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Summary 

The operation and maintenance (O&M) phase of a building is the longest and most expensive stage in its lifecycle 
(Sattenini et al., 2011). Hence, interest has grown in applications to support the tasks performed in it leading to 
the development of information technology (IT) tools specific for this stage as a way to enable both long term 
strategic decisions and support for daily activities based on real-time data (Carbonari, 2016).  
 
However, the explosion of software dedicated to O&M generates isolated islands of information that are difficult 
for facility managers to combine, and achieve actual cost savings and user satisfaction (Codinhoto & Kiviniemi, 
2014). On the other hand, there is the building information model (BIM) delivered as part of the handover 
documentation. It is a 3D database with information accumulated throughout the design, engineering, and 
construction process that can be used to support the O&M processes (Curry, et al., 2013). Because of that, BIM 
is getting increasing attention as a reference for the information generated by the IT tools for O&M since the 
building is the common ground for these applications (Codinhoto & Kiviniemi, 2014). 
 
Combining the potentials of BIM data with O&M applications has several benefits for the maintenance and 
management of facilities. Some examples from the literature are the auto-population of IT tools for facility 
management, less time spent to find information about a building resource, and improved visualization capability 
(Pärn et al., 2017). However, some challenges for implementation are reported like modelling problems, 
uncertainty about the information to be included in the model, and interoperability issues (Pishdad-Bozorgi et 
al., 2018). Moreover, the Industry Foundation Classes (IFC) is a neutral format and open ISO standard that brings 
advantages for BIM software interoperability but it is difficult to extend, has a large and complex structure, is not 
easily queried, and is not web compliant (Bonduel et al., 2018). 
 
Considering the current knowledge gap, this thesis aims to analyse the possibilities of web technologies to create 
a web app that integrates O&M data and BIM data in a decentralized approach to bridge these islands of 
information. Inside this main objective, it also evaluates the use of semantic web technologies to make BIM data 
accessible on the web. Therefore, the main research question of this thesis regards the challenges of 
implementing this application for a BIM model and a Building Management System (BMS) and the potential it 
can have to support facility manager tasks in the O&M phase. To answer this question, this study investigates 
potential use cases for the application and what kind of O&M data could be integrated into it. Moreover, it 
defines the system requirements for the proposed approach and explores how semantic web and web 
technologies can be used to implement them. Furthermore, it aims to identify the BIM challenges for this stage 
of the building lifecycle.  
 
A literature review in the topics of facility management and IT tools for O&M, BIM for O&M, semantic web, and 
web technologies were performed to achieve these goals. This review was complemented by two study cases, 
the Zero Emission Lab (ZEL) and the Atlas building, both in the TU/e campus. The potential use cases for the 
application were based on the facility management tasks from the study cases, and the potential uses for BIM 
data for O&M found in the literature. In addition, the system requirements were defined and implemented in a 
proof of concept application that integrates the BIM model of the 8th and 9th floors of the Atlas building with data 
from a lighting BMS. The infrastructure to access this BMS is provided by the Atlas Living Lab. It was used 
theoretically to investigate the system requirements to retrieve data from the building sensors since the 
laboratory was not operational during this study due to Covid-19 preventive measures. Finally, the ZEL 
architecture and MEP BIM models and their modelling protocol for the design stage were analysed to disclose 
BIM modelling issues to be improved for the handover model and to complement the literature review in this 
topic.  
 
The opportunities identified are in the fields of maintenance, Logistics, space management, safety, indoor 
conditions, and cost management. They require the connection of data from these areas to the building elements 
like the maintenance records, work orders, asset tracking data, and sensor data from HVAC, Lighting, or alarm 
systems. This integration in a web application provides a single platform to visualize different datasets and 
support: 
 

¶ the evaluation of the building elementsΩ historical condition; 

¶ the location and status of assets in the building; 

¶ the use of building data for spatial analysis, refurbish, and retrofit processes; 
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¶ the monitoring of safety thresholds and indoor conditions;  

¶ the investigation of opportunities for resource consumption optimization. 
 
From these potential use cases, the current layout of the application works best to monitor sensors 
measurements for indoor conditions and energy consumption. It enables the facility manager to retrieve data 
about the building elements from both the BIM model and the BMS system that could also be consulted during 
site inspections in smartphones and tablets. The key system requirements for the app are: 
 

¶ Have a user interface that is independent of the BIM authoring tool (e.g. Revit, ArchiCAD); 

¶ Have an intuitive design that can be adapted for portable devices; 

¶ Display data from the BMS and BIM in a format easy to understand; 

¶ 5ƻƴΩǘ ǊŜǉǳƛǊŜ ǘŜŎƘƴƛŎŀƭ ƪƴƻǿƭŜŘƎŜ ǘƻ query the database. 
 
To implement these functionalities the Angular framework, and the Chart.js and the Angular Material libraries 
were used to retrieve, process, and display data taking into consideration a responsive web design scenario. 
Moreover, the Linked Building Data ontologies (LBD) were used to define the RDF graph of the BIM model, which 
was stored in a GraphDB web database to enable communication with the app. The resulting application allows 
its users to navigate back and forward in the building hierarchy and select elements to find information about it. 
The user interface also has a filter field where the facility manager can type the element name or code to locate 
it faster. Moreover, the BIM data is displayed as a table with simple property/values pairs and the sensor energy 
metric report appears as a line chart with different colours for average, maximum, and minimum values.  
 
In the app background, the application programming interface (API) is handling the HTTP requests, using SPARQL 
to query the triplestore every time an element is selected, processing XML and JSON responses, and 
synchronizing the sensor data with the building element it refers to. Other system requirements were found and 
implemented in the literature using web technologies. One is the inclusion of a 2D and 3D viewer for better 
building navigation, which brings opportunities for research in the level of detail of the 3D geometry and 
application performance, especially for lower-powered devices (Hu et al., 2018; Mccaffrey et al., 2015) . Another 
is the representation of O&M data directly in the model using colour schemas to support assessments of indoor 
quality, and thermal and energy performances, which can be improved by simulation algorithms (Chang et al., 
2018; Yan et al., 2013). Other examples are report generation for the O&M data with a customizable timeframe 
and pop-up alerts for critical thresholds (Mccaffrey et al., 2015; Riaz et al., 2014). 
 
Regarding the BIM data, the semantic web technologies used solved the limitations of the model to be 
implemented in the app with minors semantic conflicts and data loss. However, the quality of the BIM data will 
rely on good modelling processes and well-defined requirements with the involvement of the facility 
management department. Furthermore, the RDF graph generated can be linked to the O&M data to improve 
access to hard copy or digital files commonly delivered in this stage, although some level of data transformation 
and digitalization will be required. This brings opportunities for investigation of domain-specific ontologies for 
O&M and the knowledge generation potential of this linked data database (Kim et al., 2018). 
 
Thus, the developed web application provides a simple user interface to integrate BIM data with BMS data, and 
the API deals with the basic feature to enable this connection. For this use case scenario, the app could be used 
to fast retrieve data about the building elements and the sensor readings using the building structure to navigate 
inside floors and spaces. Information about different sensors could be shown on the same platform to better 
monitor energy consumption, occupancy status, humidity, and temperature conditions. Moreover, other 
functionalities and datasets can be included with semantic web and web technologies bringing more research 
opportunities in the field of BIM for O&M. 
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Abstract 

The facility managers are responsible for keeping the building conditions and services at a satisfactory level for 

the facility users while aiming to decrease the operational and maintenance cost. Due to the diversity of data 

sources necessary to achieve these goals, several IT solutions exist to aid the information management and 

facility management tasks. Moreover, BIM models are being popularized as part of the handover documentation, 

which brings possibilities for an object-oriented and semantic approach to deal with building data management 

and better visualization capability of the building systems. However, these IT tools from different vendors are 

not easily integrated what creates islands of information, preventing the facility manager from quickly obtaining 

the overall status of the building. Therefore, this thesis targets the problem of information management to 

support facility management tasks in a decentralized approach using web technologies to loosely-coupled 

integrate BIM data with BMS data. This topic was explored through two study cases and the development of a  

proof of concept application. The evaluation included the BIM requirements to be web compliant using semantic 

web technologies, the common problems found in the BIM models delivered in the handover stage, the system 

architecture to enable this integration including the process and display of BIM data and BMS data, and the 

potential use cases of this approach for the facility managers. The results showed that a web app has the 

potential to retrieve the information from different O&M data sources, associate them to the building elements 

using the BIM data as its central reference, and display them in an easily readable way. This can be used to 

support tasks in the maintenance, logistics, spatial management, safety, indoor conditions, and cost 

management areas. Although, the current app layout is better developed to support the visualization of indoor 

conditions and energy consumption sensors. The main system requirements are an easy to use interface, 

adaptable for portable devices, that ŘƻƴΩǘ ǊŜƭȅ on technical knowledge from the facility manager. Moreover, the 

system preconditions are that the BIM model needs to be converted to a RDF graph and included in a triplestore, 

and that the BMS handles the sensor data storage and its API allows third-party access to this information. 

 

Keywords 
BIM for O&M, BIM and BMS integration, Web technologies for Facility management, Semantic web technologies 

for BIM.  
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1 Introduction   

This chapter introduces the problem assessed in this study. Considering the presented context, it describes the 
goals of the thesis and the research questions it aims to answer. Furthermore, it includes the research design 
that explains the strategy to achieve these targets, which is complemented by the reading guide, to describe how 
this study is documented.  
 

1.1  Problem definition 

The international facility management association (IFMA) describes facility management as άŀ ǇǊƻŦŜǎǎƛƻƴ ǘƘŀǘ 
encompasses multiple disciplines to ensure functionality, comfort, safety, and efficiency of the built environment 
by integrating people, place, process, and ǘŜŎƘƴƻƭƻƎȅέ (IFMA, n.d.). Khodeir (2008) complements this definition 
stating that, as a multidisciplinary professional, the facility manager needs knowledge among others in 
engineering, architecture, accounting, finance, management, and behavioral science. In this context, technology 
has risen in importance to gather information about the building conditions, its users, and its daily operation, 
and was included in the definition of facility management in 2003 with the growth of IT tools for this industry 
segment (FMLink, 2003).  
 
This technological advancement generated an expectation for the future of the facility management, for some 
called e-FM, where labor-intense functions and repetitive processes, as collecting and processing data, are solved 
by technology (Smith, 2011). On one hand, the facility managers spend less time searching for the information, 
and one the other, they have access to new data sources that allow them to make strategic long-term decisions 
as well as improve day-to-day operations. The IT tools for operation and management (O&M) are commonly 
classified in computer-aided facility management (CAFM) software, computerized maintenance management 
systems (CMMS), and building management systems (BMS).  
 
A CFAM application stores and manages the building data inputted in the software like CAD files, inventory, 
manuals, and warranties (Alileche, 2018). CMMS is a type of CAFM specialized in maintenance tasks such as work 
order management, maintenance-related cost, and preventive maintenance plans (Alileche, 2018). BMS is a 
system that controls mechanical and electrical services, the combination of sensors and internet access allows 
the facility manager to monitor and manage the system with commands in a computer and to get data analytics 
about them (Wong et al., 2018). Hence, these systems and applications support specific facility management 
tasks such as managing the repair and replacement execution and planning preventive maintenance schedules, 
organizing the supplies logistic stream, monitoring building indoor conditions and coordinating improvements in 
the facility spaces, allocate people and activities, make risk assessments for system failure and investigate 
options to optimize resource consumption.    
 
In parallel with these IT tools for facility management, another important development is the building 
information model (BIM) introduced as part of the handover documentation. It has the potential to become a 
structured 3D database full of information accumulated throughout the design, engineering, and construction 
process that can be used to support the O&M phase (Curry, et al., 2013). Traditionally, the data about these 
stages is delivered in hard copies or unstructured digital files (Hu et al., 2018). That makes it difficult for facility 
managers to find and utilise essential information such as up to date as-built plans, product data sheets, 
operation manuals, and safety instructions (Wong, et al., 2018). Moreover, a BIM model enables the visualization 
of the building systems in 3D.  
 
IT tools for O&M and BIM complement each other. If BIM software can structure information in an object-
oriented style and give visual geometric information about the facility, FM-oriented IT tools can better handle 
the O&M specific tasks they are designed to perform. However, more data demands better information 
management to not create islands of information that makes it harder for facility managers to transform data 
into actual knowledge (Smith, 2011). In this context, BIM data is rising as an option to associate the information 
generated by CAFM, CMMS, and BMS to the building elements (Codinhoto & Kiviniemi, 2014). In addition, Dibley 
(2011) points out that the potential of BIM to increase productivity and efficiency in O&M is related to its capacity 
to be connected to real-time data collection systems (e.g. wireless sensor systems) in an automatized way. This 
is complemented by Parn et al. (2017) who state that when BIM is not fully exploited for decision support in 
O&M the opportunity to enhance the building performance with the rich semantic data in it is lost. Edirisinghe 
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et al. (2017) cites as application area of BIM-enabled facility management, among others, asset tracking, indoor 
navigation, lifecycle assessment, renovation planning and execution, and space management.  
 
Nonetheless, this integration has several barriers. O&M applications are developed in different proprietary 
software, with incompatible communication protocols or hardware, and distinct data formats (Smith, 2011). 
Furthermore, the integration of BIM data with IT tools is hard to achieve as the IFC file format, created to 
exchange BIM data between applications in the AECO industry, is not web-compliant and cannot be reached by 
these facility management tools (Shen, et al., 2010). Other challenges for the adoption of BIM data in this stage 
is the lack of clear requirements for the BIM model early in the project development what results in the data 
from the model being incomplete in the handover stage, with no connection between its assembly and O&M 
processes and elements with wrong semantic relationships (Codinhoto & Kiviniemi, 2014). 
 
