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Abstract

:

Digitisation of the built environment is seen as a significant factor for innovation in the Architecture, Engineering, Construction and Operation sector. However, lack of data and information in as-built digital models considerably limits the potential of Building Information Modelling in Facility Management. Therefore, optimisation of data collection and management is needed, all the more so now that Industry 4.0 has widened the use of sensors into buildings and infrastructures. A literature review on the two main pillars of digitalisation in construction, Building Information Modelling and Internet of Things, is presented, along with a bibliographic analysis of two citations and abstracts databases focusing on the operations stage. The bibliographic research has been carried out using Web of Science and Scopus databases. The article is aimed at providing a detailed analysis of BIM–IoT integration for Facility Management (FM) process improvements. Issues, opportunities and areas where further research efforts are required are outlined. Finally, four key areas of further research development in FM management have been proposed, focusing on optimising data collection and management.
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1. Introduction


The construction industry has a relatively low digitisation level compared to other sectors [1,2]. Although it is seen as a major factor in the innovation of the Architecture, Engineering and Construction and Operations (AECO) sector, digitisation in the construction industry still shows a slow growth rate [3]. However, improvements in methodologies and technologies are under development to better manage AECO processes [4].



This article presents a literature review on the integration of Building Information Modelling (BIM) and Internet of Things (IoT) for the Facility Management (FM) of the constructed asset. It is divided into four main parts: (a) an overview of FM and the impact of digitisation in the sector; (b) the description of the research method; (c) an in-depth content analysis of 99 selected journals’ articles on BIM-IOT integration for FM, which allows identifying both benefits/opportunities and issues/limits at technical and operational levels; (d) conclusions and a description of a possible future research agenda.



The context is the fourth industrial revolution (Industry 4.0), where several technological changes in many sectors have been made, including in the AECO one [5,6].



There are many studies on the application of digital technologies aiming to promote digitisation in the built environment. However, compared to the design and construction stages, there is a lack of research on applying these new technologies in the operation and use stage of the building life cycle [7], particularly for the FM sector. FM represents up to 85% of the whole life cycle cost of the building [8]. Even though the life cycle cost of a building can and should be controlled in the design phase the adoption of innovative tools and technologies to improve FM in existing buildings is continually increasing. Wong et al. [7] identified and discussed several possibilities for future research into digital technologies like integrating FM with BIM, reality capture technology, IoT, Radio Frequency Identification (RFID), and Geographic Information System.



Among several studies on applying new technologies, a significant solution taken into consideration in the last years by the AECO sector has emerged: the Cyber-Physical Systems (CPS) [6]. CPS, also known as Digital Twins (DT), are systems based on the combination of physical and digital objects. Through simulation of an as-built component (or system), using digital models and several types of data, DT allows mirroring the life of its corresponding real twin to forecast the health of building components, their service life, faults [9] and, in general, the building performances [10].



Even if not risk-free, these digital innovations will enable new dynamics and allow new services that will improve efficiency and sustainability in building management processes [11].



1.1. Facility Management


Facility management is a multidisciplinary topic that requires the collaboration and coordination of different people [6]. ISO 41011:2017 defines FM as an “organisational function which integrates people, place and process within the built environment with the purpose of improving the quality of life of people and the productivity of the core business” [12].



According to International Facility Management Association (IFMA), there are 11 core competencies in FM [13]: Occupancy and Human Factors, Operations and Maintenance (O&M), Sustainability, Facility Information and Technology Management, Risk Management, Communication, Performance and Quality, Leadership and Strategy, Real Estate, Project Management, Finance and Business.



Currently, not all buildings have optimal management [14,15] due to outdated procedures that cause a lack of data and information. In other cases, despite the use of sensors/automatic devices and databases, the information collected is not entirely exploited [16]. An example is given by FM information systems, e.g., Computerised Maintenance Management Systems (CMMS), Energy Management Systems (EMS) and Building Automation Systems (BAS), where data are often fragmented and manually entered after the handover of the building. Fragmentation and data poorness could generate laborious and inefficient processes [7]. Furthermore, FM operators often rely on paper documents in their daily activities. This increases both the time needed and the difficulties of getting accurate information [17]. For these reasons, the improvement of both FM tools and processes is a crucial issue in FM companies [18]. Hence, with increasing industry interest, a review of the current status and a description of a future research agenda on FM is needed.




1.2. Digitisation and FM


New technologies have transformed many people’s daily lives and have revolutionised several traditional industry practices aiming to achieve efficiency, accuracy, and precision. This evolution has gained momentum due to advancements in technologies such as the Internet of Things (IoT), big data, cloud computing and cyber-physical systems [19].



The strengths of these innovations 4.0 lie in monitoring, controlling, interoperability, real-time information processing and process self-optimisation [19]. The physical world’s connection with the virtual world enables products and components to create a self-adapting and self-managing communication network [20].



In the construction sector, the first attempt at digitisation aiming to increase the sector’s efficiency has already been seen with the spread of BIM [21].




1.3. Building Information Modelling for FM


The United States National Institute of Building Sciences (NIBS) defines BIM as “The digital representation of physical and functional characteristics of a facility. As such, it serves as a shared knowledge resource for information about a facility, forming a reliable basis for decisions during its life cycle from inception onwards” [22].



In recent years, BIM has been more and more employed in the AECO sector to improve information management. BIM Models (BIMs) allow integrated management of information throughout the building’s entire life cycle, hence improving FM [23]. On the one hand, BIM allows working more efficiently during the design and construction phases by developing a 3D model that avoids project interference and allows project time and cost calculation. On the other hand, it allows acquiring data created during several phases of the building life cycle to use them in operations management, maintenance activities, environmental analysis and energy performance simulations. The latter is related to Building Energy Modelling (BEM), which has become an essential aspect for FM.



Benefits of using BIM in FM include providing “as-is” information and enabling Facility Managers to work on information using a single source of data, overcoming all the issues deriving from the sources’ fragmentation.



A BIM model has different Levels of Information Needs [24]. To deal with them, the American BIMForum defined the Level of Development (LOD) Specification. This reference enables practitioners in the AEC Industry to specify and articulate with a high level of clarity the content and reliability of Building Information Models (BIMs) at various stages in the design and construction process. A BIM model has six Levels Of Development (LOD): LOD 100, LOD 200, LOD 300, LOD 350, LOD 400 and LOD 500 [25]. Each LOD defines how much information is included in a building component. The higher the LOD, the greater the clarity and reliability of data and information.



According to Love et al. [26], using the highest LOD is possible in order to enrich the digital model with all the information necessary for assets management and maintenance. In this way, data are more efficiently stored in a single file without fragmentation or loss of information. Moreover, improving the handover process is possible using fewer paper documents or manual transfer of information [26].



As early as 2012, Becerik-Gerber et al. [27] have defined, also through surveys and interviews, how BIM can support FM practices. Their paper assesses the status of BIM implementations in FM, potential applications, level of interest in BIM utilisation, application areas, and data requirements for BIM-enabled FM practices. To date, studies on BIM application in FM confirm momentum (e.g., [18,28,29,30,31,32,33]).



