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List of Abbreviations and Symbols 

2D A two-dimensional view of an object. 
3D A three-dimensional view of an object. 
5G Fifth-generation technology standard for cellular networks. 
ACS Access Control System: A system for managing and controlling 

who or what is allowed entrance to a system, environment or fa-
cility.  

AEC Architecture, Engineering and Construction industries. 
AI Artificial Intelligence: The intelligence demonstrated by ma-

chines, such as computers. 
AIM Asset Information Model: The collated set of information gath-

ered from all sources that supports the ongoing management of 
an asset. 

AmI Ambient Intelligence: An electronic environment that is sensi-
tive and responsive to the presence of people. 

API Application Programming Interface: An interface or communi-
cation protocol between different parts of a computer program. 

API-economy Economic, social and societal activities that use the Internet in-
frastructure and APIs in service production. 

AR Augmented Reality: An interactive experience of a real-world 
environment where the real-world objects are enhanced by com-
puter-generated perceptual information. 

ARC Architectural: A practice of designing buildings. 
BACS Building Automation and Control Systems, Office building 

standard for building automation and control systems. 
BAS Building Automation System: A computer-based control system 

for buildings that controls and monitors the building’s mechani-
cal and electrical equipment. 

BIM Building Information Model: A file which can be extracted, ex-
changed or networked to support decision-making regarding a 
built asset. 

CAD Computer Aided Design: The use of computers to aid in the cre-
ation, modification, analysis or optimisation of a design. 

CAFM Computer Aided Facility Management: A support of facility 
management by information technologies.  

CBM Condition Based Maintenance: A predictive maintenance strat-
egy where various elements of an operating asset are observed 
and measured over time to identify and prevent deterioration 
and possible failure at the earliest possible moment. 

CDM Conditions Data Model: An IT solution that utilises APIs and 
Internet infrastructure to collect field data and visualise it using 
BIM for enabling the services and property maintenance. 

CMMS Computerised Maintenance Management System: A software 
package that maintains a computer database of information 
about an organisation’s maintenance operations. 

CO2 Carbon dioxide: A colourless gas with a density about 60% 
higher than that of dry air. 

COBIM2012 Common BIM requirements: The BIM instructions for owner-
operators, designers and contractors. 

COPD Chronic Obstructive Pulmonary Disease: A chronic inflamma-
tory lung disease that causes obstructed airflow from the lungs. 

CPU Central Processing Unit, a device including the main processor 
of a computer for executing instructions that make up a com-
puter program. 
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CSat Customer Satisfaction: A measure of how products and services 
supplied by a company meet or surpass customer expectations.  

Cx Building Commissioning: A process for transferring a building 
from a construction organisation to a maintenance organisation. 

DM Data Management: Practices, technologies and tools for achiev-
ing consistent access to and delivery of data. 

DoS, DDoS Denial-of-Service and Distributed Denial of Service: Attacks in 
which the perpetrator seeks to make a machine or network re-
source unavailable to its intended users by temporarily or indef-
initely disrupting services of a host connected to the Internet. 

EAI Enterprise Application Integration: A framework composed of a 
collection of technologies and services for enabling integration 
of systems and applications across an enterprise. 

EMS Energy Management System: A computer-based system for col-
lecting and distributing energy measurement data, enabling the 
management of energy resources. 

ER/IER Information Exchange Requirements: A requirement to transfer 
information between two or more end users. 

ESM Experience Sampling Method: An intensive longitudinal re-
search methodology that involves asking participants to report 
on their thoughts, feelings, behaviours and/or environment on 
multiple occasions over time. 

ETS  Environmental Tobacco Smoke: An exposure to tobacco smoke 
of other people, or the material that emits tobacco smoke. 

FM Facility Management: A professional management discipline 
focused upon the efficient and effective delivery of support ser-
vices for the organisations that it serves. 

FMM Facility Maintenance Management: A full-service, turn-key 
maintenance and construction service that is designed to im-
prove quality of service to commercial and residential clients. 

FMO Facility Maintenance and Operations: A broad spectrum of ser-
vices, competencies, processes and tools required to assure the 
built environment will perform the functions for which a facility 
was designed and constructed. 

FMS Facility Management System: A common name for computer-
based system for remote monitoring, scheduling, inspection, 
customer service requests, work scheduling and optimisation, 
and for supporting of facility engineer interactions. 

FTE Full-time equivalent: Hours worked by a full-time employee. 
FSP Floor space: The rental area in a building. 
GFA Gross floor area: An area measured as square feet or square me-

tres, taken up by a building or part of it. 
GT Grounded Theory: A research method concerned with the gen-

eration of theory, which is grounded in data that has been sys-
tematically collected and analysed. 

GUI Graphical User Interface: A user interface that allows users to 
interact with electronic devices through graphical icons. 

GUID  Globally Unique Identifier: A 128-bit number used to identify 
information in computer systems, such CAD and BIM software. 

GV  Gross Volume: A space bounded by the outer surface of the 
building envelope–the lower surface of the lower floor, the 
outer surface of the outer walls and the upper surface of the up-
per floor. 

HBES Home and Building Electronic Systems: An EN 50090 stand-
ard-based combination of electronic devices linked via a digital 
transmission network to provide automated, decentralised and 
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distributed process control for domestic and commercial build-
ing applications. 

HBI Human-building Interaction: A human-computer interaction 
with a built environment via a user interface. 

HCI Human-computer Interaction: An interaction between people 
and computers. 

HMI Human-machine Interaction: The communication and interac-
tion between a human and a machine via a user interface. 

HTTP Hypertext Transfer Protocol: An application protocol for dis-
tributed, collaborative and hypermedia information systems. 

HVAC Heating, ventilation and air conditioning: The technology used 
to provide thermal comfort and acceptable indoor air quality. 

IAQ Indoor Air Quality: Air quality within and around buildings and 
structures, especially as it relates to the health and comfort of 
building occupants. 

ICT Information and Communications Technology: Unified commu-
nications and the integration of telecommunications and com-
puters, as well as enterprise software, middleware, storage and 
audio-visual systems, that enable users to access, store, transmit 
and manipulate information. 

IFC Industry Foundation Classes: A standardised object-based file 
format for describing architectural, building and construction 
industry data. 

IT Information Technology: The use of computers to store, re-
trieve, transmit and manipulate data or information. 

IoT Internet of Things: A system of interrelated computing devices, 
mechanical and digital machines provided with unique identifi-
ers and the ability to transfer data over a network without re-
quiring human-to-human or human-to-computer interaction. 

IWMS  Integrated Workplace Management System: A software plat-
form that helps organisations optimise the use of workplace re-
sources, including the management of a company’s real estate 
portfolio, infrastructure and facilities asset.  

LOI Local Operator Interface: A direct link between the local pro-
cess unit and a personal computer. 

m² Square metre: The building’s floor area. 
m3 Cubic metre: The volume of a cube with edges one metre in 

length. 
MBCx Monitoring Based Commissioning: A process for maintaining 

and continuously improving building performance over time. 
MEP Mechanical, Electrical and Plumbing: Aspects of building de-

sign and construction.  
ML Machine Learning: A study of computer algorithms that im-

prove automatically through experience. 
MMI Man-Machine Interface: A software application in the industrial 

design field of HCI. 
MPT Modern Portfolio Theory: The theory on how risk-averse inves-

tors can construct portfolios to optimise or maximise expected 
return based on a given level of market risk. 

MR Mixed Reality: An IT solution merging real and virtual worlds 
to produce new environments and visualisations, where physi-
cal and digital objects co-exist and interact in real time. 

MWO Maintenance Work Orders: A maintenance-related work order 
to a property service operator. 

NRT Near Real Time: A very short time delay in automated data pro-
cessing or network transmission between the occurrence of an 
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event and the use of the processed data, such as for display or 
feedback and control purposes. 

OMM Operations and Maintenance Model: The property services in-
tended use case of BIM, in which BIM is enriched by mainte-
nance-related information. 

OIT Operator Interface Terminal: A system interconnecting human 
and technology to assist human activity using electronic tools. 

OSI Open Systems Interconnection: A conceptual model that char-
acterises and standardises the communication functions of a tel-
ecommunication or computing system. 

OT Operator Terminal: A main operator interface for a unit.  
PLM Product Lifecycle Management: A process of managing the en-

tire lifecycle of a product from inception through engineering 
design and manufacture to the service and disposal of manufac-
tured products. 

PoC Proof of Concept: Realisation of a certain method or idea to 
demonstrate its feasibility, or a demonstration in principle with 
the aim of verifying that some concept or theory has practical 
potential. 

PoT Platform of Trust: An environment for utilising a vast data pool 
and developing everyday services without the need for integra-
tions. 

QR Quick Response: A type of barcode that can be read by a digital 
device and which stores information. 

RE&C Real Estate and Construction: An industry related with property 
development, leasing, appraisal, marketing and management of 
commercial, residential, agricultural and industrial properties. 

REST Representational state transfer: A software architectural style 
created to define for interfaces for Web services. 

RFID Radio Frequency Identification: A technology using electro-
magnetic fields to automatically identify and track tags attached 
to objects. 

RH Relative Humidity: Ratio of the partial pressure of water vapor 
to the equilibrium vapor pressure of water at a given tempera-
ture. 

RMM Remote Monitoring and Management: Remote management of 
building maintenance, its conditions and energy use, and proac-
tively monitoring building service systems. 

SDL Semantic Data Lake: A data architecture that offers ubiquitous 
access to enterprise data at a reduced cost and high agility. 

SMC Solibri Model Checker: A software tool that analyses the accu-
racy, quality and security of BIMs by performing quality assur-
ance and verification. 

SMS Short Message Service: The most widely used type of text mes-
saging. 

SMTP Simple Mail Transfer Protocol: A communication protocol for 
electronic mail transmission. 

SNMP Simple Network Management Protocol: A protocol for collect-
ing and organising information about managed devices on IP 
networks and for modifying that information to change device 
behaviour. 

SR Service Request: Type of communication between occupants 
and property service provider for indicating, fixing and report-
ing building-related problems. 

SSL Secure Sockets Layer: A standard security technology for estab-
lishing an encrypted link between a server and a client. 



vi 
 

T Temperature: A physical property of matter that quantitatively 
expresses hot and cold. 

TAS Time and Attendance System: A computer-based system for re-
cording hours worked for hourly employees and vacation, sick 
and other types of leave for salaried employees. 

UI User Interface: An industrial design field of HCI. 
UX User Experience: A person’s behaviours, attitudes and emotions 

about using a product, system or service. 
VOC Volatile Organic Compounds: Organic chemicals that have a 

high vapor pressure at ordinary room temperature. 
VR Virtual Reality: A simulated experience that can be similar to or 

completely different from the real world. 
WSM  Web-based System Management: An action to perform admin-

istration tasks to remote machines or systems. 
WSN Wireless Sensor Network: A group of spatially dispersed and 

dedicated sensors for monitoring and recording the physical 
conditions of the environment and organising the collected data 
at a central location. 

XML eXtensible Markup Language: A software- and hardware-inde-
pendent tool for storing and transporting data. 

XR Extended Reality: A term referring to all real-and-virtual com-
bined environments and HMIs generated by computer technol-
ogy and wearables.2D Two-dimensional view of 
the object. 

3D Three-dimensional view of the object. 
5G Fifth generation technology standard for cellular networks. 
ACS Access Control System, a system for managing and controlling 

who or what is allowed entrance to a system, environment or fa-
cility.  

AEC Architecture, Engineering and Construction industries. 
AI Artificial Intelligence, the intelligence demonstrated by ma-

chines, such as computers. 
AIM Asset Information Model, the collated set of information gath-

ered from all sources that supports the ongoing management of 
an asset. 

AmI Ambient Intelligence, an electronic environment that are sensi-
tive and responsive to the presence of people. 

API Application programming interface, an interface or communica-
tion protocol between different parts of a computer program. 

AR Augmented Reality, an interactive experience of a real-world 
environment where the real-world objects are enhanced by com-
puter-generated perceptual information. 

ARC Architectural, a practice of designing buildings. 
BACS Office building standard for building automation and control 

systems. 
BAS Building Automation System, a computer-based control system 

for buildings that controls and monitors the building's mechani-
cal and electrical equipment. 

BIM Building Information Model, a file which can be extracted, ex-
changed or networked to support decision-making regarding a 
built asset. 

CAD Computer Aided Design, the use of computers to aid in the cre-
ation, modification, analysis, or optimization of a design. 

CAFM Computer Aided Facility Management, a support of facility 
management by information technologies.  

CBM Condition Based Maintenance, a predictive maintenance strat-
egy where various elements of an operating asset are observed 
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and measured over time to identify and prevent deterioration 
and possible failure at the earliest possible moment. 

CDM Conditions Data Model, an IT solution that utilises APIs and In-
ternet Infrastructure to collect field data and visualise it using 
BIM for enabling the services and property maintenance. 

CMMS Computerized Maintenance Management System, a software 
package that maintains a computer database of information 
about an organisation's maintenance operations. 

CO2 Carbon dioxide, a colourless gas with a density about 60% 
higher than that of dry air. 

COBIM2012 Common BIM requirements, the BIM instructions for owner-
operators, designers, and contractors. 

COPD Chronic Obstructive Pulmonary Disease, a chronic inflamma-
tory lung disease that causes obstructed airflow from the lungs. 

CPU A central processing unit, including a main processor of a com-
puter for executing instructions that make up a computer pro-
gram. 

CSat Customer satisfaction, a measure of how products and services 
supplied by a company meet or surpass customer expectations.  

Cx Building Commissioning, a process for transferring a building 
from a construction organisation to a maintenance organisation. 

DM Data Management; practices, technologies and tools for achiev-
ing consistent access to and delivery of data. 

DoS, DDoS Denial-of-Service and Distributed Denial of Service; attacks in 
which the perpetrator seeks to make a machine or network re-
source unavailable to its intended users by temporarily or indef-
initely disrupting services of a host connected to the Internet. 

EAI Enterprise Application Integration, a framework composed of a 
collection of technologies and services for enabling integration 
of systems and applications across an enterprise. 

EMS Energy Management System, a computer-based system for col-
lecting and distributing energy measurement data, enabling the 
management of energy resources. 

ER/IER Information Exchange Requirements, a requirement to transfer 
information between two or more end users. 

ESM Experience Sampling Method, an intensive longitudinal re-
search methodology that involves asking participants to report 
on their thoughts, feelings, behaviours, and/or environment on 
multiple occasions over time. 

ETS  Environment Tabaco Smoke, an exposure to tobacco smoke of 
other people, or the material that emits tobacco smoke. 

FM Facility Management, a professional management discipline fo-
cused upon the efficient and effective delivery of support ser-
vices for the organisations that it serves. 

FMM Facility Maintenance Management, a full-service, turn-key 
maintenance and construction service that provides unsurpassed 
quality and customer service to commercial and residential cli-
ents. 

FMO Facility Maintenance and Operations, a broad spectrum of ser-
vices, competencies, processes and tools required to assure the 
built environment will perform the functions for which a facility 
was designed and constructed. 

FMS Facility Management System, a common name for computer-
based system for remote monitoring, scheduling, inspection, 
customer service requests, work scheduling and optimization, 
and for supporting of facility engineer interactions. 

FTE Full-time equivalent, hours worked by a full-time employee. 
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FSP Floor space, the rental area in building. 
GFA Gross floor area, an area measured as square feet or square me-

tres, taken up by a building or part of it. 
GT Grounded Theory, a research method concerned with the gener-

ation of theory, which is grounded in data that has been system-
atically collected and analysed. 

GUI Graphical User Interface, a user interface that allows users to 
interact with electronic devices through graphical icons. 

GUID  Globally Unique Identifier, a 128-bit number used to identify 
information in computer systems, such CAD and BIM software. 

GV  Gross Volume, a space bounded by the outer surface of the 
building envelope: the lower surface of the lower floor, the 
outer surface of the outer walls and the upper surface of the up-
per floor. 

HBES Home and Building Electronic Systems, an EN 50090 standard 
based combination of electronic devices linked via a digital 
transmission network to provide automated, decentralised and 
distributed process control for domestic and commercial and 
building applications. 

HBI Human Building Interaction, a human-computer interaction 
with built environment via a user interface. 

HCI Human Computer Interaction, an interaction between people 
and computers. 

HMI Human Machine Interaction, the communication and interaction 
between a human and a machine via a user interface. 

HTTP Hypertext Transfer Protocol, an application protocol for distrib-
uted, collaborative, hypermedia information systems. 

HVAC Heating, ventilation, and air conditioning, the technology aim-
ing to provide thermal comfort and acceptable indoor air qual-
ity. 

IAQ Indoor Air Quality, air quality within and around buildings and 
structures, especially as it relates to the health and comfort of 
building occupants. 

ICT Information and Communications Technology, unified commu-
nications and the integration of telecommunications and com-
puters, as well as enterprise software, middleware, storage, and 
audio-visual systems, that enable users to access, store, trans-
mit, and manipulate information. 

IFC Industry Foundation Classes, a standardised object-based file 
format for describing architectural, building and construction 
industry data. 

IT Information Technology, the use of computers to store, retrieve, 
transmit, and manipulate data or information. 

IoT Internet of Things, a system of interrelated computing devices, 
mechanical and digital machines provided with unique identifi-
ers and the ability to transfer data over a network without re-
quiring human-to-human or human-to-computer interaction. 

IWMS  Integrated Workplace Management System, a software platform 
that helps organisations optimise the use of workplace re-
sources, including the management of a company's real estate 
portfolio, infrastructure and facilities asset.   

LOI Local Operator Interface, a direct link between the local process 
unit and a personal computer. 

m² Square meter, the building’s floor area. 
m3 Cubic meter, the volume of a cube with edges one metre in 

length. 
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MBCx Monitoring Based Commissioning, a process for maintain and 
continuously improve building performance over time. 

MEP Mechanical, Electrical and Plumping, aspects of building design 
and construction.  

ML Machine Learning, a study of computer algorithms that improve 
automatically through experience. 

MMI Man-Machine Interface, a software application in the industrial 
design field of human–computer interaction. 

MPT Modern Portfolio Theory, the theory on how risk-averse inves-
tors can construct portfolios to optimize or maximize expected 
return based on a given level of market risk. 

MR Mixed Reality, an IT-solution merging of real and virtual 
worlds to produce new environments and visualisations, where 
physical and digital objects co-exist and interact in real time. 

MWO Maintenance Work Orders, a maintenance-related work order to 
property service operator. 

NRT Near Real Time, a very short time delay in automated data pro-
cessing or network transmission, between the occurrence of an 
event and the use of the processed data, such as for display or 
feedback and control purposes. 

OMM Operations and Maintenance Model, the property services in-
tended use case of BIM, in which BIM is enriched by mainte-
nance-related information. 

OIT Operator Interface Terminal, a system interconnecting human 
and technology for help human activity using electronic tools. 

OSI Open Systems Interconnection, a conceptual model that charac-
terises and standardises the communication functions of a tele-
communication or computing system. 

OT Operator Terminal, a main operator interface for a unit.  
PLM Product Lifecycle Management, a process of managing the en-

tire lifecycle of a product from inception, through engineering 
design and manufacture, to service and disposal of manufac-
tured products. 

PoC Proof of Concept, realisation of a certain method or idea in or-
der to demonstrate its feasibility, or a demonstration in principle 
with the aim of verifying that some concept or theory has prac-
tical potential. 

PoT Platform of Trust, an environment for utilising a vast data pool 
and develop everyday services without a need for integrations. 

PropTech Property technology, the use of information technology (IT) to 
help individuals and companies research, buy, sell and manage 
real estate.  

QR Quick Response, type of barcode that can be read by a digital 
device and which stores information. 

RE&C Real Estate and Construction, an industry related with property 
development, leasing, appraisal, marketing, and management of 
commercial, residential, agricultural, and industrial properties. 

REST Representational state transfer, a software architectural style 
created to define for interfaces for Web services. 

RFID Radio Frequency Identification, a technology using electromag-
netic fields to automatically identify and track tags attached to 
objects. 

RH Relative Humidity, ratio of the partial pressure of water vapor 
to the equilibrium vapor pressure of water at a given tempera-
ture. 
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RMM Remote Monitoring and Management, managing remotely 
building maintenance, conditions and energy use, and proac-
tively monitor building service systems. 

SDL Semantic Data Lake, a data architecture that offers ubiquitous 
access to enterprise data with compelling benefits in terms of 
cost and agility. 

SMC Solibri Model Checker, a software tool that analyses the accu-
racy, quality, and security of BIMs by performing quality assur-
ance and verification. 

SMS Short Message Service, the most widely used type of text mes-
saging. 

SMTP Simple Mail Transfer Protocol, a communication protocol for 
electronic mail transmission. 

SNMP Simple Network Management Protocol, a protocol for collect-
ing and organising information about managed devices on IP 
networks and for modifying that information to change device 
behaviour. 

SR Service Request, type of communication between occupants 
and property service provider for indicating, fixing and report-
ing of building-related problems. 

SSL Secure Sockets Layer, a standard security technology for estab-
lishing an encrypted link between a server and a client. 

T Temperature, a physical property of matter that quantitatively 
expresses hot and cold. 

TAS Time and Attendance System, a computer-based system for re-
cording hours worked for hourly employees and vacation, sick 
and other types of leave for exempt employees. 

UI User Interface, an industrial design field of human-computer in-
teraction. 

UX User Experience, a person's behaviours, attitudes, and emotions 
about using a product, system, or service. 

VOC Volatile Organic Compounds, organic chemicals that have a 
high vapor pressure at ordinary room temperature. 

VR Virtual Reality, a simulated experience that can be similar to or 
completely different from the real world. 

WSM  Web-based System Management, an action to perform admin-
istration tasks to remote machines or systems. 

WSN Wireless Sensor Network, a group of spatially dispersed and 
dedicated sensors for monitoring and recording the physical 
conditions of the environment and organizing the collected data 
at a central location. 

XML eXtensible Markup Language, a software- and hardware-inde-
pendent tool for storing and transporting data. 

XR Extended Reality, a term referring to all real-and-virtual com-
bined environments and human-machine interactions generated 
by computer technology and wearables. 
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1. Introduction

According to the Confederation of Finnish Construction Industries RT (2019), 
70% of Finland’s national assets (EUR 805 billion) is a built environment, such 
as housing and civil engineering. The built environment is underpinned by the 
real estate and construction (RE&C) sector, whose essential contributions to 
functions include building and trading of building materials, transport, educa-
tion and research, financing and insurance, and public authorities. The RE&C 
industry employees immediately and indirectly more than 500,000 people in 
Finland (Statistics Finland, 2019). 
The total number of property service companies in Finland is about 7,900, but 
approximately 45% of the turnover of the industry is made by the 12 largest 
companies (Lith, 2017). While these large companies have resources to develop 
their operations through digital data, the remaining companies do not. The pri-
mary markets of the latter companies include residential and small business 
buildings. Residential buildings account for 62% of the total gross floor area 
(GFA) in Finland (Statistics Finland, 2019), and the owners of small buildings 
rarely use property services. Additionally, there are many owner-operators on 
the market who each own fewer than 10 buildings. While they commonly use 
property services, they usually have poor readiness to utilise digital data. 