Therefore, although there is potential to move toward an e-FM and BIM-enabled O&M, more convincing results 
and research are needed to transposes the integration barriers (Edirisinghe, et al., 2017). One approach for the 
lack of compatibility is the possibility to integrate these data sources in a loosely-coupled way by using web 
technologies. This solution aims to comply with the fragmented nature of the industry by not relying on only one 
repository for all project information but rather take advantage of the individual strength of the applications and 
at the same time overcome its isolation (Shen, Hao, & Xue, 2012). In this study, this decentralized approach was 
implemented as an intermediate web application to display the data from one BMS together with the 
information from a BIM model without changing the underlying architecture of both data sources. This method 
has some advantages for O&M such as the scalability of the solution, since theoretically it can be expanded with 
the inclusion of more applications, and portability, since a fully deployed web application could be used in any 
device with access to an internet browser. 
 
Moreover, regarding the access of BIM data on the web, semantic web technologies are getting increasing 
attention to elevate the IFC format to a web compliant state. One of the approaches is to use the Resource 
Description Framework (RDF1) standard to generate a RDF graph that enables data linking and sharing on the 
web (Curry, et al., 2013). IfcOWL2 is a standard the provides Web Ontology Language (OWL) representation for 
the IFC EXPRESS schema (BuildingSMART, n.d.-a). However, it aims to mirror the IFC EXPRESS schema fully in an 
OWL ontology resulting in a large and complex RDF file which makes it difficult to retrieve information from it, 
since query writing becomes longer and more intricate (Bonduel, et al., 2018). Thus, in this study, the Linked 
Building Data ontologies were applied as they cover the problems of the ifcOWL and have important 
developments in converting tools, such as the IFCtoLBD converter 3 and Revit-bot exporter 4. 
 
Considering the current knowledge gap, this master thesis aims to contribute to the existing research under a 
decentralized combination of BIM data and O&M applications to support facility management tasks. This 
includes an investigation of the common BIM modelling problems for facility management, and its repercussions 
to a possible integration with other data sources, as well as its conversion to RDF, with the LBD ontologies. 
Moreover, it comprises the development of a proof of concept web application to connect this RDF graph with 
data from a BMS. This aims to assess the process of retrieving data, processing it, and displaying it to the end 
user under the scope of a use case scenario.   
 

1.2  Research goals and questions 

This research aims at analysing whether a web-based application, which visually integrates the information 
generated by a building management system with the data from a BIM model, has the potential to be a strategic 
decision support tool for the O&M tasks. The end user of this application is the facility manager and the task 
target are the location of assets and defective building elements and systems, support for planning punctual 
interventions, refurbishment and retrofit process in the facility, analyses of indoor environmental conditions and 
user occupancy patterns, critical thresholds monitoring, and simulations for better management of resources 
and building users. 
 

 
1 https://www.w3.org/RDF/ 
2 https://www.w3.org/OWL/ 
3 https://github.com/jyrkioraskari/IFCtoLBD 
4 https://github.com/MadsHolten/revit-bot-exporter 
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Thus, this thesis explores the topic of BIM and IT tools for facility management under the context of web 
technology. Hence, not only the deficiencies and potentialities of BIM to support the O&M tasks need to be 
assessed but also how this structured database can be used in a web application. For the O&M IT tools, it means 
understanding how a web server can request and retrieve data from them and how it should process this data 
to be useful for the end-user.   
 
With this scope, the main research question of this study can be defined as: 
 

¶ What are the challenges and potentialities of implementing a web-based application with building data 
from a BIM model and a BMS to support tasks in the O&M phase?   

 
And the related sub-questions for this research question are: 
 

¶ What are the potential use cases for the application and what kind of O&M data is needed to enable 
them?  
 

¶ What functionalities the system architecture should enable to support O&M tasks and how they can 
be achieved?  
 

¶ What challenges BIM data need to overcome to support these use cases?  
 

1.3 Research design  

This thesis was structured in three main stages (Figure 1). The first stage comprises the literature review and the 
research about the two study cases. The scope of the literature review is associated with the research question 
and sub-question, namely, IT tools for O&M, BIM-enabled facility management, linked data approach for building 
data, and data decentralized integration using web technologies.  
 

 
Figure 1. Research design 

The first study case is the Zero Emission Lab (ZEL), a laboratory in the TU/e campus. It complements the literature 
review in the investigation of the common problems of using BIM models made in the design phase in the O&M 
stage by providing a real BIM model and related documentation. The second study case is the Atlas Living Lab, 
an infrastructure to support researches about the use of the lighting system of the Atlas building, also on the 
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TU/e campus. It gives access to building management system data that enable the development of the proof of 
concept.  
 
The development of the prototype application as a proof of concept aims at a practical approach to the semantic 
web and web technologies. It follows a typical procedure for app development which includes data collection, 
the definition of the system architecture, prototype development, and testing. In the data collection, the insights 
from the literature review and the two study cases were used to create a BIM model for the 8th  and  9th  floors 
of Atlas, which was used as the second data source in the developed application, and the use case scenario, that 
defined the scope of the basic system architecture.  
 
The conclusion stage of this thesis comprises the evaluation of the results obtained which complements the 
investigation phase to answer the research questions and sub-questions. It culminates in a final discussion about 
implementation areas for the application, including suggestions for the prototype improvement and future 
research opportunities in the subject. 
 

1.4 Reading guide 

This thesis is organized in seven chapters, the first being this introduction to the knowledge gap of BIM data for 
O&M and its lack of integration with the IT tools used in this phase and how this thesis aims to contribute to it. 
The second chapter is the literature review. It comprises the gathering of information to base the answer to the 
research question and sub-questions. This includes the potential use case for BIM data in the O&M considering 
the proposed approach, the BIM challenges for this stage, and the common system requirements to support 
facility management tasks. 
 
The methodology of this study is divided into three chapters. The first brings an overview of the applied 
methodology and its justification, and the exploration of the two study cases. The second further developed the 
data collection and the system architecture stages in the proof of concept application. The third one is focused 
on the development stage, namely the data gathering, processing, and displaying. It also explains how the 
application was alfa tested.  
 
The sixth chapter comprises the critical evaluation of the results obtained. It deliberates about the positive 
aspects for facility managers, the limitations of the application, and the challenges to achieving a fully deployed 
web solution. This chapter is followed by the discussion and conclusion chapter which finalizes this thesis with a 
reflection about the research questions and sub-questions, future possibilities, and research limitations.  
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2  Literature review  

This literature review chapter aims at describing key concepts for the topics covered by this master thesis to 
enable the discussion proposed in the research questions. It gives a broad view of the facility manager role and 
the new demands for the operation and management of facilities, as well as an overview of the IT tools developed 
to support this industryΩǎ needs. Moreover, the use of BIM models and processes to support facility management 
tasks are explored regarding the potentials and challenges reported in the literature and complemented by a 
non-exhaustive examination of research approaches to implement these potentials and overcome these barriers. 
Furthermore, since the prototype applies semantic web and web technologies elements, this chapter presents 
the basic concepts in these topics and how they were used in this thesis.  
 

2.1 Facility Management  

As mentioned in the introduction chapter of this thesis, facility management is a multi- and interdisciplinary 
activity. The O&M processes should assure a sustainable strategy for the management of the building 
infrastructure and services along with providing a qualitative environment for the human activities (Parn, et al., 
2017). Sustainability is one of the key aspects of facility management since the O&M phase is the longest in the 
building life cycle. It ends up being the most expensive and the one with most waste of resources, like water, and 
energy (Hu, et al., 2018). Facility management can be associated with the generation of revenue, in this case, the 
facility manager is also responsible to maximize the profit by providing the best experience to the building users 
and the best environment for them to develop their activities (e.g. office buildings, universities, hospitals).  
 
In this context, the scope of facility management is growing throughout the years to include more integrated 
services, long-term contracts, and strategic activities (Talamo & Bonanomi, 2016). This reflects the paradigm shift 
of the industry from a focus in merely cost reduction to a gradual focus in strategic facility management that 
adds value to the core business, corporate real estate management, and business-to-business marketing (Jensen, 
et al., 2012). Jensen (2010) in his facility management value map emphasizes the different ways in which facility 
managers can create and add value beyond cost reduction with effects in the main businesses, such as user 
satisfaction, productivity, reliability, adaptation and company culture, as well as in related business areas, like 
economic, social, spatial and environmental areas. The facilities, activities, real estate, technology, manpower, 
and the knowhow are inputs for facility managers that enable planning, coordinating, controlling, and improving 
processes to deliver products, space, services, development, and relations (Jensen, 2010).  
 
Consequently, the organization model increases in complexity, including new areas of interest and disciplines, 
and demands the creation of new roles with new competencies and support tools to comprise with the 
expectations of improved O&M processes (Talamo & Bonanomi, 2016). Rondeua et al. (2006) present the jobsΩ  
responsibilities of the facility managers in nine major functional areas according to the IFMA definition of the 
facility management tasks: 
 

¶ Long-range facility planning  

¶ Annual facility planning (tactical planning) 

¶ Facility financial forecasting and management  

¶ Real estate acquisition and/or disposal  

¶ Interior space planning, work specification, and installation and space management  

¶ Architectural and engineering planning and design  

¶ New construction and/or renovation work  

¶ Maintenance and operations of the physical plant 

¶ Telecommunications integration, security, and general administrative services (food services, records 
management reprographics, transportation, mail services, etc.) 

 
Which are compatible with the basic categories of demand for facility managers defined in the EN 15221-1:2007 
and EN115221-4:2011 standards for facility management described by Talamo & Bonanomi (2016) in two main 
domains: 
 
1) Space and infrastructure  

¶ Accommodation (space) 
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¶ Workplace (working environment) 

¶ Technical infrastructure (utilities) 

¶ Cleaning (hygiene and cleanliness) 

¶ Outdoor (land, site, lot parking) 
 
2) People and organization  

¶ Health, safety, and security  

¶ Hospitality (supports for hospitable working environments) 

¶ Information and communication technologies  
  
In this thesis, the Atlas building, an office and educational building, and the Zero Emission Lab, a combustive 
engine laboratory, were used as study cases to define the main areas of interest of the facility managers for the 
application and their associated tasks that were grouped according to Table 1.  
 

Table 1. Facility managers areas of expertise and related tasks 

Areas  Subareas Related tasks 

Maintenance  Garden and indoor plants watering ¶ Register users complains   

¶ Assign personnel to solve 
maintenance issues 

¶ Make preventive maintenance 
plans  

¶ Identify recurring issues and 
perform root cause analysis  

¶ Monitor cleaning schedules  

¶ Ensure the correct destination of 
waste 

General repair and replacement 

Indoor and outdoor cleaning  

Waste management (e.g. recyclable, chemical 
and biomedical) 

logistics  Office equipment supplies (e.g. printers, coffee 
and snack machines)  

¶ Schedule order supplies 

¶ Check if the order is correct  

¶ Perform product quality checks 

¶ Coordinate tender procedures 

¶ Provide information about an 
ŀǎǎŜǘΩǎ ƭƻŎŀǘƛƻƴ 

¶ Plan the storage of assets that are 
not current in use 

Special supplies (e.g. laboratory supplies) 
 

Asset tracking 

Space 
management 

Workspace and meeting room allocation ¶ Verify if the users have an available 
space to perform their activities in 
the correct time  

¶ Monitor the increase or decrease 
in demand for space 

¶ Evaluate if the existing condition of 
the spaces support the activities 
developed in it 

¶ Analise how renovation and 
refurbishment activities impact the 
building users 

Parking space allocation 

Renovation and refurbishment 

Safety Fire safety ¶ Analysis of the operational safety 
of the building. 

¶  Make probabilistic risk 
assessments  

¶ Evaluate potential failures of the 
building systems  

¶ Monitor who has access to the 
building 

Access control 

Closed-circuit television (CCTV) monitoring 

Asset protection 

Risk management 
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  ¶ Define extra safety measures for 
valuable assets 

Indoor 
conditions  

Indoor environment quality  ¶ Verify the compliance of legal 
standards (e.g. Dutch working 
conditions legislation, WELL 
building standard) 

¶ Monitor and adjust the ventilation, 
lighting, heating, and humidity 
systems  

User satisfaction and performance 

Cost 
management  

Resource optimization ¶ Monitor the consumption of 
natural resources 

¶ Define long-term plans to optimize 
operational costs 

¶ Make strategic purchasing decision 
to minimize cost 

Acquisition cost optimization 

 

2.1.1 IT tools for facility management  
 
The support tools for facility management evolved in time and gained more functions with the advancement of 
information technology (IT). IT involves the use of computer-based information systems to collect, store, process, 
and transmit information (Sooriyarachchi & Karunasena, 2010).  
 
There are several classifications for the facility management IT tools. Some considerer CAFM as an umbrella term 
to all applications that use IT software to manage building data collections and classify other applications as types 
of CAFM that handle specific data sources (e.g. environmental management systems (EMS) and Computer 
control and monitoring systems (CCMS) (Smith, 2011; Parn, et al. 2017). Some consider CMMS and CFAM as two 
IT solution branches, as the first computer-based information systems used were related to maintenance tasks 
(Aziz et al., 2016). Some see it as a hierarchical chain that starts with CAFM and as the technology evolves 
aggregates more tasks and change category to CMMS, then enterprise asset management (EAM), until an 
integrated workplace management system (IWMS) (Mohanta & Das, 2015; Figure 2).   
 

 
Figure 2. IT tools for FM based on level of features (Mohanta & Das, 2015) 

Whatever the classification approach is, it seems to have a clear distinction between this first generation of IT 
tools and BMS. These Building Management Systems, also called Building Automation Systems, go beyond the 
management of data collections to enable the control and monitoring of the building system through an IT tool 
in real-time (Wong, et al., 2018). Common building services associated with BMS are power, heating, ventilation, 
air-conditioning, access controls, pumping stations, elevators, and lights (Alileche, 2018). Building Energy 
Management Systems (BEMS) are often classified as a subset of BMS that are specific to energy systems. BEMS 
gained popularity as a way to promote energy-efficient buildings, and to better understand the gap between the 
predicted versus actual values of energy consumption (Ock et al., 2016).  
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Making a parallel with the tasks described in the previous topic, there are clear benefits in applying this IT tool 
to support the operation and maintenance of facilities. For example, CMMS provides a platform to register and 
organize maintenance procedures and work orders. With the correct information about the problem and the 
systems affected, the involved costs, and the time to solve them, it becomes a powerful database to perform 
critical analysis of potential failures of the building systems and its repercussion in cost and people safety. 
Maintenance based in risk assessments is very important when handling toxic or hazardous material, since failure 
in the systems for producing or transporting these substances, or in its monitoring sensors, can have severe 
consequences (Arunraj & Maiti, 2007). Moreover, modern BMS systems also provide predictive maintenance 
capability, they can inform future demands for repair and replacement based on the lifespan of its components 
and in their degraded state due to fluctuations in use or weather conditions, preventing disruption in the service 
(Bumblauskas et al., 2017). This also has repercussions for cost management, since the future demand can be 
included in the bidding process to bargain better prices. 
 