However, despite all the advantages, BIM is not often used in the FM phase. The most significant causes that hinder this integration are:




	(1)

	
Industry perception, which considers BIM models just as 3D models and not as informative models with business value [34].




	(2)

	
Lack of involvement of the facility managers in the creation of the BIM model [7,35]. Consequently, less information useful for FM is integrated into the model.




	(3)

	
The need for interoperability between BIM and FM technologies and the lack of open systems and standardised data libraries that can be utilised as a bridge between BIM and CAFM technologies [36].




	(4)

	
Lack of clear roles, responsibilities, contract and liability framework [36].




	(5)

	
Furthermore, the main limitation of BIM methodology is its static information: data are provided during the design phase but not updated during the building’s life cycle [37]. This is a relevant issue for buildings management, and research is moving in this direction.










1.4. Internet of Things for FM


Asghari, Rahmani and Javadi [38] define IoT as “an ecosystem that contains smart objects equipped with sensors, networking and processing technologies integrating and working together to provide an environment in which smart services are taken to the end-users”. They show how this ecosystem is being applied in healthcare, environmental, smart cities, commercial and industrial contexts. IoT has led to an interconnection between people and objects at an unprecedented scale and pace [39] and will allow new strategies to improve quality of life [40]. Furthermore, connected devices could be programmed to make autonomous decisions and adequately inform users to make the best decisions [41].



Operation and maintenance stages represent 50–70% of the total annual facility operating costs [42], and buildings management requires integrating and analysing different types of data and information generated by various stakeholders. This implies that improved data and information management can have a significant impact on building performance.



In this context, the application and integration of IoT and BIM technologies to gather and store data/information for the entire life cycle of the building have caught wide attention. In recent years, a growing number of innovations have been developed [7].



IoT and smart connection have great potential in optimising FM activities, including inventory and document management, building security, logistics and materials tracking, tracking of building component life cycle and building energy controls [7]. Several studies about the use of data coming from IoT devices have been carried out (e.g., [43,44,45]), although many of them do not include the integration of BIM.





2. Scope and Aim of the Research


As mentioned before, BIM and IoT- based data sources is a relatively new field. One can consider BIM and IoT data as two complementary entities, where one covers the lack of the other. Researchers have addressed different aspects of BIM, IoT and their use in an integrated way: sustainability, risks, safety and so forth.



In this article, integration is addressed more from the point of view of the information collected/transmitted by sensors and actuators (and used for a specific purpose) than from that of the software or platform used. Hence, studies and research published on BIM and IoT data integration are analysed in this paper. The content is structured as a bibliographic investigation through which an analysis of these technologies’ current use is carried out. The aims of this research are:




	(1)

	
To provide a detailed bibliographic analysis of the research efforts on BIM–IoT integration for FM processes improvements




	(2)

	
To identify limitations in the research and introduce a roadmap for further research on FM improvements through new technologies.










3. Materials and Methods


This study analyses and categorises existing studies on BIM and IoT integration for FM according to the methodology shown in Figure 1. To review BIM-IoT integration comprehensively in the Facility Management context, two electronic databases of peer-reviewed literature have been taken into consideration: Scopus and Web of Science (WoS). The bibliometric analysis presented here aims to analyse academic publications and trends to evaluate the existing research performance and understand patterns. As the first step, keywords to select articles on BIM-IoT integration for FM functions are defined. Table 1 highlights the keywords used to find publications on BIM and IoT. Table 2 shows the set of keywords for each FM core competence.



After the keywords selection, Scopus and WoS databases were queried, using the keywords shown in Table 1, to find publications dealing with: (a) BIM; (b) IoT; and (c) BIM and IoT at the same time. This first-level query investigated how much these topics have been explored by researchers, even outside the FM field.



In a second-level query on the two databases, BIM and IoT keywords (Table 1) were coupled with FM core competencies (Table 2) to measure how deep BIM and IoT permeate FM core competencies.



A set of filters was applied to the various searches to limit the large number of results. To perform this selection in the WoS database, results were as follows:




	
Refined, considering the following WoS categories: “architecture”, “computer science interdisciplinary applications”, “construction building technology”, “engineering civil”, “engineering multidisciplinary”, “environmental sciences”, “engineering environmental” and “economics” (because of Finance and Business FM core function).



	
Refined, considering only the following research areas: “architecture”, “construction building technology” and “engineering”.



	
Refined, considering only documents in English.



	
Refined, considering only articles and reviews as document types to acquire higher-quality documents.








Articles from “computer science interdisciplinary applications” and “engineering multidisciplinary” domains were included in the review to ensure a comprehensive review of BIM and IoT device integration. Finally, the results were further filtered (by title, abstract and author’s keywords) to remove articles not relevant for the research scope.



To perform a similar selection in the Scopus database, results were as follows:




	
Refined, considering the following subject area: “engineering”, “business, management and accounting”, “energy” and “environmental science”.



	
Refined, considering only documents in English.



	
Refined, considering only articles and reviews as document types to acquire higher-quality documents.



	
Filtered, excluding irrelevant topics (e.g., medicine, chemistry, biology).








As the last step, the two search results were combined, and duplicated articles were excluded. Finally, a list of 99 articles on the BIM-IOT integration was selected. Five out of ninety-nine articles are general reviews on BIM-IOT for FM and were already discussed in the introduction. To derive patterns and propose future research directions, qualitative data analyses of the 94 articles based on each article’s technical aspect were carried out, as discussed in Section 5.




4. Results


The first result of the query using the keywords combination method explained in Section 3 shows a fairly clear gap between the number of publications on the three main topics. More than 95% of the articles deal with IoT (Table 3). A limited number of publications, less than 4%, of articles deal with BIM. Lastly, the integration of BIM and IoT is still at an early stage.



Considering the number of publications on BIM and IoT integration in the last 30 years, it is possible to see how the first significant increase is registered after 2013 (Figure 2). Furthermore, publications grew almost simultaneously in both citation databases. Interestingly, 80% of the articles on Scopus and 85% of the articles on WoS were published during the last five years; this means that BIM-IoT integration is a new domain with increasing interest, especially during 2019 and 2020. Accordingly, the implementation of BIM-IoT integration for FM is also a new domain, with a limited number of publications (red line in Figure 2).



A further query using FM core functions keywords (Table 2) was carried out to find as many articles as possible on BIM and IoT integration in the FM field. Results are shown in Table 4.



The query was limited to journals’ articles: Table 4 shows how many products were found in each database matching each FM core function with the three tools’ categories.



Although the contemporary use of BIM and IoT is relatively recent, some FM core functions like “Sustainability”, “O&M”, “Communication”, and “Technology” have a significant number of publications. On the contrary, perhaps because of the novelty of the two tools’ simultaneous use, some functions have a minimal number of publications. Noteworthy, “Sustainability” is the most studied core function even when considering BIM or IoT separately. The number of publications in the several FM core functions is relatively homogeneous if only BIM products are queried.