Smart buildings have been researched and developed over the last three dec-
ades (Bach et al., 2010; Harris, 2012; Buckman et al., 2014). The most advanced 
technologies are intelligent sensors, intelligent materials, smart metres and am-
bient intelligence (AmI) technologies. Research is increasingly focused on the 
smart workplace (Puybaraud and Kristensen, 2015), and a discussion about the 
digital twin of a building is also gathering steam (IBM, 2017; Nasaruddin et al., 
2018; Miller et al., 2018).  

Smart buildings need smart maintenance. This study examines the facility 
maintenance and operations (FMO) processes focusing on opportunities to cre-
ate digital solutions and methods for smart use and maintenance of facilities. 
The aim is to support owner-operator and property services in providing a 
healthy, safe and profitable work environment for occupants and assisting oc-
cupants in its use. 

The empirical material used in the research comes from the case company, 
which is one of the most prominent owner-operators in Finland. For a long time, 
their facility management (FM) processes, bidding practices and contract for-
mats have been exemplary in the Finnish RE&C sector. The company holds over 
9,200 buildings, covering over six million square metres. About 55,000 people 
work on their buildings each day. The case company is also a forerunner with 
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building information models (BIMs) in Finland. At the time of the research, 
about 300 buildings were modelled. The number of BIMs rises by about 50 
buildings each year due to construction and inventory modelling projects. To-
day, the case company uses BIM in new construction and refurbishment pro-
jects, but uses it less for FM. Because it is not often used post-construction, a 
gap has arisen between the original definition of BIM and its current uses in the 
RE&C industry. The intention here is to reduce the gap by defining the new con-
tent of BIM.  

During the last 10 years, indoor air quality (IAQ) problems have become a na-
tional challenge in public buildings in Finland. It seems that current facility 
maintenance processes fail to respond to these problems with sufficient power 
and seriousness. The development of smarter and more responsive methods re-
quires more intelligent and real-time data. Therefore, this study examines the 
availability of field data and its combination with BIM to create new processes 
for indoor conditions management. 

The primary objective of the research is to justify that collecting, storing, ana-
lysing and utilising field data and combining it with BIM can improve the per-
ceived indoor conditions and enable new business models in FMO.  
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2. Literature Review

The author used a literature review to document the state-of-the-art operation 
models with respect to the subject of the research. Figure 2.1.1 shows how the 
chosen literature supports the research goals.  

The theoretical basis of the entire research lies in FM standards and national 
instructions. The FMOs are the sub-area of FM which aims to keep the building 
in good shape to ensure, for example, that the IAQ stays at a good level and 
occupants can achieve high work productivity. The rest of the theoretical back-
ground is based on the theory of BIM and its post-construction use. Field data 
is crucial when executing efficient management of indoor conditions and ena-
bling human-building interaction (HBI). 
  

Figure 2.1.1 The theoretical background of the research. 
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2.1 Commissioning of a Building

The targets of commissioning 

Building commissioning (Cx) is the process of transferring a building from a 
construction organisation to a maintenance organisation. It is a critical turning 
point where a building transfers from one organisation to another and operating 
begins. The primary purpose of Cx is to ensure that building systems are install-
led correctly and work as planned (U.S. DOE, 2011; Augustsson et al., 2012; 
WBDG, 2014; Rachel et al., 2017). The Cx process can be divided into technical 
and process commissioning, where the technical approach is superior to the 
process approach of the Cx (McFarlane, 2013). The technical Cx will personally 
test every building system and service when the process Cx would use the results 
of the test made by contractors. 

The Building Commissioning Association (BCA, 2011) defines Cx as a process 
that ‘provides documented confirmation that building service systems function 
in compliance with criteria outlined in the project documents to satisfy the 
owner-operator’s operational needs’ (p.57). According to Mills (2009), Cx is an 
essential risk management tool for every building. Mills (2009) also stated that 
Cx brings a holistic perspective to design, construction and operation that inte-
grates and enhances traditionally separate functions. It does so through review-
ing a building’s disposition to identify suboptimal situations or malfunctions 
and the associated opportunities for energy savings. 

In a broad sense, Cx is a quality assurance process during and following build-
ing construction (Kirsilä et al., 2007). The literature widely presents views re-
garding the implementation of the commissioning stage. However, research be-
yond building energy validation studies and reports is sparse.  

The commissioning process is complicated by the participation of multiple 
stakeholders with different roles (Becerik-Gerber et al., 2012). Most of the 
stakeholders are newcomers because the construction team’s mission is ending 
and the maintenance team’s mission is beginning. Officially, Cx introduces to 
users how to use the building and initiates the planned operation of the building.  

In Cx, a crucial element of experience may be lost because most of the people 
are replaced. The digital data of the construction project is also affected because 
practices are undeveloped and the value of accumulated knowledge may not be 
fully understood by the receiving party. Sometimes the lack of data transfer may 
also be deliberate because of the contractors’ business or trade secrets. 

In an ideal case, Cx should begin during the building’s design phase. The con-
tent of Cx should be created in designing and updated during construction. Do-
ing so would facilitate Cx as the service staff would have more time to explore 
the building before the actual work begins. According to the building infor-
mation file RT 10-10387 ‘Phases of the building construction project’, a com-
missioning stage will end at the warranty inspection done at the end of the war-
ranty period. 
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Commissioning of HVAC systems 

McFarlane (2013) claimed that installers do not understand the ‘big picture’ 
of how all of a building’s various systems interact, nor do they speak the same 
language as other stakeholders. This jeopardises the chance of reaching a func-
tioning ensemble of building service systems. In addition, based on experience, 
some defective components typically arise during the first few months of the 
warranty period, especially in large systems. 
The training of the service staff for the operation and maintenance of the hea-
ting, ventilating and air conditioning (HVAC) systems must be done immedia-
tely after completion of the preliminary HVAC settings. In an ideal process, si-
mulations for energy consumption and configurations of all building service 
systems would be executed after the tenant has moved into the building and 
then again before the warranty period ends. The HVAC systems’ functionality 
should be evaluated twice during the warranty period, a year after commiss-
ioning and again before the warranty period ends. A formal procedure is requi-
red to assess the functionalities of the HVAC system during the warranty period 
(Rachel et al., 2017).  
People, furniture, carpets, office appliances, etc., affect indoor conditions 
(Leppänen, 2017), and the emissions of different materials are at their highest 
immediately after their introduction (Schneider, 2008; Schieweck et al., 2018). 
Therefore, high HVAC energy consumption is often allowed early on to remove 
harmful emissions. However, based on experience, ventilation is often left using 
an unnecessarily high power level for too long.  
The regular Cx uncovers defects and deviations in building service systems and 
building automation systems (BAS) at the time of execution. A rising trend is 
that so-called monitoring-based commissioning (MBCx) solutions are gradually 
displacing traditional monitoring services (Butler et al., 2015; Brambley and Ka-
tipamula, 2009). The MBCx is a process of verifying performance and design 
intent that also helps to correct deficiencies. The MBCx can also be a continuous 
measurement-based paradigm, which affords improved risk management by 
identifying problems and opportunities that are missed with periodic Cx (Mills 
and Matthew, 2009).  
The MBCx represents ongoing commissioning with the goal of continuous buil-
ding performance improvement by way of data monitoring and analysis (Harris, 
2017) and it can help to maintain occupant comfort (Brown et al., 2006). Ho-
wever, as the MBCx does not work on its own and requires additional expert 
resources, this prevents its widespread adoption by property service providers. 
At the time of this research, automatic controlling processes are not advanced 
enough, as human intelligence and intervention are required. 

2.2 Indoor air quality (IAQ)

During the last 10 years, IAQ problems in the built environment have arisen as 
a national challenge in Finland, particularly in public buildings (Reijula et al., 
2012; Putus, 2012; Bukina, 2018). The issue has escalated because traditional 
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FMO processes cannot seem to respond to them with sufficient power and seri-
ousness. The biggest problems are a lack of necessary information on the phe-
nomenon of buildings and a lack of knowledge about how the occupants are 
prospering in a building (Halmetoja and Lepkova, 2020). 
The quality of indoor conditions is a critical factor contributing to occupants’ 
wellbeing (Salthammer et al., 2016; Schieweck et al., 2018). The effect of the 
quality of indoor conditions on work productivity is also an essential question 
(Wargocki and Wyon, 2013; Park and Yoon, 2011). The perceived indoor condi-
tion is a critical factor of the working environment (see e.g. van der Voordt, 
2004; Jensen et al., 2008; Frontczak et al., 2012; Tuomaala, 2013), which forces 
owner-operators to find new and effective ways to obtain accurate instantane-
ous data. The owner-operator must therefore develop technical solutions and 
processes that also meet the occupants’ needs. 

Background and related standards 

IAQ refers to the quality of air inside and around buildings and structures, 
especially as it relates to the health and comfort of occupants (EPA, 2019). IAQ 
is considered to be at its best when the senses cannot detect the air. Air quality 
is important for the wellbeing of both humans and the environment. Poor air 
quality can lead to numerous adverse health problems and may also cause vari-
ous diseases, such as respiratory system diseases (throat irritation, lung infec-
tion, etc.), asthma, allergy, hypersensitivity pneumonitis and humidifier fever 
(Leppänen, 2017). Poor air quality has also been linked to sick building syn-
drome, reduced productivity and impaired learning in schools (Norbäck, 2009; 
Li, 2013; Al Horr et al., 2016). 

Indoor air contaminations can be classified into four groups: chemical con-
taminants (e.g. carbon monoxide and formaldehyde), physical factors (e.g. tem-
perature and air velocity), biological agents (e.g. bacteria, virus, and mould) and 
radiation (e.g. radon). (IAQ Management Group, 2003.) 

Airborne pathogens, such as influenza viruses (e.g. ZIKV, MERS-CoV, SARS-
CoV, SARS-CoV-2), are known to spread by air (Fineberg, 2020; Lewis, 2020). 
The risk of infection is considerable in public places because of the higher den-
sity of people, the build-up of the airborne virus-carrying droplets is more likely 
and the virus likely obtains higher stability in indoor air (Sun et al., 2011; Ijaz 
et al., 2016). Therefore, when an epidemic or pandemic occurs, it is essential to 
take care that the ventilation rate is sufficiently high, air recirculation is ex-
cluded and the use of mixing is restricted (Qian et al., 2018). However, at the 
time of this research, no scientific evidence exists that viruses spread through 
ventilation equipment (Morawska and Cao, 2020). 

The relationships between building-related factors and perceived IAQ are 
well-documented (see e.g. Bakke et al., 2007; Simoni et al., 2016; Mečiarová et 
al., 2018). In workplaces, high work demands, poor work support and high 
stress are associated with decreased perceived IAQ (Brauer and Mikkelsen, 
2010; Frontczak and Wargocki, 2011; Bluyssen et al., 2016). Additionally, Finell 
et al. (2018) found that an increase in psychosocial problems in school-age chil-
dren was linked to decreased perceived IAQ.  
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There are IAQ-related EU regulations and/or legislations regarding pollu-
tants, products and buildings (Bluyssen, 2009). The most cited indoor air guide-
line published by the World Health Organization (WHO) in December 2010 
provides information and references for relevant policymaking. The guidelines 
listed the most common indoor air pollutants and their adverse effects on hu-
man health, which were supported by scientific research (WHO, 2010). In 2007, 
the European Union (EU) updated the strategy on environment and health to 
reduce diseases caused by the environment: Action 12 of the strategy concerned 
IAQ (EU Scientific Committee on Health and Environmental Risks, 2007). After 
extending the scope to carcinogens and mutagens, Directive 89/391/EEC cov-
ered Environmental Tobacco Smoke (ETS) in line with the WHO Framework 
Convention on Tobacco Control (FCTC), which went into effect on February 
2005. ETS is also classified as a carcinogen (Jantunen et al., 2011). 

Although the aforementioned standards limit the presence of certain harmful 
compounds and particles in indoor air, some other factors need to be consid-
ered. For example, a large crowd of people may significantly affect indoor con-
ditions. People carry contamination, such as dust, scents, odours and moisture, 
and produce tens of thousands of litres of carbon dioxide (CO2). They also carry 
thousands of kilograms of warm mass. Humans also carry pet hair, which may 
increase irritating and allergenic concentrations in indoor air, causing problems 
for people with allergies. Pets’ animal feed and bedding may also contain mites 
and microbes (De Lucca et al., 2000; Chan and Leung, 2018), and houseplants 
can cause allergic reactions (Schmidt et al., 2011).  

Besides the CO2 produced by respiration, IAQ is reduced by emissions from 
the building, furniture, equipment and people (Korhonen, 2011; Rivas et al., 
2019; Guo et al., 2020; Harčárová et al., 2020). Human action, upholstery ma-
terials and cigarette smoke also affect the quality of indoor conditions. Opening 
doors and windows occasionally can also cause unexpected indoor climate situ-
ations. As traditional building automation is not usually able to detect human-
made emissions, HVAC technology is unable to remove them from indoor air. 

Office equipment also loads indoor air. IT devices cause heat load and air con-
tamination, and most of these emissions originate from the materials used in 
the electronics industry. For instance, commonly used flame-retardant materi-
als may produce emissions that a human can sense as a tangy odour. Chemical 
compounds can also bind to dust particles and thus end up in the human body 
through respiration (Wensing et al., 2006; Cacho et al., 2013). 

High-level cleaning in offices can also release harmful chemicals into indoor 
air. Some cleaning chemicals cause an increased risk of asthma and chronic ob-
structive pulmonary disease (COPD). Initially, the risk affects professional 
cleaners, but over time, cleaning products may also leave a high concentration 
of chemicals in the indoor air of offices (Kildesø et al., 2003; Andersson et al., 
2010; Verdier et al., 2014; Salonen et al., 2018). 

Fibres, which are the most common non-organic particles in indoor air 
(Schneider, 2008), are usually derived from heat, flame and mineral wool ma-
terials used in insulations of HVAC equipment and structures. Reasons for 
emissions may be poor conditions of insulation, dirty air ducts and uncoated 
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acoustic materials. Those particles are relatively large and descend to surfaces 
rapidly. There is a relationship between these fibres and perceived health haz-
ards. Smaller fibres, which may deteriorate and hover in the air for some time, 
tend to mainly irritate the eyes, skin and respiratory system (WHO, 1996; 
Mølhave et al., 2005; Glasius et al., 2005). 

Technical IAQ factors 

Defects in building service systems may cause undesired situations in indoor 
air. Problems may manifest as a reduction or increase in temperature or an in-
crease in odours or CO2 level. Ordinarily, BAS have alert procedures for regular 
faults. However, the problem may be a consequence of a normal operation 
which may have been operating unnecessarily or at the wrong time. 

One of the most frequently occurring technical factors in indoor air conditions 
is the pressure difference between indoor and outdoor air. The difference should 
be as small as possible. According to Seppänen K. (2010), 25% of office buildings 
exceed 10 Pa negative pressure indoors, and both negative and positive pressure 
differences occur in buildings of all types and ages that are equipped with dif-
ferent ventilation systems. In tall buildings, a normal pressure difference typi-
cally occurs between the upper and the lower part of the building (Acred, 2014). 
Wind and temperature differences between outdoor and indoor air also cause 
harmful differences in pressure (Keskikuru, 2018). 

The pressure differences are harmful because they can cause uncontrolled air 
leakage and airflow via doors and other openings. Pressure differences can also 
cause odour, contamination of structures and the introduction of different pol-
lutants into the indoor air from outside (Airaksinen et al., 2004) which migrate 
into indoor air pollutants, such as radon, small particles, mould spores and their 
metabolic products, and industrial mineral fibres (Anderson, 2001; Albarracín 
et al., 2002; Korhonen, 2011). 

Managing the pressure differences is a complicated process. The harmful 
pressure differential is hard to prevent since, in most cases, they are as a result 
of wind gusts, doors opening, or some unexpected phenomena. The technical 
system cannot react quickly enough to prevent pressure impact on structures. 
Mechanical solutions should therefore be developed to compensate for the pres-
sure difference between the spaces (Holness, 2009). 

At the time of writing this research, a building’s pressure ratios were not usu-
ally measured or controlled by BAS. However, systems have begun to address 
this problem by installing pressure differential measurements and implement-
ing ventilation power controls. 

External IAQ factors 

External factors can be categorised as outdoor temperature, humidity, wind 
and sunlight (RT 05-10390). Outdoor temperature has a powerful effect on in-
door temperature. Typically, BAS compensate based on outdoor temperature; 
therefore, the system strives to keep the indoor temperature stable by adjusting 
the power of heating and air-cooling systems based on the outdoor temperature. 
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The cooling effect of the wind is significant only in particular circumstances, 
e.g. when the weather is very sunny or when the wind is carrying colder air (Bog-
danoviċ et al., 2018). If the outside temperature is lower than the internal tem-
perature, the wind can cause convections in or between the insulations, cooling 
down the inner wall surface. Typically, BAS do not have a wind compensation 
feature. In most cases, it is enough that the heating system reacts to wind simi-
larly as it does to outdoor temperature. 

Sunlight has significant warming and lighting effects (EUR 16367 EN). An ad-
vanced design can utilise both effects inside the building. Daylighting can create 
a dynamic indoor climate and a healthy and inspiring working environment. 
The warming effect can be utilised by thermal storing and phase change mate-
rials. Both effects can also be constrained by shading windows, gratings, sun 
blinds or tinted glass. 

Typically, BAS does not have automatic compensation for sunshine. The heat-
ing and cooling systems react to changes in indoor temperature after the 
changes have already happened. An automated grating system can adjust the 
quantity of sunlight intrusion, and advanced lighting systems can be automati-
cally adjusted according to the sunlight (Edwards and Torcellini, 2002). An au-
tomatic sunblind could also first inform the building service system of its activ-
ities and then cooling or ventilation systems can be activated (Boake et al., 
2014). 

The comfortable indoor relative humidity (RH) for humans is between 30% 
and 60%, and the outdoors RH varies between 15% and 100%. A low RH may 
occur in winter if an air supply moisturising system does not exist. In summer, 
the RH may be too high if the cooling system capacity is insufficient. Typical 
ventilation systems in Nordic countries do not contain moisture control fea-
tures, except for special premises, such as archives and museums. 

 

2.3 Facility management (FM)

FM (or facilities management) is a form of asset management concerned with 
the successful and profitable maintenance, operation and monitoring of build-
ings or properties (Alexander, 2013). FM represents an integrated approach to 
maintaining, improving and adapting an organisation’s buildings to promote a 
fertile environment that supports the organisation’s primary objectives (Atkin 
and Brooks, 2009; Barrett and Baldry, 2009). FM encompasses workplace, fa-
cility, support services, property, corporate real estate and infrastructure 
(Lepkova and Uselis, 2013).  

The ISO 41011:2017 standard defines FM as an organisational function which 
integrates people, place and process within the built environment to improve 
the quality of life of people and the productivity of the core business. EN 15221-
1 provides the following definition of FM: the ‘integration of processes within an 
organisation to maintain and develop the agreed services, which support and 
improve the effectiveness of its primary activities’. FM covers two primary ar-
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eas: space and infrastructure (such as planning, programming, design, con-
struction, lease, occupancy, maintenance, renovating, energy, environment, 
waste, workplace design, furniture, movement and cleaning) and people and or-
ganisation (such as reception, catering, hospitality, information and communi-
cations technology (ICT), IT, office supplies, travel, car park, accounting and 
marketing). 

Overall, FM aims to provide safe, healthy and efficient work environments for 
clients (GSA, 2011). As a young discipline, the FM business sector is developing 
continuously and rapidly (Elmualim et al., 2010). Recent developments show 
that FM evolves from operational to strategic level due to its ability to create 
value for the business (Meng, 2015). Although FM is not a new term, the level 
of professionalism has long been considered low when comparing the entire 
RE&C industry (Chotipanich, 2004). 

The Ministry of the Environment of Finland describes property maintenance 
and repairs as follows: 

Property maintenance consists of two types of activities: property ser-
vicing and upkeep. Property servicing comprises the regular activities 
needed for keeping the property’s conditions at the desired level. It co-
vers the servicing of the property and its technical structures, the repair 
of damages, cleaning, waste management and the maintenance of out-
door areas. Upkeep refers to the conservation of the property’s quali-
ties, either by replacing or repairing damaged and worn-out parts, in 
order to keep the relative quality standard of the property at the same 
level. (Ministry of the Environment of Finland, 2017.) 

 
In this dissertation, FM is seen as an activity whose primary goal is to create 

added value to customers by providing modern, safe and healthy work environ-
ments that can meet the changing needs of the customer’s organisation over 
time. This all must be done profitably and by contributing to achieving the 
owner-operator’s strategic goals. 

2.4 Facility maintenance and operations (FMO)

FMO is an essential part of FM (European standard EN15221-1). FMO in-
cludes the care and maintenance of (1) building and technical systems (includ-
ing the repair and replacement of technical systems) and (2) outdoor areas (CO-
BIM2012, Series 12). In the Finnish RE&C industry, FMO is considered an ac-
tivity that keeps the building in good shape, uses the building’s technology ap-
propriately, optimises energy use and ensures that occurrences and deviations 
do not cause damage or danger to people, equipment or structures. 

FMO is an information-based action. The more complex the building, the 
more precisely defined the information needs to be to service and maintain the 
building. At present, FMO actions mainly acquire information from a Comput-
erised Maintenance Management System (CMMS) or Computer Aided FM 
(CAFM) system. Other essential sources are a service request (SR) management 
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system, paper documents, an energy management system (EMS), and the sup-
pliers’ and manufacturers’ data sheets and instructions. Business knowledge 
(colleagues and experts) is also actively involved as an information source (Hal-
metoja and Lepkova, 2020). 

In this study, the significant stakeholders are the owner-operator, the occu-
pant and the property service provider. Each stakeholder has different priori-
ties: an owner-operator appreciates value preservation, productivity, continuity 
and an ability to produce a good user experience; an occupant prioritises usa-
bility, health, safety and cost-effectiveness; and the service provider focuses on 
profitability, continuity and increasing market share. The final goal for all par-
ties can be defined as a safe, healthy and productive working environment. 
Thus, stakeholders use their unique processes in pursuit of the same goal. This 
dissertation examines FMO processes from that viewpoint and identifies how 
BIM and field data can assist stakeholders in achieving their final goals. 

