approach to examining the research output of smart building and digital twins’ studies in the construction industry. Scopus database was selected because it has a wide range of academic publications with high accuracy and fast indexing processes compared to other databases such as the web of science, google scholar, and science direct (Zhao et al., 2019).
Under the title/abstract/keyword field of the Scopus search, keywords were inserted. The first section consisted of such as “digital twins” OR “digital replica” OR “digital twin” OR “virtual twin” OR “virtual counterpart”. The second part consisted of “construction engineering and management” OR “construction” OR “construction engineering” OR “construction management.” The third section included “smart building” OR “smart buildings” OR “cyber physical systems” OR “cyber-physical systems” OR “CPS”, whilst the last section involved “opportunities” OR “prospects” OR “possibilities”. The search was facilitated by the Boolean “OR” and “AND”. The search was limited to “journal articles and conference proceedings”, “English language”, and “engineering”. The study retrieved 336 publications from Scopus after the initial search. Filtering techniques were conducted to remove irrelevant articles by examining the articles based on the document title, abstract, keywords, introduction, methodology, and conclusion. The study also employed the “inclusion and exclusion” criteria (Akomea-Frimpong et al., 2022). Consequently, 313 publications were regarded as relevant, and their detailed information was considered for scientometric analysis.

4. Scientometric Analysis
The scientometric analysis was conducted based on the keyword co-occurrence analysis feature of VOSviewer software due to its capacity to execute science mapping and answer the key question concerning domain knowledge (Chen, 2018). Keyword co-occurrence analysis was conducted to offer an understanding of the existing research interest, providing the opportunity to unearth the hotspot and main research directions in any field and the interconnection between them (Cui and Zhang, 2018), as well as representing the core content of published documents and a good picture of the range of areas researched in the domain (van Eck and Waltman, 2019). 
Keyword co-occurrence analysis constructs and maps the themes related to digital twin applications for smart buildings by considering “all keywords” surrounding the 313 publications (van Eck and Waltman, 2019). Labels and circles were used to represent the items on the network. The weight of an item determines its size. The item label is directly proportional to the number of publications in which the keywords were found. The distance between two keywords shows the relatedness of their co-occurrence link. The number of times keywords appear together in a document is referred to as co-occurrence, whereas the strength of the co-occurrence link is measured by the number of publications in which two terms appear together (van Eck and Waltman, 2019). 
To get a reproducible representative network, the index keywords were used as the unit of analysis. The minimum number of keyword occurrences was set at 0, and 348 keywords met the required thresholds. Generic and irrelevant terms such as construction, survey, articles, human, etc., were omitted. Consequently, 56 themes reflecting the opportunities of digital twins for smart buildings were considered and further analysed. Table 1 shows the extracts of the top 19 themes with high link strength (4) from the analysis, while Figure 3 illustrates the network of keyword co-occurrence analysis. With the clustering technique in VOSviewer, the keywords were grouped into 16 clusters based on the different domains of digital twin application opportunities for smart buildings, as illustrated in Figure 3 with different colours.
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Figure 3: Keyword co-occurrence analysis

Table 1: Top 19 active keywords and their total link strengths regarding digital twin
	ID
	Theme
	Link Strength
	Occurrences
	Avg. pub. Year
	Avg. citations
	Avg. norm. citations