To narrow down the scope of the review, further analysis was done on the title and abstract of each of the 904 articles dealing with BIM and IoT, discarding articles not directly related to the construction sector and FM (Table 5).



Eventually, duplicates, i.e., articles covering more than one core function or present in both databases, were discarded, and the final list of 99 articles emerged. On these 99 articles published between 2013 and 2021 (Table 6), a bibliometric analysis was carried out using the R package Bibliometrix [46].



Over the period under review, and based on the proposed selection criteria, most of the articles on BIM-IoT integration for FM were published in Automation in Construction, with 27 of the total selected articles. Followed by: Applied Sciences (6), Journal of Computing in Civil Engineering (5), Sustainability (5), Advanced Engineering Informatics (3), Building and Environment (3), Journal of Construction Engineering and Management (3) and Journal of Information Technology in Construction (3). The remaining journals’ publication rates varied between one to two articles during the considered period.



The bibliometric analysis also reveals that a significant number of publications have been conducted in the USA, with 18 publications, followed by China (12), Australia (9), Hong Kong (8), UK (7), Canada (7), Germany (6) and Italy (6). The remaining countries had less than six articles published during the considered period. Furthermore, the top 10 most cited papers are summarised in Table 7.



Although the most cited article overall is the one written by Wang in 2013, the articles with the highest number of citations per year are those of Tang et al. (2019) with 29.5 Citations Per Year (CPY) and Li et al. (2018) with 28 CPY. Other articles most cited per year are Zhong et al. (2017) (27.5 CPY), Park et al. (2017) (22.8 CPY), Dave Bhargav et al. (2018) (20 CPY). It emerges that if we exclude the first, which is a general review on BIM-IoT integration, the most cited articles mainly concern project management and risk management. In Table 8, each article is assigned to a single core function according to the title and abstract analysis made by authors. Accordingly, an FM core competencies content analysis to generate patterns and trends of existing research has been done.




5. Discussion


The bibliometric analyses described in this paper identified the main characteristics of the literature in BIM, IoT and the integration of the two aiming to Facilities Management. In this section, an overview of BIM-IoT integration in the several FM core competencies is provided, and areas where further research is required within the scope of each core competence are suggested.



5.1. FM Core Competence: Finance and Business


The Finance and Business core competence concerns economic aspects, and it deals both with significant financial investment and operational expense. The only article concerning this competence [47] proposes a framework in which blockchain technology, smart sensors, smart contract and BIM are integrated. The proposed framework is meant to guide IT developers to design and implement an automated payment system (based on these new technologies) that aims to solve the security of payment problems. This application of multiple advanced technologies simultaneously and its related workflow are new to the current body of knowledge from both technical and managerial perspectives. In the article, smart sensors, at critical points across the entire supply-chain, provide live location and status information automatically onto a BIM model. Furthermore, smart sensor data are also stored on the blockchain network, providing an alternative system that will allow automated payment of fulfilled contractual obligations, resolving late-payment or non-payment-related issues.



Although this research’s findings have undeniable advantages, this study is based on a specific blockchain platform. Further studies could adopt other blockchain platforms more suitable in upholding the security of payment. Furthermore, the research does not consider human tampering to commit fraud during the process. Even the authors suggested that subsequent studies should also consider fraud or any other human interventions that may influence systems operation. Hence, additional security layers and/or network security techniques should be investigated.



Finally, a possible main limitation of this framework hindering its adoption in the construction industry is the need for readily available money. The framework, providing automatic payment upon completion of the work, would jam in the case of lack of funds. If the client were temporarily experiencing a shortage of money in the course of the process, the automated payment would be blocked and the entire process would be interrupted.



Smart contracts and blockchain technology will undoubtedly be two essential elements in the future of FM. Future research should focus on these new technologies and challenges presented by them during the facility’s whole life cycle. Several blockchain platforms should be investigated to provide the most suitable and secure solutions to the issues addressed.




5.2. FM Core Competence: Human Factor


This core competence focuses on protecting the environment and the people who use the facility, minimising risks and liabilities and positively impacting all stakeholders. All the articles belonging to this competence concern indoor environmental monitoring. Four out of seven articles [48,51,52,53] are on air quality monitoring. Two articles, [49] and [50], are about thermal comfort. Zaballos et al. (2020) [54] discuss environmental monitoring and emotion detection to provide insights into spaces’ comfort level. Almost all articles focus their attention on the BIM–Wireless Sensors Network (WSN) connection, aiming to visualise real-time sensors data on the BIM model. The only exception is the research conducted by Zhong et al. (2018) [51], where the BIM model is used to extract building information stored in a tabular format and converted into ontology instances.



Table 9 shows the type of monitored data in each article.



The integration between BIM and WSN offers great advantages to the monitoring systems developed in the various research studies. Through this integration, it is possible to better visualise a multitude of data relating to environmental monitoring and associated with multiple elements and spaces. Following this integration and creating the database containing all environmental data (e.g., temperature, humidity, light, noise, etc.), it is possible not only to monitor thermal/air quality problems to ensure comfort for users but also to detect the need for maintenance of building components.



However, during these processes, interoperability between different information systems and information sharing between various stakeholders remains challenging. Management of these heterogeneous data should be further investigated. Moreover, battery capacity and operation duration could be a significant limitation of a WSN. Therefore, it is necessary to consider adopting high-capacity batteries or a fixed power source for long-term operation.



To conclude, protecting the environment in which people live/work is certainly among the priorities that FM will have to face in the near future. Although the use of new technologies and sensors is widespread and certainly not new, the main challenge for this (but also other) core competencies is data/information interoperability. Finally, a novelty that emerged in this review is the improvement of the comfort level in facilities spaces through users emotion detection. In this direction, more effort should be focused to better fit building spaces to users.




5.3. FM Core Competence: Leadership and Strategy


This core competence focuses on aligning the facility portfolio with the organisation’s missions and available resources. According to IFMA [13], sub-competencies in “Leadership and Strategy” include:




	
strategic planning and alignment with the organisation requirements;



	
policies, procedures and compliance;



	
individual and team management;



	
relationship and conflict management;



	
change management;



	
corporate social responsibility;



	
political, social, economic and industry factors affecting facility management.








There are few studies on this competence as for the previous one. After refining the query, only two studies remained (Table 8). Both articles deal with “decision-making” from two different points of view. Niu et al. (2016) [55] discuss several scenarios about using smart construction objects and their augmented capabilities of sensing, processing, computing, networking and reacting to alleviate human beings’ incapability in decision-making. The Industry Foundation Classes (IFC) format is adopted to represent these objects in a virtual environment. With their innovative properties, smart construction objects can contribute to data collection and information processing and make autonomous decisions, eliminating human errors in the process and saving time. Although smart construction objects have undeniable advantages, there are still several limitations and challenges to fully exploit their potential, particularly cultural changes, new costs, Artificial Intelligence (AI) acceptance and organisation readiness.