The analysis shows that FMO can be categorised into two sub-processes: prop-
erty maintenance and conditions management (see Figure 2.4.1). The six pri-
mary sub-processes of property maintenance are (a) fault repairs, (b) receipt 
and management of alerts, (c) general care and maintenance, (d) receipt and 
handling of SRs, (e) calendar-based maintenance and (f) remote monitoring 
and management (RMM). Conditions management includes monitoring and 
controlling conditions and reacting to events and everyday actions. 

 
 

Conditions management 

A significant reason for dissatisfaction with premises concerns problems with 
indoor conditions. Accurate statistics are not available, but due to the occur-
rence of moisture damage, it can be assumed that a significant portion of inter-
mittent leases are interrupted due to problems with indoor conditions. The most 
damaging and concerning issue is the smell of mould. According to some sur-
veys, 5 to 10 persons in one hundred report about the smell of mould in the 

Figure 2.4.1 The process and sub-processes of FMO. 
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workspace caused by moisture problems. The share was even higher (20%) in 
the public sector (Ministry of Social Affairs and Health, 2009). 

In Western countries, people spend an average of 90% of their time inside 
buildings (Rivas et al., 2019) and office workers spend about 20% of their time 
in their workplaces (Technology Industries of Finland, 2018). According to the 
WHO, exposure to contaminations in indoor air undermines people’s health 
and welfare and may cause various conditions, such as respiratory diseases, al-
lergies and irritations (WHO, 2000; WHO, 2010; Mendell et al., 2018).  

Therefore, IAQ is essential to the development of a good and healthy working 
environment, and living areas must have healthy, safe and comfortable indoor 
conditions in any typical weather and usage circumstances. Since 2018, Finnish 
national regulations no longer give indicative values or define airflows, as the 
responsibility was transferred at that time to HVAC designers, stating that the 
ventilation must provide a healthy, safe and comfortable IAQ in living areas.  

The system must also be designed so that the critical functions are controlla-
ble, monitorable and measurable. When maintained and used correctly, the sys-
tem must be able to last the intended service life (Ministry of the Environment 
of Finland, 2017). Energy-efficient construction has increased concerns with in-
door air pollutants, such as fibres, dust and volatile organic compounds (VOC) 
(WHO, 2010; Persily and Emmerich, 2012; Spiru and Simona, 2017). Reliable 
sensors to measure the impact of these on the health of indoor air parameters 
have become available in recent years. However, technology is not yet consid-
ered mature enough for large-scale use. Interpretation of the results also re-
quires specialised expertise (Srivastava and Mazumdar, 2011). 

The target of conditions management is to ensure that the indoor conditions 
stay at the approved level during worktime, which requires the entire building 
service technology to operate according to previously-designed plans and goals. 
The building service technology must also be used properly. To enable condi-
tions management, a building must be monitored and controlled continuously, 
and the responsible operator must be able to react to an unexpected phenome-
non and non-planned changes in conditions. 

Property maintenance 

Property maintenance began in the United States in the 1950s and 1960s and 
developed to its current form in the 1970s, and these markets emerged in Eu-
rope in the 1980s (Salaris, 2002; Ancarani and Capaldo, 2005). In Finland, the 
past 25 years have seen many development trends in real estate services and 
their production, which have meant new business opportunities for property 
service companies. Growth is driven by the retirement of enterprises’ technical 
staff, the ageing of machines and hardware, and the focus on core operations. 
Government organisations and most of the private processing and service in-
dustries have already outsourced their property maintenance, but organic 
growth in the market is still expected (Lith, 2017). 

In Finland, property maintenance is seen as a regular function which provides 
maintenance actions and management for technical systems, correction of 
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faults, replacement of broken devices, cleaning, waste disposal and manage-
ment of outdoor areas. It also includes the monitoring of functionality and tech-
nical conditions and the design and control of maintenance operations. 

Property maintenance aims to maintain the condition and other features of 
the property and support the value of the property. The level and funding of 
maintenance are based on the owner-operator’s strategy. The strategy of prop-
erty business is usually based on the modern portfolio theory (MPT) by Harry 
Markowitz (1991). MPT is a theory of investment which attempts to maximise 
the portfolio expected return for a given amount of portfolio risk or equivalently 
minimise risk for a given level of expected return by carefully choosing the pro-
portions of various assets. Based on MPT, the properties are divided into groups 
which may have different levels of maintenance. 

Related literature has presented several definitions of property maintenance 
(see e.g. Chanter 2007; Palmer 2006; Wheeler 2007). Gillespie (2015) divided 
property maintenance into corrective, preventive and condition-based mainte-
nance (CBM). Corrective maintenance is the most straightforward maintenance 
strategy, in which the different elements of the building are used until they fail. 
This strategy is often compared to unplanned maintenance, where organised 
maintenance does not occur and momentary needs direct all maintenance func-
tions. According to previous studies, even 5%-20% of building maintenance 
costs are a consequence of repairing unexpected faults and the expenses caused 
by them (Cho et al., 2007; Ishak, 2007; Heralova, 2014). 

Property maintenance can be divided into four levels: preventive, correctional, 
improving and top quality (ISO 9001/2015). Lepkova and Uselis (2013) defined 
the following four levels of quality of property maintenance: (1) minimal quality 
(stable structure, acceptable risk), (2) sufficient quality (customer satisfaction, 
minimal risk), (3) good quality (rise in the real estate value) and (4) outstanding 
quality (prestige). 

Pukite and Geipele (2017) indicated that the purpose of preventive mainte-
nance is to decrease fault-occurring risks and it is often compared to planned or 
cyclic maintenance. Preventive maintenance is a standardised and controlled 
procedure which adheres to a recognisable process. In preventive maintenance, 
the maintenance can be planned and the operations can be performed at the 
right time from the occupant’s viewpoint. Preventive maintenance also de-
creases indirect damage, reduces maintenance costs and increases the safety of 
the building. 

Shin and Jun (2015) described the CBM approach, which makes a diagnosis 
of the asset status based on wired or wireless monitored data, predicts the as-
set’s abnormality and executes suitable maintenance actions, such as repair and 
replacement, before serious problems occur. The optimal time to carry out the 
maintenance functions is decided in the condition assessments by each struc-
ture. CBM makes it possible to determine in advance the repair requirements of 
each individual structure, equipment and system before any damage takes 
place. 
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Customer service requests (SRs) 

Customer service encompasses all the activities that enhance value to consum-
ers (Levy and Weitz, 2007; Kursunluoglu, 2011). Customer service is also de-
fined as an activity that supports the company’s core product offering (Petti-
grew, 2008; Berman and Evans, 2007). In FMO, the purpose of customer SRs 
is to make the service personnel aware of the needs of the property, spaces, con-
ditions or maintenance services. A medium-sized major headquarters can have 
50,000 requests for service annually and four times that number of preventive 
maintenance items corrected. Not only its high volume makes it essential, but 
each of those SRs has a customer who must be responded to effectively (Roper 
and Payant, 2014). 

Maintenance-related customer SRs typically concern problems in IAQ, devia-
tions on maintenance services or technical faults in the building (Halmetoja et 
al., 2020). The service provider can receive customer SRs in separate ways: 
orally from person to person or by phone, or digitally by email or through a cus-
tomer SR management system. Digital functionality is recommended because it 
contains metadata and enables feedback to the customer, and the arriving SR 
can reach its necessary recipient irrespective of where they are at any given mo-
ment. 

This study focuses on indoor air-related SRs. Their function is to inform the 
property service personnel of IAQ problems that are not noticed using BAS or 
another monitoring system. Indoor air-related SRs have a strong impact on cus-
tomer satisfaction (CSat) (Lee, 2002) because they arise from an immediate 
need, such as when the room is momentarily too cold or warm or an abnormal 
odour is detected. Using a digital customer SR management system, the owner-
operator and the user may also be able to see the SRs to track the related pro-
cesses. 

Remote monitoring and management (RMM) 

RMM is the FMO procedure for monitoring and controlling building service 
technology from a distant location (Zolotová and Landryová, 2000; Roper and 
Payant, 2014). Traditionally, BASs are intended to be managed inside the build-
ing. The widespread development of PropTech (property technology) and smart 
building concepts has brought browser-based solutions, which connect systems 
to the Internet and allow them to be controlled using a remote-control program 
or Web browser (Shengwei and Xie, 2002; Dexter and Pakanen, 2001). 

RMM is usually operated by professionals located in a property service com-
pany’s control room, which operates as non-urgent support and is staffed on 
workdays (eight hours per day) or, less commonly, full time (24/7).  

RMM tasks can be divided into three categories: (1) alert control, (2) remote 
control and (3) remote monitoring. Alert control is a continuous activity to sup-
port facility engineers’ response to alarms. Remote control consists of periodic 
repeated monitoring and reporting of detected problems to the local team. Re-
mote control can also change automation settings in collaboration with local 
personnel. Remote monitoring supports the local staff in troubleshooting and 
improves the property service provider’s chances of detecting and repairing 
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faults before they affect the indoor environment. Remote monitoring is also cru-
cial in detecting and preventing slowly-evolving indoor climate problems, which 
can only be identified by exploring long-term graphics. 

RMM supports all stakeholders: the property service company gets the best 
information on all buildings and can reach their indoor condition-related tar-
gets; the occupants obtain optimal indoor conditions and avoid unexpected in-
terruptions of use, and the owner-operators gain high customer satisfaction and 
decreased long-term maintenance costs. 

2.5 BIM

The theory of BIM 

The term BIM can be used to describe a building information model, building 
modelling, three-dimensional (3D) Computer Aided Design (CAD) software and 
technology related to building modelling. However, for the sake of clarity, this 
dissertation uses BIM solely in the context of a building information model. 
Terms such as BIM modelling, BIM software and BIM process are used in other 
settings.   

BIM modelling represents the process of development and use of a computer-
generated model of planning, design, construction and operation of a building 
(Azhar et al., 2008; Eastman et al., 2011; Sarkar and Modi, 2015). Previous 
studies of BIM have focused mainly on the planning and construction stages, 
integration of databases and BIM, and using BIM as a tool for managing the 
building’s lifespan (see e.g. Krygiel and Nies, 2008; Hardin and McCool, 2015; 
Luo and Chen, 2014; van Berlo and Natrop, 2014).  

According to the National BIM Standard-United States (2015), BIM is a digital 
representation of the physical and functional characteristics of a facility that has 
transformed how a building is conceived, designed, constructed and operated. 
BIM aims to make the information explicit so that the design intent and pro-
gram can be immediately understood and evaluated (McNeil et al., 2010). BIM 
also facilitates controlled decision-making and support of the information flow 
within the design group, and between designers and the client (COBIM2012, 
Series 4).  

By supporting the on-demand generation of documents in a consistent BIM, 
BIM modelling increases the speed and accuracy of transmitted information, 
reduces costs associated with a lack of interoperability, automates the checking 
and analysis process, and supports operation and maintenance activities (GSA, 
2011). 

Although BIM can be adopted and implemented in numerous ways, it is 
mainly created in a software-facilitated process used by architects, engineers 
and contractors in the construction industry (Fountain and Langar, 2018). 
However, BIM is much more than mere drawings (McNeil et al., 2010); it can 
be seen as a data repository of building design, construction and maintenance 
information that is combined with one ensemble for sharing to all stakeholders 
(Grilo and Jardim-Gonçalves, 2010; McNeil et al., 2010). BIM also facilitates 
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solving several challenges in the construction industry by integrating stakehold-
ers, fixing problems in information and data flow, enhancing quality and in-
creasing the processing speed (Ashcraft, 2008; Succar, 2009; Becerik-Gerber 
and Rice, 2010).  

A strength of BIM is the ability to store, synthesise and visualise both semantic 
and relational information along with the geometry. Each of these types of in-
formation is critical to work orders: geometric information identifies the loca-
tion, relational information contextualises the work order within the building 
and semantic information contains the key content (McArthur et al., 2018).  

BIM modelling offers the following advantages: (1) increased efficiency and 
improved design evaluation and communication, (2) reduced errors due to bet-
ter coordination and minimising conflicts, (3) improved simulation and optimi-
sation, (4) automatic generation of engineering documents and (5) reduced 
maintenance costs and time by providing information for FM (Cheng and Wang, 
2010; Popov et al., 2010; Xin, 2011; Han, 2012; Wang et al., 2013). 

According to Cooperation Research Centre (CRC) for Construction Innovation 
(2007), the key benefit of BIM is its exact geometric representation of the build-
ing elements in an integrated data environment. Other advantages include the 
following: 

- Faster and more effective processes: Information is easily shared, can 
provide added value and can be reused. 

- Better design: Building proposals can be reliably analysed and simula-
tions can be carried out quickly and performance benchmarked, thus en-
abling better and innovative solutions. 

- Controlled life-cycle costs and environmental data: Environmental per-
formance is more predictable and lifecycle costs are better understood.  

- Better production quality: Documentation output is flexible and exploits 
automation.  

- Automated assembly: Digital data of products can be utilised in down-
stream processes and in the manufacturing/assembly of structural sys-
tems. 

- Better customer service: Proposals are better understood through visual-
isation.  

- Lifecycle data: Requirements, design, construction and operational infor-
mation can be used in FM. 

BIM manages the majority of digital data of a construction project. Therefore, 
it is essential that designers agree with the data transferring format and the re-
sponsibilities of the stakeholders before design begins (Halttula, 2020).  

BIM data transferring 

An asset data model, or asset information model (AIM), describes aggregate 
data collected from all sources that support the ongoing management of assets. 
AIM is an information management model that contains the information and 
documents needed during the operation and maintenance phase. Such infor-
mation could include the original design goals of owner-operators, relevant re-
search, functional performance details and 3D models developed in the project. 
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The data of the completed project is transferred to the AIM following the re-
quirements set in the information exchange requirements (ER or IER). This 
process is detailed in ISO 19650-1 and 2 (2018).  

Industry Foundation Classes (IFC) is an XML-based international construc-
tion industry standard ISO/PAS 16739 (2018) for the transfer of object-oriented 
data from one computer system to another in BIM modelling. This file format is 
used to transfer design data between CAD systems and from design software to 
various analysis and production software. An IFC process only transfers 3D ge-
ometry and parameters; thus, an IFC file is a kind of tabular description of the 
contents of the BIM model. Architecture, engineering and construction (AEC) 
designers design what a customer orders. To include the information required 
in the FM, it is essential to define the ER or IER, as well as the principles of data 
management (DM) and shared product libraries at the contract stage (Hal-
metoja and Lepkova, 2020). 

BIM in MEP design 

One of the main advantages of BIM modelling is the visual coordination of the 
building systems, such as mechanical, electrical and plumbing (MEP). BIM can 
also detect possible collisions and other conflicts between MEP and other build-
ing systems (Sarkar and Modi, 2015), known as a clash detection process 
(McNeil et al., 2010; Arayici et al., 2010). BIM can thus resolve conflicts before 
actual construction takes place, which saves time and money (Kumar and 
Mukherjee, 2009). In practice, old and new design methods are partially mixed 
in creating BIMs; however, these methods are not sufficient. For example, Mäki 
et al. (2012) discovered that even when a clash detection is identified, the prob-
lem may still exist on the construction site. 

COBIM2012 Series 4 defines the content of the MEP model at a general level. 
The specification is usually sufficient to design and construct the building, but 
the owner-operator may have additional requirements. In practice, MEP de-
signers do not store all information in the BIM. For example, the ventilation 
unit is often modelled as a single object with specific functional properties, such 
as air or heat capacity. The components of the ventilation unit are usually not 
shown in the BIM, but they are recorded in a separate table or database. Some-
times, only the geometry of the object is shown in the BIM for space reservation, 
and the detailed data are stored in supporting software.  

Similarly, the electrical designer does not model the power distribution board 
but draws a box with certain features, such as maximum power and protection 
class. Components, such as miniature circuit breakers, contactors, relays and 
fuses, are only recorded in the manufacturer’s datasheets. Usually, these data 
are handed over in a PDF file or on paper that is not machine-readable. 

Sometimes copyright issues occur when transferring BIM to the subscriber 
(Thompson and Miner, 2007; Azhar et al., 2008). For example, some MEP de-
sign software creates project template files, such as MagiCAD MEP, EPJ or 
MRD files, which contain the metadata associated with the project (Progman, 
2017). An MEP designer may consider that these files contain company-detailed 
development that they do not want to be disclosed to a competitor. However, 
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MEP files include crucial information for the electrical plan, such as object sym-
bols, object metadata, luminaire position numbers and cabling information. 
Without project template files, the DWG files are mere visualisation because the 
intelligence of the planning is missing. It is especially important that the de-
signer hands those files to the subscriber with as-built BIM, that represents the 
updated digital content of a constructed building. Otherwise, the designer of the 
next project will not be able to take advantage of the BIM created by the previous 
designer. 

When the building is completed, the MEP designers must update their BIMs 
to correspond with the final implementation (see COBIM2012, Series 3, 4, and 
5). The goal is that the as-built BIM corresponds with the installed and con-
structed result and can be used as the basis for FM, building maintenance and 
modifications made during occupancy. Ideally, the as-built BIM includes the 
product data for the components that the contractors have selected within the 
limitations permitted by the MEP design software (ISO 19650-5, 2020). 

BIM in construction  

BIM modelling is widely used in construction projects for quality control, time 
management and financial control (Li Juan and Hanbin, 2014; Azhar et al., 
2015). BIM is also used for cost planning and estimating, safety checking inte-
gration for dynamic safety analysis, and dynamic construction site safety man-
agement (Wilfred et al., 2010; Kiviniemi et al., 2011; Zhang and Hu, 2011; Zhang 
et al., 2012). Di Giuda et al. (2015) claimed that BIM could help to avoid inac-
curacies and solve the problems of construction and reconstruction. Although 
BIM has been increasingly applied in new construction projects, it is still rarely 
used in building renovation and reconstruction projects (Volk et al., 2014; Zhao, 
2017) because of the lack of reliable output data, which leads to uncertainty or 
multiple modelling work. 

BIM is most frequently perceived as a tool for visualising and coordinating 
design and construction work, avoiding errors and omissions, improving 
productivity, and supporting schedules, safety, cost and quality management on 
construction projects (Zuppa et al., 2009; Na and Korman, 2010; Arayici et al., 
2010; Lu et al., 2015; Halttula, 2020). BIM is also seen as beneficial in the prep-
aration of schedules and estimates, tracking and managing changes, and man-
aging site logistics (Pooyan et al., 2009). BIM also allows an analysis of the cur-
rent situation, solving problems with information management using team-
based collaborations between project participants and integrated project deliv-
ery, establishing a common data environment and initiating the use of BIM-
based procurement (Ustinovičius et al., 2017).  

In addition, BIM technology can comprehensively enhance the efficiency of 
the construction bidding process. For example, quantities can be calculated ac-
curately from quantity take-offs, such as material lists, which comprehensively 
improve the rationality of the bidding quotation and management (Jianping, 
2011; Zhan et al., 2013; Ang and Gang, 2014; Taboada and Garrido-Lecca, 
2014). 
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BIM in commissioning  

At the time of this research, utilisation of BIM in Cx has been addressed in 
some publications (see e.g. Becerik-Gerber et al., 2012). Wu and Issa (2012) 
stated that BIM-enabled commissioning facilitated the commissioning process 
by accomplishing critical commissioning tasks, empowering project team col-
laboration and streamlining the generation of commissioning documentation. 
However, their orientation remains at a general level. Kaneva (2017) empha-
sised BIM’s visual appearance contributing to its success during commission-
ing.  

In turn, BIM simulations are considered an excellent tool for supporting the 
commission process. Simulations can be used for comparisons between the 
planned and actual values (see e.g. Katipamula and Brambley, 2005; Azar and 
Menassa, 2012; Samuelson et al., 2014). The simulated values can include en-
ergy consumption, airflow, temperature level, thermal stability, lighting and in-
door condition. Simulations facilitate the detection of differences between the 
actual results and planned targets. They also help the service provider reach 
their indoor condition and energy consumption objectives (Lee et al., 2007; 
Rogers et al., 2013). 

This dissertation has identified several new functions for using BIM in com-
missioning. The interviews executed in this research identified the following 
uses: 

1. Training the local service staff. 
2. Designing the implementation of workplace services. 
3. Measuring service staff work. 
4. Estimating the need to maintain tools and machines. 
5. Checking security and available regions. 
6. Planning rescue routes in case of emergency. 
7. Identifying safety risks for service staff. 
8. Locating emergency exits for users. 
9. Facilitating detection of HVAC defects and deviations. 
10. Comparing HVAC’s planned and actual operating values. 
11. Comparing planned and actual energy consumption. 
12. Identifying HVAC components for maintenance. 
 
BIM’s visual features can also be utilised to describe the shape of the building. 

BIM offers a view for the building to facilitate the understanding of the effects 
of system-level faults and deviations. 
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Figure 2.5.1 presents potential BIM use-cases in a commissioning process. For 

example, the planning of property services may start months before the building 
completes. The transferring routes for machines can be figured out and the ma-
chine-made and handwork cleaning areas can be defined. The need for special 
tools, measuring devices and cleaning machines can be identified. Service staff 
training, the mapping of work safety risks and the designing of workplace ser-
vices can be started many weeks before completing a building. The occupant’s 
rescue department can also begin to plan rescue operations months before 
building completion.  

BIM can be used in the bidding of property maintenance and services before 
the building is completed. BIM can also offer information for measuring the 
amount of the necessary personnel, estimating the required expertise and find-
ing out which special tools or machines are needed. The need for high-position 
working, for example, replacing lamps in lobbies, auditoriums or stairs, may be 
detected necessitating the needs for ladders or cranes. 

BIM can also be used as a platform for official rescue planning. In the case of 
fire, a fire brigade can utilise BIM to estimate the safety of intrusion into the 
building and rescue authorities can improve their emergency planning. The 
smoke and fire simulations give information for getting people out of the build-
ing in case of crisis. People flow in an emergency can also be simulated. 

The security plans can be finalised once the users take occupancy of the build-
ing. During construction, it is not always known where the boundaries of ten-
ants will be. The escape routes are not known in advance because even in the 
case of rescue, they may be not allowed to move through the area of another 
tenant organisation. As such, emergency advising can only be implemented af-
ter users are settled into the building. 
  