	1
	Virtual reality
	8
	2
	2019.5
	9.5
	2.4

	2
	Cost-effectiveness
	6
	1
	2021
	14
	1.0667

	3
	Information analysis
	6
	1
	2021
	14
	1.0667

	4
	Information communication
	6
	1
	2021
	14
	1.0667

	5
	Information dissemination
	6
	1
	2021
	14
	1.0667

	6
	Information Sharing
	6
	1
	2021
	14
	1.0667

	7
	Innovative solutions
	6
	1
	2021
	14
	1.0667

	8
	Transparency
	6
	1
	2021
	14
	1.0667

	9
	Data integration
	5
	2
	2020
	6
	0.4613

	10
	Gesture control
	5
	1
	2017
	18
	1.8

	11
	Human-robot collaboration
	5
	1
	2017
	18
	1.8

	12
	Minimal energy
	5
	1
	2017
	18
	1.8

	13
	Modularizations
	5
	1
	2017
	18
	1.8

	14
	Simultaneous control
	5
	1
	2017
	18
	1.8

	15
	Accident prevention
	4
	1
	2021
	14
	1.0667

	16
	Human-computer interaction
	4
	1
	2021
	14
	1.0667

	17
	Life-cycle management
	4
	1
	2021
	14
	1.0667

	18
	Performance monitoring
	4
	1
	2021
	14
	1.0667

	19
	Real-time control
	4
	1
	2021
	14
	1.0667


*For the remaining 37 themes, see Appendix A1

3.3 Content Analysis
Finally, 22 relevant articles (see table 2) were selected and reviewed rigorously based on their high relevance to the subject matter using content analysis to understand the themes reflecting the opportunities of digital twins for smart buildings. In doing so, the 56 themes were filtered further to map the literature source and avoid detailed repetition of concepts. The content analysis aided in understanding, examining, and analysing the themes/important concepts, being aware of prior studies, identifying omissions/gaps, and identifying the opportunities of digital twins for smart buildings. Consequently, the 22 articles were identified as producing 24 themes reflecting the opportunities/prospects of digital twins for smart buildings, as shown in Table 2.

4 Discussion of Findings
4.1 Discussion of Findings from Scientometric Analysis
From Table 1, the recentness of the keywords in digital twin applications for smart building in the construction industry is depicted through the average year published. Most recent terms such as “physical modelling”, “real-time information”, “virtual representations”, and “digital transformation” did not feature in Table 1 due to their low link strength. However, keywords such as “virtual reality”, “cost-effectiveness”, “information analysis”, “information communication”, and “information dissemination”, among others, have been studied comparatively. Also, the averaged normalised citation shows the influence of the various keywords on the digital twin application in the construction industry. Also, the keywords have shown a degree of influence and importance in advancing digital twins research in the construction industry.
Again, some keywords/themes related to digital twins have received special attention, i.e., they have high occurrence and link strength, while areas for practical implementation for the digital twin concept have been under-researched. For instance, from Table 1, virtual reality has received the most attention with the highest link strength, followed by cost-effectiveness, information analysis, information dissemination, information sharing, inoovative solution, and transparency. These themes reflect the propects of digital twins for smart buildings (Bevilacqua et al., 2020; Shirowzhan et al., 2020). However, some themes reflecting the significant application of digital twins for smart buildings are found with low link strength, and these include design optimisation, real-time information, real-time connection, systems thinking, remote control, real-time monitoring, and tracking simulations (Akanmu et al., 2020; Zhao et al., 2021; Celik et al., 2021). Overall, this study reveals all the themes (Appendix A1) as reflecting the prospects of digital twins in smart buildings, regardless of the link strength, occurrences, average publication year, average citation, and average normalised citation. To enhance the application of digital twin concepts to the field of AECO, a deliberate effort is required to consider critical aspects such as information analysis, transparency, safety, and human–computer interactions (Akanmu et al., 2020; Agnusdei et al., 2021). Scholarly works must be translated into practice to prevent businesses from losing interest in innovative concepts (Kirchherr and van Santen, 2019). However, to understand the major themes reflecting the opportunities of digital twins for smart buildings, content analysis is deployed to understand the detailed applications.

4.2 Opportunities of Digital Twins for Smart buildings
From the content analysis, in link with the scientometric results, 24 opportunities/prospects could be proposed for digital twins for smart building, as shown in Table 2. By applying thematic analysis, the 24 opportunities can be categorised into four major opportunities: efficient building performance (smart “building” environment), efficient building process (smart construction site environment), information efficiency, and effective user interactions. These are further discussed.