CAFM tools for space management can generate analytics about building occupancy what is valuable information 
for the long-term strategy for real state disposal or acquisition (Lavy, 2008). These tools can be combined with 
Radio-Frequency Identification (RFID) tags placed in the university assets to monitor in real-time their location 
and status (Wong, et al., 2018). The valuable assetΩs location can be used to map strategic areas that can be 
protected by sophisticated access systems that use a role-based, attribute-based, or a capability-based approach 
to give only authorized people access to these sensitive areas (Zhang et al., 2019). The CCTV and alarm systems 
can use sensors to detect intruders or dangerous situations, like heat increase and smoke, store pictures and 
videos of the scene, and send alerts to authorities. 
 
Also, BMS and BEMS use sensors to monitor in real-time room conditions providing data for indoor environment 
quality assessments (Kallio et al., 2020). Several of these systems come with options for user personalization, 
this generates analytics to understand better user behavior and preferences (Kallio et al., 2020). Furthermore, 
the sensors in smart HVAC systems enable automation capabilities to optimize energy consumption by enabling 
modulating control of the building temperature, automatically turning off the system out of business hours, or 
preheating or pre-cooling rooms before occupation (Durier, 2017). Other examples of resource optimization are 
responsive façades that adapt according to the daylight level to maximize user comfort and balance energy costs 
(Hosseini, et al., 2019), energy systems that optimize the use of the energy generated by the building (e.g. 
Photovoltaic generation and energy storage) back in its operating system or the electric grid using learning 
algorithms (Di Santo et al., 2018), and identification of heat loss problems (Yan et al., 2013). 
 
However, The existence of so many specialized applications with different classification systems for the building 
elements, together with hardy copy data and unstructured digital files makes it difficult for the facility manager 
to monitor the overall status of the building and correlate information (Peng et al., 2017). Another issue is that 
most of the supporting tools for facility management depend on some level of manual input of data, and hence 
are error-prone and time-consuming (Peng, et al., 2017). Even BMS needs that the user implements a project 
with the building spatial structure in the software so that it can relate the sensors in the real world to the digital 
representation of the building. 
 
Moreover, commonly the IT tools for facility management have poor geometry visualization capabilities, 
generally a 2D visualization of a CAD file or a JPEG drawing (Aziz, et al., 2016). This prevents facility managers to 
be able to define the exact location of an issue (Aziz, et al., 2016), and to be better prepared for the site conditions 
when executing a maintenance service (Liu & Issa, 2016). Both can represent a significant waste of time. This 
context opens opportunities to use BIM data to support O&M processes, the next topic explores what are these 
opportunities and the challenges associated with them.    
 

2.2  Towards a BIM enabled FM 

The acronym BIM is commonly associated with Building Information Model or Building Information Modelling. 
The BIM model refers to the digital representation of the building with information depth, and BIM modelling 
refers not only to the stage of creating the model but also the processes of maintaining, using and exchanging it 
throughout the building lifecycle (Borrmann et al., 2015). Because of this expansion of the BIM modelling 
concept, BIM is also associated with Building Information Management. BIM management focuses on the 
capacity of BIM to be a source of knowledge and innovation diffusion in the project/company level as well as in 
the AECO industry level (Lindgren & Wide, 2018). 
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A BIM model is object-oriented. The components of the building have embedded graphic and data attributes and 
are controlled by parametric rules that allow them to be manipulated consistently through the project database 
(Sacks et al., 2018). A BIM model is also semantic. The data of a BIM model follows the building hierarchical 
structure containing the relationship between the building components and other physical or logical entities, for 
instance, spaces and zones (Borrmann, et al., 2015). BIM as a modelling technology is used to produce, 
communicate and analyze accurate building models, improving the quality and productivity of traditional manual 
or CAD-based processes (Sacks, et al., 2018). Because of these characteristics, BIM is in the core of solutions to 
improve inter- and intraorganizational collaboration in the construction industry (Ghaffarianhoseini, et al., 2017). 
 
However, due to the fragmented nature of this industry, a key aspect for this collaboration, and hence 
information exchange and knowledge generation, is interoperability. It refers to the capability of different 
systems (hardware or software) to work together (Epstein, 2012). Ideally, this collaboration should be based on 
open standards to support data flowing between applications and people without losing information integrity 
(Epstein, 2012). Although full interoperability can never be achieved, the most consolidated effort in this 
direction is the IFC schema. The Industry Foundation Classes schema is a standardized and vendor-neutral digital 
description of the built environment (BuildingSMART, n.d.-b). It is developed by BuildingSMART together with 
other standards to facilitate IFC BIM workflows. Those other standards are the Model View Definition5 (MVD), a 
subset of IFC tailor to a specific process, the BIM Collaboration Format6, to exchange information about issues in 
the project, and the Information Delivery Manual7, that document the BIM process and the information 
exchanged in them. The most recent release of IFC is IFC4.18.  
 
Although the IFC format represented an important step to allow the exchange of data between design and 
construction management applications, it has several flaws to expand BIM processes to other stages of the 
building lifecycle. The next topic introduce present barriers and potentials expected of BIM data to be 
implemented in this field.  
 

2.2.1 Current status of BIM for O&M 
 
The literature review on the topic of BIM for O&M aimed at defining the current status of BIM data quality and 
usability for facility management. 14 documents were analyzed, six literature reviews from 2011, 2014, 2016, 
2017, and 2019, three questionnaire surveys with industry practitioners from 2016 and 2019, and five case 
studies from 2013, 2014, 2017, and 2018. The main topics and subtopics regarding potentials for BIM in facility 
management are depicted in Table 2. 
 
The articles were obtained by searching the TU/e library database with the keywords BIM combined with facility 
management, operation and maintenance, and BIM 6D with a time frame starting from 2010. The results were 
narrowed down after evaluating the articlesΩ abstracts with a focus on studies that analyzed the potential of BIM 
to support the FM process and discussed the challenges associated with them. Since these potentials and 
challenges overlap in several of them, the selected articles were chosen to represent the universe of studies in 
the topic. The literature reviews were selected based on the time of publication, with an emphasis in the last five 
years, and the number of articles reviewed. Moreover, surveys and case studies complemented them, bringing 
areas that were superficially addressed by the literature reviews such as BIM implementation in existing 
buildings, impact of different levels of model accuracy for decision making, and integration with web tools for 
O&M.  
 
 
 
 
 
 

 
5 https://technical.buildingsmart.org/standards/ifc/mvd/ 
6 https://technical.buildingsmart.org/standards/bcf/ 
7 https://technical.buildingsmart.org/standards/information-delivery-manual/ 
8 https://standards.buildingsmart.org/IFC/RELEASE/IFC4_1/FINAL/HTML/ 
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Table 2. BIM potential for FM in literature review 

Topics Subtopics Authors a 

1) Improvement in 
manual process for 
information hand over  

Auto population of IT tools and 
Improvement in data accuracy  

 

[1], [3], [4], [5], [8], [9] 

Increase in speed for data retrieval  [1], [2], [3], [4], [5], [6], 
[7], [8], [9], [14] 

Better organization and geometric 
information of the building plans 

[1], [2], [3], [4], [5], [8], 
[9], [13] 

2) Visualization of 3D data   Indoor navigation  [2], [4], [5], [6], [8], [9], 
[11], [14] 

Fast location of building components 
and areas 

[1], [2], [4], [5], [6], [8], 
[9], [11], [14] 

Marketing and satisfaction survey  [5], [6], [8] 

Simulations [7], [8], [9], [11] 

3) Maintenance  Efficiency in work orders execution 
and maintenance planning  

[1], [2], [4], [5], [8], [14] 

Checking design maintainability [1], [2], [4], [5], [6], [7], 
[8], [9], [10], [12] 

4) Asset tracking  Mobile location of building resources 
with RFID integration  

[5], [7], [8], [9] 

5) Integrated data 
environment  

real-time data access and sensor 
integration  

[5], [6], [8], [9], [11] 

Controlling and monitoring building 
systems  

[6], [8], [9] 

Aid for decision making [1], [3], [5], [8], [9], [11], 
[13] 

6) Sustainability 
assessment  

Lifecycle assessment and cost [5], [9], [10], [11] 

Carbon foot-printing  [5], [10], [11] 

Potential recycling rate [5], [10], [11] 

Planning for disassembly of 
components for reuse 

[11] 

7) Space management  Planning and feasibility studies for 
space use  

[5], [6], [7], [8], [11] 

Emergency and safety planning [5], [6], [7], [8], [11], 
[14] 

8) Renovation and retrofit  Renovation and retrofit planning and 
cost-saving  

[5], [7], [8], [11] 

Deconstruction planning [11] 
a [1] Parn et al., 2017; [2] Liu & Issa, 2016; [3] Pishdad-Bozorgi et al., 2018; [4] Kelly et al., 2013;             

[5] Edirisinghe et al., 2017; [6] Carbonari, 2016; [7] Nical & Wodynski, 2016; [8] Matarneh et al., 2019; 

[9] Codinhoto & Kiviniemi, 2014; [10] Ashworth et al., 2019; [11] Volk, et al., 2014; [12] Leite, et al., 

2011; [13] Peng, et al., 2017; [14] Rasys, et al., 2014. 

 
From this analysis, it was possible to conclude that the potential attributed to BIM derivates from the 3D 
visualization of the building geometry and the possibility to input data in the object level, and to extract this data 
in a structured way using BIM tools (e.g. list of components, quantities, floor area).   
 
The popularization of BIM models and processes for design and construction enables the encapsulation of rich 
semantic data in the model early in the building life cycle (Parn, et al., 2017). Hence, it can be delivered as part 
of the handover documentation and prevents extra efforts to collect and organize a profusion of useful data 
generated during the production process (Liu & Issa, 2016). Besides, associate O&M data with the geometrical 
data retrievable from a BIM model reduces the time spending on finding relevant information about equipment 
and building materials (Parn, et al., 2017). This data can be used to fast populate the IT tools for O&M with 
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building data, which saves precious time for the facility managers and elevate the accuracy level of this 
information (Pishdad-Bozorgi et al., 2018).  
 
Moreover, a BIM model provides ǘƘŜ ǾƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇǎ ŀƳƻƴƎ ǘƘŜ ōǳƛƭŘƛƴƎ ŎƻƳǇƻƴŜƴǘǎ ŀǎ Ψƛǎ 
ŎƻƴǘŀƛƴŜŘ ƛƴΩΣ Ψƛǎ ŀŘƧŀŎŜƴǘ ǘƻΩ ŀƴŘ Ψiǎ ǇŀǊǘ ƻŦΩ ƛƴ ŀƴ ŀŎŎǳǊŀǘŜ ƎŜƻƳŜǘǊƛŎŀƭ ŎƻƴǘŜȄǘ (Kelly et al., 2013). The 
visualization benefits of BIM models assist the O&M personnel in several ways as in the fast location of building 
components and rooms (Edirisinghe, et al., 2017). Carbonari (2016) also points out the advantages of the 3D 
visualization for market intelligence and satisfaction survey.  
 
In the field of maintenance, these characteristics are expected to enable accurate defect detection and report 
(Edirisinghe, et al., 2017), in opposition to the traditional process of using a paper-based facility map and 
subjective judgment based on experience (Nical & Wodynski, 2016). A digital twin of a facility enables facility 
managers to precisely locate maintenance work orders and to identify in advance the working conditions and 
the systems affected, saving time and money during the execution (Kelly, et al., 2013). Moreover, a BIM model 
can be used to identify maintainability problems in the design phase making them easier and cheaper to solve 
(Liu & Issa, 2016).  
 
Asset tracking is another field optimized by BIM with the integration of real-time resource location technologies, 
namely RFID (Nical & Wodynski, 2016). Asset management depends on reliable information on the asset 
inventory, condition, and performance and can benefit a lot by the visualization power of BIM data (Parn, et al., 
2017). Furthermore, Matarneh et al. (2019) mention the potential of BIM data to be a central reference for 
various data sources in the O&M stage. They indicate several approaches for BIM data and O&M data integration 
such as agent-based web services, linking data in the cloud, and relational databases (Matarneh, et al., 2019) 
 
Some emphasis is given in BIM for sustainability as a better way to get precise information about the materials 
to calculate the life cycle costs, to plan the implementation of green buildings and analyse carbon reduction 
(Ashworth et al., 2019). BIM models can be used to more accurately calculate recycling rates, analyse the 
disassembly of components connections, verify the separability of the materialΩs layers and composites and 
detail the pollutant emissions calculations (Volk et al., 2014).  Additionally, BIM-based systems enable complex 
energy evaluations and simulations (Nical & Wodynski, 2016). 
 
Moreover, space management, renovation, and retrofit are areas considered improved by BIM processes. BIM 
brings opportunities for automated space management in 3D (Pishdad-Bozorgi, et al., 2018). This is particularly 
important to model emergency scenarios and safety operations processes and can be used to train people to 
prepare for these circumstances (Edirisinghe, et al., 2017). Similarly, BIM models aid decision making in 
refurbishment processes for reduced costs, safer sites, and enhanced collaboration (Volk, et al., 2014). Other 
uses are assessing maintenance impacts, scenario planning, and execution planning (Edirisinghe, et al., 2017). 
For deconstruction, BIM can be used to plan and to evaluate vulnerabilities in the construction and make 
collapses analyses (Volk, et al., 2014).  
 