Figure 2.5.1 Potential BIM use-cases in a commissioning process. 
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BIM in FM and maintenance 

After a construction project, the owner-operator receives the BIM from the 
general contractor to move the building to the post-construction phase. While 
little use of BIM has occurred in post-construction activities, exceptions have 
begun to emerge (Eastman et al., 2011; Pärn et al., 2017; Halmetoja, 2019). Ear-
lier solutions primarily used BIM information content only superficially and 
concentrated on the visual appearance, and previous studies have focused on 
only one or a few IT systems, such as one architectural software and a specific 
CMMS. At the time of this research, current BIM-based FM solutions are based 
on one owner-operator, one property service provider and one or few FM appli-
cations (see Yu-Cheng and Yu-Chih, 2013; Yalcinkaya and Singh, 2016). 

Some recent studies have focused on presenting indoor conditions on 2D and 
3D visualisations and creating BIM-based FM software for facility engineers 
(Nical and Wodynzki, 2016; Aziz et al., 2016; Motawa and Almarshad, 2018). 
These efforts have been inefficient for the provision of workplace services and 
in communicating with occupants, such as dealing with SRs. Current indoor vis-
ualisations do not contain any technical data of the building and tend to present 
only an architectural appearance. 

It is widely understood in the literature that BIM modelling can provide ben-
efits throughout the life cycle of a building. Pittard and Sell (2016) suggested 
that many FM stakeholders can benefit from BIM. Yoon et al. (2009) claimed 
that BIM can produce and maintain information that is provided in a building 
project and can be applied to a variety of fields. Wong and Fan (2013) stated 
that BIM modelling enables lifetime information management, promotes sus-
tainable development, enables optimal service life and contributes to environ-
mentally friendly construction. Eastman et al. (2011) argued that BIM content 
can be utilised in systems that are used throughout the entire life cycle of a 
building.  

Cheng et al. (2016) proposed a facility maintenance management (FMM) 
framework based on the BIM and FM systems (FMSs) that can provide the au-
tomatic scheduling of maintenance work orders (MWOs) to enhance good deci-
sion-making in FMM. Ustinovičius et al. (2018) presented the conceptual model 
of BIM-based design and refurbishment. The proposed new approach presented 
in this model creates a knowledge-based decision-making environment for re-
furbishment strategies and quality control, and thus creates the preconditions 
to bridge the gap between expected and actual energy performance. Heaton et 
al. (2019) presented the methodology that enables the extraction of BIM-related 
data directly from a model into a relational database for integration with exist-
ing asset management systems.  

Kang and Choi (2018) modified a BIM-based work scenario and showed how 
the FM process could be more efficient when applying BIM technology. 
Pishdad-Bozorgi et al. (2018) defined and examined one of the first few pilot 
implementations of FM-enabled BIM; they discussed the challenges encoun-
tered and the lessons learned, and they proposed a research framework for fu-
ture researchers to systematically and strategically build a knowledge founda-
tion in BIM for the FM field.  
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Application of technologies, such as BIM in FM, requires significant changes 
within organisations. Cavka et al. (2017) developed a methodology to under-
stand the owner-operator’s requirements, identify needed information and de-
termine how the information relate to the BIM. This covers many requirements 
for BIM-enabled project delivery and asset management within the organisation 
and leads to significant improvements in workflows. 

Inventory modelling 

Current construction activities in Finland are primarily oriented towards ren-
ovation projects (Ministry of Finance, 2019). No accurate information exists, 
but it has been found in this research that most of the existing buildings do not 
have BIMs. However, most buildings usually have digital 2D drawings, except 
old residential buildings and single-family houses.  

New use purposes for BIM are emerging continuously, and a demand has ac-
cumulated for BIMs for existing buildings. A BIM made for an existing building 
is called an inventory model. According to COBIM2012 Series 2, inventory mod-
elling is based on the measurements, inventories and investigations performed 
on-site. This information is supplemented by old drawings and other docu-
ments. 

BIM implementation in existing buildings holds great potential for FM and 
has significant benefits for FM. The benefits include as-built documentation of 
heritage buildings (Eastman et al., 2011), maintenance of warranty and service 
information (Singh et al., 2011), quality control (Boukamp and Akinci, 2007; 
Akinci et al., 2006), assessment and monitoring (Becerik-Gerber et al., 2012), 
energy and space management (Cho et al., 2010) emergency management 
(Arayici, 2008) and retrofit planning (Mill et al., 2013).  

The content of an inventory model varies considerably depending on the ex-
pected purpose of use (Volk et al., 2014). The minimum level contains the same 
information as existing 2D drawings, supplemented by the height location. Usu-
ally, MEP systems are modelled only by visible objects. In some special cases, 
the existing building service systems are modelled comprehensively to facilitate 
renovation and estimate the demolition costs. 

COBIM2012, Series 2 describes three levels for inventory models: 
- Level 1: Space model and sketch drawings. 
- Level 2: Building an element model and principal drawing-quality blue-

prints. 
- Level 3: Building an element model and detailed drawings. 
Some critical differences can be detected between inventory models and BIMs 

created in construction projects. A project-produced BIM comprises a vast 
amount of metadata and information of linked objects and hidden structures, 
which are missing in the inventory model. Correspondingly, an inventory model 
may contain measures of real structures which are not necessarily modelled in 
a construction project. An inventory model can also present historical sediment 
and give instructions on congruous ways of conducting renovations (Järvelä, 
2014).  
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A laser scan and the creation of 3D images based on 2D drawings are the most 
common options for creating an inventory model (Penttilä et al., 2007). To 
achieve a good result, these options require revision of the primary measures 
on-site. A tachometer is often used for setting point queues for laser scanning. 
Laser scanning can be divided into three options:  

a) A dome-shaped measuring method (regular laser scanning). 
b) A panoramic measurement method. 
c) A conical measurement method. 
Scanning generates a point cloud, which must be transferred into a CAD for-

mat for further use. The most advanced design applications are capable of uti-
lising the point cloud as such. 

In renovation projects, the following benefits of inventory modelling are that  
- designers do not need to collect unstructured data from many different 

sources, 
- they do not have to spend time on on-site measuring, 
- the design can start without waiting for someone to collect and transfer 

data to other stakeholders, and 
- all documents are relevant at the beginning of the project, resulting in 

more accurate planning and cost estimates. 
The economic impact of inventory modelling depends on several issues, such 

as the complexity of the building, the project scope and the validity of the design 
team. The case company has evaluated that the designer must spend 1.5 times 
more time on updating and three times more on orientation without the just-in-
time documentation. Above may cause 100 hours of extra work for an architect, 
with additional costs of EUR 5,000-10,000 per construction project. 

If other designers have the same amount of additional work, incomplete data 
can cause EUR 30,000 additional cost per project. By modelling the building in 
advance and keeping the other documents updated, the subscriber can obtain 
significant savings. An inventory model is cheaper to create in advance because 
a professional modeller is a specialist and works faster than the regular de-
signer. The quality of BIM may also be higher because an inventory model is 
created without the stress or workload of completing it while the building pro-
ject is already in progress. 

 

2.6 Field data 

Big data in general 

Big data is a fascinating trend that has been widely studied in several disci-
plines. Existing literature has defined big data as the ‘next management revolu-
tion’ (McAfee et al., 2012); ‘the next frontier for innovation, competition and 
productivity’ (Manyika et al., 2011); the ‘next big thing in innovation’ (Gobble, 
2013) and the ‘fourth paradigm of science’ (Hey et al., 2009). Gartner (2019) 
defined big data as ‘high-volume, high-velocity and high variety information as-
sets that demand cost-effective, innovative forms of information processing that 
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enable enhanced insight, decision making, and process automation’. There are 
also big data use cases in FM (Ahmed et al., 2017). 

In 2017, New Vantage Partners LLC interviewed different companies about 
their experiences with the benefits of big data. More than 80% of businesses 
thought big data investments had been successful in bringing business benefits. 
The companies reported cost reductions (50%), new ways to innovate (44%), 
creation of new products or services (36%) and increased turnover and new 
sources of revenue (32%) (Big Data Executive Survey, 2017). Another study gave 
percentages that are even more convincing. The companies obtained better stra-
tegic decisions (69%), improved process control (54%) and improved customer 
understanding (52%) and cost reductions (47%). In addition, some organisa-
tions reported an 8% average net sales increase and a 10% decrease in costs 
(Bange, 2015). 

The field data 

In the literature of RE&C industry, field data has been studied primarily from 
the perspectives of wireless technology, cybersecurity and business opportuni-
ties (see e.g. Hey et al., 2009; Manyika et al., 2011; McAfee et al., 2012; Gobble, 
2013). At the time of this research, the integration of field data and BIM has not 
been widely studied and their benefits have not comprehensively analysed (Ah-
med et al., 2017; Halmetoja, 2019). 

In this dissertation, field data is considered to be digital information created 
by the technical systems, operations and services, and humans, which has an 
impact on indoor conditions. An active part of the field data includes SRs, fault 
notification, energy consumption, alarms, indoor condition data and other data 
generated by sensors and gauges. The passive part of the field data includes sur-
face material and structural information, materials for property-service compe-
tition bids, and use and maintenance instructions. From this perspective, BIM 
can be considered passive data (Kensek, 2015; Halmetoja, 2019). 

So far, the limited availability of field data has been a problem. Traditionally, 
field data is created and used internally in technical systems and is not shared. 
Besides, most of the measured data is not stored, except for some samples in-
tended for the control and adjustment of building service systems (Ihasalo, 
2012). 

Coexistence is a crucial feature of field data and precise information is re-
quired in most decision-making processes (Fosso Wamba et al., 2015). For ex-
ample, if the indoor air temperature is measured hourly, a user complaint or an 
SR might be based on information that is no longer valid (Doherty et al., 2015). 
Usually, controls and adjustments must work in real time to reach the desired 
value (Kopetz, 2011). 

Another crucial feature is transience. As the original measured value is only 
available for a short time, its long-term utilisation requires storage. However, 
all potential data does not require storing. Available data is read, analysed and 
rendered, but only the salient part of data is expedient to store for future analy-
sis. Therefore, the first step in utilising field data is to identify the relevant data 
for FMO. 



25 
 

Typical for field data is that it has an exact location in the building and it can 
be joined to a specific object. The locating of field data is possible execute with 
BIM (Nguyen, 2016; Rowland, 2016; Dave et al., 2018). In addition, value of 
field data grows when it has been combined with other data. Reacting to given 
information also produces more data with more value than the original infor-
mation. 

This research reveals that the utilisation of field data is just taking the first 
steps in the real estate industry. Most experiments are centralised to better un-
derstand and use individual system data. For example, some companies use 
simple monitoring applications which demonstrate gauges and indicators, such 
as indoor condition stability and energy consumption. These solutions generally 
use data from building service systems and BAS or from separate sensors. Ex-
cept for some rare company cases, these solutions do not use BIM as a platform 
and have been made for the needs of one owner-operator or one property (East-
man et al., 2011). 

Building automation systems (BAS) 

BASs are a significant source of field data. BAS monitor and control the me-
chanical, security, fire and lighting, HVAC and humidity control systems in a 
building or across several campuses (Katipamula, 2011). 

In Finland, BAS is widely interpreted as a statutory system. The Land Use and 
Building Act of Finland (132/1999) requires building control and measuring 
systems to contribute to achieving the planned energy efficiency and monitoring 
energy consumption (Finlex, 2019). BAS also affects on the background of the 
Degree of energy efficiency of a new building (Ministry of the Environment of 
Finland, 1009/2017) and has an essential role in the implementation of several 
other pieces of legislation, even though they are not explicitly mentioned in the 
Act. 

The main task of BAS is to control the building service systems (Ihasalo, 2012) 
and to provide continuous energy management for obtaining energy and cost 
savings (Doukas et al., 2007). The BAS control most of the lifespan costs be-
cause the majority of these costs are generated during the use period (Bo-
genstätter, 2000; Hughes et al., 2003; Pulakka et al., 2007). The importance of 
energy consumption increases with the length of the life cycle. Inversely, the 
significance of BAS becomes more apparent when it expires, and faults and mal-
functions accumulate. 

In the 21st century, automatic building control has developed and evolved rap-
idly (CIBSE, 2000; EMSD, 2002; Gryzkewicz, 2004) and building automation 
technology has advanced significantly. The focus of development has been on 
networked, intelligent systems and broader utilisation of wireless technology. 
In addition to the growing demand for smart buildings, BAS design has become 
even more sophisticated (Clements-Croome, 2004; Cook and Das, 2005). 

In Finland, the types and age of current BAS vary considerably for historical 
reasons meaning their IT architecture, level of equipment, operation accuracy, 
and efficiency. Building service systems’ control and energy management appli-
cations are typically based on 1970s’ strategies. In addition, current  
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BASs are based mainly on technology and control algorithms developed in the 
1990s. Therefore, the systems are primarily classified according to their tech-
nical characteristics, such as better comfort, indoor air condition, energy con-
sumption and low maintenance costs, rather than the needs of users (Paiho et 
al., 2002; Dexter and Pakanen, 2001). 

Traditionally, BAS can provide on-off controls to other building technology 
systems and receive external data, though in a limited way (e.g. energy metre’s 
pulse input). Deep integrations with other building technology systems are rare, 
mainly because manufacturers comply with different standards. The standard-
isation of BAS has been divided to home and building electronic systems 
(HBES) and the office building standards for building automation and control 
systems (BACS) (SFS Handbook 670-5, 2013). Therefore, standardisation work 
on building automation is shared by several standardisation organisations. Ad-
ditionally, the specifications of data bus technology have been elaborated by in-
dustrial organisations (Salo, 2017). Internal communication of BAS is based on 
the Open Systems Interconnection (OSI) reference frame, which is a product of 
the Open Systems Interconnection project at the International Organisation for 
Standardization (ISO), maintained by the identification ISO/IEC 7498-1.  

BAS is characteristically a controlling and steering system which controls ac-
tive components using measured values. Generally, this information is intended 
for temporary use and cannot be read to an external system (Brambley et al., 
2005; Haves and Hitchcock, 2008). Therefore, external use of BAS-origin field 
data usually requires additional programming, which can be done using a sim-
ple JavaScript Object Notation (JSON) script that regularly records the desired 
values on the CPU of the system. The shared ontology and the principles of the 
semantic web should be followed (Berners-Lee et al., 2001).  

As regular BAS is usually unable to utilise external information, the following 
actions could overcome this problem: (1) replace an original sensor with a smart 
controller that can connect to the cloud service or (2) use a computer-origin 
message. In both cases, the control message is unchanged and the BAS does not 
detect that the sender was replaced, which enables the creation of new opera-
tions, such as anticipated control using weather forecasts. 

Application programming interfaces (APIs) are becoming common, enabling 
BAS to communicate with external systems. However, some impediments exist. 
First, there are no standard practices for integrations; thus, every combination 
is unique. Second, BAS operators comply with their company-specific patterns 
and the programming of systems may significantly differ. Third, the desired 
data has presumably not been gathered for retrieval. Fourth, the capacity of BAS 
is often limited. If extra sampling processes are needed to collect desired data, 
it can burden the system too much and cause its primary operation to slow down 
(Song et al., 2014). 

The fifth challenge involves detecting the false values and compensating for 
their effects in the receiving application. The accuracy of the receiving system 
depends on the accuracy of the source system; the data time stamp in the source 
system must also be ascertained. 
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The utility of the BAS data is the sixth challenge. Because BAS is characteris-
tically the process control system, the data is intended only for steering. There-
fore, it is not usually possible to analyse afterwards why the system made a spe-
cific operation or if it was operated correctly. 

In recent years, the cybersecurity of BAS has been a subject of particular in-
terest because BAS security vulnerabilities have been exploited, allowing intru-
sions into enterprises’ networks. DoS and DDoS (denial-of-service and distrib-
uted denial-of-service) attacks and intrusions to adjusting values and crucial 
steering have also succeeded (Tripathi and Mehtre, 2014).  

Granzer et al. (2010) claimed that the most significant security threats to BAS 
are vulnerabilities of a system that can be utilised to gain unauthorised access. 
Therefore, reliable and standardised security mechanisms are recommended 
solutions for secure communication and execution. 

Internet of Things (IoT)  

IoT is an emerging field data source. Many HVAC equipment and luminaires 
are IoT compatible. The same applies to office equipment and even simple hand 
towel dispensers.  

The term IoT generally refers to scenarios where network connectivity and 
computing capability extends to objects, sensors and everyday items not typi-
cally considered computers, allowing these devices to generate, exchange and 
consume data with minimal human intervention (Rose, 2015). A single defini-
tion for IoT does not exist, although competing visions agree that it relates to 
the integration of the physical world with the virtual world by any object having 
the potential to be connected to the Internet (Chui et al., 2010; Winter, 2015; 
Colakovic and Hadžialic, 2018). In this research, IoT is seen as a technology to 
collect field data in the built environment. 

The main idea behind IoT is to bridge the gap between the physical world of 
humans and the virtual world via smart objects. The smart objects allow the in-
teractions between humans and their environment by providing, processing and 
delivering any information or command. Sensors and actuators are integrated 
into buildings, vehicles and common environments, and they can report about 
their state or their surroundings (Makhoul et al., 2016). 

IoT networking involves balancing a set of competing requirements, such as 
endpoint cost, power consumption, bandwidth, latency, connection density, op-
erating cost, quality of service, and range. No individual networking technology 
optimises all of these. However, new IoT networking technologies will provide 
new choices and flexibility. Currently, 5G technology is facing high expectations 
(Mitra and Agrawal, 2015). 

IoT requires new thinking about cybersecurity (Lu and Xu, 2018; Chatfield 
and Reddick, 2019). Paradoxically, the same principle which is the strength of 
IoT – the ability to share information instantly with everyone and everywhere – 
creates a significant cybersecurity threat. Data are being shared in real time 
more and wider than ever before. Security solutions in the current IoT are just 
extra levels implemented to obstruct found security holes, but that is not enough 
with more and significant data increasingly transferred in the network.  
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In the real estate sector case, it is crucial to understand that the cybersecurity 
requirements are not concerning just equipment, components or organisational 
networks. Cybersecurity thinking must expand to service providing and its net-
working solutions as well. Considering cybersecurity in the design, construc-
tion, maintenance and management of built assets, the PAS 1192-5:2015 speci-
fication is suggested to comply when executing security-minded building infor-
mation modelling, digitalising built environments and smart asset manage-
ment. 

Wireless sensors  

Several authors have discussed using wireless sensors on buildings (see e.g. 
Agarwal et al., 2010; Gluhak et al., 2011; Abraham and Li, 2014; Tao et al., 2017; 
Dave et al., 2018;). Wireless condition sensors are also already being increas-
ingly adopted as an integral part of building automation (Rogers et al., 2013; 
Schieweck et al., 2018; Halmetoja et al., 2020). 

For an office building, wiring costs account for about 45% of the installed ex-
penses of BAS in a new building and almost 75% in a retrofit application (Huang 
et al., 2013). In a new installation, a wireless system can be 50% cheaper than a 
wired system (Matiko and Beeby, 2017). Wires and fibre optic tails are potential 
subjects for breakage and failure. They also limit the number of sensors and 
therefore reduce the quality and amount of the collected data.  

A wireless sensor network (WSN) is widely recommended for monitoring and 
controlling physical parameters and for monitor the presence of users in rooms 
(Wang, 2010; Cheng and Lee, 2014). Intelligent sensors, combined with mobile 
applications, can also support people operating in a building and allow Near 
Real Time (NRT) controls and adjustments of building service systems 
(Schieweck et al., 2018). 

Wireless sensors can also be integrated into mobile phones (Song et al., 2010) 
or be wearable (Antolín et al., 2017). One variation of wearable technology is 
radio-frequency identification (RFID) tags. Nielsen and Sørensen (2014) 
showed the benefits of installing wireless sensors inside structures for control-
ling moisture. These technologies are developing quickly and should be assessed 
to determine whether they can be instrumental in acquiring information to con-
trol and monitor indoor conditions and receive users’ feedback. 

Several benefits emerge from integrating WSN and BAS, including lower in-
stallation costs, flexible sensor placement and reduced failure caused by cables 
(Ihasalo, 2012). Wireless sensors offer a more extensive range of parameters 
than is typical for BAS (Österlind et al., 2007) and a WSN proffers easier de-
ployment and better technical flexibility of devices. Compared with regular BAS, 
WSN can be used for several additional purposes, such as space occupancy, 
noise, user feedback, people’s movements, equipment and service utilisation, 
the need for cleaning, and customer SRs. 

In the built environment, the most comprehensive option is to implement a 
separate WSN system alongside (or above) the BAS. Technically, an independ-
ent wireless system could complement the original BAS partially or even com-
pletely. Usually, the BAS works well with the basic controls of building service 
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systems, such as heating water flow and ventilation machine power. As most 
deficiencies occur in the management of indoor conditions, external sensors can 
provide accurate measurement data to solve these problems. For example, WSN 
can take care of indoor air freshness, users’ responses, lighting control and all 
foresight activities. The wireless solution does not restrict the expansion of the 
system. It also allows for advanced solutions for existing buildings without re-
quiring significant changes to the existing BAS. 

Similar cybersecurity principles arise that concern wireless sensors for IoT in 
general. For example, if the security fails, an intruder may gain access to the 
entire network by hijacking one wireless sensor. This can be prevented by ac-
cepting only particular traffic on the network. Additionally, as the condition sen-
sor is a simple device that transmits a specific type of data, blocking is hard to 
prevent; however, interference caused by sensor blocking or message spoofing 
can be mitigated by software settings. 

Other data sources 

Other data sources of buildings can be internal or external. The internal data 
sources are building-related databases, such as project, energy, property, rental 
and customer databases. IT systems, such as CMMS, room booking, occupancy 
rate measuring, time and attendance (TAS), customer SR applications and cal-
endars (Antimo et al., 2009; Yuvraj et al., 2010; Gluhak et al., 2011; Chasta et 
al., 2016) are essential data systems, and technical systems, such as security and 
lighting systems, bear high potential of useful data. So-called ‘human sensors’, 
digital smiley buttons and other customer feedback systems are also internal 
sources (Ihasalo, 2012; Tuomaala, 2013; Chen and Lee, 2014).  

External data sources are databases which are located outside of the building 
and are accessible via networks (Hashem et al., 2015). These include databases 
of manufacturers, contractors or service providers (Rogers et al., 2013; Hal-
metoja, 2019); public databases, such as releases in the news and public debates 
in online communities; and weather forecasts and traffic monitoring.  

The aforementioned data represent a non-specified format primarily, which 
may comprise text, numeric data and files. Typically, the data must be mined, 
analysed and processed before it is usable for other purposes. For this process, 
artificial intelligence (AI) and machine learning (ML) are often used. The re-
quired controlling and steering messages are created in a unique process either 
in the cloud service or in the specific software. Though the methods of deploying 
non-specified data are complicated, its opportunities are significantly more ex-
tensive than other data types. The best results are expected when combining the 
non-specified data with other data types for creating intelligent controlling and 
monitoring processes. 