Table 2: Opportunities of digital twins for smart buildings
	No
	Categories
	Opportunities/prospects
	References

	1
	Efficient building performance – smart “building” environment 
	Accident prevention
	Bevilacqua et al. (2020)

	
	
	Building management system
	Zhao et al. (2021)

	
	
	Building maintenance and performance monitoring throughout the building’s life-cycle
	Lu et al. (2020a); Zhao et al. (2021); Akanmu et al. (2020); Zhao et al. (2022)

	
	
	Real-time monitoring, control, and minimisation of energy consumption
	Akanmu et al. (2020)

	
	
	Real-time connection and information for risk assessment in buildings
	Bevilacqua et al. (2020); Kaewunruen et al. (2021)

	
	
	Remote control of the building to ensure security
	Celik et al. (2021)

	
	
	Systems thinking for aiding sustainable decision makings
	Zhao et al. (2021)

	
	
	Virtual reality and simultaneous control of buildings
	Shirowzhan et al. (2020)

	2
	Efficient building process – smart construction site environment
	Automated construction
	Schimanski et al. (2019); Correa (2020)

	
	
	Building information modelling for design and operation optimisation
	Sepasgozar et al. (2020)

	
	
	Cost-effectiveness through efficient construction
	Hlady et al. (2018)

	
	
	[bookmark: _Hlk121225491]Innovative solutions for the modularisation of building elements
	Wang et al. (2021); Wei et al. (2022)

	
	
	Smart construction to ensure operators’ safety
	Schimanski et al. (2019); Bevilacqua et al. (2020); Correa (2020)

	
	
	Tracking strategies and improving speed and accuracy
	Ghosh et al. (2020); Akanmu et al. (2020); Zhao et al. (2022)

	3
	Information efficiency
	Improving planning and designing to aid physical modelling
	Akanmu et al. (2020)

	
	
	Rapid transformations to aid critical analysis of building processes
	Lu et al. (2020a)

	
	
	Aids effective data/information integration to allow critical information analysis
	Lu et al. (2020a,b)

	
	
	Monitors digital information flow and transformation to aid communication and decision-making
	Lu et al. (2020b)

	
	
	Real-time monitoring of information retrieval and dissemination/sharing
	Akanmu et al. (2020)

	
	
	Ensure real-time interoperability to develop efficient virtual representations
	El Saddik et al. (2019); Zhao et al. (2022)

	
	
	Real-time tracking of simulations and semantic modelling
	Austin et al. (2020); Petrova-Antonova and Ilieva (2020)

	4
	Effective user interactions
	Gesture control
	Gámez Díaz et al. (2020)

	
	
	Human-computer interaction
	Bevilacqua et al. (2020); Akanmu et al. (2020); Agnusdei et al. (2021); Choi et al. (2022)

	
	
	Human-machine collaboration
	Agnusdei et al. (2021); Choi et al. (2022)



4.2.1 Efficient Building Performance – Smart “Building” Environment
The smart building in this section refers to the complete building ready to be used. The digital twins’ concept facilitates building improvements by ensuring efficiency and adequacy in the building management system (Zhao et al., 2021). The digital twin assists in real-time monitoring of building performance and generates data for facility and building managers to assess buildings and perform maintenance (Akanmu et al., 2020; Lu et al., 2020a). This could generate data easily and seamlessly from human-unreachable parts of buildings. For instance, a critical area of building performance to consider in integrating digital twins is energy consumption, which has become an ongoing issue among facility managers. The digital twin can monitor energy usage in real-time to help control and minimise consumption. This involves the element of system thinking that can help to facilitate the decision makings regarding energy usage in buildings using digital twins (Zhao et al., 2021). As such, the digital twin plays a key role in helping smart buildings to overcome urgent sustainability challenges such as effective space management, dealing with climate change, and ensuring higher quality of life in buildings regarding energy consumption (Brink, 2021). 
Also, the opportunity of digital twins in smart buildings regards the real-time monitoring to prevent accidents by assessing risks in smart buildings via simulations and remote control (Shirowzhan et al., 2020; Celik et al., 2021). This is achieved via the advancement of building intelligence, concerned with plugged-in devices as well as building instrumentation devices, including sensors, actuators, and controllers, capable of enabling efficient building automation while ensuring the comfort of building users (Lazarova-Molnar et al. 2015; Billanes et al. 2017), as shown in Figure 4. This also enables the display of virtual reality and simultaneous control of buildings to improve performance. For details in Figure 4, refer to Clausen et al. (2021).
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Figure 4: Digital twin framework for smart building (Clausen et al., 2021)