On the other hand, Chang et al. (2018) [56] try to support complex decisions requiring interdisciplinary information using sensor data and the BIM model. Their research also deals with the design of a common platform allowing communication among sensors with different protocols and how visualisation may help make energy-saving management decisions. This visualisation allows us to see different values distribution in different contexts and make appropriate adjustments in each context. In addition, in this core competence, the key point is data/information integration from different sources. In the near future, this is undoubtedly the main problem that researchers will have to face due to the multiple and varied data sources and platforms.




5.4. FM Core Competence: Operations and Maintenance (O&M)


An important role in FM is to manage operations and maintenance of the facility. To do this, a good knowledge of building systems, structure, interiors and exteriors is required to ensure that systems operate efficiently, reliably, safely and in compliance with standards and regulations.



This core competence is one of the most investigated, and one of the earliest studies was conducted by Rio et al. (2013) [57]. The review showed a high growth rate in this category: ten out of fifteen articles were published in the past two years.



Among the sixteen reviewed articles in this category, nine [57,58,59,60,61,62,63,65,70] are about Structural Health Monitoring (SHM). BIM–sensor integration for SHM has been addressed since 2013, and interest in this topic has remained constant over the years. Through data-driven SHM techniques, it is possible to improve information management on structures health, safety and hazard mitigation. However, traditional approaches are insufficient to manage a large amount of data and information to conduct systematic decision-making for future maintenance.



The first attempt to create a connection between BIM and real-time data was made in 2013 by Rio et al. [57]. In their research, sensors data are stored within the BIM model. This strategy, however, could prove counterproductive as too many data from different types of sensors could weigh down the model.



Subsequent studies [58,59,60,61,62,63,65] propose an information modelling framework for supporting SHM, which includes an external database to facilitate storage, sharing and utilisation of gathered data. Authors, in their studies, propose approaches that support dynamic visualisation (within the BIM model) of some key structural performance parameters and enable continuous updating and long-term data management, generating models compliant with the IFC standard.



Such tools aim to facilitate decision-making on maintenance and risk management, avoiding manual errors resulting from visual inspection of the structures.



Furthermore, in their study, Fitz, Theiler and Smarsly [63] introduce the concept of the Cyber-Physical System (CPS) and present a metamodel for describing it. In their paper, communication-related properties and behaviour of CPS applied for SHM are described. Moreover, system components relevant to communication are specified. Then, the metamodel to formally define a CPS is proposed and mapped into the IFC schema.



On the other hand, the remaining articles that do not deal with SHM address equipment maintenance [66,67,68] and space management [64,69,71,72]. Here too, collected sensors data are stored in an external database.



The most relevant work in this area is, probably, the research of Cheng et al. [66]. They developed a data-driven predictive maintenance framework based on BIM, IoT and machine learning algorithms. Both Artificial Neural Network (ANN) and Support Vector Machine (SVM) are used to predict Mechanical, Electrical and Plumbing (MEP) components’ future conditions with reasonably accurate results. Even if other prediction methods are taken into consideration, the proposed framework has significant implications: (a) fault alarming in an early stage avoiding failures; (b) future condition prediction (knowing in advance the failure timing); (c) minimising or avoiding overtime costs by preparing maintenance materials and tools ahead of time.



Articles that deal with management and maintenance services [64,69] focus primarily on occupancy control even if these systems are not always reliable due to their difficulty in counting people in crowded spaces.



In the O&M context, a first conclusion may be made: reviewed articles suggest that future research should focus on facing challenges presented by managing and visualising data acquired during the whole life cycle of the facility, not only during a single phase. Data-rich BIM models will be necessary to support facilities monitoring and applications fully.



Furthermore, many proprietary file formats are used in most articles. To streamline workflows and improve interoperability, it may be appropriate to increase the use of open formats.



Finally, further studies are required to automatically identify critical locations in which sensors are needed, types of sensors required to monitor critical elements and sensors data integration to improve O&M management.




5.5. FM Core Competence: Project Management


Another essential core skill in FM is Project Management (PM). Projects can vary in scope, complexity, duration and financial risk. According to IFMA, sub-competencies of PM include planning and design, execution and delivery, and evaluation.



Most of the articles concerning the PM [73,74,75,76,77,78,79] deal with the topics of real-time tracking of personnel, materials and equipment to enhance the security, safety, quality control, logistics and productivity monitoring. To do this, BIM and Radio Frequency IDentification (RFID) are the most used technologies [73,74,76,77,78] to implement localisation of people and objects. The proposed systems have a reliable accuracy rate, and RFID localisation systems have great potential in practical applications and could improve resource allocation efficiency and decrease human errors. Instead, Park et al. (2017) [75] developed a tracking system based on the integration of Bluetooth Low Energy (BLE) technology, motion sensors and BIM. This integration aims to achieve more accurate tracking that reduces and compensates for the sensors’ errors.



On the other hand, Hamooni et al. (2020) [80] proposed a method that uses BIM interoperability and wireless sensors to monitor concrete maturity and control the concrete formwork process. BIM allows for the calculation of formwork removal time based on the maturity and strength data collected from sensors inside the concrete. This system will allow the concrete placement process to be continuously monitored and controlled and the curing time before formwork removal to be reduced, thus affecting construction management and project controls by (a) reducing the time required to complete the work, (b) avoiding project delays and (c) lowering unnecessary formwork rental expenses.



In conclusion, the main technological challenges found are related to the location and coverage of the sensors network and the signal strength of the router/hotspot. A significant problem that could arise is the stability of networks for communicating information.



Future research may include improvement of these systems and platforms by incorporating more functions related to the PM sub-competencies and productive analysis (e.g., future workforce estimation or a deep investigation of impacts on the total cost and time of a construction project resulting from the use of BIM–WSN integration).




5.6. FM Core Competence: Quality


Quality is one of the less investigated core competencies. It concerns needs and expectations on the facility and facility’s services, aiming to improve facility organisations’ and service providers’ performance.



Both the articles on this topic [82,83] concern the quality of building components/construction work to ensure that specifications are implemented according to the project. Digitising information allows detecting design errors or poor performance. Both research studies integrate BIM validation tools to assure BIM quality.




5.7. FM Core Competence: Real Estate and Property Management


“Real Estate and property management” core competence is about the management of physical assets to enhance users’ experience to meet asset owners’ strategic objectives and to optimise real estate value. It is one of the least investigated core competencies. Among the reviewed articles, only two of these belongs to real estate and property management competence. Notable is the article of Atazadeh et al. [84], which discusses the use of BIM for defining the legal ownership of IoT-generated data, which are part of the asset value. There are no specific regulations or laws that define the retrieval and use of IoT data considering the appropriate legal rights and responsibilities. Rights, restrictions and responsibilities related to the use of IoT data in multi-owned buildings could be better defined using the BIM environment.



To conclude, as also highlighted by Moretti et al. [85] in their article, future developments in FM aiming at Real Estate and property management should focus attention again on interoperability and openBIM methodology to support dynamic assets management applications. The main issue in this context is the scarce as-built information. Supporting data integration, open formats and interoperability makes it possible to achieve better solutions for building management.