Table 2.6.1 presents the potential types, sources and quantities of field data 
found in this research, as well as hypothetical use purposes of the data and dis-
covered results. 
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Table 2.6.1 Field data types and use purposes

Data type and source Quantity Use purpose Results 

Technical sources       
Building automation 
(a local server or a 
cloud service; cloud-
based building service 
systems) 

Room temperature                          
CO2 contamination                          
Relative humidity (RH) 
Volatile organic compounds 
(VOC)                      Dust                    
Pressure ratios                                  
Device alarms and maintenance 
data                
   

Combine the indoor 
condition data with the 
events of buildings  

High quality of indoor con-
ditions 

  
  Evaluate setting values 

to results 
High stability of indoor con-
ditions 

  

  Combine the character 
data of the conditions 
with other similar 
buildings 

The high functionality of 
BAS  

        

Internet of Things 
(IoT) 

Building empty/not empty             
Room in use/not in use                   
Occupancy rate room by room      
Occupancy rate by work desks      
People identification 

Control indoor condi-
tions on demand               
Detect popular and 
non-popular work 
desks                                    
Recognise the use pur-
poses of work desks         
Recognise cleaning 
needs                                
Enable people tracking 
and finding 

The optimal occupancy rate 
of facilities          
Optimal heating and venti-
lation power consumption      
Optimal use of rooms and 
workplaces                        
Individual control of build-
ing service systems                   
Optimal device use and ser-
vice                        Optimal 
cleaning                                      
Connecting people 

  

  

  

  

  

  

Lighting systems 

  

Current power demand                  
Colour temperature and illumi-
nation intensity 

Use lighting according 
to presence                   
Use lighting according 
to the task                          
Use lighting according 
to alertness 

Optimal energy use of light-
ing              Optimal work ef-
ficiency during the workday 

  

      

Security systems 
  

Occupancy rate                                
Building empty/not empty             
Room in use/not in use                   
Doors and windows shut/open     
Temperature too high/low             
Security alarm on 

Control indoor condi-
tions on demand               
Identify problems in 
use of a building                
Detect exceptional situ-
ations      

On demand-use of building 
service technology 

  
  Avoid unnecessary energy 

use 

  

  Control building service sys-
tems in exceptional situa-
tions 

  
  Fluent rescue and security 

operations 
      

External sources       

Authorities data-
bases 

 

Geographical location See a building as part of 
the entire built environ-
ment 

Energy balance of a building 
compared with others 

  

 
Official property data Compare building char-

acteristics to others on 
the city and borough 
level 

Proper resourcing of 
maintenance operations 

  

 
Building register data Combine the mainte-

nance data at the city 
and borough level 

  

          
Manufacturer's data-
bases 

Production faults and risks in 
devices 

Recognise risky devices Optimal life-cycle for build-
ing service devices 

  

 
Typical faults Update software auto-

matically 
Some unexpected break-
downs and downtimes 

  

 
User manuals and instructions Implement preventing 

maintenance 
Optimal service intervals 

  

 
Maintenance and service inst-
ructions 

 
Correct settings and use 
methods 
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Service providers' da-
tabases 

Information on maintenance 
and repair operations 

Recognise risky device 
types 

Optimal devices for certain 
use purpose 

Information of typical faults Collect information of 
device-specified 
maintenance and ser-
vice 

Optimal life-cycle of devices 

  Plan preventive mainte-
nance 

Some unexpected break-
downs and downtimes 

  
 

The tacit knowledge in com-
mon use 

      
Contractors' data-
bases 

Information on structural parts Track the guarantee pe-
riod and responsibilities 

No structural or material 
damage 

  

 
Information on moisture insula-
tions 

Recognise risky issues 
in the building 

Correct clean and service 
methods, tools and liquids 

  

 
Information on surface mate-
rials 

Obtain accurate infor-
mation for cleaning and 
maintain operations 

Optimal life-cycle and cor-
rect budgeting for renova-
tions 

          
Social media Releases in news, blogs and mi-

croblogs 
Recognise building-re-
lated phenomenon in 
public debate 

Avoided harmful social ac-
cumulations 

  

 
Public debate in online commu-
nities 

Identify public opinion 
related to a particular 
solution or device 

Satisfied occupants and 
good user wellness 

  

 
Virtual worlds, Wikis and other 
medias 

Interpret the values 
and trends of the work-
place communities 

Successful preventive 
maintenance and services 

  

 
  Improve the know-how 

of work wellness 
  

          
Public databases Weather data and forecasts Control indoor condi-

tions and energy de-
mand in advance 

High stability of indoor con-
ditions during weather 
changes 

  

 
Public traffic and timetables Plan service operations 

in advance 
Fluent work travelling 

  

    Inform occupants about 
traffic jams and timeta-
bles 

Easy use of public traffic for 
work traveling 

Internal sources       

Office IT applications Room booking system                     
Customer service requests (cus-
tomer SR) 
Time and attendance system 
(TAS) 
Calendars 

Control indoor condi-
tions on demand 

Optimal heating and venti-
lation power consumption  

  
 

Optimal cleaning 

  
      

Owner's databases Building and property basics          
Service schedule and events          
Technical faults and corrections   
Quality control results                     
Cleaning schedule and events 

Combine the mainte-
nance information with 
other data 

High quality management 
with accurate knowledge 

  

 
Verify service and 
cleaning events with 
conditions data 

Information on correlations 
of processes and customer 
SRs 

  

 
Verify customer SRs 
with conditions, clean-
ing events and quality 
control 

  

        
Energy databases Real-time consumption by 

types 
Consumption monitor-
ing on an accurate level 

Energy demand manage-
ment 

  

 
Historical energy data by types Verifying energy con-

sumption with other 
quantities and service 
events 

Need-based energy use 

  

 
Energy sub-metres Consumption forecast 

by combining historical 
data with weather data 

Automated fault diagnostics 

  

 
  Providing accurate con-

sumption and emission 
reports 

  

  

 
  Detecting correlations 

on processes and en-
ergy consumption 
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    Detecting technical 
faults and process 
problems 

  

Some details on field data provision and utilisation must be taken into ac-
count. Besides building automation, advanced building service systems are able 
to provide data independently. Cloud-based building service systems usually 
have an open API for data transfer, including historical data. Duplex data trans-
ferring can be allowed, for example, for opening or closing doors, operating with 
info-screens and controlling surveillance cameras (Roqueiro and Petrushin, 
2007). 

IoT devices are usually connected to cloud services of manufacturers or ven-
dors to send SRs and alert messages and receive software updates. This infor-
mation may also be available to the user of the device. If the device uses a prop-
erty network, it is also possible to collect data through it. In all cases, the collec-
tion of data from IoT devices requires the cooperation of the manufacturer or 
the vendor (Zhou, 2013; Schepis et al., 2019). 

Security systems have significant potential, but obtaining data from them is 
challenging because of strict access restrictions (Kurata et al., 2005; Ihasalo, 
2012; Chasta et al., 2016). In addition, the API is often missing and additional 
programming is required for data collection. Additional programming may of-
ten be forbidden because the vendor cannot necessarily guarantee the system’s 
trouble-free functionality afterwards. 

Utilising internal or external databases is often possible using regular IT solu-
tions (Petze, 2014). Databases always have an API and the data are saved using 
universal standards. Databases also allow the use of NRT data and historical 
records. Though the processes of deploying these data are complicated, their use 
purposes are significantly more extensive than those of the technical data. The 
best results are expected when combining internal or external data with other 
data types to create smart controlling and monitoring processes (Cheng and 
Lee, 2014; Buckman et al., 2014). 

 

2.7 Human-building interaction (HBI)

Human-computer interaction (HCI) 

It is essential to study HBI to understand how a smart building could support 
human activity. Without interactive solutions, the utilisation of a smart building 
will be incomplete and not all the benefits of intelligent technology will be real-
ised. A contemporary way to implement human-technology interactions is a vis-
ual interface (see e.g. Schneiderman and Plaisant, 2005; Preece et al., 2007; 
Röcker, 2009; Buckman et al., 2014; Dave et al., 2018; Solari et al., 2018). 

HCI is a research area focused on interaction modalities between humans and 
computers. The HCI discipline investigates and tackles all issues related to the 
design and implementation of the interface between humans and computers. 
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Research about HCI primarily concerns the design, implementation and assess-
ment of new interfaces to improve the interaction between humans and ma-
chines (Karjalainen, 2007; Montuschi et al., 2014; Saha and Mandal, 2015). 

As the primary task of HCI is to support human thinking and operating, its 
structure must correspond to a users’ mental model. A user should understand 
how the monitored system works, and animated events must correspond to the 
monitored processes. Without the exact model of thinking, the user can incor-
rectly interpret the information received from HCI. Therefore, HCI develop-
ment must be based on close cooperation with future HCI users (Halmetoja and 
Forns-Samso, 2020). 

The ideal HCI system helps people to analyse data and make decisions while 
data acquisition and implementation of low-level control strategies are auto-
mated (Sheridan, 2000). Empirical studies have shown that abstract and inte-
grated views on process data increase the effectiveness of performing routine 
monitoring tasks (Hollifield et al., 2008). The process data display is solidly 
based on situation awareness research (Wickens, 2008).  

The crucial role of HCI is to ensure that human and automated systems can 
collaborate. To do so requires transparency along the lines of the ‘ten challenges’ 
put forth by Klein et al. (2004) which they claimed were based on four princi-
ples: (1) there should be an agreement that the actors will work together, (2) the 
actors must be mutually predictable in their actions, (3) they must be mutually 
directable and (4) they must maintain common ground.  

Some building applications, such as BAS, use more or less simplified indus-
trial HCIs (Karat and Karat, 2011). The primary function of BAS is to monitor 
building service systems’ operations and enable their remote control. The inter-
pretation of BAS is complex, as it is intended for use by technical personnel 
(Brambley et al., 2005; Haves and Hitchcock, 2008). Therefore, it does not 
serve the use of occupants or owner-operators, even though it contains much 
useful information on indoor conditions and has a primary role in controlling 
energy use.  

Human-machine interface (HMI) refers to the user interface (UI) of a manu-
facturing or process control system. An HMI is often considered a UI or dash-
board that connects a person to a machine, system or device. While the term can 
technically be applied to any screen that allows a user to interact with a device, 
HMI is most commonly used in the context of an industrial process (Wücherer, 
2001; Nakatsu, 2001; Johannsen, 2001).  

Typical definitions of HMI cover various aspects of the interplay between hu-
man and machine, such as communication, interface paradigms, (mostly static) 
task assignment and system control (Bengler et al., 2012). Although HMI is the 
most common term for this technology, it is sometimes referred to as a Man-
Machine Interface (MMI), Operator Interface Terminal (OIT), Local Operator 
Interface (LOI) or Operator Terminal (OT). 

Human-building interaction (HBI) 

The existing literature discusses HBI within the academic field of HCI. Alavi 
et al. (2016) discussed about HBI with three arguments. First, new services in 
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HBI, such as sensing systems, computer vision algorithms, data mining meth-
ods, actuating systems and means of displaying information, are usually devel-
oped and studied in the HCI community. Second, environmental concerns call 
for new ways of utilising buildings and ways of life, work, and mobility styles, 
leading to different expectations from buildings. Third, buildings affect people’s 
short- and long-term experiences in many ways. As buildings become more so-
phisticated, HBI can be viewed as shifting to incorporate methods that are usu-
ally researched and designed by the HCI research community.  

The primary objective of HBI is to help users cope better with their daily tasks 
and achieve better work productivity. The UI can be, for example, a smartphone, 
tablet, laptop, doorway-display or separate touchscreen. The UI can carry links 
to smart services, such as monitoring indoor conditions, providing customer 
feedback, reporting customer SR and updating workplace services (catering, 
cleaning, garment, IT support services, etc.). An interface can also carry links 
for limited control of lighting, cooling and other building service systems. 

It is also possible to use advanced technology, such as virtual/aug-
mented/mixed or extended reality (VR/AR/MR or XR) solutions (Batty and 
Hudson-Smith, 2005; Liu, 2007). XR technology facilitates and speeds up the 
operation because the need to study several drawings or IT systems is removed 
(Malkawi and Srinivasan, 2004). However, that technology is only currently 
emerging phase and investment in current technology may not be profitable. 

Using HBI, a building can produce operational instructions for the occupant 
in a state of emergency involving a fire alarm, illegal treatment, or other dan-
gerous and unusual situations (Kurata et al., 2005; Nielsen and Sørensen, 
2014). A building can also inform the user about over-occupancy and exceptions 
in indoor conditions. The occupancy rate of the premises might be higher when 
it can be confirmed by measurement that the IAQ remains high even with a 
higher number of people (Agarwal et al., 2010; Labeodan et al., 2015). In addi-
tion, contemporary measuring of occupancy reveals popular and non-popular 
work desks and rooms, shows time-dependent use and enables the advanced 
design of office space. 

Reactive feedback is also an essential function of HBI. For example, a control 
system can track the accumulation of feedback and make adjustments without 
human involvement. A smart surveillance camera can allow the opening of a 
door for the identified person without using any key. Smart cameras are also 
capable of counting the number of individuals in the area (Roqueiro and 
Petrushin, 2007; Labeodan et al., 2015). Advanced cameras can also report new 
and recurrent visitors and calculate the number and length of visits. Similarly, 
an access control system (ACS) can recognise the individual by a wearable tag 
or smartphone and open the door automatically. A security alarm system can 
enable an automatic panic alarm or personal integrity alarm based on the user’s 
physical behaviour. 

The graphical user interfaces (GUIs) of buildings are still underdeveloped thus 
far. Problems with UI speed are largely unresolved, and definitions of useful 
content are missing, making it challenging to develop and deploy HBI solutions 
(Halmetoja and Forns-Samso, 2020). 
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Visualisation 

Human activity in the visible world is based on the sense of sight. Visual acuity 
enables the brain to recognise mobility, shape, colour, size, depth, distance and 
location. The brain can also identify familiar and strange things and analyse 
their consequences. The human sense of sight has developed to understand the 
world in three dimensions. However, unlike most animals, a human can also 
understand 2D drawings and images. Nevertheless, this feature means that hu-
man brains can also be fooled. For example, we can show an artificial 3D model 
on a two-dimensional (2D) screen and a human sees a 3D building with a depth 
extent, even though it is created with tapering 2D lines and levels (Martikainen, 
2012). 

Visualisation is a process in which data, information and knowledge are con-
verted into a graphical form utilising the natural ability of a person to visualise 
models and shapes quickly (Wang and Shen, 2011). Effective visualisation solu-
tions enable quick and efficient data manipulation, searching, navigating, filter-
ing and editing. These functions contribute to the detection and location of hid-
den patterns and regularities of the data. Visualisation is central to data mining 
(Bhatt, 2014). 

Information visualisation is the process of turning abstract data into a visual 
shape that can be easily understood by the user, making it possible to generate 
new knowledge about the relationship between the data (Niskanen and Kanto-
rovitch, 2010). The visualisations of the data allow the user to gain insights into 
the data and come up with new hypotheses (Keim, 2002). 

The rapid development of data visualisation emphasises the importance of 
various graphical presentations in organisational decision-making (Forns-
Samso et al., 2017). However, efficient utilisation of human visual capability is 
both an opportunity and a risk. If the interpretation of visual data leads to the 
wrong conclusion, incorrect decisions and actions may result (Mackinlay, 
2000). Creating efficient and effective visualisation solutions requires an un-
derstanding of the nature of the data and user needs and a selection of the right 
visualisation technology concerning the problem at hand. Empirical experi-
ences show that the interactive visualisations that allow users to navigate 
through the building and give feedback on the conditions of different rooms im-
prove user satisfaction (Niskanen et al., 2013).  

Visuality is one of the greatest strengths of BIM. Usually, humans can better 
understand a building from a 3D than a 2D visualisation. BIM allows multiple 
layers to be watched simultaneously, enabling the viewer to view larger entities. 
All information is available in one view, compared to traditional 2D images, 
which often require several drawings to be scanned (Tory et al., 2004; Alt-
hobaiti, 2009). 

Graphical user interface (GUI) 

The demand for a human-to-building interface will continue to grow as build-
ings become smarter and people become more aware of the opportunities con-
cerning the use of buildings. For example, the supervision of IAQ and the re-
porting for occupants requires a UI (Wersényi, 2010). 
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The GUI of a building can be considered an extension of an HMI. A typical 
HMI of building technology is a switch that turns a light on or off. In more ad-
vanced buildings, hardwired devices and electronic panels are used, and inte-
grated circuits are emerging. Entering the 21st century, personal computers and 
software have been created and the Internet has allowed telecommunications 
anytime and anywhere.  

A modern way to communicate with the electricity of the built environment is 
using a GUI (Gasparic et al., 2017). GUI and HMI are similar but not synony-
mous: GUIs are often leveraged within HMIs for visualisation capabilities. A 
GUI is a computer interface that includes graphical elements such as windows, 
icons and buttons. The benefits of different types of GUIs are widely explored in 
the literature (see e.g. Findlater and McGrenere, 2008; Griffin and Baston, 
2014). 

The most complicated GUIs can utilise data from several sources, such as BAS, 
and they can be based on BIM. A BIM-based 3D GUI is particularly interesting 
from a property service perspective because BIM allows quick access to a large 
amount of technical data via virtual drilling for seeing normally invisible objects 
and systems. Virtual drilling enables the identification of faulty equipment, the 
location of the causes of deviations and problems, and the identification of phe-
nomena and causal relationships, which helps the service provider speed up re-
pairs and prevent a recurrence of the problem (Halmetoja and Lepkova, 2020). 

Technically similar GUIs may be used for a variety of purposes. GUIs are used 
for controlling indoor conditions and detecting faults and deviations of building 
service systems. Additionally, the local property service crew uses GUIs of sev-
eral FMO applications, such as EMS, CMMS, CAFM and customer SRs. 

Some GUIs are designed for occupants’ use, such as those designed for moni-
toring indoor conditions, seeking vacant desktops, tracking people, giving feed-
back and sending customer SRs (Halmetoja and Forns-Samso, 2020), and they 
can be accessed via a mobile UI. The owner-operator can use a GUI for manag-
ing services, monitoring indoor conditions and obtaining user feedback. Prop-
erty managers can also use several other GUIs for other building-related appli-
cations. 

 

The digital twin of a building 

The development of digital twins (or digital replicas) of buildings is an emerg-
ing technological trend. In the real estate and prop-tech markets, some com-
mercial solutions have already been developed, which the vendors refer to as 
digital twins. However, there is no uniformity in terms of their usage, content 
or technical implementation, and their achievement requires a great deal of 
manual work (Warnick, 2015; Tao et al., 2017; Dawkins et al., 2018). 

A digital twin means the coupling of a physical system with its digital repre-
sentation so that any relevant change in the physical system can be detected, 
and a flow of data would cause a change in its digital representation (Dawkins 
et al., 2018). The concept, attributed to Grieves (2014), refers to the idea that 
digital twin is a digital informational construct of a physical system forms an 
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independent entity. This construct would be a duplicate of the information that 
is embedded within the physical system and be linked with it through its entire 
lifecycle (Grieves and Vickers, 2016). The term digital twin was introduced in 
2010 by NASA and further defined in relation to the Industry 4.0 trend and 
manufacturing (Negri et al., 2017). Digital twins are also considered a part of 
cyber-physical systems (CPS) (Al-Ali et al., 2018). In the real estate industry, 
the digital twin concept is primarily seen as a tool for product lifecycle manage-
ment (PLM) (Stark, 2015). The virtual and real systems are connected as they 
go through the four phases of creation, production, operation and disposal. 

However, industry and academia define the term digital twin differently. Ac-
cording to Tao et al. (2017), a ‘digital twin is an integrated multi-physics, mul-
tiscale, and probabilistic simulation of a complex product and uses the best 
available physical models, sensor updates, etc. to mirror the life of its corre-
sponding twin’. Another definition states that ‘a digital twin is an integrated 
model of an as-built product that is intended to reflect all manufacturing defects 
and be continually updated to include the wear and tear sustained while in use’ 
(Reid and Rhodes, 2016). Grieves (2014) describes the digital twin as ‘a sensor-
enabled digital model of a physical object that simulates the object in a live set-
ting’. Based on these definitions, it can be said that the digital twin is a digital 
copy of physical assets, processes and systems that can be used for different pur-
poses. The characteristic feature of all the definitions mentioned is that digital 
presentation provides both the elements and the dynamics of how a device 
works and lives throughout its life cycle. In this study, a digital twin is under-
stood as a UI for a building in which the field data is combined with the BIM for 
visual review, observation and control (Halmetoja, 2019). 

Miller et al. (2018) suggested extending 3D CAD models with behavioural data 
to create digital twins. Haag and Anderl (2017) developed a proof of concept for 
a digital twin by mirroring a beam bending test machine and running tests sim-
ultaneously on both a virtual mirror and the device. Their digital twin was cre-
ated in a CAD format and implemented in multiple functional blocks and finite 
element methods to carry out bending tests in real construction project.  

In practice, the digital twin shows how information can be used to replace re-
sources that would otherwise be expended, such as time, energy or material 
(Grieves, 2014). The value lies in the accessibility and use of accurate infor-
mation to perform specific tasks, which are represented virtually. More specifi-
cally, in the operations phase, this helps to improve the understanding of how 
efficiently and effectively certain behaviours or maintenance processes can be 
enhanced with virtual information. 

At the time of this research, digital twins have mainly been used for producing 
and maintaining industrial products. Implementing a digital twin of a building 
is still in the emerging stage, even though some large companies (including IBM 
and Microsoft) have published ideas on digital twins (Warnick, 2015; IBM, 
2017). However, these companies do not have a concept for a digital twin of a 
building, even though a few practical implementations exist. Their interests are 
focused on big data, IoT and AI, which are all needed for creating a real digital 
twin of a building. 
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Some commercial solutions already exist in the markets which vendors call 
digital twins (Halmetoja and Forns-Samso, 2020). They are all different in 
terms of usage, content and technical implementation. Some vendors claim that 
the 3D visualisation of a building complete with temperature measures or hu-
man tracking meets the definition of a digital twin. However, a 3D visualisation 
can be made from static drawings and does not necessarily simulate the real 
world in any way, nor do any of the existing GUIs match the definition of a dig-
ital twin (Grieves and Vickers, 2016). 

2.8 Work productivity

Although the healthiness of indoor air is the most critical factor for humans, 
IAQ also has other mechanisms of influence. Among other things, its effects on 
work productivity have been widely studied. The terminology is not fully estab-
lished as some researchers use terms such as ‘work efficiency’ or ‘work perfor-
mance’ instead of ‘work productivity’, but these terms all mean the same thing. 
For the sake of clarity, this dissertation uses the term ‘work productivity’. 