However, each potential is associated with challenges for its full implementation. Table 3 brings an overview of 
the barriers reported in this investigation. There are other challenges beyond the ones discussed here, namely 
internal factors (e.g. organization resistance, lack of personnel able to use BIM) and external factors (e.g. social, 
economic, legislative and regulative, local culture and market context) (Parn, et al., 2017), that were not included 
as they are outside the scope of this thesis. Thus, the focus is on the BIM data available and its integration with 
IT tools for facility management.   
 

Table 3. BIM challenges for FM in literature review 

Topic Subtopics Authors a 

1) Modelling problems 
 

 

Model incompletion at handover stage  [3], [9], [11] 

Lack of clarity regarding model 
assembly and its relationship with 
O&M processes   

[1], [2], [4], [5], [7], [9], 
[10], [11] 

High effort to model existing buildings  [5], [6], [11] 
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Inadequate LOD for the purpose of the 
model 

[7], [10], [11], [12] 

2) Uncertainty about 
the level of 
information in the 
model  

Unclear requirements for information 
to be included in the model, or lack of 
them 

[1], [3], [5], [6], [7], [8], 
[9], [10], [11] 

3) Interoperability 
issues 

Lack of interoperability between BIM 
and Facility management technologies  

[1], [3], [4], [5], [7], [8], 
[9] 

Lack of requirements for specific 
system 

[1], [3], [4], [5], [8] 

a [1] Parn et al., 2017; [2] Liu & Issa, 2016; [3] Pishdad-Bozorgi et al., 2018; [4] Kelly et al., 2013;             
[5] Edirisinghe et al., 2017; [6] Carbonari, 2016; [7] Nical & Wodynski, 2016; [8] Matarneh et al., 2019; 
[9] Codinhoto & Kiviniemi, 2014; [10] Ashworth et al., 2019; [11] Volk, et al., 2014; [12] Leite, et al., 
2011; [13] Peng, et al., 2017; [14] Rasys, et al., 2014. 

 
Edirisinghe et al. (2017) reported study cases in which the analysed design model revealed missing geometry, 
problems with the level of information about components and systems, level of detail issues, and other modelling 
problems. This situation is worse in existing buildings since the high effort to capture the existing building data 
in semantic BIM objects make BIM implementation rarer in these cases (Volk, et al., 2014). To improve the level 
of geometry accuracy of the as-built and as-is BIM models, 3D laser scanning is rising in use but the time, cost, 
scanning range, and the precision rate are still limitations for this technology (Carbonari, 2016). 

 

Moreover, although a BIM model is great for data integration, it may not be presented in a pertinent semantic 
format for facility management (Parn, et al., 2017). The BIM deliverables need to be assessed regarding if the 
required data is modelled, with their correct format and level of quality to meet the requirements of the data 
user (Pishdad-Bozorgi, et al., 2018). A BIM model is only useful for cost estimating, energy simulation, and 
creation of fabrication drawings, among others if it has enough details about the building components and 
systems (Leite et al., 2011). Volk et al. (2014) complements these issues stating that the high information level 
that needs to be included in the model for detailed maintenance or deconstructions considerations generally is 
not compatible with the current time or cost restrictions in the AECO and demolition sectors. 

 

Furthermore, Parn et al. (2017) reports inconsistent naming conventions, specific facility management 
requirements missing, inadequate data categorization, and poor information synchronization between BIM and 
CAFM systems. Regarding the information to be included in the model, clear and well-documented requirements 
can address this issue, but most of the building owners have no document in place to state their needs for 
operation and maintenance phases (Edirisinghe, et al., 2017). Moreover, the lack of a systematic process to 
capture data for O&M in the construction and design phases results in facility managers not using BIM data to 
support their process because it does not contain the information needed or because it contains too much 
superfluous information for this stage (Pishdad-Bozorgi, et al., 2018).  
 
Other Information issues that are documented in the literature are the problems related to the update of the 
O&M data sources. When no automation is used to update information about the fixed or movable assets of the 
building, the accuracy level of the O&M and BIM data integration relies on updates made by the O&M team 
(Parn, et al., 2017). Another side of this problem is the information management of large collections of data, 
Since the amount of data aggregated in the O&M stage can grow very fast with the inclusion of the daily 
management data of building components, like checking lists, operation history, indoor and outdoor sensor data 
(Peng, et al., 2017).  
 
The last group of issues detected regards the lack of interoperability between BIM data and IT tools for facility 
management. As mentioned before, facility managers have a lot of applications to aid the operation and 
maintenance of the facilities but the data delivered from the design and construction phase is not integrated or 
compatible with these systems and hence doesƴΩǘ ǎǳǇǇƻǊǘ ŦŀŎƛƭƛǘȅ management practices (Edirisinghe, et al., 
2017). Data problems can occur due to different units of measure, interpretation of the values or reliability of 
the values, and schema conflicts can happen with identifiers and naming mismatches, different attributes used 
to define the same information, and other structural inconsistencies from the divergent schema design (Rasys, 
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et al., 2014). Thus, several solutions are in study to bridge the gap between syntax, schema, or semantics 
differences between BIM data and IT tools for facility management (Edirisinghe, et al., 2017). 
 
One of them is the Construction Operations Building Information Exchange (COBie) standard. COBie provides a 
Microsoft Excel Spreadsheet-based structure for O&M data which allows the exchange of a vast amount of 
information embedded in the model (Edirisinghe, et. al, 2017). However, as mentioned, the industry generally 
doesƴΩǘ ƘŀǾŜ ŎƭŜŀǊ ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƻ ƎǳƛŘŜ ŘŜǎƛƎƴŜǊǎ ǿƘŜƴ ƛƴŎƭǳŘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ .La ƳƻŘŜƭ ǘƻ ōŜ ŜȄǘǊŀŎǘŜŘ 
using Cobie (Kelly, et al., 2013) and filling all data fields offered by the standard would be overwhelming (Pishdad-
Bozorgi, et al., 2018). Besides, most applications for facility management were not adapted to import COBie and 
use it to automate data input.  
 
In this context, decentralized approaches for data or system integration gain force with studies growing in the 
field of semantic web technologies, mobile BIM, and cloud computing what bring challenges for the management 
of temporal data, transaction management, and synchronization (Volk, et al., 2014). Moreover, data loss is 
natural problem of integration that happens when information is converted to other data types to be exchanged 
between applications. This leads to gaps in the data collection or duplication of information and may result in 
data having to be re-entered manually (Codinhoto & Kiviniemi, 2014).  
 

2.2.2 Potential uses for the integration of BIM and O&M data   
 
Crossing the founds in the literature and the facility management tasks from the Atlas and ZEL study cases, it is 
possible to disclose potential use cases for the integration of BIM data and IT tools for Facility management 
(Table 4).   
 

Table 4. Potential use cases for the application 

Areas  Data sources Potential use cases 

Maintenance BIM data + Maintenance 
records  

Fast retrieval of the maintenance history of a defective 
building element  

  Check maintainability conditions and plan interventions 
on the building 

  Aggregate work order execution per building areas 

Logistics BIM data + Asset tracking data Fast location of assets in its spatial context  

  Aggregate office equipment supplies per area 

Space 
Management  

BIM data + Occupancy data/  
HVAC and lighting systems 
data 

Analyze popular and unpopular areas in the building 
versus the space characteristics (windows, furniture, 
appliances, environmental conditions) 

  Plan building intervention during refurbishment and 
retrofit  with less impact for the public 

Safety BIM data + Alarm systems 
data/ Occupancy data 

Analyze suitable location of the security sensors, alarm 
devices and signs 

  Make sensor data visible in a 3d viewer to monitor critical 
thresholds  

  Safety evacuation simulations 

Indoor 
conditions 

BIM data + Occupancy data/ 
HVAC and lighting systems 
data 

Calculate the IEQ level and make it visible in the 3D 
viewer to monitor critical thresholds 

Cost 
management 

BIM data + HVAC and lighting 
systems data  

Perform lighting, daylighting and thermal simulations in 
the building 

 
Both the Atlas building and the ZEL can benefit from a more smart way to manage the maintenance records and 
plan interventions on the building. The last has even more advantages for the ZEL since it has special MEP systems 
to deal with combustive fluids studied there that require a better planned intervention (see Appendix). In 
addition, Aggregate maintenance records per space can disclose trends and possible cause of recurrent issues 
(Akcamete et al., 2019). Besides, it enables the optimization of work orders execution based on spatial closeness 
that has the potential to save time, since staff expend less time moving the equipment and supplies necessary 
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for the work. This can be particularly interesting for the Atlas Building that is big both horizontally and vertically 
but has spaces with similar maintenance requirements. Similarly, the routes for suppling office equipment can 
be optimized. In addition, the indoor navigation capabilities of the BIM data associate with in loco information 
of asset tracking systems can decrease the time to find assets in both buildings. 
 
Crossing BIM data with space management systems data support the investigation on how to balance the 
building occupancy, necessary to achieve compact campus targets for the Atlas building, or to validate 
transitional safety measures related to the TU/e policy for corona virus. Moreover, the flow of people can be 
used to better plan renovation and refurbishment procedures aiming at less impact on the building usersΩ 
activities. Also, material and volume information from the BIM model support calculation for estimate demolition 
and renovation waste (Cheng & Ma, 2013).  
 
Safety uses cases include analyzing the location of security devices based on buildings parameters (e.g. possible 
visual obstruction, proximity with building systems that can cause interference in the readings), and occupancy 
parameters. Both data sources are also useful to perform evacuation simulations (Nguyen et al., 2019), important 
for both buildings since they have complicated evacuation scenarios. The ZEL because of the toxic and explosion 
potential, and the Atlas because of the high number of people to evacuate.  
 
Furthermore, The smart systems in both buildings generate data that can be used to calculate the indoor 
environment quality (IEQ) level or the oxygen level of the spaces, this assessment can be translated into a color 
scale and associated to the BIM data using a BIM viewer for better monitor these critical thresholds (Chang et 
al., 2018; Riaz et al., 2014). These same systems can be used for simulations aiming at planning long-term 
strategies for the optimization of resources (Chevallier et al., 2020; Patti et al., 2012).   
 

2.2.3 Approaches for integration of BIM and FM data in the literature 
 
This section gathers a few of the studies initiatives that have a practical approach to the integration of BIM data 
and FM data that applied semantic web technologies, web technologies, or a combination of both. Considering 
the scope of the thesis, this evaluation aimed to understand what kind of data sources are used to support 
decision making in the O&M stage, how they can be integrated with the proposed technologies, and what 
functionalities they can support. Besides, They were evaluated regarding the existence of features to support 
user interaction, namely a user interface, a 3D viewer, and if they considered features for mobile devices. The 
summary of this analysis can be found in Table 5.  

 
Table 5. Related studies 

Articles Data sources Integration approach UIa 3D 
Viewer 

Decision support 
approach 

Mobile 
devices 

Patti et al., 
2012 

Energy, 
temperature, 
humidity, and light 
sensors. 

Web-based database 
to store 
heterogeneous 
wireless sensors 
networks. 

x x This database is made 
accessible through the 
web to support a BIM-
based energy-intelligent 
control service. 

x 

Chang, et 
al., 2018 

Humidity, 
temperature, 
power supply 
sensors, and BIM 
data. 

Sensor data included 
directly in the Revit 
environment. 

(Revit) (Revit) Measurement values 
converted in a colour 
scale displayed in the BIM 
model. 

x 

Riaz, et al., 
2014 

Oxygen level, 
temperature 
sensor, and BIM 
data. 

Sensor data included 
directly in the Revit 
environment. 

(Revit) (Revit) Measurements values are 
displayed in tables and 
charts format, as well as 
in a colour scale in the 
model. 

App 
send 
alerts to 
mobile 
phones. 

Rasys, et al., 
2014 

Engineering data, 
BIM data, and 
documents. 

Data sources are 
linked using semantic 
web technologies,  
stored in a web 
database and included 

(Navis
works)  

(Navis
works) 

The data is displayed 
associated to the Building 
elements. 
 

x 
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in the Navisworks 
environment. 

Shen, et al., 
2012 

BIM server, asset 
tracking system, 
and facility 
operation and 
management 
system (FMM). 

Decentralized system 
integration using 
semantic web 
technologies, and web 
technologies. 

yes yes The information from the 
other systems is 
displayed in a single point 
of access. 

x 

Hu, et al. 
2018  

Personnel data, 
BIM data, BMS 
data for MEP, 
including 
maintenance and 
repair data. 

Centralized web app 
with different 
databases for the BIM 
data, user data, and 
monitoring data. 
 
 

yes yes The app support data 
enquire, analysis and  
statistics calculation to 
support facilitate repair 
tasks, routine patrol path, 
and aid to emergency 
response. 

Optimi-
zed UI 
for 
Mobile 
devices 

Kim, et al., 
2018 

BIM data, Cobie 
spread sheets,  and 
maintenance work 
records. 

Data integration with 
semantic web 
technologies. 

x x The user should be able 
to retrieve all records for 
a building element using 
SPARQL queries. 

x 

Rasmussen, 
et al., 2017 

BIM model, and the 
information 
embedded in it. 

Centralized web app 
connected with 
Triplestore and 
Autodesk Forge. 

yes yes The user is able to query 
the building data with 3D 
visual support. 

x 

Chevallier, 
et al., 2020 

BIM data, and 
several sensors 
data (up to 90 
sensors). 

Sensor data and BIM 
data were stored in  
web databases and 
linked using semantic 
web technologies. 

x x This linked data is made 
accessible through the 
web to be used for 
simulations. 

x 

McCaffrey, 
et al., 2015 

BIM data, and 
sensor data from a 
BEMS. 