5.8. FM Core Competence: Risk Management


Risk Management plays a central role in FM and, unsurprisingly, is among the core competencies most investigated by researchers worldwide.



The articles belonging to this core competence address various issues related to risk management, Table 10 groups them by topic. Most of the articles, twelve out of seventeen, are fairly distributed between fire risk issues and safety in the workplace.



All the research agrees that the integration of data between BIM and WSN will provide an invaluable result for future applications in managing users and workers’ health and safety. Fire risk studies focus mainly on (a) defining the fire conditions as well as the location and types of relevant fire-extinguishing tools needed; (b) localisation of trapped occupants in a fire emergency scene; and (c) evacuation/rescue paths optimisation. Proposed workflows and algorithms are BIM-centred, where BIM is integrated to provide geometric information and a graphical interface for user interaction.



Relevant studies in this field have been conducted by Cheng et al. [90] and Chou et al. [95]. Their studies are quite similar and propose a system based on a Bluetooth sensor network that can be used (a) to early detect a fire (b) to plan evacuation/rescue routes and to guide building users in emergencies, (c) for dynamic 3D visualisation of fire events and (d) for bidirectional human-machine interactions to optimise evacuation/rescue efforts. The proposed systems could reduce the number of casualties, support the rescue process and emergency evacuation, and mitigate the panic among people in cases of fire.



Another interesting research study in “fire risk management” was conducted by Cheng et al. [99]. Their study proposes an approach for adaptive path planning against the rapid environmental changes in fires. To detect the number of people in a building space, the network uses real-time videos from Closed-Circuit Television (CCTV) cameras and deep learning algorithms. In addition, an IoT sensor network (detect temperature, carbon dioxide and carbon monoxide) is used to detect hazardous areas. The BIM model provides floor plan information, sensors location and a simplified visualisation model during evacuation. Eventually, research suggests that it is possible to evacuate people through AR devices along the shortest path while avoiding congested and hazardous areas.



Research studies concerning workers’ and building users’ health and safety have investigated the integration of BIM with several types of wireless sensors to provide a centralised database with updated real-time data throughout the building lifecycle, starting from the construction phase. Currently, safety monitoring practices primarily rely on “manual” observation, which is labour-intensive and error-prone [92]. Therefore, the impact of sensor-based safety management systems, coupled with the BIM environment, could improve health, safety and emergency management.



In conclusion, systems coupling BIM models and sensors can continuously monitor the built environment in an automated way. They can be used for various purposes: (a) to prevent accidents by notifying workers of incoming hazards; (b) to notify safety managers or site supervisors about unidentified or newly appearing threats; (c) to monitor the environmental conditions of a confined space; (d) to better manage emergencies (e.g., fires) by providing optimised escape (or rescue) routes.



However, more research needs to be conducted to make these systems interoperable with existing sensor systems and minimise computational times to avoid any delay in emergency response operations. Furthermore, these systems could automatically detect and document near misses to prevent better accidents and, thus, to improve safety further.



One of the major limitations is the sensors reliability and transmission over long distances, which can cause false alarms. Other important limitations are related to the accuracy of deployed devices, which may be reduced due to water presence, to the presence of fire and/or smoke, which could impact accuracy and signal propagation. Moreover, energy demands may limit continuously monitoring sensors if not wired. Eventually, these BIM-based systems’ performances rely on the accuracy of the BIM model. Therefore, having an updated BIM model is essential.




5.9. FM Core Competence: Sustainability


Sustainability, which is a legal obligation in some countries, could also be considered as a social responsibility that often turns into an economic advantage for asset owners. Facility managers are expected to act in order to protect the environment and the people who use their facilities while supporting organisational effectiveness and minimising risks and liabilities. Subcompetencies of sustainability include energy management, water management, materials and consumables management, waste management and workplace and site management.



Sustainability is among the most investigated FM core competencies. Most of the articles concerning sustainability deal with how buildings’ energy demand can be reduced through Information and Communication Technologies (ICT). Furthermore, the ICT application in several processes (e.g., BIM) and scenarios have been investigated. In most cases [52,103,104,106,107,108,110,111,112,113,114,115,116,117,119] BIM is used to process or display buildings’ geometric data, FM data and energy data collected through sensors. Among these articles, References [104,111,113,115,116,117,119] focus on users’ behaviours. These researches aim to raise users’ awareness of energy efficiency and consider building users as a primary factor to improve energy efficiency and IEQ. Results put forth the use of real-time monitoring systems and suggest a controlled interaction among users and heating systems to improve energy performances and comfort.



An interesting approach to interact with users has been made by Francisco et al. [116]. They propose a method of combining data and graphic representation through spatial and colour coding techniques in BIM. Through this type of information representation, users can access complex information through a simple interface. In this way, it is possible to improve the interpretation of energy data and increase the user’s involvement in the building’s management, consequently improving building consumption, comfort and health. Furthermore, the proposed method could be applied to other factors such as water consumption, room temperature or indoor air quality.



Only two studies [52,114] deal with/involve artificial neural networks (ANNs) in sustainability, probably because it is a relatively new topic in the AECO sector. The study of McGlinn et al. is relevant. [114]. They propose an intelligent monitoring and control interface for efficient energy management using BIM and Semantic Web to integrate smart buildings, sensors and software components like artificial neural network (ANN) and genetic algorithms (GA). This interface provides suggestions based on the building’s sensor measurements and proposes these suggestions to the Facility Manager. However, there are still issues related to interface usability for non-technical users.



The other two studies dealing with sustainability discuss: (a) a framework integrating the information necessary for green buildings design and their automated evaluation process [105] and (b) a BIM–RFID-based approach with the potential to improve resource reuse and efficiency [109]. Although through the two approaches presented in the articles mentioned above, it is possible to gain advantages in the design processes of Green Buildings, it is evident that research in these fields is still at an early stage.



When discussing sustainable approaches aimed at controlling energy consumption in a building, it is impossible not to mention the Building Energy Management Systems (BEMSs). A BEMS can fully monitor and control the building’s energy needs through building energy data collection, performance analysis and equipment control [139]. Through better energy management in a building, a BEM not only reduces energy consumption and costs but also improves occupants’ comfort [139]. Conceptually, a BEMS architecture has different layers: a sensor/actuation layer, a computational layer, an application layer and, in some cases, also a user interaction layer [114].



Hence, on the one hand, the BIM model provides a series of static data relating to the building (not only geometric and spatial data but also other information according to the BIM’s several dimensions). On the other hand, the BEM system takes the role of collecting data from sensors in the building on-site. The synergy between these two environments (BIM–BEM) can positively affect building energy management, especially by users’ involvement. Among selected articles, the first attempt at BIM-BEM integration dates back to 2013 with the research carried out by Osello et al. [104]. They developed an ICT infrastructure made of heterogeneous monitoring and actuation devices to reduce energy consumption. Finally, they used BIM and interoperability to process and visualise all data essential for energy simulations and for FM. Other studies, from Lee et al. [112] and McGlinn et al. [114], show that BIM is a useful approach for the visual representation, management and exchange of information on all aspects of a building. In particular, in Lee’s research, BIM was used to develop an energy management platform. In their study, BIM was used to visualise gathered environmental and energy consumption data. In this way, facility managers could better manage buildings energy consumption and control buildings’ equipment.