Moreover, digital twin application in smart building replaces conventional risk management with real-time AI-enabled data analytics and image analysis to draw deep insight into identifying hazards, evaluating risks and determining appropriate controls (Bevilacqua et al., 2020; Peake, 2021; Kaewunruen et al., 2021). By creating the digital model of smart building systems, networks, and HVACs, the digital twin creates a clearer picture to predict and monitor the building and its environs. Training machine learning models to analyse unstructured risk assessment reports and bringing together vast data sources to create real-time digital twins is an effective measure to identify and mitigate risks in smart buildings. Thus, it would be imperative to effectively utilise digital twins in risk assessments in smart buildings to inform decision-making concerning operations and management.

4.2.2 Efficient Building Process –Smart Construction Site Environment
A smart building can also be referred to as the smart environment of a construction site with the enabling plugged-in devices as well as building instrumentation devices, including sensors, actuators, and controllers, capable of enabling efficient construction automation while ensuring the comfort of workers on site (Lazarova-Molnar et al. 2015; Billanes et al. 2017). Digital twins in this domain can ensure workers’ safety via smart construction, where virtual simulation of the construction site can be used to understand the working conditions at specific locations. For instance, the digital twin can help facilitate giving effective directions to operators on-site during work execution, and this will assure their safety by creating a virtual environment that understands the working conditions at specific locations (Bevilacqua et al., 2020; Correa, 2020).
The digital twin could also help initiate innovative solutions for modularising building elements on construction sites, especially for modular construction projects (Wang et al., 2021; Wei et al., 2022). The real-time capability of digital twins and the associated virtual world can provide many alternatives to ensure building elements are fixed appropriately via effective monitoring using the virtual mean. It also can track adopted strategies on-site in real-time and improve speed and accuracy (Ghosh et al., 2020). The digital twin also helps optimise the building designs used on construction sites and operations toward the execution of building projects.
The construction phase of buildings is essential as it brings into being the physical smart building. As such, the digital twin has potential application at this phase by applying it to assess the structural system analysis integrity (Angjeliu et al., 2020). Other potential applications include resource management, schedule management, quality management, sequence management, etc., on construction sites (Opoku et al., 2021). Various technologies are also deployed in creating digital twins at this phase, including GPS, cameras, laser scanners, etc. (Liu et al., 2021).

4.2.3 Information Efficiency
One vital aspect of digital twins for smart buildings is the ability to provide efficient information in real-time, regardless of whether it is a smart “building” or a smart construction site. This may occur throughout the smart building’s life cycle. Digital twin monitors real-time digital information flow and transformation to aid communication and decision-making based on critical information analysis (Lu et al., 2020a,b). Due to the smartness of facilities, the digital twin monitors the information inflow with intelligence to ensure that the right information is disseminated to the right location in a building system. In smart buildings, digital twin ensures real-time interoperability to develop efficient virtual representations and improve planning and designing to aid physical modelling (Akanmu et al., 2020; El Saddik et al., 2019; Zhao et al., 2022).
Digital twin facilitates the predictability of situations/events in buildings or on-site based on the effective real-time tracking of simulations and semantic modelling (Austin et al., 2020; Petrova-Antonova and Ilieva, 2020). This aids in decision-making for smart building management based on reasoning. The transferred real-time data/information is processed and diagnosed with artificial intelligence and other machine learning models or data analytics. This draws deep insight into the existing big data in smart buildings to inform decisions concerning building system operations, building status, user status, environmental conditions, etc.

4.2.4 Effective User Interactions
User interaction is very important in smart buildings, which can be improved with digital twins. This can be applied in smart “buildings” and on construction sites focusing on the issue of communication, interaction, and cooperation. In smart “buildings”, digital twins can help monitor and understand the users’ real-time interaction and interactions with the building (Bevilacqua et al., 2020; Akanmu et al., 2020). This can be extended to energy consumption and intelligent use of electrical appliances such as air conditioners, heating, and cooling systems. The digital twin has the potential to effectively assess how users collaborate with smart building technologies and note all interactive issues via the virtual counterpart of smart buildings. These are further addressed to improve the user/human-machine interactions in buildings.  
On smart construction sites, human-machine/robot collaboration is very important. Digital technologies can monitor construction sites in real-time effectively and report incoming collisions between robots/machines and workers on sites. This can be achieved by having a virtual real-time 3D BIM design of a construction site (Sepasgozar et al., 2020). Digital twins can offer a crucial analytic edge by gathering data from various sources on construction sites. Construction teams can then gain live insight into every recorded component/equipment/machine when physical assets are updated automatically and reveal real-time status, working conditions, and position of the physical assets on the construction site. With this, collaboration/interaction between machines and workers can be improved to enhance project execution during the construction phase of buildings (Agnusdei et al., 2021; Choi et al., 2022).