Sensor data were 
stored in a web 
database, and visually 
associated to the BIM 
model in the user 
interface.  

yes yes The app included 3D 
visualization with several 
interaction possibilities, 
such as time series 
aggregation, data display 
in the model with a 
colour scale, anomalous 
values detection and data 
exporting in CSV. 

x 

a User Interface 

 
Several studies aimed at a central database, considering the part of the O&M data they were dealing with, and 
integration with BIM tools. Patti et al (2012) proposed a LinkSmart middleware capable of aggregating data, in a 
SQL database, from a network of wireless sensors with data for energy, temperature, relative humidity, and light 
monitoring, and make it accessible through the internet, to later connect it to a BIM model and other 
applications. Chang et al. (2018) also stored sensor data for humidity, temperature, and power supply and 
additionally used Firefly suite, Dynamo, and Python to include this data in a BIM model in Revit. The study used 
a color scheme to help the facility manager to visualize the differences in values in a spatial context.  Riaz et al. 
(2014) proposed to include data from wireless oxygen and temperature sensors in confined spaces on the field 
directly to the Revit environment as an add-ƛƴΣ ǘƻ ŀƭƭƻǿ ōŜǘǘŜǊ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ǘƘŜ ǿƻǊƪŜǊǎΩ ǎŀŦŜǘȅ ŘǳǊƛƴƎ 
maintenance procedures. The data from the sensors are stored in a SQL server and the connection is made in 
the Revit API. The system was also integrated with mobile technology to send alerts when the sensor detects 
values beyond the defined thresholds. Although the results were positive, the focus group that evaluated the 
prototype stated that a simpler user interface outside Revit is betteǊ ŦƻǊ ǘƘƛǎ ǎŜŎǘƻǊ ǎƛƴŎŜ ΨΩǘƘŜ ŎƻƴǎǘǊǳŎǘƛƻƴ 
ǿƻǊƪŦƻǊŎŜ ƛǎ ƴƻǘ ǾŜǊȅ ǘŜŎƘƴƻƭƻƎȅ ƭƛǘŜǊŀǘŜΩΩ (Riaz, et al., 2014). 
 
In a different approach, Rasy et al. (2014) created a centralized data storage for heterogeneous engineering 
information with the data requirements defined by an ontology called Class Library for the field of oil and gas. 
The resulting data is then converted to JSON format and stored in MongoDB, a NoSQL database, and is made 
available on the web through a REST web service. The idea is to provide a single secure access point to the project 
data in a format that can be easily exchanged through APIs. To test the visualization of this data, a plug-in in 
Navisworks manager was created where data is displayed in JSON. The researches point out that with heavy and 
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complex models a better approach is to include 3D data in a web portal instead of relying on Navisworks (Rasys, 
et al., 2014). In their opinion, it could make content easier to load and manipulate, and accessible in portable 
devices (Rasys, et al., 2014).  
 
Shen et al. (2012)  expanded the universe of the data integrated by including three web-based applications: a 
BIM server (BIM Octoplus), an RFID tracking system application (AeroScout), and a Facility operations and 
maintenance management system, using an agent-based and service-oriented approach. In this context, the 
authors defined that making this integration in a loosely coupled way, using ontologies for data integration and 
allowing both reactive and proactive services and exchange of data fits better the defragmented nature of the 
industry. In the same line of research, Hu et al. (2018) created a platform for the monitoring and maintenance of 
the mechanic, electric, and plumbing system of a 100,000 m2  total floor area office building. A web application 
was used to display data from the RFID tags, that were used to label all elements and store real-time data about 
them, the MEP-related documentation that was previously digitalized, and the monitoring data from the BMS 
that directly control these systems. Moreover, BIM data was included in the web application for 3D visualization 
and it was converted to GIS 2D maps in mobile devices with less render capacity. The platform was also a 
maintenance management system and the workers used it to input new work orders that are automatically 
associated with the building locations.  
 
These studies supported the potential of BIM to aggregate O&M information in the buildingΩǎ elements level. 
However, the first made live sensor data available for other BIM-ōŀǎŜŘ ŀǇǇƭƛŎŀǘƛƻƴǎ ōǳǘ ŘƛŘƴΩǘ Ǝƻ ŦǳǊǘƘŜǊ ǘƻ 
connect it with these applications. The other three bring the facility manager to the BIM environment by using 
Revit and Navisworks as the user interface to interact with this 3D database. Considering the commonly reported 
lack of familiarity of this department with BIM tools, a better approach is to bring the BIM data to the facility 
management environment by creating an independent user interface. In this context, the approach proposed in 
this thesis in more close to the works of Shen et al. (2012) and Hu et al. (2018) with a web application as a single 
point of reference for the current building status for the facility manager to quick locate the building element 
and the information associated to it. But differently from these two studies, the app proposed here ŘƻƴΩǘ intend 
to replace the existing IT tools for FM since they are considered better designed to deal with tasks they are built 
to support. Regarding a portability context, BIM models of highly detailed facilitates can represent a considerable 
drop in performance in mobile devices or are not compatible with the open-source 3D engines available for front-
end development. That makes the simplification of the model and its conversion to other data formats relevant 
aspects to be considered in the implementation of 3D viewers.  
 
Other studies addressed the lack of query capability of the IFC model. Kim et al. (2018) linked data from IFC, after 
conversion to RDF with an OWL-based ontology called FM ontology, with maintenance data. An application was 
developed to allow the query of the created database supporting search in historical maintenance works 
associated with the building elements in IFC. In the topic, Rasmussen et al.  (2017) went a step further to combine 
the RDF file, converted from IFC, to the 3D visualization of the data in a visual query interface. It enabled the user 
to make queries in a web application that displayed the 3D model filtered by the content of the request. The 
study points out some limitations of the ifcOWL ontology, and because of that, it applied the building topology 
ontology (BOT) when generating the RDF file. 
 
These studies address the problem of generating a web-compliant IFC that allows the user to query information 
from it. However, the user interaction with the data required knowledge in SPARQL queries. This thesis proposed 
a layout where the SPARQL language is used behind the scenes to query the BIM data, and is translated in buttons 
or simple commands in the user interface. Similarly, the data received from these queries need to be post-
processed to a more simple format to facilitate the interpretation of the results by the end-user.  
 
Regarding support for decision making, Chevallier et al. (2020) used semantic web technologies to create a digital 
twin of a building with data about the sensors networks and a BIM model stored in a triplestore on the web. They 
used a common naming convention to link the domain ontologies and be able to query information about the 
sensor associated with its structure representation in the BIM model. Other databases were used to deal with 
the actual data collected by the sensors, and they were integrated with the triplestore using a middleware which 
also deals with the communication with a simulation tool that uses data from this digital twin to perform analysis. 
 
On a different approach to support decision making, McCaffrey et al. (2015), which already had sensor data 
organized in a SQL database and a BIM model available, focused on the development of a client-side application 
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to display this information with as many interactive functionalities as possible. The end-user could interact with 
the model by selecting the predefined model zones and obtain information available about it. Additionally, it 
included both spatial navigations, with keyboard and mouse, and time-series navigation, with the association of 
a calendar to allow the user to choose the time frame of investigation. The application also can generate charts 
from the sensor data and search for abnormal values and has the possibility to download data in a CSV format.  
 
This thesis approach combine elements for these two studies, on one hand, it creates a linkable BIM model in 
RDF to which other datasets can be connected and retrieved by the app in a table format, but on the other hand, 
the sensor data is retrieved directly from the BMS and post-processing to a chart. This makes the post-process 
of data to have less intermediate steps since these datasets are dealt with in different components in the 
application and are manipulated in a different way. Besides, the challenges of collecting and storing sensor data 
are handled by the BMS what makes the app infrastructure more simple.  

 

2.3 Semantic web 

The semantic web extends the current web by providing a standard structure for data representation and 
reasoning (Patel & Jain, 2019). The idea behind this is to enable machines to interpret the content of the files 
published and to process the knowledge they capture from it in formally defined ways (Dibley, 2011). A machine 
can find a document on the web, ōǳǘ ƛǘ ŘƻŜǎƴΩǘ ƪƴƻǿ ǿƘŀǘ the file is about, what is the context of the information 
provided by it, and how it is connected to other files available in the web. With semantic web technologies, 
ƳŀŎƘƛƴŜǎ ŎŀƴΩǘ ΨǳƴŘŜǊǎǘŀƴŘΩ ƛƴ ǘƘŜ ǎŀƳŜ ǎŜƴǎŜ ǘƘŀǘ ƘǳƳŀƴǎ Řƻ, but they offer the open standard, layered, 
distributed infrastructure that allows them to process on behalf of the users the knowledge available on the Web 
(Dibley, 2011). In this context, the Semantic Web supports ŀ ΨǿŜō ƻŦ ŘŀǘŀΩ ƛƴǎǘŜŀŘ ƻŦ ŀ ΨǿŜō ƻŦ ŘƻŎǳƳŜƴǘǎΩ ǘƘŀǘ 
provide computers with the capacity to do more meaningful tasks, such as searching, combining, and mining 
data (Patel & Jain, 2019). 
 
Semantic Web Technologies support the creation of data stores on the web and the definition of vocabularies 
and rules for handling its content (W3C, n.d.-b). They include different data interchange formats (e. g. Turtle, 
RDF/XML, N3), query languages (SPARQL, DL query), ontologies, and notations like Web Ontology Language 
(OWL) and the RDF schema (Patel & Jain, 2019). In the web context, ontology consists of taxonomy, which defines 
the relationship between classes, and inference rules, to describe real-world entities (Patel & Jain, 2019). 
Ontologies make it possible to combine deep domain knowledge with raw data, and bridge datasets across 
domains (Patel & Jain, 2019). OWL is the standard language to communicate ontologies in the semantic web 
developed by the World Wide Web Consortium (W3C) (Dibley, 2011). 
 
The RDF standard is an interoperable format for data linking and sharing on the web. The RDF graph describes 
the data in subject, predicative and object structures (e.g. the building [subject] contains [predicative] the 8th 

Floor [object]), each of these elements are identified with a uniform resource identifier (URI) that are used to 
create links among these triple structures by matching on the URIs (Curry, et al., 2013). An example of the graphic 
power of RDF can be seen in Figure 3, where the nodes and arcs identified by URIs make it possible for both 
humans and machines to understand that the entity is a person, with name Eric Miller, that has a particular title 
and email. Moreover, because URIs can uniquely identify resources and relationships and are HTTP based, the 
web infrastructure can access the data distributed across domains (Curry, et al., 2013). RDF can be queried using 
SPARQL query language and associated protocols format  (W3C, n.d.-a). In the context of the semantic web, 
ΨǉǳŜǊȅΩ ƳŜŀƴǎ ǘƘŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ǇǊƻǘƻŎƻƭǎ ǘƘŀǘ Ŏŀƴ ǊŜǘǊƛŜǾŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ ǿŜō ƻŦ Řŀǘŀ. 
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Figure 3. An RDF graph (Shadbolt, Hall, & Berners-lee, 2006). 

An important concept associate with semantic web and enabled by it is linked data. The four principles of how 
linked data should be published on the web are (Berners-Lee, 2006): 
 

1. Use URIs as names for things 
2. Use HTTP URIs so that people can look up those names on the web 
3. When someone looks up a URI, provide useful information using the standards (RDF, SPARQL) 
4. Include links to others URIs, so that they can discover more things  

 
Furthermore, linked data is expressed in open, non-proprietary formats hence can be accessed by a variety of 
applications. Linked data is modular, since it can be combined with other pieces of linked data, and it is scalable, 
because it is easy to expand this network of data by connecting more and more linked data (Curry, et al., 2013). 
These concepts rely on ontologies as the backbone for structuring the linked data and define links within datasets 
and across datasets (Patel & Jain, 2019). This Linked Open Data9 in the web form a cloud of interconnected RDF 
datasets that provide knowledge for several sectors of the society. With a similar approach for the building life-
cycle data, the applications for this field would be able to theoretically access a larger and more diverse 
information source (Pauwels, 2014). 
 
Moreover, Semantic Web technologies and linked data principles bring benefits for a decentralized integration 
approach for the AECO industry. It is created in a way that allows it to be easily linked at the information level 
(data), not in the infrastructure level (system) (Curry, et al., 2013). Hence, it complements the existing IT 
infrastructure as a technology for data sharing. The data is exposed within the existing system and only linked 
when the information needs to be shared (Curry, et al., 2013). Thus, to overcome the IFC limitations, semantic 
web technologies and linked data approach are getting increasing attention as a way of making building data 
web compliant allowing information exchange between different silos of knowledge, although some 
considerations can be made regarding usability, practical, and technical issues and the management and 
maintenance of the linked triples (Pauwels, 2014). 
 

2.3.1 Semantic web for BIM data 
 
As mentioned in section 2.2, the IFC format is the most consolidated standard to exchange BIM data across the 
building lifecycle but it has some limitations that prevent BIM to achieve its full potential. 
 
Beetz et al. (2009) mention the lack of formal rigidness, limited reuse and interoperability, and lack of built-in 
distribution as a limitation to use STEP technologies in the context of the semantic web. OWL and other 
description logic-based ontology definition languages have a mathematically rigid theory behind them, which 
allows ǘƘŜƳ ǘƻ ǇǊƻŦƛǘ ŦǊƻƳ ŜȄƛǎǘƛƴƎ ΨƛƴǘŜƭƭƛƎŜƴǘΩ ŀƭƎƻǊƛǘƘƳǎ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŜǎ ǘƘŀǘ LC/ ŎŀƴΩǘ (Beetz, et al., 2009). 
Moreover, EXPRESS fit reuse and interoperability characteristics only in a few engineering domains, outside them 
its use among developers and the existence of affordable and free tools for it is limited (Beetz, et al., 2009). The 

 
9 https://lod-cloud.net/ 
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lack of built-in distribution regards the structural limitations of mechanisms for STEP technologies to support 
multiple schemas and instances to be distributed, mapped, and merged among different resources (Beetz, et al., 
2009). 
 
They are complemented by Pauwels et al. (2017) that state as challenges for IFC to achieve interoperability 
binding issues, adaptability issues, and extensibility issues. The binding issues are originated by unintended 
geometric transformation and semantic errors caused by heterogeneous IFC translations and binding processes 
of the different BIM authoring tools (Pauwels, et al., 2017). Adaptability issues are related to the difficulty to 
quickly adapt the schema to meet the industry needs as it requires a lot of work to agree upon a change and 
generate the improved version (Pauwels, et al., 2017). Extensibility issues reflect the necessity of familiarity with 
EXPRESS language to be able to extend the schema (Pauwels, et al., 2017). Bonduel et al. (2018) also highlight as 
limitations of IFC the difficulties to apply generic reasoning and query methods to it due to the lack of methods 
to define formal semantics in EXPRESS and the large size and complexity of the IFC schema for software 
implementation. 
 