Another significant attempt at BIM–BEM integration has been made by Kang (2020) [118]. Kang, in his research, proposes a BIM-based Human Machine Interface (HMI) framework for space-based energy management. The proposed framework links data between BIM and BEMS, which are heterogeneous systems, aiming at space-based real-time energy monitoring. Furthermore, as it is challenging to use a BIM data structure if it does not fit into the energy management system, this researcher also defines requirements for developing a BIM database suitable for the proposed framework.



In conclusion, although there is much to be done in built environment sustainability challenges, four major steps should be accomplished: (a) fine-tuning of the interaction between environmental sensors data and Artificial Intelligence (AI) or optimisation algorithms; (b) developing sustainable and innovative user interaction strategies; (c) focusing attention on other sustainability sub-competencies (e.g., water management, materials and consumables management, waste management); (d) aiming at BIM–BEM integration, overcoming problems due to the differentiation of communication protocols.




5.10. FM Core Competence: Information and Technology Management


Although the whole topic of BIM–IoT integration could be discussed in this section, only articles concerning sub-competencies such as technology needs assessment and implementation, maintenance and upgrade of technology systems or protection and cyber-security are addressed here. Some of the analysed articles may be associated with other FM competencies, but they are discussed in this FM core competence if:




	
the research on BIM–IoT integration encompasses more than one FM competence;



	
the article discusses the integration of technologies such as Augmented Reality (AR)/Mixed Reality (MR)/Virtual Reality (VR).








Many of the reviewed articles suggest no generic approach to assist in creating software services and applications combining sensor data with BIM models. Articles address the engineering complexity associated with integrating sensor data with BIM to facilitate real-time operational performance information management and permit proactive operational and maintenance decisions in many ways. Only three articles [123,127,131] discuss the development of collaborative BIM-based AR/MR/VR approaches. Interesting research has been carried out by El Ammari et al. [127], who developed a Mixed-Reality framework for facilities management with two modules: a field AR module and an office Immersive Augmented Virtuality (IAV) module. These modules can be used independently or combined using interactive visual collaboration, with an improvement in field task efficiency.



Another noteworthy research study was carried out by Kazado et al. (2019) [128], who presented three approaches for BIM-sensors integration to enable visualisation and analysis of real-time and historical data. Despite being probably the first work using Autodesk Navisworks software to implement a user-friendly interface that integrates the existing building sensor technology and BIM process, the use of a closed data format (Autodesk’s files format) instead of an open one could be a limitation.



Most of the studies highlight the risk of losing competitiveness both on the local and international markets if stakeholders in the construction sector slow down the adoption of new technology. The construction industry appears to be already outdated when compared to other industrial sectors. Nevertheless, according to the articles, stakeholders seem reluctant to invest, especially in costly innovative technological devices. Therefore, many researchers aim to reduce the initial investment costs while proposing innovative solutions that bring added value to the FM processes.





6. Conclusions


Although still in its infancy, the construction sector’s digitisation process is underway, aiming to create an ever-larger network of cyber-physical connections, supported by the abundance of sensorized and networked elements. The analysis of data generated by sensorized building components and systems will allow using connected digital models to improve future design and increase the environmental, safety and financial performance of the digitally built environment.



This document provides an overview of BIM and IoT integration in FM. From a query on Scopus and Web of Science with more than 900 results, 99 articles were identified and reviewed as the most relevant references. Existing gaps and future research directions were outlined.



BIM now supports many technological advances that the industry is witnessing, albeit with some limitations. Although BIM is widely used in the building design phase, there is still much to do for its use in Facility Management. Nevertheless, BIM can be considered a natural interface for IoT/real-time data implementation. Several researchers have begun to explore the potential synergy between these two environments.



From the literature review, it emerges that the BIM and IoT integration research is in an early phase. Most research works are still in the conceptual stage, even though some studies are quite thorough and propose solutions tested in real-world applications. The main obstacles preventing the uptake of these new technologies include (1) in most cases, the lack of a BIM approach that meets the information requirements and fully exploits the potential of the digital model; (2) the fragmented nature of the AEC sector; and (3) shortage of real-life use cases demonstrating potential benefits.



General remarks found on BIM for FM are related to the need to



	
enhance the interoperability of data from as-designed to as-built for FM purposes;



	
review and improve IFC open standards and data specifications to satisfy data and information required for FM.






Furthermore, one of the main challenges in BIM–IoT integration is coupling dynamic real-time data to the model database. In this context, future studies are needed to



	
find a standardised way to integrate and manage data;



	
enhance further exploration in cloud computing;



	
improve other digital technologies such as Augmented, Virtual and Mixed Reality and their application in the AEC sector, integrating them with BIM






BIM–IoT data integration has a new added value in the market: the physical object is a product that carries information throughout its life cycle. This will significantly help the construction industry, which, mimicking more industrialised sectors, has just begun its journey from being product-oriented to service-oriented. However, to take advantage of this transformation, the integration of data into BIM models needs to be managed in the best possible way.



BIM and IoT studies are often based on proprietary files and closed ecosystems, where information is not yet shared openly among stakeholders. Hence, subsequent studies within the BIM-IoT integration domain should focus their attention on open data and open communication standards.



On the other hand, WSN could be considered the IoT solution for monitoring and recording the physical condition of buildings and environmental monitoring management. Research hass proved that both high costs and ineffectiveness of WSN devices can be avoided if information requirements (data types, data frequencies, WSN devices’ location, etc.) are appropriately set at the very beginning of the asset lifecycle.



The major problems encountered in the use of WSN concern:




	
signal transmission: the number of devices necessary for the correct transmission of data and information can influence costs or be limited by the type of construction;



	
powering devices: batteries may not be efficient enough in continuously monitored devices, and the main power supply cannot always reach all devices.








In conclusion, this review highlights four key areas to be further studied:




	
Learning from errors. Future asset design should be influenced by lessons learned from existing ones. Architects and engineers rarely study buildings’ performances or act on occupant feedback (post-occupancy evaluations) once they are handed over to the client. Therefore, it is very probable that errors made are often replicated in other future building design developments. Data coming from the use phase of the assets allows essential information to be collected to better guide the design phase, aiming for improvements in FM activities. However, few researchers have addressed the problem of handing back the information collected in the life cycle to the design team. There is no evidence in the literature about what information is needed or how best to collect and present it.



	
Exploiting new technologies. Advancement in Information and Communications Technology is giving the construction sectors hardware and software tools with unprecedented capabilities and with ever lower costs. First exploratory examples of the use of these technologies for district and cities have appeared, giving a new vision of the idea of smart cities. In this context, new research should focus on both adopting new technologies and finding the best way to satisfy the need for specific training of FM managers and workers. Additionally, although interoperability frameworks have already been investigated and developed, future research should address the potential of BIM to handle a dynamic environment and overcome the differentiation of communication protocols.