Dole and Schroeder (2001) have testified that employees who are more satis-
fied with the physical environment are more likely to produce better work out-
comes. Leaman et al. (2007) and Thomas (2010) identified occupant satisfac-
tion as an essential factor in the success of an organisation, recognising that it 
is as well regarded as a critical indicator of productivity.  

Occupant comfort is affected by different behaviours and social dimensions of 
the working environment (Fleming, 2004; Haynes, 2007a). Subjective aspects, 
such as privacy, collaboration, interaction and distraction also influence occu-
pant comfort (Heerwagen et al., 2004; Franssila, 2017). The office environment 
also affects occupants’ behaviour and social contexts (Haynes, 2007b). Space 
users and their work patterns together affect the physical and behavioural com-
ponents of an office environment that have an impact on work productivity. 
Therefore, office layout and comfort are part of the physical environment, while 
distraction and interaction are part of the behavioural environment (Haynes, 
2008). Occupants’ satisfaction with the workspace is also positively associated 
with job satisfaction (Veitch et al., 2007; Rothe et al., 2011). 
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Pogan (2014) divided productivity factors into the social relationships of the 
work community, the organisation’s productivity, the personal factors of the 
employee and the environment. Further, the environment can be divided into 
thermal conditions, air quality, acoustics and illumination (see Figure 2.8.1). 
According to Kamarulzaman et al. (2011), the colour of an office environment, 
noise and interior plants also have a significant influence on employees’ pleas-
antness and thus their work productivity. Boon et al. (2012) found that the pri-
mary factors of work productivity are income, reward and incentive, workplace 
environment, work-family-related factors and personality. However, the litera-
ture demonstrates that a specific factor may influence work productivity in a 
different way depending on the employees’ culture, education, genetics and so-
cioeconomic level.  

The effect of thermal comfort on work productivity has also been studied ex-
tensively (see e.g. van der Voordt, 2004; Jensen et al., 2008; Frontczak et al., 
2012; Tuomaala, 2013). Kosonen and Tan (2004) reported that the indoor con-
ditions (temperature and freshness) share of work productivity is 12% and Lan 
et al. (2012) showed that indoor conditions can affect office productivity by 
0.5%-5.0%. Further, Kosonen and Tan (2004) found that the effect of perceived 
IAQ on work productivity loss varies by 1%-10% when the clerical work includes 
75% thinking and 25% typing. 

According to Seppänen O. (2004), work productivity drops by about 2% per 
degree when the temperature exceeds 25°C. However, according to the classical 
theory of thermal comfort, due to personal differences, thermal conditions can 
never satisfy everyone. The share of dissatisfied people is always at least 5% 
(Fanger, 1970). 

The outer boundaries of a human thermal sensation are the sums of the sur-
rounding space, such as the operating temperature determined by air and sur-
face temperatures, the local movement of the indoor air and the RH of the air.  

Figure 2.8.1 Primary factors of work productivity. 
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Figure 2.8.2 presents relative productivity related to thermal sensation. Ther-
mal comfort is usually shown on a scale of -3 = cold, -2 = cool, -1 = slightly cool, 
0 = neutral, 1 = slightly warm, 2 = warm, and 3 = hot (Lan et al., 2012). Produc-
tivity is at its highest when the thermal comfort index is -0.5 (slightly cool) to 0 
(neutral). Thermal sensation is not absolute but depends on the anatomy and 
physiology of each person. Significant factors include gender, age, body mass 
index and muscularity, all of which affect people’s different types of tissue 
(bone, muscle, fat and skin) (Tuomaala, 2013). Operational temperature is not 
often measured in a conventional BAS due to relatively expensive technology 
(Wang, 2010). The same concerns exist regarding the measurement of VOC 
compounds, although the cost is decreasing due to the development of new tech-
nology. 

The most common solution for removing harmful pollutants is increased ven-
tilation, which also affects work productivity. For example, Seppänen O. et al. 
(2006) found a 1%-3% improvement in average productivity per 10 l/s-person 
increase in air ventilation rate. However, the amount of ventilation has its lim-
its; for example, a lightly dressed person begins to suffer from the cold wind 
easily. In the case of a harmful odour, increasing the power of the ventilation 
system is often made manually because VOC compounds are not usually meas-
ured.

Figure 2.8.2. Relative productivity related with thermal sensation (Jensen, 2008).
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3. Aims of the Study

3.1 Overall aims

This thesis combines the results of the original publications I-III. In addition, 
the results of a PoC project and a post-implementation experience sampling 
measurement are presented to demonstrate that the created new definition of 
the conditions data model (CDM) is valid, it is executable in practice and it pro-
vides expected results in real-life implementation. 

The overall aim of the current thesis is to present a new way to collect, store, 
analyse and utilise field data and BIM to improve the perceived indoor condi-
tions. 

The specific objectives are to 
1. assess how to introduce BIM in post-construction use, 
2. determine how to combine BIM and field data software- and vendor-in-

dependently and 
3. investigate how to improve perceived IAQ using BIM and field data.  
 
Three essential stakeholders are identified: the owner-operator, service pro-

vider and occupant. The research aims to support all stakeholders in reaching 
their goals: an owner-operator who strives to use the built environment to do 
profitable business, a property service provider who seeks to evolve their oper-
ations and obtain more profit, and an occupant who wishes to ensure that the 
working environment supports their work productivity in the best possible way.  

3.2 Research questions

Research question 1: How can BIM be introduced in post-construct-
ion use? 

There is growing interest in the RE&C industry to adopt BIM after construc-
tion. Despite many successful studies and experiments, earlier efforts have not 
led to a general approach. This study therefore examines the information con-
tent of existing BIMs and compares that to the content of CMMS to determine 
whether BIMs can operate as an information source for property maintenance. 
The study defines the role of BIM in property maintenance, describes the infor-
mation content requirements of BIM and presents a method for utilising BIM 
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in property maintenance. The overall goal is to contribute to the RE&C industry 
by introducing BIM in post-construction use. 

Research question 2: How can BIM and field data be combined soft-
ware- and vendor-independently? 

In the post-construction use of a BIM, the crucial question is how the static, 
geometrical data of BIM can be combined with continuously flowing NRT build-
ing data. Some successful experiments in this field have been made, but they are 
software- and owner- or vendor-dependent and are not intended for general 
use. The goal of this dissertation is to create a new, non-commercial method for 
combining field data and BIM; show how data can be created, analysed and pro-
cessed visually; and demonstrate how the property stakeholders can reap the 
benefits.  

Research question 3: How can perceived indoor conditions be im-
proved by combining BIM and field data? 

One of the most crucial questions for the entire RE&C industry is how to con-
tinuously ensure good IAQ in workspaces. Earlier efforts to combine occupants’ 
feedback with indoor conditions data were based on online surveys or other sep-
arate systems, and the data were combined manually. The aim of this research 
is to show that by using BIM-based positioning for occupants’ feedback and vis-
ualising accurate NRT data for a property service provider, it is possible to im-
prove perceived indoor conditions. 
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4. Materials and Methods

This research uses several scientific methods. A qualitative method is applied 
because the aim of the study is to find technical solutions for supporting human 
behaviour. The goal is to develop a deep understanding of a topic, issue or prob-
lem from a personal perspective. The exploratory nature of qualitative research 
helps to understand detailed information about a topic. Thus, it is possible to 
formulate a hypothesis before gathering data, thus helping the researcher to 
evaluate whether the prediction is correct (Crescentini and Mainardi, 2009). 
Status quo analysis was conducted using the literature of the industry to identify 
the research gap and avoid duplicate studies. The selected literature consists of 
scientific books, reviewed articles and other high-appreciated publications, and 
doctoral dissertations. Some master’s theses were also referenced when they 
were found to be reliable. The related standards, guidelines and instructions 
were also explored. All literature sources are mentioned in the text and listed on 
the reference list. 
Theoretical backgrounds of other research-related issues are described to the 
extent required necessary for this research. The theory and purpose behind 
building automation and the current system implementations are discussed in 
detail. Some attention is also given to cybersecurity to understand its role in the 
digital environment. 
The theory of BIM modelling is a vital part of the research, and its current use 
cases in design and construction are presented. The theories of HBI and GUIs 
are also studied, and their possibilities in the built environment are introduced. 

4.1 Theory synthesis

The theory synthesis brings together the theories applied in this dissertation 
and shows how the theme of the thesis is formed step by step from the collection 
of raw data to the making of conclusions. 

The primary target of this dissertation is to find ways to improve perceived 
indoor conditions using BIM and field data. Therefore, the theoretical back-
ground is extensive and contains facts from several scientific disciplines, such 
as constructing buildings and analysing human behaviour. The following para-
graphs address all relevant theoretical areas of the dissertation and provide a 
brief description of the essential findings from each area. 



44 
 

First, the common practices of Cx were explored and presented. It is important 
to examine these practices because the FM and maintenance and operations 
start in the commissioning stage. The developing needs for the content of hand-
over material and the commissioning process are shown. 

Second, the definition of IAQ was explored using standards and recent litera-
ture. A theoretical examination determined which factors affecting the per-
ceived IAQ can be measured and improved using technical solutions.  

Third, the investigation of the theory of FM was implemented based on Euro-
pean standards. The scientific research of the field was also utilised to obtain an 
in-depth understanding of how the FMO was defined internationally.  

Fourth, the theory of BIM was studied using international standards and CO-
BIM2012 guidelines. The theoretical investigation provides an unobstructed in-
sight into how BIM is created in the construction phase and what are the crucial 
aspects of post-construction use. 

Fifth, the theory of big data was explored using existing literature to under-
stand what field data is, how it behaves and how it can be collected and analysed. 
Based on theoretical understanding, the essential field data and the quality fac-
tors for collecting, analysing and utilising data were identified. The sources of 
field data were also identified, and their theoretical potential for producing us-
able data to improve perceived indoor conditions was examined. 

Sixth, the role and purpose of building automation were examined based on 
European standards, and the utilisation of the IoT-based systems was studied. 
In light of the standards and guidelines, the potential for improving the perfor-
mance of BAS using IoT-compliant devices was explored. 

Seventh, the theories of HCI, GUIs and HBI were explored to ascertain how 
humans can utilise the information generated by the built environment, while 
also influencing their environment. The theoretical background of visualisation 
was also investigated to establish how humans understand the visualisation of 
data.  

Eighth, the theory of digital twins was explored and the scientific research of 
the field was reviewed to find out how the digital twin concept was understood 
in the built environment.  

Finally, the theory of work productivity was explored to understand its corre-
lation with perceived indoor conditions. The theoretical approach was used to 
explore the potential of digital data to influence work productivity. 

Figure 4.1.1 presents how different theories have been used to support the dis-
sertation’s sub-areas. All results were subjected to an equal evaluation process 
to ensure comparability of the results. Finally, the theoretical background and 
the results of empirical research were used to make conclusions and the impli-
cations of the study were estimated. 
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4.2 Empirical settings 

After accomplishing the theoretical part by the literature, the approach was con-
tinued using five methods: (1) empirical analyses and experiments, (2) heuristic 
evaluation, (3) interviews, (4) online surveys and (5) experience sampling. 

 
 
   
 

Figure 4.1.1 The theory synthesis of the dissertation. 

Figure 4.2.1. The process of the grounded theory (GT) method. 
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The grounded theory (GT) method was used to construct the definition of the 
CDM from data, using comparative analysis. The idea of the GT method is to 
create a new theory using consecutive rounds of interviews. After the first 
round, the author shifts to more structured interviews to achieve theoretical sat-
uration. The results of the previous round are used to support the next round. 
In the analysis, each interview is systematically considered to create a new the-
ory based on the information obtained. Figure 4.2.1 presents the process of the 
GT-method. 

The collected material was grouped into appeared categories. The material 
was then analysed category by category to identify similarities and differences, 
with the goal of pursuing an understanding of the essential findings from the 
perspective of the research. The outcomes were then compared with the litera-
ture to find out how they supported or disturbed the empirical results. The next 
step was to evaluate the real-life requirements, benefits and challenges relying 
on theories presented in the literature. 

The material was analysed to find similarities or differences in a clustering 
stage. Next, the material was summarised to understand the content and focus 
on the objectives of the study. Finally, the essentials of the research were con-
ceptualised and conclusions were drawn using inductive inference.  

4.3 Interviews

Previous literature has defined interviews as a qualitative research technique 
which involves ‘conducting intensive individual interviews with a small number 
of respondents to explore their perspectives on a particular idea, program or 
situation’ (Boyce and Neale, 2006). Qualitative interviewing is based on a con-
versation in which the researcher asks questions and listens to the respondents’ 
answers (Bryman, 2012; Edwards and Holland, 2013; Warren, 2017). Inter-
views collect in-depth content in a one-on-one setting that enables a better un-
derstanding of the topic. Meetings also allow the researcher to ask follow-up 
questions and interpret body language. An interview gathers more information 
than a questionnaire and goes into a deeper level of detail. 

The author held six rounds of interviews with 62 persons. All discussions were 
transcribed but not voice recorded. The interviewees were selected based on 
their expertise and were highly experienced in their field. They were considered 
to have an excellent ability to illuminate the background of the research ques-
tions and give information that could not be collected in other ways. 

The interviews were grouped into thematic and semi-structured. In the first 
round, six thematic interviews were conducted without prepared questions. The 
interviewees were executives of FM companies, including the case company. 
They were chosen because top management decides on the use of BIM in the 
organisation. They also have an extensive view of the industry. Two of them had 
a PhD and four had an MSc degree with an average work experience of 25.2 
years.  

The second round consisted of 13 thematic interviews with senior researchers 
from research companies and BIM experts from AEC companies. These two 



47 
 

groups of professionals were crucial to interview because they work with BIMs 
and develop them. Two architects participated in the interviews, six were MSc 
graduates and five had a lower technical education. Their average work experi-
ence was 22.7 years. 

Eight people – one architect and seven engineers – were interviewed via semi-
structured interviews with pre-arranged questions in the third round. The in-
terviewees were experts in property maintenance and service, such as opera-
tional managers and forepersons. Their average work experience was 19.7 years. 

Eighteen interviews without precisely-defined questions were performed in 
the fourth round. The goal was to explore the views of professionals of FM and 
FMO to collect their views on GUIs. Two PhDs were interviewed on the subject; 
their average work experience was 32 years. Five interviewees held masters’ de-
grees in science-related fields; their average work experience was 23.8 years. 
Another five interviewees held engineering degrees and had an average of 20 
years’ work experience. The last six interviewees had professional degrees and 
an average work experience of 18.3 years. 

The purpose of the fourth round of interviews was to determine the following: 
(a) the primary use cases, (b) crucial features, (c) whether a 3D view is required, 
(d) whether BIM information content is needed, (e) the primary benefits for 
each stakeholder and (f) what essential aspects are related to creating a GUI for 
a building. 

The fifth round consisted of 17 thematic interviews with experts from property 
service, AEC, IT and research companies. All interviewees were team leaders of 
the Proof of Concept (PoC) project that has been presented in this dissertation. 
Their opinions on the definition of the CDM and visions of the future were 
mapped. These interviews involved 12 individuals who held an MSc and five 
with an engineer education. Their average work experience was 20 years. 

Finally, the same executives and experts of FM companies interviewed in the 
first round were interviewed again. Two and a half years had passed between 
the first and the last interview. The purpose of the last interview was to deter-
mine whether the executives’ way of thinking had changed and identify their 
attitudes towards the emerging business drivers. The last round included four 
interviews because two persons of the original group were unavailable for inter-
viewing due to personal reasons. 

4.4 Empirical analyses

Qualitative research methods are usually associated with inductive ap-
proaches, which are based on empirical evidence (Bharadwaj, 2000; Keil et al., 
2000). According to Ghauri and Gronhaug (2002), ‘the research design is the 
overall plan for connecting the conceptual research problems to pertinent (and 
achievable) empirical research’. The purpose of empirical research is to obtain 
research results by making actual observations of the subject and analysing and 
measuring it. In empirical research, the concrete and aggregated research ma-
terial serves as the starting point for research (Burns, 2002). 
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This study includes three empirical analyses. First, the existing key processes 
of the case company’s FMO were investigated to refine research goals and to 
find bottlenecks. Those processes were then explored and compared with stand-
ard methods, and their success ability was evaluated. The case company applies 
current FMO processes to about 4,500 buildings. FMO processes thus play a 
critical role in the wellbeing and work productivity of many occupants. Their 
indirect financial implications are also considerable. 

In the second analysis, the information content of BIMs was explored using 
the Solibri Model Checker (SMC) application. The analysis of device lists and 
task lists of a CMMS were manually explored to the required extent. An in-depth 
comparison of the content of the CMMS and BIM was made in 15 buildings. The 
required content of BIM was defined based on an online survey and interviews, 
which mapped the needed information to the day-to-day maintenance tasks. 

In the third analysis, a CDM solution was tested on a PoC project. The PoC 
was made in the office building where about 300 people work daily. The PoC 
lasted 15 months and the experiment with the occupants lasted six months. The 
first nine months were used for designing, implementing parts of the CDM and 
testing different functionalities. In the last six months, the occupants used the 
system as a part of their daily working environment. 

4.5 The heuristic evaluation

The purpose of a heuristic evaluation is to find usability problems using the 
product and identify the issues that arise in its use (Dix et al., 2004; Tan et al., 
2009; Thyvalikakath et al., 2009). In the heuristic evaluation method, the avail-
ability experts are attempting to develop their understanding of the usability of 
products (Nielsen, 2006). The assessor usually uses a heuristic checklist that 
helps to address certain types of problems. However, the heuristic evaluation 
does not uncover all issues and therefore does not supersede user testing, nor 
does it automatically provide solutions to the problems found. 

Experienced UI professionals executed the evaluation for six GUIs according 
to the heuristic evaluation theory and to the HCI theory (Solari et al., 2018; Ben-
yon et al., 2005). External heuristics experts were used to ensure the reliability 
and high quality of the results. A heuristic evaluation was accomplished based 
on experience of usability and heuristic evaluation tools. The assessment fo-
cused on best practices concerning usability and UI design, cognitive psychol-
ogy, human activity, detection and information processing, different assess-
ment methods (heuristic assessment, cognitive review) and expert experience. 

The heuristic evaluation method investigated the capability of available GUIs 
to serve as a tool for occupants and facility engineers in their daily work. The 
GUIs were evaluated from the following perspectives: versatility of the applica-
tion, ease of deployment, number and form of technical and other challenges, 
system functionality and reliability, and reporting features. The evaluation 
checklist included the following items: (a) the content of the interface in differ-
ent use cases, (b) application speed, (c) unnecessary features, (d) malfunctions 
and empty links, (e) the number of consecutive clicks, (f) the amount and types 
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of jargon, (g) the clarity of menus, images and layouts and (h) the content and 
readability of instructions. 

Evaluations based solely on heuristics performed by usability experts are chal-
lenging in 3D GUIs because verified guidelines do not exist. There are some ex-
ceptions, but for the most part, it is difficult to predict the usability of a 3D in-
terface without studying real users doing representative tasks (Bowman, 2002). 
Examples of this approach applied to 3D UIs can be found in Stanney and 
Reeves (2000), Pinelle et al. (2008) and Opiyo and Horváth (2008). 

4.6 Online surveys

This study used online surveys to collect personal opinions of related persons. 
Online survey enables remote access to hard-to-reach participants and allow 
automated data collection (Wright, 2017; Sandars and Schroter, 2007; Evans 
and Mathur, 2005). Online surveys also ensure that the researcher’s attitudes 
or behaviour cannot affect the responder during the survey (Hirsijärvi et al., 
2010). 

End-users are the most important stakeholders when introducing a new ap-
plication or service. Therefore, it is imperative to obtain their opinions before 
finalising the shape of the product. Gathering positive references or ‘my story’ 
from future users will improve opportunities for success when the final product 
is launched. The researcher can also collect these stories and receive guidelines 
for developing the questions for the surveys. 

Three online surveys were deployed to three groups of end-users: (1) occu-
pants, (2) property managers and (3) property maintenance and service staff. 
Focusing on groups allows for more detailed questions and engaging respond-
ents that form a small number of the target audience. This form of research is 
appropriate for testing how the different audiences will perceive a new product 
or service. 

The first online survey was intended to (a) find out the information require-
ments, quality and availability for the day-to-day property maintenance work 
and (b) map out whether BIM can close the information gap. The questions were 
compiled with the case company’s maintenance team and tested in advance. The 
scale according to Standard EN 15221-7 FM-Part 7: Guidelines for Performance 
Benchmarking (very poor, poor, average, good and very good) was used for most 
of the items (Joshi et al., 2015). The respondents were asked to rate each issue 
regarding its importance or significance. The respondents could use the same 
score many times. Every question has an option for additional comments. 

A web link to the survey was emailed to 479 maintenance personnel, supervi-
sors and bidders in five service provider companies. All the respondents worked 
or had recently worked on the case company’s properties.  

The second online survey, which was targeted at property managers, was im-
plemented during a summit related to real estate. The survey mapped managers’ 
opinions of the CDM’s UI for occupants. The survey was administered to 113 
people who were asked to try the quick response (QR) feedback service using 
their smartphones and give immediate feedback.  
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The third online survey was targeted at occupants of the pilot building of the 
CDM. It was conducted during the PoC project three months after introducing 
the QR feedback service. The request for answers was sent by email to 100 peo-
ple.  

4.7 Experience sampling 

The experience sampling method (ESM) allows individuals to record ‘on the 
spot’ thoughts and feelings in real-life everyday situations through self-report 
forms. The ESM method allows the researcher to capture the film rather than a 
snapshot of the daily life reality of participants (Myin-Germeys et al., 2009). To 
date, the ESM method has been applied in a wide variety of fields, such as mood 
disorder and dysregulation (Ebner-Priemer and Trull, 2009), substance use dis-
orders (Shiffman, 2009), music in everyday life (Greasley and Lamont, 2009) 
and job satisfaction (Ilies and Judge, 2004). 

The ESM was used to establish how the introduction of the CDM affects per-
ceived work productivity. Occupants’ experience of working was asked with ref-
erence to the current indoor conditions (temperature, air flow and air fresh-
ness). The respondents were asked to evaluate the perceived indoor condition 
as an affecting factor to the ongoing task. Because office work is individual, it 
mapped out how working felt from the perspective of individual employees. Par-
ticipants were volunteers from several government agencies and represented a 
wide range of education levels, age groups and genders. The maintenance team 
of the case company compiled the questions of the study based on earlier re-
views of the experienced work productivity (Ministry of Finance, 2018). 