Because of these limitations, several ontologies have been studied to convert IFC in RDF culminating in the 
ifcOWL10 ontology, a standard supported by buildingSMART. IfcOWL is a connecting point between IFC and the 
semantic web technologies that maintain the use of the well-established IFC standard for building data and at 
the same time allow the exploration of the advantages of the semantic web technologies (Pauwels & Terkaj, 
2016). The IfcOWL ontology allows building data to be represented in RDF, similarly as EXPRESS is a schema for 
IFC representation and XSD for XML (BuildingSMART, n.d.-a). BuildingSMART has recommendations for this 
conversion procedure and based on them several tools exist, namely ifcDoc11 tool, IFC-to-RDF12, and EXPRESS-
to-OWL13 converter.    
 
However, although ifcOWL solves several IFC issues, it aims to mirror the IFC EXPRESS schema resulting in a still 
large and complex RDF file which makes it difficult to retrieve information from it, since query writing becomes 
longer and more intricate (Bonduel et al, 2018). As a result, simplified solutions were proposed to enable real 
industry applications.  
 
Examples are simpleBIM, an approach to post-process RDF graphs compliant with ifcOWL to omit geometry and 
intermediate relationships instances between objects (Pauwels & Roxin, 2016). IfcWoD, an ontology that 
simplifies the relationships derived from ifcRelationship and the semantical representation of 
IfcPropertyAbstraction subtypes to improve query performance (Farias et al., 2015). Linked Building Data (LBD) 
by W3C and its dedicated group W3C LBD-CG including BOT14, a simplified ontology to define the topology of a 
building (Rasmussen, et al., in press), PRODUCT15 for classification of individual building objects, PROPS16 to 
assign building-related properties, still in a conceptual design stage (Bonduel et al., 2018), and OPM17, the 
Ontology for property management, that deals with properties that change as the building evolves (Rasmussen 
et al., 2018). More recently, the Building Product Ontology (BPO)18 for assembly structures and the 
interconnections between its components were created to improve issues found in other ontologies including 
PRODUCT and PROPS (Wagner & Uwe, 2019). Other developments are the Building Element Ontology19 (BE), to 
define building elements, and the Distribution Element Ontology20 , for MEP systems. 
 
In this thesis, the LBD ontologies were used through the adapted 0.1 version of the IFCtoLBD21 converter 
branched from the 1.74 version of the original tool. This version also includes the Building Element Ontology and 

 
10 https://www.w3.org/OWL/ 
11 https://github.com/buildingSMART/IfcDoc 
12 https://github.com/pipauwel/IFCtoRDF 
13 http://www.terkaj.com/tools/ExpressToOwl 
14https://github.com/w3c-lbd-cg/bot 
15 https://github.com/w3c-lbd-cg/product 
16 https://github.com/maximelefrancois86/props 
17 https://w3c-lbd-cg.github.io/opm/# 
18 https://w3id.org/bpo 
19 https://pi.pauwel.be/voc/buildingelement/index-en.html#overv 
20 https://pi.pauwel.be/voc/distributionelement/index-en.html 
21 https://github.com/pipauwel/IFCtoLBD 
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the Distribution Element Ontology. BOT is the core ontology of LBD and its more mature report, it is lightweight 
and modular what allows it to be used in combination with other ontologies and provide simple means to link 
the described entities with their 3D model (Rasmussen, et al., in press). The building topology includes zones and 
sub-zones, to define entities with 3D spatial extent following a matryoshka doll principle (Figure 4), elements and 
sub-elements, for construction entities with technical function, form or position and the entities they host, and 
interfaces, to describe the relationship between zones, elements, or zones and elements, and that can be used 
to attach additional information about these areas (Figure 5) (Rasmussen, et al., in press). 
 

 
Figure 4. Zones representation in BOT (Rasmussen, et al., 2017)  

 

 
Figure 5. Interfaces between two zones and a wall element (Rasmussen, et al., 2017) 

The IFCtoLBD tool is an open-source java-based project to handle the conversion of all current available IFC 
schemas to RDF using the LBD ontologies BOT, PROPS, and PRODUCT (Bonduel et al, 2018). It first uses internally 
the IFC-to-RDF converter based on ifcOWL to generate a file that is incrementally converted to one or multiple 
LBD based files according to the user settings. This process generate a more concise file in comparison with the 
RDF based in ifcOWL, with 83% fewer triples and 80% reduction in file size using all three modules exported to 
one file with PROPS level 3 (Bonduel et al, 2018). 
 

2.4 Web-based futures   

Information and communication technologies, especially internet and web-based technologies, evolved fast in 

the past 15 years for different application domains including engineering, construction, and facility management  

(Shen, et al., 2010). They provide a set of solutions to support collaborative creation, management, 

dissemination, and use of information (Shen, et al., 2010).  

 

Web technology refers to the tools and techniques used to make machines communicate with each other in a 

network. They include web browsers (e.g. google chrome, Internet Explorer), web sites and web applications, 
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and the programming languages and frameworks used to develop them, databases to manage the data required 

or received by them, and communication languages and protocols to effectively enable communication between 

devices and servers. The evolution from more informative web sites to an intense interactive web application 

represented a big step for these technologies (Conallen, 1999). Web applications are a web system in which input 

from the users changes the state of the business and hence this interaction is the main concern when 

implementing the business logic of the system (Conallen, 1999). 

 
Web applications are praised for their flexibility in access, its virtually infinite storage capability, its control 

possibilities using login and passwords, and as a way to provide the most up-to-date information to all its users 

(Fox, 2018). But it also presents some challenges. As the web technologies scale-up and web content becomes 

available to users everywhere, tougher security measures will have to be taken to protect private web content 

from malicious cyber-attacks (Oppliger, 2003). Especially in mobile applications where logic inconsistencies are 

more frequent (Mendonza & Gu, 2018). Data privacy is another concern when applications rely on external 

servers and cloud services (Livraga , 2015). And, of course, the reliability on a good internet connection can be 

an issue for remote site work and inspection, what makes the possibility of offline work with synchronization 

options important features to be considered (Maes et al., 2016).  

 

2.4.1 Web applications 
 
A basic web application architecture is composed by browsers, a network, and a web server (Maes et al, 2016). 
The browsers get web pages from the server, which are a mix of content and formatting instructions expressed 
with HTML, and the user interacts with the content in these pages (Maes et al, 2016). Web servers can have 
behind them a database to handle the information exchanged in the web-based systems (Shen, et al., 2010). 
 
This architecture is a client-server system. The client-side is also called front-end, which is what the user sees 
and interacts with, in other words, the user interface. The server side is the back-end, which englobes the 
background work and mechanisms that make the web page functional, handled by the application programming 
interface (API).  The API is outside the userΩǎ computer, ōǳǘ ƛǘ ƛǎ ǿƘŀǘ ŜƴŀōƭŜǎ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴΩǎ ǾƛǎƛǘƻǊ ǘƻ ŀŎŎŜǎǎ 
databases, create files, read and include other files, create content, send emails and connect to other servers 
and get data from them (Heilmann & Francis, 2007). 
 
As mentioned, HTML, current in its 5th revision, is very important to the front-end development of web 
applications.  It is a mark-up language used for structuring and presenting content on the internet, in combination 
with CSS and a series of JavaScript APIs, it allows the creation of complex applications that previously could only 
exist for desktop platforms (McCaffrey, et al., 2015). It is also suitable for cross-platform mobile applications as 
its features were designed taking into consideration low-powered devices such as tablets and smartphones 
(McCaffrey, et al., 2015). 
 
On the back-end side, APIs of different applications and web services exchange data using their endpoints, where 
resources that can be accessed by third-parties are stored. The most common data formats exchanged between 
APIs are XML and JSON and this communication is possible due to several protocols, one of the most important 
is HTTP (Heilmann & Francis, 2007).  
 
HTTP is an application-level protocol that allows machines to send and receive messages in a request-response 
way. Both types of messages have as a generic structure a start-line, zero or more header fields, and possibly a 
message-body (Network Working Group, 1999). The start-line in a request message specifies the HTTP method 
to be used in the resource specified and the identifier of this resource (Network Working Group, 1999). The 
identification of the resource is done by a URI. The basic HTTP methods and their application according to the 
architectural principals of a REST API are (Rodriguez, 2015): 
  

¶ POST: to create this resource in the server 

¶ GET: to read the resource specified in the message 

¶ PUT: to update, replace or to change the state of that resource 

¶ DELETE: to delete the resource 
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The start-line in a response message has the status code and textual phrase of the operation (e.g. 200 ok, 404 
Not found) (Network Working Group, 1999). Moreover, the header fields pass general information about the 
message, such as the date and time it was sent, additional information from the client-side or the server-side, 
such as username and password, or metadata about the entity body or the resource identified, like accepted 
data types and content-length. The message-body is the body of the response or the request. The actual data 
requested from a database comes in the body entity of the response and, similarly, a POST request has in its 
body the data to be included in a database.    
 
Furthermore, web applications are created using programming languages and frameworks, that give a basic 
structure to facilitate web development. Java, JavaScript, TypeScript, Python, Ruby, PHP, Swift are common 
programming languages. Node.js Express, Ruby on Rails, Laravel, Django and Flask are known frameworks more 
associated with back-end development and Angular, Vue, and React with front-end development. This study 
used Angular22 to build the prototype web application, as it is a robust and complete framework that uses 
TypeScript (a superset of JavaScript) for the development of applications, supported by Node.js23, an open-source 
JavaScript interpreter. It was used to build both front and back-end taking advantage of the available HTTP client 
module.  
 
The angular architecture is component-based. This means that the user interface generated by it is an 
aggregation of components. Each one with its template in HTML commonly associated with a style sheet like CSS, 
that defines what the user sees on screen, and with typescript files that control the data, functionalities, and 
interactions of this component.  
 
Angular has a special class called service. A component can delegate the task of fetching data from a server to a 
service to increase the modularity of the application and allow the reusability of this task by other components 
(Angular, n.d.-d). Angular also uses the concept of modules. A module is a block of code that groups components 
and services, among other code files, that are dedicated to an application domain, workflow, or a strictly related 
group of capabilities (Angular, n.d.-c). A project in Angular has at least one component and one module, the app 
component and the root module. Figure 6 brings these concepts in an illustrative way.  
 

 
Figure 6. Angular architecture 

2.4.2 Web Databases 
 
A database management system refers to the collection of different tools and programs that enable the user to 
store, modify and retrieve data based in several parameters (Fatima & Wasnik, 2016). Based on how it manages 

 
22 https://angular.io/ 
23 https://node.js.org/ 
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the data, a database can be classified as a relational database, also called SQL based on the language used to 
query it, non-relational databases, or NoSQL, and in modern relational databases, or NewSQL (Fatima & Wasnik, 
2016).  
 
A SQL database is a simple data model to store and process data. It uses a structure and language consistent with 
first-order predicate logic to store data in form of tables (Fatima & Wasnik, 2016). However, its rigid data 
structure makes it harder to use when dealing with large data collections, especially when reading and writing 
ǊŜŀƭ ǘƛƳŜ ŘŀǘŀΣ ŀƴŘ ƛǘ ŎŀƴΩǘ ƘŀƴŘƭŜ the different data types that are emerging with the advance of the web 
technologies (Benymol & Abraham, 2020). In response to these challenges, a new type of relational database 
was developed that support new analytics capabilities and deals better with the scalability potential of the web, 
the NewSQL databases (Kepner, et al., 2016).  
 
On the other hand, another solution for these issues was the NoSQL database, which is an umbrella term to 
databases that ŘƻƴΩǘ ƘŀǾŜ ŀ ǊŜƭŀǘƛƻƴŀƭ ŀǇǇǊƻŀŎƘ ǿƘŜƴ ŘŜŀƭƛƴƎ ǿƛǘƘ Řŀǘŀ. Key-value stores, document stores, 
column family stores, and graph databases are sub-categories of NoSQL databases (Fatima & Wasnik, 2016). The 
general characteristic of NoSQL databases is to be schema-less, instead of the strict schema of relational 
databases (Chandra, 2015). Others common characteristics are to have a shared-nothing architecture, meaning 
each server has its local storage which gives the access the same speed of a local disk, and elasticity, meaning it 
can be dynamically expanded (Chandra, 2015). It is important to highlight that because of their differences each 
database has unique strengths that will make them suitable depending in the workload (Kepner, et al., 2016). 
For instance, SQL deals well with transactions tasks, NoSQL is good for internet searching, and NewSQL perform 
very well in data analysis (Kepner, et al., 2016). 
 
In this study, a NoSQL graph database called Ontotext GraphDB 24 is used to store the RDF files generated by the 
IFCtoLBD tool. Graph databases store data as nodes and relationships with unique identifiers and hence they are 
good for mining meaning in heavy interconnected data (Fatima & Wasnik, 2016). Tripestores, like GraphDB, are 
a graph database specialized in the storage of RDF triples. It fitted in this thesis objectives because it has a free 
license option and uses the RDF4J25 framework to enable SPARQL queries and API communication. This is 
necessary for the proof of concept application to be able to retrieve data from it to be displayed in the user 
interface.  
 

2.5 Literature conclusion  

This literature chapter proposed a review in the topics of facility management, BIM, semantic web, and web 
technologies, under the scope of the information management challenges in the O&M stage and the potential 
benefits for BIM data integration. The facility managers rely on very heterogeneous sources of data to make daily 
decisions and to base long-term sustainable strategies for the facility lifecycle. However, the coexistence of hard 
copies files, digital drawings and models, and different IT applications makes it very time consuming to find all 
the necessary information to support strategic decisions in this field. Moreover, some of these IT tools are unable 
to give spatial context to the information available and require manual input of data.  
 