	
Application of machine learning algorithms to gather data to develop self-learning and self-improving algorithms to enhance building management. Edge computing and edge analytics seem to allow for an improved system, where data are used where they are produced.



	
User awareness/involvement through simplified interfaces/interactions. BIM remains a tool for experts, and hardly any users or FM managers are able to use the information it contains. Although research has proved that users’ involvement is vital for more sustainable buildings, few studies collected real-time data involving asset users in buildings use and management. First research studies have proved that AR can improve building operations and maintenance, but there may still be ground for improvement in this field.








A deep review of 99 articles related to the eleven IFMA FM core competencies highlights four main knowledge gaps in the emerging sector of BIM and IoT integration for FM. These are related to the back-propagation of information from the use stage to the design one, to new technologies exploitation and final users’ involvement in improving buildings sustainability. This may help further research advancement for studies to improve built environment management.
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Figure 1. Research methodology. 
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Figure 2. Number of publications per year (* until February 2021) dealing with BIM and IoT in Scopus (yellow dotted), in Web of Science (blue dash-dotted) and number of product dealing with BIM and IoT for Facility Management (red dashed). 
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Table 1. Keywords used for research in the two electronic databases of peer-reviewed literature Scopus and Web of Science (WoS). The asterisk “*” after the keywords tells the search engine to look for all the words beginning with that keywords, i.e., “sensor*” tells the search engine to look for the words “sensor”, “sensors”, “sensoring”, etc… The quotations marks surrounding two or more words tell the search engine to look for the phrase and not the words, i.e., “industry foundation classes” is use to search for the prhase and not for the words industry or foundation or classes.
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	Tools
	Keywords





	BIM
	BIM or “Building Information Modelling” or “Building Information Modeling” or IFC* or “industry foundation classes”



	IoT
	IoT or “Internet of things” or sensor* or WSN or “Wireless Sensor* Network*” or “Real Time Data” or “Real-Time Data”
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Table 2. FM and its core competencies keywords used for research in the two electronic databases of peer-reviewed literature Scopus and Web of Science (WoS).
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	FM and Core Competencies
	Keywords





	Communication
	Communication* or report* or “communication* strategy”



	Finance and Business
	“Financial management” or budget* or financial or contract* or procurement



	Human Factors
	Occupancy or “Workplace environment” or “Occupant services” or “Occupant health” or “Occupant safety” or “Occupant security”



	Leadership & Strategy
	Leadership or “team* management” or

“team* organisation” or “conflict management”



	O&M
	FMM or “Facility Maintenance Management” or “Facilities Maintenance Management” or maintenance or “maintenance management” or operation* or “Physical safety and security” or “Work management systems”



	Project Management
	“project management” or “project execution” or “project monitor” or “project outcomes” or “project schedule”



	Quality and Performance
	“Quality management” or “key performance indicators” or KPI or “service level agreements”



	Real Estate and Property Management
	“real estate management” or “property management” or “Real estate strategies” or “Real estate assessment” or “Asset management”



	Risk Management
	“Risk*” or “Emergency*”



	Sustainability
	Sustainab* or “Energy*” or “Water*” or “Waste*” or BEM*



	Information and Technology Management
	“intelligent building systems” or “automation” or “data collection” or “Information management” or “Information security*” or “Information system” or “cyber-security”



	FM
	FM or “Facility Management” or “Facilities Management”
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Table 3. Number of journal articles on BIM, IoT and their integration resulting from Scopus and WOS databases research (until February 2021).
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	Scopus
	WoS





	BIM
	3316
	2717



	IoT
	157,108
	31,088



	BIM + IoT
	237
	166
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Table 4. Journals’ articles on BIM, IoT and their integration for FM and its core functions from WoS (W) and Scopus (S) databases (until February 2021).
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Functions

	
Tools




	
BIM

	
IoT

	
BIM + IoT






	
FM Core Functions

	
Communication

	
426 (W) + 509 (S)

	
3920 (W) + 28539 (S)

	
42 (W) + 55 (S)




	
Finance & Business

	
293 (W) + 468 (S)

	
417 (W) + 3413 (S)

	
8 (W) + 15 (S)




	
Human Factors

	
31 (W) + 43 (S)

	
362 (W) + 974 (S)

	
4 (W) + 4 (S)




	
Leadership and Strategy

	
32 (W) + 242 (S)

	
18 (W) + 500 (S)

	
1 (W) + 17 (S)




	
O&M

	
557 (W) + 746 (S)

	
4374 (W) + 24709 (S)

	
66 (W) + 64 (S)




	
Project Management

	
157 (W) + 965 (S)

	
20 (W) + 1875 (S)

	
6 (W) + 53 (S)




	
Quality

	
33 (W) + 200 (S)

	
61 (W) + 3767 (S)

	
1 (W) + 2 (S)




	
Property Management

	
57 (W) + 169 (S)

	
42 (W) + 1087 (S)

	
7 (W) + 19 (S)




	
Risk Management

	
253 (W) + 267 (S)

	
1084 (W) + 5319 (S)

	
17 (W) + 75 (S)




	
Sustainability

	
709 (W) + 794 (S)

	
7733 (W) + 33413 (S)

	
59(W) + 106 (S)




	
Technology

	
370 (W) + 1875 (S)

	
1219 (W) + 30946 (S)

	
34(W) + 104 (S)




	
FM

	
237 (W) + 236 (S)

	
71 (W) + 341 (S)

	
25 (W) + 81 (S)
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Table 5. Journals’ articles on BIM–IoT integration, for each FM core competence, from Web of Science and Scopus databases.
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FM Core Competencies

	
BIM + IoT Selected Articles




	
Web of Science

	
Scopus






	
Communication

	
20

	
24




	
Finance and Business

	
3

	
6




	
Human Factors

	
5

	
4




	
Leadership & Strategy

	
0

	
4




	
O&M

	
28

	
28




	
Project Management

	
2

	
14




	
Quality

	
0

	
0




	
Real Estate and Property Management

	
4

	
5




	
Risk Management

	
10

	
23




	
Sustainability

	
28

	
43




	
Information and Technology

Management

	
9

	
42




	
Facility Management

	
14

	
37




	
Total

	
68

	
75
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Table 6. Annual publications of journal articles on BIM–IoT integration for FM (* until February 2021).
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	Year
	Articles





	2013
	5



	2014
	9



	2015
	4



	2016
	4



	2017
	12



	2018
	14



	2019
	19



	2020
	24



	2021 *
	8
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Table 7. Top 10 of the most cited articles sorted by the number of global citations (until February 2021).
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	Title
	Authors
	Year
	Source
	doi
	Cit





	A conceptual framework for integrating building information modeling with augmented reality. (IT)
	Wang, X.; Love, P.E.D.; Kim, Mi Jeong et al.
	2013
	Automation in