Participants were asked to use their smartphones to answer questions over 
five consecutive days. Messages were sent by the background system between 
the hours of 8:00 and 16:00, once on each day of the study. An individual is 
likely to encounter most of the potential everyday situations that might affect 
work productivity in one working week (five days). Thus, this sampling interval 
was considered to reflect the most appropriate balance of sampling comprehen-
sivity. Each response required about a minute’s disengagement from the activity 
at hand. 

The ESM survey was implemented in two stages: the first query before intro-
ducing the CDM and the second survey after about one month’s use. The survey 
was implemented in seven buildings and sent to 211 persons.
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5. Results

This chapter presents the key findings of studies that have been published in 
articles I-III. Besides has been presented the proof of concept (PoC) project, that 
contains the test of the conditions data model, and results of the experience 
sampling survey. 

5.1 Publication I: Evaluating graphical user interfaces for facili-
ties

5.1.1 Case study description

This study evaluated six GUIs for buildings using related theories. The specific 
objectives of the study were to investigate (1) which kind of GUI best suits the 
needs of different users, (2) the content requirements concerning the users’ pro-
cesses and (3) which type of technical solution would be most appropriate for 
each user group. 

All the studied GUIs were designed for supporting owner-operators, occu-
pants and property maintenance organisations. The GUIs were compared based 
on the HCI theory, taking into account the perspectives of the stakeholders’ ser-
vice paths, motivation factors and use cases. 

Besides the specific objectives of the mentioned above, the other goals of this 
research were to identify the expected benefits, evaluate the usefulness of a BIM 
interface and recognise the crucial challenges when implementing the GUIs.  

The explored GUIs were designed for different purposes. Two of the GUIs 
were technical and were intended for controlling indoor conditions and detect-
ing faults and deviations in the building service systems. They both included 
condition measurements and had a 3D layout and a heatmap with quantities 
indicated by numbers on the layout. One of these contained the entire BIM and 
enabled access to all BIM objects while the other was based on a 3D visualisa-
tion. 

The other four GUIs were designed for the occupants’ use to monitor indoor 
conditions, seek vacant desktops, track people, give feedback and send SRs. Two 
of these had a 2D layout and the others had a 3D layout. One 3D GUI was BIM-
based, enabling access to BIM layouts, such as pipes and ducts. Three GUIs in-
cluded condition measurements and a heatmap with quantities indicated by 
numbers on the layout. One of them showed spatial types of room on a 2D layout 
and monitored occupancy and people tracking.  
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5.1.2 Results of the heuristic evaluation

The heuristic evaluation showed that all the studied applications were more 
or less incomplete. In half of them, the most significant non-motivational factor 
was their slowness, which especially hampered the use of the most complicated 
GUIs. Typically, the applications had an unfinished appearance, worked too 
slowly and had several unusable functions. In addition, some applications had 
fixed texts that seemed to be a link, and some links were hidden in the small 
text. There were also blank links and some links with incorrect addresses. 

It was noted that the lighter the application, the more comfortable and faster 
it was to use. The lightest applications also had less information than the most 
extensive ones. However, the evaluator noted that the user who required more 
information would be content to wait longer for it. 

The original purpose of the GUIs was to provide information about the build-
ing conditions and events, making it easier and faster to work on property 
maintenance and management. Visual views make it easier to see the property 
ensemble and locations on different floors of a building. However, the heuristic 
evaluation revealed that the added value remained limited in some GUIs. De-
pending on the intended user group, obtaining the information was slow or 
complicated, or the information was outdated or not understandable.  

5.1.3 Results of the thematic interviews 

The purpose of the interviews was to determine whether the GUIs facilitated 
the work of the interviewees, contributing to their way of thinking and acting, 
and increased their understanding of the building’s activities and phenomena 
to improve their work productivity. 

According to the interviews, the GUIs of the buildings were seen as solutions 
which enabled communication between the occupant, owner-operator and ser-
vice provider and made operations and conditions transparent. The interview-
ees saw that the property service provider could obtain new opportunities to 
speed up their processes by using a GUI. Indoor conditions monitoring was seen 
as a critical use case for GUIs. To obtain general information about the working 
environment was the next most important use case, followed by the possibility 
of making SRs.  

The interviewees said that they needed a system that could quickly ensure sen-
sory perception. They considered indoor monitoring to be necessary for all 
stakeholders in reducing uncertainty and enabling rapid intervention in solving 
problems. Generally, the GUI was seen as providing better occupant services 
and improved stability of indoor conditions. 

The 2D layouts were considered more demonstrative than the 3D layouts. The 
interviewees were concerned about the slowness of 3D visualisation and its ben-
efits were not seen as real. They also considered that 3D visualisation might be 
too complicated for a basic user. The interviewees also admitted that 3D visual-
isation is useful in special cases, such as for examining a complex technical sys-
tem. 
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Some interviewees said that the occupants did not need layouts at all and that 
information on the conditions of the building was sufficient. Almost half of the 
interviewees (47%) reported that a 2D layout was required and about every 
fourth interviewee (26%) preferred a 3D layout. None of the occupants said 3D 
layouts were more demonstrative than 2D layouts. 

A BIM was not seen as a crucial issue on the general level, but it was consid-
ered necessary for the service staff. A BIM was considered an excellent source 
of technical information, such as information on pipes, ducts and building ser-
vice system equipment. The interviewees found it helpful for service personnel 
to drill deeper into BIM data, but the size of the BIM file was thought to limit its 
usefulness. 

The interviewees considered it essential that the GUI enables predictive and 
observational activities that lead to better risk management and faster correc-
tion of faults. The remote monitoring of conditions and locating of a fault before 
arriving in the building were also considered useful. Finding the right room and 
monitoring colleagues’ locations were seen as useful for the occupants. 

The shortcomings in content, application slowness and lack of integration 
with FMO applications were seen as critical deficiencies. In particular, the slow-
ness of the GUI was seen as a severe problem which limits its usefulness and can 
lead to discontinuity of use. Privacy and cybersecurity were a matter of concern 
for a few interviewees. Notably, none of the apps ran on all standard Web brows-
ers and almost all the interviewees desired a mobile interface. According to the 
interviewees, the desired additional features were an interface to the BAS and 
an interface to the customer SR application. 

5.1.4 Summary of publication I

The study identified three primary user groups of GUIs for a building. The first 
group comprised the building occupants, whose use cases included monitoring 
indoor conditions, giving feedback and sending SRs. An opportunity to adjust 
indoor conditions was also desired. The second group was composed of owner-
operators and property managers, who needed comprehensive information on 
the indoor conditions, SRs, the occupants’ feedback and particular technical de-
tails. The facility engineers constituted the third group. Their needs were based 
on their responsibility for the quality of the indoor conditions. Besides infor-
mation on the indoor conditions, they needed an interface which enabled the 
rapid detection of deviations and an ability to interpret the building’s phenom-
ena. Other potential user groups for GUIs include service providers for cleaning, 
catering, garment and IT support services. 

The theories of human and building interaction do not state that a GUI should 
have a 2D or 3D layout. This research also showed that a 3D view is not neces-
sary for monitoring indoor conditions room by room or sending an SR. Many 
occupant services can be implemented without any particular layout, just using 
a web page. However, the occupants desired some advanced services, such as 
monitoring occupancy, making space reservations and tracking people. These 
aspects require at least a 2D layout. A 2D or 3D layout is also needed for the 
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owner-operators and space managers to show larger entities, such as one or sev-
eral floors, or specific groups of rooms in the building. 

The research indicates that service personnel could reap significant benefits 
from a BIM-based 3D layout, which is seen as a substantial contributor to find-
ing and identifying the causes of deviations and problems. BIM is also consid-
ered useful when monitoring complex technical systems. 

5.2 Publication II: Using BIM in facility maintenance and opera-
tions

5.2.1 Availability of information for daily work

An online survey was conducted to determine the availability of FMO infor-
mation. The aim of the survey was to identify the essential features of a building, 
recognise the most critical maintenance tasks, assess the availability of the nec-
essary information and map out the primary sources of information. The service 
personnel’s perceptions of BIM were also explored. Of the 479 people requested 
to participate, 161 replies were received.  

The respondents were asked to list the most appreciated features of a building 
from the perspective of the maintenance staff. The case company is actively con-
tributing to smart buildings and intelligent working environments. Essential 
features of their buildings are safety and security, energy efficiency, healthiness, 
value retainability and the ability to provide a good user experience. The ease of 
care and maintenance and economic viability for the service company are also 
considered important when striving for high-quality maintenance.  

According to the results, healthiness was considered the most important fea-
ture for service personnel, followed by safety and security, a building’s ability to 
retain its value and the ability to provide a good user experience. Energy effi-
ciency was the fifth most important feature, followed by ease of maintenance 
and economic viability for the service company. The technical intelligence of the 
building was the least valued feature. 

The respondents were then asked to prioritise maintenance tasks. The goal of 
the case company is to ensure good working conditions for occupants through 
proactive service and maintenance while minimising perceived problems and 
deviations and preventing downtime. The results showed that the two most es-
sential functions were repairing faults and receiving and managing alerts, fol-
lowed by the receiving and managing of customer SRs. General care was the 
fourth priority, and indoor condition management was the fifth. The sixth pri-
ority was user satisfaction management. Respondents placed less importance 
on calendar-based maintenance tasks, outdoor work, and controlling service 
and maintenance, and energy use management and reporting were considered 
the least important tasks. 

The case company attempts to offer as much of the required information for 
supporting maintenance as possible. When asked about availability of the infor-
mation, the service personnel said that it was best at receiving and managing 
customer SRs. The next best it was at calendar-based maintenance tasks and 
receiving and managing alerts. The fourth was energy use and management, and 
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the fifth was controlling service and maintenance. Outdoor work and general 
care and maintenance had almost equal availability. Fault repairing had third 
poorest availability, and the two weakest were indoor condition management 
and user satisfaction management. However, access to information was gener-
ally considered to be quite good. 

The case company has utilised CMMSs for as long as they have existed and it 
has developed the requirements of maintenance with top experts for decades; 
thus, its CMMSs are commonly used as an example by other owner-operators. 
In the survey, the CMMS got the highest significance by the service staff and was 
the first-used information source for almost all tasks. The second source of in-
formation was the owner-operator’s customer SR management system, fol-
lowed by colleagues and the Internet. The property manager, paper documents 
and EMS ranked as the fifth, sixth and seventh most-used sources of infor-
mation, respectively. The property service company’s IT system and the owner-
operator’s online repository were considered least meaningful.  

The case company uses BIMs for designing and constructing new buildings 
and renovations. Also, they use a BIM-based solution in rental management. 
When determining the capability of facility engineers to utilise BIM, it was 
found that only some of them were familiar with BIMs. Three out of four had 
not used BIM at all in the previous two years. The most common use cases were 
for the planning of service and maintenance actions, identifying the operating 
areas of HVAC systems and controlling service and maintenance operations. 
These three tasks also emerged as the most needed BIM features in maintenance 
work. As a BIM provides added value through its visual appeal, presenting tech-
nical details in BIM facilitates day-to-day maintenance. The importance of BIM 
was evaluated to be higher than the availability of information in relation to four 
tasks: (a) fault repair, (b) general care, (c) indoor condition management and 
(d) management of user satisfaction.  

The results revealed that the current availability of information is insufficient 
and its quality is sometimes poor. The service staff need more information about 
the materials, such as about surfaces for executing appropriate care, and the 
history of previous repairs. 

5.2.2 IFC file analysis

An analysis of the information content of IFC files was performed to investi-
gate whether the files generated in a construction project contain relevant in-
formation for maintenance. The content was evaluated based on the aspects 
highlighted in the online survey. 

The contents of the IFC files and CMMSs were compared to determine 
whether they included the same components and if they were recognisable. Ac-
cording to the device lists of CMMSs, the most devices requiring the most fre-
quent maintenance were control and automatic valves, fire dampers and auto-
matic airflow control dampers, fans, pumps, replaceable filters, expansion ves-
sels and controllable tanks. 

Exploring the IFC files instead of the original CAD files eases data readability. 
IFCs are compatible with most standard analytics applications, and the licence 



56 
 

on the initial modelling application is not needed. Thus, the differences in BIMs 
caused by design software are excluded. The IFC format is the most practical to 
implement in a BIM for external use. 

The findings of the analysis showed that the contents of the IFC files and 
CMMSs differed widely. The components requiring maintenance were pre-
sented well in CMMS but rarely in IFC files. Typically, the IFC files included pre-
designed objects when possible, but many devices were presented using a CAD 
symbol or a mere box. A comparison between the CMMS and the IFC files 
showed that in only one building was the equipment named congruently, and 
the devices were named differently.  

Areas and volumes of the building were defined in only half of the IFC files. 
These measurements are not necessary for service staff but are essential when 
using a BIM as base data for other systems. For example, areas and volumes are 
required in calculations of energy consumption, space-use effectivity, rentals 
and many simulations.  

The borders between occupants were missing from all IFC files, which is a 
consequence of lacking information about the user organisations during the 
planning stage. However, borderlines are essential to the service provider be-
cause maintenance tasks and workflow can vary between occupants and the 
emergency escape may not be possible via another organisation’s space.  

Space objects (IfcSpace) were defined in every other IFC file. Space objects can 
be utilised when a particular device, event or measured value needs to be con-
nected to a specific room. Space objects are also required when visualising 
spaces, conditions or events via an external UI.  

Large parts of building service systems (pipes, ducts, cable ladders, etc.) were 
presented comprehensively in the IFC files. Service staff use that information to 
plan repairs and locate faulty components. However, different hauling or emer-
gency routes were shown only in every other IFC file, and the areas of operation 
of building services systems were not presented at all. The technical instructions 
and data sheets of structures or building service devices were not recorded or 
linked with any of the IFC files. 

5.2.3 Summary of publication II

The study shows that service personnel consider reactive tasks to be the most 
critical while proactive tasks are often seen as useless routines. This finding sug-
gests that a weak appreciation of the proactive tasks correlates with the weak 
appreciation of the technical intelligence of a building. Items considered of 
value to the service staff do not always coincide with those considered of value 
to the owner-operator. For example, energy management is a poorly appreci-
ated task, even though it is highlighted in the case company’s corporate social 
responsibility report. It is also evident that, even though advanced IT applica-
tions are available, the most experienced part of the service staff primarily do 
their jobs entirely without any applications. IT applications are only used when 
it is not possible to resolve the problem otherwise. 

The findings show that FMO tasks are often done based on incomplete infor-
mation, and information has to be sought from many places. Additionally, the 
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availability of information is deficient for several tasks. While the CMMS was 
considered to serve FMO well, the service staff were aware of CMMS’s flaws. The 
service staff pursues to fill the information gap by communicating with other 
professionals and seeking information from the Internet.  

While the findings showed that a BIM contains much information that is use-
ful for maintenance, there is also much room for improvement. At the time of 
this research, the creation processes of BIM and CMMSs are rarely congruent, 
which is the main reason for their different contents. The essential difference is 
the use of packed objects in the IFC files. Another difference is that a CMMS 
designer may define only the primary equipment, such as a ventilation machine, 
while the MEP designer may record all components in the IFC file. Sometimes, 
a unique maintenance task in the CMMS may concern all similar devices in the 
building.  

However, deviations in IFC files do not necessarily mean that the issue was 
not addressed in the design. That might also indicate about defective definition 
of the IFC exporter. Many IFC exporters and importers are defective and limited 
and require special care when used. 

As the number of BIMs in the Finnish RE&C sector is still quite small, and new 
models are mainly created only for construction projects, it is not realistic to 
expect that they alone can fill the information gap. Other relevant sources must 
also be actively developed, and the harmonisation of their contents must be 
taken seriously. However, if designers and property managers take into account 
the requirements of the ER and use the right design tools, a significant leap will 
be made in the utilisation of digital data in FMO. 

Based on the findings, the operations and maintenance model (OMM) is pre-
sented, and its information content and use cases are defined. The OMM is not 
a new generation of BIM but rather a new use case. The OMM is based on the 
as-built BIM model, created and updated by the construction project planning 
team, and enriched by maintenance professionals. Annex 2 of publication II pre-
sents the recommended content of the OMM. Annex 3 of Publication II provides 
the use cases of the owner, the workplace’s service provider and the space users.  

5.3 Publication III: The conditions data model supporting building
information models in facility management

5.3.1 The CDM

Figure 5.3.1 shows the evolution of BIM. When the building is completed, the 
construction project assigns the as-built BIM to the subscriber. Ideally, the as-
built model bears all the information created during the planning and construc-
tion stages. However, this information is not enough to start the building’s use 
and maintenance. An OMM, which contains the technical information and the 
operation areas for the building service technology and for the surface and ma-
terial care instructions, is therefore necessary. The OMM can utilise the infor-
mation contents of AIM if it exists. 
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The CDM uses advanced IT to enable the use of BIM over the Internet for each 
object and to combine BIM objects with field data. This combination allows the 
monitoring, analysis and provision of different services for the stakeholders of 
FM and FMO. The CDM also offers data for different GUIs for visualising the 
conditions and events of a building. 

While the CDM can be considered an early version of the digital twin of a 
building, it is not a digital twin in the true sense of the term. However, the CDM 
is a significant step towards digital twin, as are some other comparable visuali-
sations combining BIM with metering and intelligent analysing solutions. Still, 
more effort is needed to achieve a true digital twin. 

The CDM uses an IFC-format BIM, which assigns each BIM component a lo-
cation in the building’s 3D-coordinate system. Owing to this feature, the CDM 
does not need an indoor positioning system to provide geographic information. 
This unique feature enables a revolution in current services and the evolution of 
new services using location-based data. A novel high-level location-based com-
munication service between service providers, occupants and owner-operators 
also emerges. 

The CDM is a data-processing environment comprising several components 
that are designed, implemented and operated by different stakeholders. Those 
components communicate with each other over the Internet and transfer har-
monised data via APIs. For example, the owner-operator manages their data 
silos and BIMs, a property service provider manages their silos and GUIs, the 
IT operator manages the data transferring platform, and indoor condition data 
providers manage sensor data and cloud services. Publication III presents the 
IT architecture of the CDM in detail. The following section presents detailed in-
formation on the requirements of some crucial components and on smart data 
and QR services.  

5.3.2 The IoT database 

The volume of the data presents a substantial challenge when collecting field 
data from a building. A regular BAS may generate as many as 100,000 events 
(measured values, controls, etc.) daily in one building alone. When combined 

Figure 5.3.1 The evolution of BIM. 
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with other smart systems, the number of daily events may be more than a mil-
lion in one building. Though the file size of each event is small, it is evident that 
this amount of data cannot be stored in a random data store. The database for 
field data (called ‘the IoT database’ in this study) must be designed, operated 
and managed professionally. The building automation industry must follow the 
IT industry that has already mapped its big data architecture to handle the dif-
ficult situations brought about by business needs and evolving technology (Mu-
nasanghe, 2014). 

Because of the enormous volume of the data, it is impossible to store all field 
data in a permanent database. For example, a wireless sensor can transmit data 
hundreds of times every second (Wilson, 2005). The collected data must also be 
analysed and rendered before they can be saved to assess the quality of the data. 
It is essential to assess which information is useful in the present and which may 
be needed later. Flexible definitions for rapidly changing storage policies must 
also be created. The data must also be sufficiently valid (Cai and Zhu, 2015). 

The source system may be set up to limit the quantity of data being collected. 
For example, the constant temperature in a specific room does not need to be 
recorded every minute. The smarter way would be to store the value once and 
inform the period of a constant temperature afterwards. However, in the context 
of data storing, a vast amount of data is required for ML and the teaching of AI. 
Additionally, a large amount of data enables a phenomenon to be recognised. 

 

Figure 5.3.2 presents the conceptual structure of an IoT database. The figure 
shows that the more permanently the data are stored, the slower the database 
becomes to use. The bottom edge of the picture shows different data-based ser-
vices that are created by using the database. The horizontal location of service 
shows the utilisation of the required data: services on the left side require small 
amounts of data quickly, and services on the right side need a significant 
amount of permanently stored data. 

Figure 5.3.2 The data levels and utilisation of the database. 
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Permanently-stored data includes all significant changes in measured values 
and adjustments as well as control functions and setpoint changes. Perma-
nently-stored data can be used after an event to analyse what happened in the 
building and when, how it affected the conditions and how the actions taken 
were affected. This information can be stored deep in the database, where anal-
ysis and reporting tools can read it without the need for high-speed processing. 

The surface-level data are intended for quick analysis and allow rapid reading. 
Immediately, when particular data come in, they are analysed and used, for ex-
ample, to create alerts or for immediate controlling operations. After the trans-
action, the event chain is stored. After storing, the original data can be overwrit-
ten by the subsequent values. In this context, it is essential to realise that if the 
analysing process is complicated and data originate from many sources, the 
timestamp of all information is not precisely the same. 

There are many candidates for storing required time series, such as Post-
greSQL and its extension timescales. The CDM does not set critical require-
ments for the database type, but the product must be stable and offer a time 
series implementation, a read-write cluster and a functional search language. It 
should also provide tools for ensuring and verifying data integrity. Built-in data-
storage optimisation solutions are also important.  

The fundamental requirements of the field data for overall architecture in-
clude data integrity, data volume optimisation, search execution and response 
time requirements. When implementing an IoT database, the data must typi-
cally be stored in several forms without proper standardisation or versioning. 

5.3.3 The semantic data lake (SDL)

The SDL is an IT service that is intended to gather field data, which it associ-
ates with a particular IFC object and sends the combined data forward. The SDL 
offers data for intelligent analysis, receives results and transmits enriched in-
formation forward. 

In SDL, temporary data are saved for immediate reading and to ensure the 
availability of information. Long-term saving of a vast data mass is not appro-
priate for use in the SDL. The SDL uses a merge tool and a cache to identify 
related information, combine it and deliver the combination forward. 

The SDL provides a standardised way for data producers and users to connect 
their service to its APIs. The SDL defines the format in which the data must be 
delivered and the minimum content that can be used to combine individual data 
with other data. For example, the supplier of the measurement data should an-
nounce that it is presenting a temperature and show when and where it was 
measured. The data supplier must also tell the SDL who may use the data and 
specify the search criteria. The data user must determine precisely what infor-
mation is being sought and what information must be connected (e.g. the tem-
perature of room 305 with a timestamp). Data permissions are defined in SDL. 
In the case of the CDM, the owner-operator owns all the data and decides who 
can use it.  
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The SDL’s ability to process IFC objects and combine them with field data can 
be created, for example, using the identity tree. The identity tree’s role is to mir-
ror IFC data from the BIM server and represent the building’s 3D structure and 
interdependencies between IFC objects (e.g. sensor–room–storey–building–
property). This process allows that the entire IFC model must not be used con-
tinuously but deal only with objects required by the current task. 