Considering this scenario, BIM data have potential benefits for this stage. The 3D visualization of the building 
brings possibilities for better plan interventions on the facilities and check safety measures, verify the 
maintainability of the building systems, or study strategies for deconstruction, disassembly, renovation, and 
retrofit. When the BIM model is combined with sensor data it could support simulations for optimization of 
resource usage. With the correct level of modeling detail and embedded parameters, it can support calculations 
for lifecycle assessment, carbon foot-printing, and recycling rate. When connected with asset tracking tags, it can 
give the actual position of the assets in the building, and with O&M data included in the model, it becomes a 
more organized database where the facility managers can fast obtain information about a building element. 
 
The potential use cases for the application were obtained combining these BIM potentials for the operation and 
maintenance processes with the tasks described for the two study cases. In the maintenance field, a web-based 
application for BIM data and O&M data could become a better organized database for the building elements 
historical conditions and maintenance reports, and support maintainability assessments and work order 

 
24 https://www.ontotext.com/products/graphdb/ 
25 https://rdf4j.org/documentation/reference/rest-api/ 
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execution planning. Similarly, the logistics process could be improved with a BIM powered building indoor 
navigation to locate assets and better plan equipment replenishment. Moreover, the application can be a 
platform for spatial trends analysis and provide data for refurbishment and retrofit procedures. Other uses are 
to monitor safety and indoor quality thresholds, and support safety devices positioning, and simulations for 
emergency scenarios and building performance like lighting, daylight, and thermal studies.   
 
Semantic web and web technologies can enable the potential of BIM For O&M. Semantic web technologies 
provide the structure to link different data sources to BIM data. Machines can understand those links and retrieve 
relevant data based on specific queries. Web technologies enable the construction of powerful web applications 
that are supported by web databases to store the constantly growing O&M related data. The front-end can be 
customized to support the client needs, with some examples from the related studies being display data using a 
color schema in the model, time series navigation of the datasets, sensor data showed in chart format, 
performing calculations, and sending alerts to inform values above defined thresholds. Web technologies also 
enable cross-platform development for mobile applications allowing the staff to bring data to the field to support 
decisions on the fly. 
 
Based on the evaluation of other applications in the literature, is possible to say that the proposed system 
architecture should have an easy to use user interface, that can display the O&M data connected to the BIM 
data. In this user interface, the facility managers should be able to interact with the building database to access 
information about the element they desire, and the response needs to be easy to understand. The facility 
manager should not need deep knowledge outside his area of expertise to operate the app, hence technical 
language should only be used by the back-end of the application. Other desirables features are the 
implementation of a 3d viewer and support for portable devices. In addition, the BMS data has to allow data 
exchange with third-party applications and, for that, need to be reachable on the web.  

 
The specific BIM conditions to support the O&M process depend on how it is intended to be used. But, in general 
lines, it can be said that it needs to be modelled with a compatible level of detail and geometrical accuracy, and 
include the important semantic relationships among elements. The information included in it has to be defined 
together with the facility management team and should result in the elimination of superfluous information for 
this stage and the inclusion of relevant O&M data. BIM data and the IT tools for facility management also have 
interoperability problems since the most used BIM standards are more compatible to exchange data inside the 
BIM tools environment. In the context of the developed application, the LBD ontologies and the Graph DB 
structure are used to enable the app to retrieve data from the BIM model. 
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3 Methodology  

This thesis uses two study cases to extract facility management tasks that can be improved by the association of 
BIM data and O&M data. To complement the literature review in the topic, a proof of concept application was 
developed to build the basic infrastructure to enable this connection and analyses the potential and challenges 
of the proposed approach.        
 
The first study case is the renovation of the Zero Emission Lab, under construction, in the TU/e campus. The 
design files are assessed based on the common problems associated with 3D modelling extracted from the 
literature research. This assessment was quantitative, as the issues found were analyzed according to the number 
of times they occur and the elements they affected. It aimed to suggest improvements to the final 3D model to 
be delivered in the closeout phase.  
 
The second study case is the Atlas Living Lab, also in the TU/e campus. It is a laboratory where data about the 
operation of the lighting system in the Atlas building is captured live, using multifunctional sensors. This second 
study case is used to develop the proof of concept. The 3D model of the 8th  and 9th floors of the Atlas building 
was made by the researcher incorporating the conclusions from the first study case. The development of the 
application followed typical software development stages depicted in Figure 7. 
 

 
 

Figure 7. Research model (adapted from (Arslan, et al., 2014)) 

The data collection of the web app consists in the literature research included in the second chapter of this thesis, 
where the problem of integrating BIM data and O&M information is explored in-depth, and also in the 
conclusions from the evaluation of the IFC files of the ZEL study case. In the next stage, the system architecture 
is outlined based on the proposed use case and in the characteristics of the available data sets. The development 
stage implements the defined architecture until an alfa test phase. The final stage is the evaluation of the results 
obtained with the application regarding information missing, presence of errors, level of automation, and the 
general application behavior. 
 
Thus, it is possible to say that this research used both quantitative and qualitative methods. The study cases and 
the software development stages are going to be further explored in chapters 4 and 5.   
 

3.1 Methodological justification  

The method applied in this thesis was a research-based design since it aimed to develop a prototype application 
to integrate the BIM data and O&M data. The main goal is to evaluate the potential and challenges of the 
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proposed application for this stage and how to implement it using semantic web and web technologies. This goal 
is divided into three research sub-questions to disclose potential use cases for the application, define the system 
architecture and its requirements, and verify how BIM data can be reached by it. 

 

The first step in the prototype development is data collection. It includes two case studies. The ZEL, to identify 
modelling issues for BIM data to be used in the application using Solibri Model Checker. And the Atlas Living Lab, 
to define the use case scenario to be implemented through document analysis of the data policy and the 
laboratory infrastructure description. Moreover, the common facility management tasks from both the ZEL and 
the Atlas building are used to build the potential use cases for the application. These tasks were extracted from 
an unstructured interview with a policy advisor from the TU/e real estate department and the adjunct program 
coordinator for the Gemini project.  The study cases are complemented by a literature review in the common IT 
tools for O&M, the potentials and challenges of BIM for this stage, and the basic system requirements to 
integrate O&M data and BIM data and other features of interest. 

 

The system architecture stage translates the data collection in functionalities to be implemented in the 
prototype. It also brings the system preconditions to make the application operational since the sensor data 
storage will be handled by the Atlas Living Lab infrastructure and the BIM data is assumed to be ready for use in 
GraphDB and reachable through the RDF4j framework. Based on the use case scenario, the integration approach 
used was to include the sensor ID in the BIM model so that the app API could identify when this property matches 
the location ID from the sensor metric report and display both data sets in the user interface.  This dynamic needs 
to be performed every time the user selects a building element. Hence, the app needs to query the triplestore 
whenever a new element is selected and run this verification on the BMS sensor data.  

 

The prototype development stage involves the implementation of the application layout, the client and server-
side mechanisms, and the prototype test. The app layout is based on the user requirements defined from the 
literature review and developed using the Angular framework and other open-source JavaScript libraries. It aims 
at a responsive and intuitive design with space for future features such as a 3D viewer and other sensors data. 
The application mechanism focus in retrieve data from external sources, find ways to process it into more simple 
formats than JSON and XML, and show it in the user interface with features for the facility managersΩ interaction 
with the database like filters and buttons. The prototype was tested according to the proposed system 
architecture using the Chrome DevTools.  

 

The prototype evaluation includes the critical analysis of the obtained results, including the data conversion from 
the system preconditions steps for the BIM data. In the discussion chapter, The prototype is evaluated against 
the potential use cases defined in the data collection stage to highlight which tasks it is better designed to support 
and what tasks would need other O&M data and system functionalities to be implemented.  

  

3.2 Study Cases 

A study case approach is used to explain, describe, or explore a complex issue in a real-life context (Crowe, et al., 
2011). A study case is valuable to scientific development since it provides context-specific validation necessary 
to support generic concepts and hypotheses (Flyvbjerg, 2006).  
 
This thesis has two study cases. The Zero Emission Lab was used to analyze a BIM model and documentation in 
the design stage to identify problematic points to be improved for the handover documentation. Moreover, the 
compact campus approach of the university results in state-of-the-art solutions for facility management. This 
includes the installation of several building management systems in the renovation of the Gemini Building on the 
TU/e campus which made it relevant to use it as a study case in this thesis. In addition, a combustive engine 
laboratory brings interesting use cases related to the monitoring of safety thresholds, evacuation simulations, 
and maintenance of special building systems.  
 
Similarly, the Atlas building increments the use cases with opportunities for optimization of natural resources 
with light and thermal simulations, assessments of indoor environmental conditions and occupation trend. 
Moreover, the Atlas Living Lab supplied this research with a second data set necessary to develop a proof of 
concept that ultimately aims at showing different sources of information together on the web. 
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3.2.1 Zero Emission Lab 
 
The Zero Emission Lab (ZEL) is the laboratory of the Mechanical Engineering department where research about 
internal combustion engines is conducted, it is part of the North Gemini building owned by the Technical 
University of Eindhoven (TU/e, 2020b). Due to the aging of the building, it is unable to comply with the modern 
research standards, especially regarding ventilation and gas detection, what motivated the renovation program 
targeting the installations, facades, the liquid-tight floor in the ground floor, the painting and the fire separations 
to be finished in the third quarter of 2020 (TU/e, 2020b).  
 
The Renovation of the ZEL is part of the real estate strategy Campus 2030 which includes the renovation of the 
whole Gemini complex by 2025. The strategy aims at making the campus future-proof with state-of-the-art 
facilities that comply with the future demands in education and research and adapt the campus to accommodate 
the increase in the number of students and employees (TU/e, n.d.-c). This spirit of innovation made it a fitting 
study case for this thesis since the Gemini complex is expected to host smart operational systems, such as ATES26, 
a heat and cold central storage system, Envision Manager27, Philips lighting management system, and Planon28, 
a space management system.  
 
The University vision is to convert part of the building in a living lab and special attention is being given to the 
elaboration of a digital twin of the building to further explore smart ways to manage and operate the building 
complex, although its future use is still being defined in close collaboration with the participants of the project 
organization in plenary sections (TU/e, 2020a). Achieving this goal depends on the quality of the information in 
the BIM model delivered in the as-built phase. Hence, this study case evaluated the information embedded in a 
temporary BIM model and its documentation elaborated in the design phase aiming to investigate the 
improvements needed for the final digital twin and to get insight for the development of the proof of concept. 
The BIM model was evaluated in the IFC format since it is accepted by most of the BIM authoring tools, but a 
more detailed Revit file is also available.  
 
The evaluated models were the architectural design (1839_arch_020, Figure 8) and the mechanical, electrical, 
and plumbing project (20181214_VS_DO_TUe_ZEL_INS, Figure 9). The documents that regulated the information 
to be included in these models and their modelling process were also analyzed. They are the BIM protocol for 
the design phase, the information delivery specification, and its annex, the BIM project information delivery 
specification (48038.00_BIM protocol Ontwerpfase, 48038.00_Informatie levering specificatie Ontwerpfase, 
Bijlage 2_BIM Project Informatieleveringsspecificatie).  
 
 

 
Figure 8. Overview model 1839_arch_020 in Solibri Model Checker 

 
26https://www.tue.nl/en/our-university/about-the-university/sustainability/campus-and-operational-
management/energy/heat-and-cold-storage-ates/ 
27 https://www.dynalite.org/lighting-controls/software-apps/envisionmanager-system-manager 
28 https://planonsoftware.com/nl/ 
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Figure 9. Overview model 20181214-VS-DO-TUe_ZEL_INS in Solibri Model Checker 

Solibri Model Checker29 was the main application used to assess the content of the IFC models. This software can 
generate a 3D visualization of the geometry described in the IFC file and displays the information associated with 
every element in the model in a table structure and the hierarchy relationship between the elements in a tree 
structure. Additionally, it is possible to upload several IFC files allowing the researcher to evaluate how they 
interact in 3D. This clash detection feature generates detailed reports about the elements intersecting and can 
be personalized to perform specific checks by changing the clash detection rules set. Another feature used in this 
evaluation was the quantity take-off to get the precise number of elements according to the characteristic 
analysed.  
 
The evaluation of the models targeted the following topics: 
 

¶ Describe the content of the models. 

¶ Verify if all elementsΩ ƎŜƴŜǊƛŎ properties and classification systems were present and displayed in the 
correct property set.  

¶ Check the specific properties for spaces (number, area, unbounded height, and perimeter) and Lighting 
fixtures. 

¶ Analyse if the relationships among the elements had de correct semantic meaning (aggregation and 
containment relations). 

¶ Disclose possible intersections and duplicated elements. 
 
The checks were performed in the light of what was agreed on in the protocols and specifications for the design 
phase between the project stakeholders.  
 

3.2.2 Atlas Living Lab 
  
The Atlas building renovation was part of the TU/e Campus 2018 targets, it was officially inaugurated on 21 
March 2019. The whole process is aimed at the delivery of one of the most sustainable educational buildings in 
the world according to the BREEAM sustainability assessment (TU/e, n.d.-b). Smart building systems for 
temperature, light, and daylight control were installed in the facility to promote lower use of natural resources 
in the operational phase. Because of this available infrastructure and the nature of the project, the university 
also aimed from its conception to transform part of the building in a Living Lab (Cursor, 2019). 
 
A living lab is a public or semi-public area where infrastructure is provided for scientific experiments regarding 
human subjects (Intelligent Lighting Institute, 2019a). The main difference from traditionally controlled 
experiments is that these areas are functional spaces used in real life (Intelligent Lighting Institute, 2019a). The 
Atlas Living Lab is an indoor living lab that aims to support long-term research in user behaviour patterns in 
energy use and its effects on the health, well-being, and the social interaction of its occupants (TU/e, n.d.-a). It 
collects data from the intelligent lighting infrastructure from the 4th until the 11th floor of the Atlas building work 

 
29 https://www.solibri.com/ 
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environment (e.g. offices, study spaces, meeting rooms, and classrooms) except for toilets, technical spaces, and 
emergency stairs (TU/e, n.d.-a). 
 