Construction
	10.1016/j.autcon.2012.10.012
	117



	Prefabricated construction enabled by the Internet of Things. (PM)
	Zhong, R.Y., Peng, Y., Xue, F. et al.
	2017
	Automation in

Construction
	10.1016/j.autcon.2017.01.006
	110



	A BIM centered indoor localisation algorithm to support building fire emergency response operations (R)
	Li, N., Becerik-Gerber, B., Krishnamachari, B., Soibelman, L.
	2014
	Automation in

Construction
	10.1016/j.autcon.2014.02.019
	106



	Case Study of BIM and Cloud-Enabled Real-Time RFID Indoor Localization for Construction Management Applications (PM)
	Fang, Y., Cho, Y.K., Zhang, S., Perez, E.
	2016
	Journal of Construction Engineering and

Management
	10.1061/(ASCE)CO.1943-7862.0001125
	91



	Framework of Automated Construction-Safety Monitoring Using Cloud-Enabled BIM and BLE Mobile Tracking Sensors
	Park, J., Kim, K., Cho, Y.K.
	2017
	Journal of Construction Engineering and

Management
	10.1061/(ASCE)CO.1943-7862.0001223
	91



	CoSMoS: A BIM and wireless sensor based integrated solution for worker safety in confined spaces
	Riaz, Z., Arslan, M., Kiani, A.K., Azhar, S.
	2014
	Automation in

Construction
	10.1016/j.autcon.2014.05.010
	85
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Table 8. Selected articles assignment to a single FM core function according to the title and abstract analysis made by the authors.






Table 8. Selected articles assignment to a single FM core function according to the title and abstract analysis made by the authors.





	FM Core Competencies
	References





	Finance and Business
	Chong et al. (2020) [47]



	Human Factors
	Marzouk et al. (2014, 2014) [48,49], Natephra et al. (2017) [50], Zhong et al. (2018) [51], Ma et al. (2019) [52], Lin et al. (2020) [53], Zaballos et al. (2020) [54]



	Leadership and Strategy
	Niu et al. (2016) [55], Chang et al. (2018) [56]



	O&M
	Rio et al. (2013) [57], Zhang et al. (2015) [58], Delgado et al. (2017) [59], Jeong et al. (2017) [60], Delgado et al. (2018) [61], Boddupalli et al. (2019) [62], Fitz et al. (2019) [63], Mannino et al. (2019) [64], Valinejadshoubi et al. (2019) [65], Cheng JCP et al. (2020) [66], Kameli et al. (2020) [67], Ma et al. (2020) [68], Moretti et al. (2020) [69], O’Shea and Murphy (2020) [70], Xie et al. (2020) [71], Yin et al. (2020) [72]



	Project Management
	Costin et al. (2015) [73], Fang et al. (2016) [74], Park et al. (2017) [75], Zhong et al. (2017) [76], Chen et al. (2018) [77], Li et al. (2018) [78], Tagliabue et al. (2018) [79], Hamooni et al. (2020) [80], Pan and Zhang (2021) [81]



	Quality and Performance
	Hernández et al. (2018) [82], Martinez et al. (2019) [83]



	Real Estate and Property

Management
	Atazadeh et al. (2019) [84], Moretti et al. (2020) [85]



	Risk Management
	Shiau et al. (2013) [86], Arslan et al. (2014) [87], Li et al. (2014) [88], Riaz et al. (2014) [89], Cheng MY (2017) [90], Park and Hong (2017) [91], Park et al. (2017) [92], Riaz et al. (2017) [93], Beata et al. (2018) [94], Chou et al. (2019) [95], Parn et al. (2019) [96], Yu et al. (2019) [97], Asadzadeh et al. (2020) [98], Cheng JCP et al. (2020) [99], Lei et al. (2020) [100], Lin et al. (2021) [101], Tian et al. (2021) [102]



	Sustainability
	Gökçe et al. (2013) [103], Osello et al. (2013) [104], Cheng et al. (2014) [105], Gökçe et al. (2014) [106], Gökçe et al. (2014) [107], Kensek (2014) [108], Ness et al. (2015) [109], Zhao et al. (2015) [110], Habibi (2016) [111], Lee et al. (2016) [112], Habibi (2017) [113], McGlinn et al. (2017) [114], Dave et al. (2018) [115], Francisco et al. (2018) [116], Pasini (2018) [117], Ma et al. (2019) [52], Kang (2020) [118], Mataloto et al. (2020) [119], Hirakraj et al. (2021) [120], Sepasgozar et al. (2021) [121], Tagliabue et al. (2021) [122]



	Information and

Technology Management
	Wang et al. (2013) [123], Alves et al. (2017) [124], Edmondson et al. (2018) [125], Kang et al. (2018) [126], El Ammari et al. (2019) [127], Kazado et al. (2019) [128], Rashid et al. (2019) [129], Rogage et al. (2019) [130], Saar et al. (2019) [131], Tsai et al. (2019) [132], Zhai et al. (2019) [133], Edirisinghe et al. (2020) [134], Pavòn et al. (2020) [135], Quinn et al. (2020) [136], Valinejadshoubi et al. (2020) [137], Zhang et al. (2020) [138], Gao et al. (2021) [139]



	Reviews
	Wong et al. (2018) [7], Stefanic et al. (2019) [140], Tang et al. (2019) [141], Boje et al. (2020) [142], Panteli et al. (2020) [143], Hou et al. (2021) [144]
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Table 9. Human factor core competence: type of sensors used in studies on BIM–Wireless Sensors Network (WSN) integration for indoor environmental monitoring.
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	Reference
	Scope
	Issue
	Sensors





	Marzouk et al. (2014)
	Indoor Environmental monitoring
	Air quality
	Temperature

Particulate Matter



	Zhong et al. (2018)
	Indoor Environmental monitoring
	Air quality
	Temperature

Humidity

Noise

Light

Gas (CO, CO2, Radon, Methane)



	Ma et al. (2019)
	Indoor Environmental monitoring
	Air quality
	Temperature

Humidity

Wind speed around person



	Lin et al. (2020)
	Indoor Environmental monitoring
	Air quality
	Carbon Monoxide

Temperature

Humidity



	Marzouk et al. (2014)
	Indoor Environmental monitoring
	Thermal comfort
	Temperature

Humidity



	Natephra et al. (2017)
	Indoor Environmental monitoring
	Thermal comfort
	Temperature

Thermographic camera



	Zaballos et al. (2020)
	Indoor Environmental monitoring
	Air quality

Thermal comfort
	Temperature

Humidity

Noise

Light

CO, CO2, TVOC
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Table 10. Risk management core competence: articles grouped by topic addressed.






Table 10. Risk management core competence: articles grouped by topic addressed.





	References
	Topic





	[86,88,90,94,95,99]
	Fire risk



	[87,89,92,93,96,98]
	Workers/Users Health and Safety (H&S)



	[91,100]
	Multi disaster (earthquake, flooding, and fire) countermeasure



	[97]
	Emergency response of utility tunnels



	[101,102]
	Excavation risks
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