5. Limitations and Future Studies
Despite the opportunities created by the digital twin for smart buildings reported by the existing studies, limitations exist. This section, therefore, discusses the limitations of the existing studies concerning the methodology adopted and the domain of study and makes recommendations for future research directions.

5.1 Methodology adopted
Among the prior studies that have been conducted on digital twins for smart buildings, the methodologies adopted have limitations shown, as shown in Table 3. Most studies have adopted the case study, followed by the conceptual analysis. However, the case study is limited by its inefficiencies due to the generalisation issues, lack of scientific rigour, and difficulty replicating the results. The conceptual analysis, which the previous studies have also adopted, is also limited by a lack of rigour and empirical investigations and is subjected to increasing error and subjectivity. Among the previous studies, a limited number of experiments and surveys have also been adopted. This study, therefore, admonishes future studies to investigate the digital twins for smart buildings and reports on the significant opportunities by adopting a robust methodology that will minimise the degree of anticipated errors and increase its replicability to other scenarios and locations.

Table 3: Nature of methodologies adopted and their limitations.
	Method 
	Author 
	Limitation 

	Conceptual analysis
	Zhao et al. (2021); Bevilacqua et al. (2020); Akanmu et al. (2021); Correa (2020); Zhao et al. (2022); Lu et al. (2020a); El Saddik et al. (2019); Petrova-Antonova and Ilieva (2020); Agnusdei et al. (2021)
	· Cannot create new concepts but only validates the existing ones;
· Requires long time and persistence to investigate and validate;
· Subject to increase error and subjectivity;
· Lack of empirical investigation to clarify concept; 
· Lack of rigour
· Etc.

	Experiment
	Ghosh et al. (2020); Choi et al. (2022)
	· Highly subjective;
· Situations may not be realistic;
· Time-consuming;
· Ethical issues or practical issues with variable control;
· Etc.

	Case study

	Schimanski et al. (2019); Celik et al. (2021); Shirowzhan et al. (2020); Sepasgozar et al. (2020); Kaewunruen et al. (2021); Hlady et al. (2018); Wang et al. (2021); Wei et al. (2022); Lu et al. (2020b); Austin et al. (2020), Akanmu et al. (2020)
	· Lack of scientific rigour;
· Little basis for result generalisation;
· Researcher’s subjectivity may influence result;
· Difficult to replicate;
· Time-consuming and expensive;
· Etc.

	Survey
	Gámez Díaz et al. (2020)
	· Not ideal for controversial issues;
· Possible inappropriateness of questions;
· Inflexible design;
· Etc. 



5.2 The domain area
The proposed research domain and the future directions are based on examining the future works proposed by previous studies, their omissions, and the untapped potentials of digital twins for smart buildings based on the lessons from other industries that have advanced ahead of AECO. These have been discussed to recommend future research directions following the framework in Figure 5.
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Figure 5: Research direction framework