The Intelligent Office Lighting System available is provided by the Philips Dynalite features (Figure 10). The Head-
end software of the Dynalite system is Envision Manager (EM). With it, multiple operators can control, monitor, 
and manage the whole lighting system (Koninklijke Philips N.V., 2014). It communicates with the hardware 
through a gateway that in turn communicates with the other parts of the system through Dynet protocol (Signify 
Holding, 2018a). Envision Manager retains the multipurpose sensors data which includes, among others, 
daylight-level detection, and occupancy detection and allows the facility manager, using a digitally addressable 
Lighting Interface (DALI), to group and regroup the lighting features in logical areas without the need for physical 
intervention (Signify Holding, 2018b). The users can interact with the lights using the physical user interface and 
with the Philips Dynalite Control mobile App.  
 

 
 

Figure 10. Philips Dynalite system structure (Koninklijke Philips N.V., 2014) 

One of the resources provided by the Atlas Living Lab is an intermediate server with which the applications in 
development can connect to get the data extracted from the lighting system without interacting directly with its 
API (Figure 11). The complete infrastructure is named Research Environment Atlas Living Lab (REALL) and is a 
safe environment built-in viǊǘǳŀƭ ƳŀŎƘƛƴŜǎ ǘƘŀǘ ǇǊƻǾƛŘŜ ǘƻ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊΩǎ applications controlled access to the 
lighting system API and the Atlas Living Lab database (Atlas Living Lab, 2019). This protective layer is necessary 
to safeguard the building from commands generated from the ǊŜǎŜŀǊŎƘŜǊΩǎ applications. 
 

 
 

Figure 11. Atlas Living Lab research environment (adapted from (Atlas Living Lab, 2019)) 
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Beyond this REALL research environment, the living lab infrastructure includes multifunctional sensors 
embedded in every two lighting fixtures, they have a measurement range for movement of 2m x 3m for desk 
level movements and 3m x 5m for intense movements (Intelligent Lighting Institute, 2019b). These devices can 
provide information about the energy consumption, aggregated per area and period in Watts, the temperature, 
inside the luminaires, and the percentage of occupancy based on the movement detection (Intelligent Lighting 
Institute, 2019b). This research used the energy metric report with hours as the time period for its proof of 
concept. It includes the maximum, minimum, and average energy consumed per hour throughout the day and 
the accumulated energy consumption in the beginning and at the end of the measurement (Intelligent Lighting 
Institute, 2019b). Figure 12 shows a sample energy metric report from the system virtual test environment which 
is provided as an XML format file. 
 
<soap:Envelope xmlns:soap="http://schemas.xmlsoap.org/soap/envelope/"> 
  <soap:Body> 
    <ns1:getMetricReportResponse xmlns:ns1="http://daa.ispf.philips.com"> 
      <metricsReportResponse xmlns:ns2="http://daa.ispf.philips.com/analytic"> 
        <locationID>00000000-0000-0001-0000-0000000007D5</locationID> 
        <metricReportList xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" xmlns:ns4="http://daa.ispf.philips.com" 
xsi:type="ns4:energyReport"> 
          <fromDateTime>2020-04-01T00:00:00Z</fromDateTime> 
          <toDateTime>2020-04-01T00:59:59.999Z</toDateTime> 
          <avgKW>0.0</avgKW> 
          <endAccKWH>0.0</endAccKWH> 
          <maxKW>0.0</maxKW> 
          <minKW>0.0</minKW> 
          <startAccKWH>0.0</startAccKWH> 
        </metricReportList> 

Figure 12. Sample energy metric report 

Furthermore, a simplified model of the 8th and 9th floor of Atlas was made by the researcher in Revit 2018 to 
obtain a complete study case for the proof of concept, with BIM data in addition to the building management 
system data provided by the Atlas Living Lab.  
 

3.3 Methodology conclusion  

The thesis aims to evaluate the benefits and challenges of a web-based application that can connect BIM data 
with O&M data. Therefore, to implement and analyze this approach a research-based design was applied to 
develop a prototype application that could link the sensor data from a BMS lighting system and BIM data for the 
AtlasΩ 8 and 9th floors.  
 
The first stage of prototype development is data collection. It consists of the literature review to disclose facility 
management tasks and supporting IT tools, potential and challenges of BIM to be used in this stage, system 
requirements for the app, and the semantic web and web technologies to enable their implementation. The 
literature review is complemented by the document analysis of the ZEL and Atlas Living Lab study cases. The ZEL 
BIM models and related protocols evaluation targeted the content of the models, the general and specific 
properties present in it, and the classification system used, the semantic relationships among building elements, 
and geometric inaccuracies. The Atlas Living Lab analysis aimed at the type of data obtained from the system 
virtual test environment and the REALL characteristics. Moreover, an unstructured interview was conducted to 
extract the facility management tasks for these two buildings.  
 
The second stage is the system architecture where this data collection is translated into functional requirements 
for the application. They are implemented in the third stage, where the app layout and its front-end and back-
end mechanisms are materialized. Furthermore, This stage is finalized with the application alfa test. The last 
stage was the prototype evaluation and discussion, where the obtained results are critically analyzed and the 
potential use cases and future challenges are discussed.  
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4 Proof of concept: data collection and system architecture 

The development of the application followed four stages. This chapter focuses on describing the process of data 
collection and the development of the system architecture. 
 

4.1 Data collection  

As mentioned in the methodology chapter, the data collection is the initial phase in the development and 
implementation of the proposed prototype application. It includes the literature review, the analysis of the two 
study cases, and an unstructured interview with people involved in the Gemini renovation project and the TU/e 
real estate department.  
 
The literature was based on the research questions, which in turn derivate from the thesis goals. It aimed at 
gathering data about the typical problems found in the BIM models delivered as part of the handover 
documentation, and the facility manager difficulties to generate knowledge when dealing with multiple sources 
of information. Furthermore, the interview aimed at defining facility management tasks that could be improved 
with the connection with BIM data. Other targets were the data structures incompatibilities that prevent a 
centralized approach to display building data and how a decentralized approach could facilitate this objective. 
This analysis included the features enabled by web applications and semantic web technologies that can be used 
to achieve this decentralized approach. Moreover, The ZEL BIM model and documentation were studied to 
complement the literature findings, and the lessons learned from this process were incorporated in the modelling 
of the Atlas model. 
 
The Atlas Living Lab provided insight into the network structure of a building management system and the type 
of data generated by the sensors. Gathering information about the format, content, and structure of this data 
was necessary to understand what kind of transformations the system needed to perform behind the scenes to 
read and display in a user-friendly way the ǎŜƴǎƻǊǎΩ report in XML. Moreover, an appropriate understanding of 
how the available network functions is needed to comprehend how the prototype application can communicate 
with the database with the sensor readings. 
 
The immediate results of the data collection are the scope of the use case scenario, which defines the system 
architecture, and the elaboration of the 3D model for the Atlas study case.  
 

4.1.1 Use case scenario  
 
The use case scenario for the proof of concept was elaborated considering the main goal of this master thesis 
and the available data from the Atlas Living Lab study case. It scopes the system functional requirements from 
the point of view of the end-user and brings the sequence of steps that will allow the user to achieve the main 
goal of the scenario.  
 
This scenario was depicted using Unified Modeling Language (UML) use case standards that focus on describing 
the functional requirements of the system. In this standard, actors are not only people but everything that 
interacts with the proposed system. In this case, the facility managers are the primary actors in the application 
because they initiate events in the system. Moreover, the triplestore with the RDF triples generated from the IFC 
file and the Atlas Living Lab server are secondary actors ƻŦ ǘƘŜ ǎȅǎǘŜƳ ŀǎ ǘƘŜȅ ǊŜŎŜƛǾŜ ǊŜǉǳŜǎǘǎ ŦǊƻƳ ƛǘ ōǳǘ ŘƻƴΩǘ 
initiate events themselves.  
 
The description of the use case scenario is found in Table 6. It brings the definition of the main workflow of the 
application and its ramifications, as well as the preconditions for the correct functioning of the prototype.  
 

Table 6. Use case scenario description 

Scenario Access information from two datasets on the same web page. 

Actors Facility manager, triplestore, and Atlas Living Lab server. 

Precondition 1. The IFC file is converted to RDF  
2. The RDF graph is imported to a repository in a triplestore. 



42 
 

3. The Atlas Living Lab server database is accessible to the application.  

Description 
 

1. The facility manager accesses the application in a web browser. 
2. The application requests the predicative and objects associated with the 

building entity to the triplestore. 
3. The application requests the measurement data available for the sensors in 

the model from the Atlas Living Lab server. 
4. The application renders a table with the content received from the triplestore. 
5. The facility manager can interact with the table to get information about the 

elements inside the building.   

Extension 
 

5a. When the facility manager selects an instance inside the element displayed (e.g. a 
storey inside the building element), the content of the table changes to show the 
information about this new element. 
5b. The facility manager can select to go back to the previous element information 
displayed in the table.   
5c. When the element selected is a sensor, the application displays the data from the 
Atlas Living Lab server in chart format.  

Exceptions 
 

When the element selected has no other datasets associated with it only the data from 
the triplestore is displayed in the application. 

Results 
 

The facility manager can visualize the information from the triplestore, in a table, and 
the data from the Atlas Living Lab, in a chart form, for a desired element inside the 
building. 

 
This scenario creates the basic infrastructure of the proposed approach to connect BIM data with BMS data,  
Figure 13 depicts it in a UML use case diagram. Considering the lab infrastructure, the expected sensor data are 
humidity and temperature measurements, occupancy status, and energy consumption readings. Some examples 
of information that could be retrieved from the BIM data are elementsΩ reference, ID, location, geometric data 
like area, height, and position in relation to the ceiling or floor. Other examples are elements contained in the 
rooms or floors, and sub-parts of the building systems.  
 

 
Figure 13. Use case diagram 
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4.1.2 3D model 
 
The Atlas BIM model was developed by the researcher based on the scope of the use case scenario since this 
model was developed solely for the use in the proof of concept. The space identification used was the same used 
in the sample data from the BMS. The location name specified in the building navigation sample file was included 
ƛƴ ǘƘŜ ΨbŀƳŜΩ ǇǊƻǇŜǊǘȅ ƻŦ ǘƘŜ ΨLŘŜƴǘƛǘȅ 5ŀǘŀΩ ǇǊƻǇŜǊǘȅ ǎŜǘ ƻŦ ǘƘŜ ǎǇŀŎŜǎ όFigure 14 and Figure 15). The actual 
function of the rooms according to the Atlas planning in March 2020 was included in the same property set in 
ǘƘŜ ΨŎƻƳƳŜƴǘǎΩ ǇǊƻǇŜǊǘȅΦ   
 
<soap:Envelope xmlns:soap="http://schemas.xmlsoap.org/soap/envelope/"> 
  <soap:Body> 
    <ns1:getBuildingNavigationResponse xmlns:ns1="http://daa.ispf.philips.com"> 
      <buildingNavigation xmlns:ns2="http://daa.ispf.philips.com/analytic"> 
        <childLocations> 
          <childLocations> 
            <childLocations/> 
            <description> 
            </description> 
            <location> 
            </location> 
            <name>Area_4001</name> 
            <type>AREA</type> 
            <id>00000000-0000-0001-0000-000000000FA1</id> 
          </childLocations> 

Figure 14. Part of the Building Navigation sample report 

 

 
Figure 15Φ ΨLŘŜƴǘƛǘȅ ŘŀǘŀΩ ǇǊƻǇŜǊǘȅ ǎŜǘ ƛƴ ŀ ǎǇŀŎŜ Ŝƴǘƛǘȅ 

The perception of a building commonly is building-> storey-> rooms -> ǊƻƻƳǎΩ ŜƭŜƳŜƴǘǎ ŀƴŘ ǘƘŜ ŘŜǾŜƭƻǇŜŘ 
application aimed at using this logic to allow the user to navigate in the building. Hence, the Revit file was 
modelled to follow this structure with sensors and lighting fixtures contained inside the rooms they serve. 
Additionally, the absence of this relationship would not be ideal for the application since the seƴǎƻǊΩǎ ǊŜǇƻǊǘǎ ŀǊŜ 
aggregated per space.  
 
.ŜŎŀǳǎŜ ƻŦ ǘƘƛǎ ǎǘǊǳŎǘǳǊŜΣ ƛǘ ǿŀǎ ƻǇǘŜŘ ǘƻ ŀŘŘ ǘƘŜ ΨƭƻŎŀǘƛƻƴ L5Ω from the metric report to the sensor entities in a 
ǇǊƻǇŜǊǘȅ ƴŀƳŜŘ Ψ{ŜƴǎƻǊL5Ω ŎǊŜŀǘŜŘ ōȅ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊ ƛƴǎƛŘŜ ŀ ǇǊƻǇŜǊǘȅ ǎŜǘ ŎŀƭƭŜŘ ΨŘŀǘŀΩ όFigure 16). It was 
ǇƻǎǎƛōƭŜ ǘƻ ǿƻǊƪ ƭƛƪŜ ǘƘŀǘ ōŜŎŀǳǎŜ ǘƘŜ ΨƭƻŎŀǘƛƻƴ L5Ω ƛǎ ǳǎŜŘ ŀǎ ŀ ǊŜŦŜǊŜƴŎŜ ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ ǎŜƴǎƻǊ ǊŜŀŘƛƴƎǎ ƛƴ ǘƘŜ 
energy metric report. Hence, in a scenario where several BMS exist, ŜŀŎƘ ǿƛǘƘ ǘƘŜƛǊ ǎŜƴǎƻǊǎΣ ǘƘŜ ΨǎŜƴǎƻǊL5Ω Ŏŀƴ 
ōŜ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ǘƻ ŜŀŎƘ ǎȅǎǘŜƳ ǘƘŀǘ ǎŜƴǎƻǊ ōŜƭƻƴƎǎ ǘƻΦ {ƛƳƛƭŀǊƭȅΣ ǘƘŜ ǇǊƻǇŜǊǘȅ ΨƭƛƎƘǘƛƴƎL5Ω ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ 














































