(A) Real-time Data Acquisition, Processing, and Storage
Prior studies only consider attaining a data warehouse, which is inadequate if efficient digital twin is to be developed for smart buildings. However, in implementing digital twins, it is imperative to go beyond establishing only a data warehouse to a complete system that considers real-time data extraction, storage, and analysis. As such, the following limitations need to be considered:
IoT systems face the most challenge with the real data collection process (Aheleroff et al., 2021). IoT systems simultaneously collect meaningful real-time data from various data types within smart buildings, including occupant behaviours, indoor or outdoor environments, and the building structure. To ensure data is not duplicated, processing requires steps such as data cleaning and consistency after real-time data is transferred to the repository (Qi et al., 2021). Future research is encouraged to design the IoT system for the digital twin needs and collect real-time data for different purposes in smart buildings avoiding data duplication.
Formatting is positioned as a challenge after the data collection, as data exist in a different format, making it onerous to integrate into the digital twin’s data platform (Niederer et al., 2021). For instance, real-time data on the relationship between building users and appliance usage may be collected from humans containing images and voices and from appliances containing textual content (Rashid et al., 2019). Xie et al. (2011) also consistently discovered difficulty in real-time formatting data to solve building issues directly in steel construction due to different formats. Hence, a study is encouraged to design a digital twin system to efficiently and effectively re-format the data in real-time. For instance, a possible solution, such as machine learning algorithms, could be engaged in this process.
Due to the massive collection of real-time data, it is vital to optimise the digital twin’s storage architecture to guarantee protected real-time data from hazardous actions and ease recovery from back-ups and availability (Xie et al., 2011). A big data platform has been developed to support the requirements using distributed storage and processing systems. However, a big data connection to digital twins for smart buildings needs to be improved to achieve real-time data availability and updation; hence, future research is encouraged in this area.
IoT system deals with multiple tasks rather than just a single task with all related objects connected (Sacks et al., 2020). According to Alizadehsalehi and Yitmen (2021), digital twin technology needs to identify the stakeholders’ objectives to leverage real-time and historical data. However, a schema for data allocation is necessary to reduce the massive amount of information at the user end (Curry et al., 2013). Therefore, a study is required to bridge the gap between technical and application terminuses by engaging the combined effort of experts who develop the system and who have domain-specific knowledge.

(B) Security and Privacy Issues
Another limitation of the existing studies relates to the digital twins’ security and privacy risk, which arises due to the exponential growth of connected devices in smart buildings. The traditional network of IoT systems covers many heterogeneous entities, services, and networks that make it challenging to apply existing security systems directly (Jia et al., 2019). Li et al. (2020) discovered digital twins’ vulnerability lying with its IoT systems in different parts, including web interfaces, backend systems, network services, physical hardware, and software.
An insecure system may create concerns that prevent people from adopting the technology (Jia et al., 2019). For instance, using cameras as IoT systems for digital twins for smart buildings to monitor safety and workers’ activities may be uncomfortable for some people. Systems such as GPS reveal people’s whereabouts and routes, which may not be comfortable. It may also interfere with privacy issues, including energy usage. 
For security and privacy issues, technologies, including the blockchain (Li et al., 2022) and others, can be integrated into the digital twin to detect third-party interference in personal data. This allows one party to access the necessary data under their exclusive control. The key enabling technologies of digital twins must follow the current practices and updates in security and privacy regulations. Research is required in all directions to augment the security of digital twin technology for smart buildings.

(C) Collaboration between the Building Industry and the Digital Twin Developers
Though electrical and computer engineering researchers are devoted to assembling and calibrating hardware and designing software, digital twin technology cannot realise its maximum value if it is not adequately applied in the building industry. This has been a limitation inferred from the prior studies. A collaboration between the technical team and the building researchers is needed to further the digital twin application for smart buildings (Sacks et al., 2020). Jia et al. (2019) asserted that building researchers have a better and deeper understanding of digital twin applications’ potential demands and requirements and their corresponding challenges. Effective collaboration can enable the digital twin developers to revise and optimise the system pointedly, whilst the building researchers’ study focuses on how to augment the use of digital twin to achieve parallel progress.
The expertise from the technical and application sides is equally important, and only an integrated collaboration can reap the benefits of a digital twin for smart building. Research on developing an intelligent collaborative and methodological framework is required to effectively bring together the activities of both the technical and building researchers to support the digital twin for smart buildings.

(D) Standardised and Domain Modelling 
An additional limitation of the existing studies is the lack of a standardised modelling approach, a challenge within digital twin technology development with modelling smart building systems (Wanasinghe et al., 2020). A standardised approach is needed from the initial design to a digital twin simulation, whether physic-based or design-based. The standardised approaches ensure domain and user understanding while guaranteeing information flow between each stage of developing and implementing digital twins for smart buildings (Wagner et al., 2019).
The lack of domain modelling is also a challenge (Fuller et al., 2020) because of the need for standardised use. This is related to ensuring information about the main use is transferred to each development and functional stage of the digital twin modelling. This ensures compatibility with IoT and data analytics domains, allowing for the successful use of the digital twin for smart buildings. Thereby, studies are encouraged to investigate developing a standardised and domain modelling approach to assist digital twin implementation for smart buildings.

(E) Skilled Workforce
A skilled workforce is required to enable the interoperability, integration and linking of real-time data and models across all the systems in a smart building. The lack of domain knowledge experts challenges digital twin implementation (Broo and Schooling, 2021), especially in AECO. According to Plummer (2021), huge initial investments are required for installation and high maintenance expenditures due to the lack of experts. Hence, research is encouraged to explore the digital twin competencies consisting of the key skills and capabilities to drive the digital twin intervention and its implementation in smart buildings.

6. Theoretical and Practical Implications
Considering the emergence of digital twins, this is one of the few review studies that has focused on the opportunity of digital twins for smart buildings. Theoretically, the study makes a significant contribution to the body of knowledge by presenting the comprehensive outlook of the digital twin for smart building in the field of AECO by revealing the major opportunities. The study, therefore, contributes to the ongoing discourse on the digital twin application in the AECO industry. The study also concluded by identifying some limitations of the existing studies that call for further research in this domain.
Practically, the findings of this study may be used as a guideline for the practical adoption and implementation of a digital twin for smart buildings depending on specific purpose requirements, as well as informing policymaking. For instance, planning and strategising the digital twin systems to follow current practices and “security and privacy” regulations updates. This helps to inform policy makings and decisions on protecting personal user information when implementing digital twins for smart buildings, which will help advance the practice of digital twins. Also, the study suggests integrating digital twins into the information of the smart building services phase to facilitate better risk assessment, asset management, and communication through data visualisation.

7. Conclusion 
Although research on digital twins for smart buildings has been active, an up-to-date intellectual environment for understanding the opportunities of digital twins for smart buildings is still lacking. This study provides an up-to-date comprehensive literature review to identify the major opportunities of digital twins for smart building through scientometric analysis and content analysis.
The study revealed 56 themes reflecting the opportunities of digital twins for smart buildings, with only 19 having a link strength ≥4 from the scientometric analysis. However, the top eight themes/keywords with the highest link strength >5 include “virtual reality”, “cost-effectiveness”, “information analysis”, “information communication”, “information dissemination”, “information sharing”, “innovative solutions”, and “transparency”. The content analysis, coupled with the result of the scientometric analysis, revealed 24 opportunities that were further categorised into four major opportunities: efficient building performance–smart “building” environment, efficient building process–smart construction site environment, information efficiency, and effective user interactions. These were evidently discussed to make a claim.
Limitations of the existing studies were divulged and discussed to make recommendations for future research in the methodology adopted and the research domain. Five research domains were considered for future research: “real-time data acquisition, processing, and storage”, “security and privacy issues”, “standardised and domain modelling”, “collaboration between the building industry and the digital twin developers”, and “skilled workforce to enable a seamless transition from theory to practice”. A research direction framework was finally proposed to help address the identified limitations of existing studies and envision the ideal state of a digital twin for smart building. All stakeholders, including practitioners, policymakers, and researchers in the field of AECO, may benefit from the findings of this study by gaining an in-depth understanding of the opportunities of digital twins and implementation in smart buildings in the AECO industry. The major opportunities discovered may not be the exact extent of digital twin opportunities in smart buildings, as the digital twin concept is emerging and maturing in the AECO industry from time to time. Hence, future researchers are encouraged to adopt other rigorous approaches to uncover new opportunities.
Despite the contributions of this study, some limitations need to be acknowledged. The scope of the study was limited to publications from the Scopus database published in English. Other scholars may argue for a more thorough review by extending the search to other databases, such as Web of Science, PubMed, JSTOR, ScienceDirect, IEEE Xplore, Academic Search Complete, etc. Nonetheless, the pattern of the findings should remain the same.
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