5.3.4 UIs of the CDM

The CDM provides a specific GUI for each stakeholder. Previous research 
shows that creating a universal UI covering all stakeholders’ needs is not expe-
dient. A building service company reaps the benefits of detailed data of struc-
tural components and building service devices. By contrast, workplace services 
and indoor monitoring can mostly use only visual appearance and coloured BIM 
objects. The occupant’s interface can be a mere one-way web page, which shows 
information about the indoor conditions or workplace services’ situation. How-
ever, the opportunities are vast. For example, an advanced UI may also be ca-
pable of bidirectional communication and provide workplace services or limited 
control of indoor conditions. 

The desired use case determines the layout type (2D or 3D) and the content of 
the GUI. The GUI could be seen as a die because it has six different levels for 
viewing the same information. Fewer dots mean less information for the user 
and more dots mean more information. 

One of the greatest strengths of the CDM is the ability to connect field data 
with BIM. Therefore, when creating a 2D or 3D GUI, it is strongly recommended 
that the visualisation be created on BIM. Without a BIM, the GUI cannot pro-
vide the desired added value to users.  

In the CDM, an occupant needs as light a solution as possible, preferably with-
out a layout. Usually, they are interested only in their own room or location in 
the building. When more functions are required, such as people tracking, at 
least a 2D layout is needed. The facility engineers need more information and 
an expansive view of the entire storey and thus require the 2D view. The 3D view 
offers a view of several storeys simultaneously, which needed when monitoring 
the BIM. The contact person for the space user and the property manager also 
needs an expansive view of the entire storey. They do not necessarily obtain ad-
ditional value from a 3D view, except for in cases when monitoring the BIM is 
required. 

5.3.5 The BIM server

The primary task of the BIM server is to provide the contents of the IFC files 
for other building-related IT-solutions. The BIM server, which is considered one 
of the internal data silos of CDM, is a dedicated data server that can be located 
in the case company’s data room or an external network. It contains a database 
for IFC files; an operating system; software for using, visualising and sharing 
data; and required APIs for telecommunication. Further, the components 
needed to convert IFC data to an SDL-supported format (converter) and data 
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transfer (translator) can be installed on the IFC server. A converter and transla-
tor can also be implemented using cloud services. 

The SDL uses the BIM server to add to the data a location marker within the 
3D building by joining a measured quantity or other data packets with a partic-
ular IFC object. For example, a measured value from the cloud-based wireless 
system can be joined with an IFC space object to recognise the city, building, 
floor, room and sensor. 

From the BIM server’s database, the stakeholders can import desired IFC ob-
jects for visualisation without downloading the entire IFC, allowing for ultra-
light visualisations. Importing can be implemented in two ways: (1) through the 
SDL or (2) directly from the BIM server’s translator when authorised by the 
SDL. With both options, the stakeholder’s query comes to the SDL first. In the 
first alternative, the SDL fetches the data from the BIM server and transfers it 
forward. In the second alternative, the SDL gives the stakeholder’s system a key 
that allows a one-time permission to fetch data straight from the BIM server. In 
both options, the data is extracted by the translator. 

The BIM server can be implemented using several technologies. There are 10 
various ICT-standards to follow. The CDM architecture is not sensitive to the 
operating system of the server or the type of database, but the actors must use 
the same standard solutions. A critical requirement is that the database is com-
posed of linked data, where each piece of information has a relationship or con-
nection to other information. This enables the management of the IFC files us-
ing an original directory tree of a BIM. 

5.3.6 Smart data 

Figure 5.3.6 shows how data-driven property service functions increase the 
amount and value of the data. The original field data are created in the first 
quarter of the data circle (1). Next, it is collected in the SDL in sector two (2). In 

Figure 5.3.6 The circle of the field data. 
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the SDL, the data files are combined; for example, the meas-ured temperature 
is joined with the space object of the IFC file. When the temperature value is 
sent forward to sector three for analysing and visual-ising (3), besides the value 
and timestamp, it contains its location in the particular building. IT services 
transform the data into a human-understandable format through visualisation 
and then transfer it to sector four for the service provider (4). 

New data are provided to sector one when the service provider reacts to the 
visualised data (1). The next value from the same sensor includes more infor-
mation because the reaction of the service provider is known and it is seen how 
it affected the value. Therefore, each round increases the value and usability of 
the data.  

For example, basic information may be the temperature of a particular room 
at a specific time. After collection, analysis and visualisation, the service pro-
vider may consider it too low and adjust the heating system. The new tempera-
ture value is then obtained. From the event chain (measurement – analysis – 
visualisation – decision-making – action - new measurement), it is possible to 
see what kind of activity was performed and whether it was effective. By collect-
ing many event chains, it is possible to teach the AI system to give orders for 
service staff or take corrective measures automatically.  

5.3.7 The quick-response (QR) feedback

The CDM offers a QR service to the occupants. By showing a room-dedicated 
QR code to the camera of a smartphone, the occupant can open the web page 
containing the measured data from the room and the buttons for sending a ser-
vice request (SR) and participate in the user survey. The user can then give a 
quick response using symbols such as smileys or thumbs. The symbols are rec-
orded initially by the QR server and are retrieved by the service provider’s UI. 
The local service crew can see the amount and type of QR feedback immediately 
after it has been provided. The feedback, which is located in the building using 
BIM geometry, contains the information of related conditions. 

For a property service provider, the QR feedback raises awareness about in-
door conditions in premises, uncovers hidden device failures and facilitates the 
root causes of problems. It also speeds up troubleshooting and repairs and helps 
the service provider keep indoor conditions within the agreed limits and prevent 
equipment failures.  

For an owner-operator, the QR feedback increases awareness of indoor con-
ditions, facilitates maintenance repairs targeting and budgeting, improves com-
munication with the user and increases transparency. It also makes it easier to 
identify the reasons and rule out causes of customer dissatisfaction.  

For an occupant, the QR feedback makes the indoor conditions transparent, 
accelerates the restoration of the situation in problems, facilitates communica-
tion with property management and the owner-operator, increases confidence, 
reduces concern about the indoor conditions and improves work productivity 
by releasing resources for primary tasks. 

As a vast amount of information does not in itself make any changes, service 
process development is needed. Based on the QR feedback, property services 
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take appropriate control measures, taking into account weather conditions and 
other factors affecting the indoor conditions. Occupants are informed of the 
feedback and the action taken on it. The service provider reports to the owner-
operator’s property manager on the actions and evaluates the effectiveness of 
the actions. The property manager reviews the reports with the occupants’ con-
tact persons regularly and reports the actions taken. 

5.3.8 Summary of publication III

The CDM is defined based on the findings of this research. Characteristically, 
the CDM is a set of processes that combines external and internal active data 
and the BIM into the same data architecture. In the CDM, information can be 
created, viewed, managed and processed visually. The CDM enables the creation 
and management of various UIs for creating and implementing building-related 
services. The CDM releases the subscriber from most of the vendor locks that 
hampers to change the service provider. It allows the use of any modelling soft-
ware and works in a situation where multiple users may use various FM-ori-
ented IT systems from several vendors and use data in a variety of processes. 

The definition of the CDM states that the introduction of BIM in post-con-
struction use can be done by combining it with the field data. This answers the 
RE&C industry’s long search for a standardised way to incorporate BIMs into 
the FM and FMO.  

This research lists the following as the most important capabilities of CDM:  
- It can combine field data with BIM;  
- it enables dynamic services based on the building shape, building ser-

vice technology, IoT and real-time information of occupants’ actions; 
- it solves the IT problems with the handling of massive BIM files by the 

Internet browser and mobile apps; and  
- it provides the data needed for the digital twin of a building.  

The CDM requires an owner-operator to develop a new way of thinking. The 
owner-operator must invest in keeping the BIMs continuously up to date, inter-
nal silos must be opened in a controlled manner and the data from external silos 
must be obtained. These actions must be done while complying with the rele-
vant company rules regarding cybersecurity. By doing so, the owner-operator 
can expect to realise the effects of the benefits. 

A property service provider must also invest its money in acquiring, analysing 
and utilising data of the building and implementing a GUI for service staff. The 
property service provider must realise that the owner-operator does not want to 
pay for a data processing platform or the use of AI, but will willingly pay for a 
better service. The service provider must also learn to view field data as not only 
a challenge but also an opportunity that will help them earn high profits. 

Figure 5.3.8 presents a flowchart of developing and managing BIMs in the 
CDM. The left side of the chart shows the construction stakeholders, and the 
right side shows the service and maintenance stakeholders. The middle of the 
graph presents the lifespan of BIM, from the design stage to the FM stage. 
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The flowchart demonstrates two previously unidentified professional roles: 
BIM experts to enrich, update and manage BIMs, and IT experts in managing 
the collection of field data and other related processes. In the CDM, IT experts 
(a) acquire the field data and deliver it to the CDM and (b) reconcile the sensor 
to a specified room using the IFC file. 

5.4 PoC project of testing the definition of the CDM

The definition of the CDM was tested in practice by implementing some use 
cases in a PoC project. The purpose of the test was to verify that the CDM was a 
workable solution and confirm that the crucial hypotheses of BIM utilisation in 
FM were true. The CDM system was used for six months in the pilot building. 

The author elaborated the project plan and operated as a manager for a multi-
professional eight-person project team. The author organised and managed 
meetings and workshops and was responsible for the implementation, reporting 
and results of the project. All results of the PoC project have been reported and 
analysed in this dissertation. The author is the only copyright holder for all out-
comes.  

The PoC project was implemented in a building chosen by the case company. 
Its GFA was 18,500 m2 with a heated volume of 57,800 m3, and there were about 
300 people working in it on a daily basis. The building had six storeys, including 
standard offices, a site canteen and a parking hall. The building was constructed 
in 1984 and refurbished and expanded in 2006. 

The case company and five of its partners were involved: the CMMS, Metrix 
(Tompuri, 2016; Airaksinen, 2018) and customer SR service provider, a cloud-
based condition measurement solution provider, a BIM and IT research insti-
tute, a cloud-based service platform provider, and a property service provider. 
The stakeholders used subcontractors, such as IT providers, technology and in-
novation consultants, and UI developers. The companies involved were leading 

Figure 5.3.8 A flowchart of developing and managing BIM. 
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companies in their field in Finland. Equipment installations were also subcon-
tracted. 

The PoC project consisted of the following sub-assemblies: 
1. Updating and enriching BIMs 
2. Implementing the BIM database and APIs 
3. Data collection from internal and external silos 
4. Introducing the data service platform 
5. Indoor conditions measurement data collection 
6. Mobile UI for service staff 
7. A QR-based mobile UI for occupants 

The following use cases were included for occupants: 
1. Occupants’ feedback solution utilising BIM in locating 
2. Indoor conditions monitoring utilising BIM in locating 
3. SR sending utilising BIM in locating 

The following use cases were included for property service providers: 
1. Indoor conditions monitoring with BIM locating 
2. Feedback receiving and monitoring with BIM locating 
3. Predicting indoor conditions using an AI solution  
4. Visualising the building architecture and HVAC systems in 2D and 3D 

modes 

5.4.1 The data architecture of the PoC project 

Figure 5.4.1 presents the data architecture of the PoC project. The architecture 
complies with the definition of the CDM.  

Architectural and ventilation IFC files (1) were updated and recorded in an 
online repository (2), complying with the normal process of the case company. 
These files were then stored in the BIM server database (3) using an original 

Figure 5.4.1. The data architecture of the PoC project. 
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identity tree of a BIM that enables building-storey-room-device interdependen-
cies. The room-detailed QR codes were saved in another database (4), located 
in the data centre of the case company. The Enterprise Application Integration 
(EAI) platform (5) bore the cybersecurity of the case company. 

The Platform of Trust (PoT) data service platform (6) was used to seek, com-
bine and resend the field data (Vastuugroup, 2020). External data silos, such as 
the customer SR application (7), building automation data storage (8) and the 
cloud service of the indoor condition measurement system (9) were connected 
to the PoT via APIs. 

The property service provider implemented the BIM-based GUI (10) for the 
service staff and analysed the data using an AI solution (11). Occupants moni-
tored the conditions and gave feedback via a smartphone-based QR solution 
(12) which used QR codes to recognise the room and join it with a BIM. 

5.4.2 The BIM server

A dedicated server was set up to share the IFC files using the open source BIM-
server software. A secure socket layer (SSL) certificate was also acquired. The 
software used was Windows Server 2016, Apache HTTP Server and Tomcat. The 
occupants’ feedback solution (QR service) was installed on the same server and 
comprised EJS-web-page templates, Node.js application and room-detailed QR 
codes. 

The BIMserver software contained an extensive REST-type API to retrieve 
data from its database. Two other APIs were recorded on the server: one for data 
retrieval and query and to return measurement values, and the other for down-
loading data from the BIMserver API. Two consecutive APIs are not mandatory, 
but in this case, they were used to simplify searches of IFC data and improve 
cybersecurity. The additional API can also combine several searches into one 
REST-query. It supported three types of data queries: (1) sensor in the specified 
room, (2) details of the specified sensor and (3) details of the specified QR code.  

The data were read from the server as follows: the request for IFC data of a 
specific building (storey, room, object, group of objects, etc.) came onto the PoT 
from a customer system. The PoT checked that the customer system was author-
ised to access the requested data. Then, the PoT returned an access token to the 
customer system that was valid only for that particular data request from a spe-
cific building. The access token was signed by the PoT (secret key). 

After receiving the key, the customer system sent a request for IFC data to the 
BIM server, which then verified the correctness of the access token using the 
public key of the PoT. Further, the BIM server filtered the query and returned 
the desired data to the customer system. In the PoC project, this data flow 
passed the PoT because the amount of traffic through the PoT was reduced to 
ensure that its performance was sufficient in all situations. 

In the PoC project, the PoT was used to gather data from different silos, com-
bine it with IFC objects and deliver the data packets to the requesting stake-
holder. Figure 5.4.3 shows the essential functions of PoT.  
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The PoT was chosen because it was specifically designed for real estate infor-
mation retrieval and consolidation. It was owned by Finnish national operators 
and was considered to be professionally constructed and maintained, and the 
vendor was known for being flexible. Other options considered were Google, Az-
ure, Telia and Elisa. 

To combine the IFC objects with field data, a so-called ‘digital twin frame’ of 
the PoT was used. Technically, the digital twin frame is a graphical database 
which identifies the IFC objects and locates them in the right place in the 3D-
geometry of BIM. The digital twin frame is based on an original identity tree of 
BIM, which defines the interdependencies between IFC objects. 

The PoT is a critical component of the CDM. If the PoT does not work or works 
slowly, all other systems slow down. During the PoC project, the following per-
formance results were measured:  

- 1 data retrieval in 200 ms: about 260 milliseconds  
- 25 data retrieval in 200 ms: about 450 milliseconds  
- 250 data retrieval in 200 ms: about 1,100 milliseconds 
The above results mean that if 250 users download the same data in the same 

second, the user will have to wait for just over a second for a reply. If up to five 
searches come up within the same second, the user has to wait for about 260 
milliseconds.  

5.4.4 The occupants’ feedback solution (QR service) 

Figure 5.4.4 shows the process of the occupants’ feedback solution. IFC’s space 
object-ID based QR codes were allocated to rooms. When the QR code was 
shown to a camera of a smart device carrying a QR-reader app and an Internet 
browser, the query came to the QR service (1). Then, the values of the conditions 
were requested from the PoT (2). The PoT fetched the data from the measuring 
system and sent them to the QR service, which transferred the recent values to 
the device (3). By clicking on a web page, the user could give thumbs up or 
thumbs down feedback or write a short response (4), which was sent to the PoT 
for forwarding. The user could also make an SR (5) to the customer SR applica-
tion using a web link. 

 

Figure 5.4.3 The Platform of Trust (© Vastuu group, 2019) 
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When the user pressed the send button, the feedback information was for-
warded to the QR service. A ‘thank you’ page was then sent on the device.  

5.4.5 Collecting the conditions data 

In the PoC project, the Metrix system (122 sensors) and Cozify (2019) condi-
tions monitoring system (120 sensors) were utilised. Metrix is an analysing and 
reporting software that gathers data from a BAS and calculates figures for a 
building’s energy efficiency, indoor conditions and functionality. Metrix also re-
ports the duration hours of ventilation machines. Metrix’s typical analysing fre-
quency is 60 times per hour, but external reporting is sent afterwards once per 
day. In the PoC project, the frequency of reporting was temporarily increased to 
once per hour. 

The Cozify condition monitoring system is a cloud service that collects data of 
indoor conditions and motion from a building and shows the results by numbers 
and graphics on a web-based UI. It can utilise any sensors that are Zigbee com-
patible. Cozify’s system does not have a sampling rate, but the information is 
sent when the measured quantity changes. In the PoC project, the temperature 
and RH in office rooms and the temperature, RH and CO2 in meeting rooms 
were measured. 

Project stakeholders agreed with the data format of each quantity because a 
common way of naming the data packets did not exist. The data supplier was 
responsible for the correctness of the data, and the data user was responsible 
for the conclusions. For example, the PoT did not judge whether 0°C or 100°C 
was a suitable room temperature. 

5.4.6 The field crew’s GUI

A GUI for the field crew was designed, implemented and introduced by the 
involved property service company. The mobile UI showed the 2D and 3D views 
on the BIM, heatmaps and the occupants’ thumbs up or thumbs down feedback, 

Figure 5.4.4. The occupant’s feedback solution (© VTT, 2019) 
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and quantities of the conditions (T, CO2) were presented. However, the RH was 
not visualised in the PoC.  

 

Figure 5.4.6 presents a screenshot of the GUI designed for the field crew. Col-
ours demonstrate the temperatures; the IFC space object faded smoothly from 
dark blue via green to bright red depending on the room temperature (dark blue 
= too cool, green = appropriate, bright red = too warm). The numerical value 
was also shown. The number of thumbs up or thumbs down feedback was shown 
numerically. Additionally, the facility engineers were allowed to drill visually 
into the BIM and demonstrate the structure of ventilation, such as where the 
ducts and dampers were located. 

The property service provider’s background server saved the measured data 
for 14 days to demonstrate the trends. The server also received historical data 
from Metrix and hourly weather data from a public weather forecasting service. 
An AI solution was used to make experimental forecasts of conditions for the 
coming days based on historical data, current conditions and weather forecasts. 
Opportunities to adjust the heating system manually were also explored, aiming 
to avoid unwanted changes in the indoor conditions. 

5.4.7 Costs and benefits 

The costs of the PoC project were shared with the stakeholders. The case com-
pany was responsible for the building-specific costs. The primary share of the 
costs was derived by updating the BIMs, collecting the field data and imple-
menting the APIs. Recurring costs resulted from the maintenance and use of the 
system (measurement systems, QR codes and the service platform). Expenses 
of using the PoT were not taken into account in the PoC project because it re-
ceived funding from another KIRA-Digi project. However, the principle was that 

Figure 5.4.6 A screenshot of the field crew’s UI (© ISS, 2019). 
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because the owner-operator reaps the most considerable advantages, the cost of 
the data collecting, combining and transferring belonged to them. 

In the PoC project, the original architecture and ventilation BIMs (from 2006) 
were updated with a new version of ArchiCAD and MagiCAD software. Based 
on the experiments of the case company, the average cost for BIM updates was 
about EUR 0.95 per GFA at the time of the research. However, the price range 
was wide, depending on the preparedness of the existing BIM and how compli-
cated the building was. In the PoC project, the cost of BIM updates was EUR 
1.00 per GFA. 

The expenses of an indoor condition measuring system were found to vary 
widely depending on the number of sensors. According to the case company’s 
experiences, the average cost of extra sensors was between EUR 0.50 and 4.50 
per GFA at the time of the research. The unit price of adding extra sensors to the 
BAS was averagely EUR 447 per sensor, and the unit price of cloud-based extra 
sensors was averagely EUR 150 per sensor. In the PoC project, the price of de-
ploying the BAS and cloud-service APIs was EUR 0.50 per GFA. In total, build-
ing-specific expenses of the PoC project were about EUR 2.94 per GFA (without 
VAT). 

5.4.8 The results of online surveys about the QR service

During the PoC project, two online surveys were conducted. The first was tar-
geted at the property managers to obtain their opinions of the occupants’ feed-
back solution. The survey was sent to 113 people and was implemented during 
a conference. During the break, the implementation of the CDM was presented 
to the audience, who was asked to try the QR feedback. Fifty-seven people tried 
the solution via smartphones and gave feedback, giving a response rate of 
50.4%. 

Most of the respondents considered the QR service very easy to use (61.4%). 
Over one in three said that it was easy to use (35.1%) and 3.5% stated it was not 
easy or difficult to use. No one said that it was quite difficult or difficult to use. 

More than four in ten respondents (42.1%) said that they would possibly use 
the system if it existed in their workplace. About 28% would definitely use it, 
and 24.6% would probably use it. Only 5.3% would not possibly use the system. 
No one answered that they would definitely not use the system.  

About 39% of respondents were very willing to introduce the system to all the 
buildings under their management. A third of managers (33.3%) were definitely 
ready to do so and about one-fourth of managers (26.3%) were probably ready. 
No one answered that they were possibly ready, but one respondent (1.8%) said 
that they would definitely not introduce the QR service to all their customers. 

Another online survey was conducted in the pilot building by sending a web 
link by email to 100 occupants. The aim was to collect their experiences of using 
the QR service during the PoC project and obtain their opinions on the priority 
of issues and desired extra services. Sixty-four responses were received (64%). 
The respondents represented a wide age range and a variety of work experience 
and job statuses.  
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When asked about the activity of using the QR service, about a third of re-
spondents (36%) said they used the service continuously. One-fifth (20%) used 
it often, one in eight (13%) said used it sometimes and about one-tenth (9%) had 
only tried the service. None of the respondents had not used it at all, but 22% 
chose the ‘I can't say’ alternative. 

About two out of five respondents (42%) considered the service very easy to 
use and 28% easy to use. Six percent considered it average, and no one thought 
it was poor or very poor to use. About one-fourth (24%) of the respondents 
chose ‘I can't say’. 

The respondents’ views on the usefulness of the service varied greatly. Slightly 
more than one-fifth (22%) of the respondents considered the system very useful 
and about 27% found it useful. The share of average usefulness was 23%. The 
shares of poor and very poor answers were 3% each, while 22% of the respond-
ents chose ‘I can't say’. 

The monitoring of indoor conditions was clearly the most popular feature, be-
cause it received the most hits (48%), and 62.5% of the respondents considered 
it the most important. The thumbs up or thumbs down feedback got the next 
most hits (27%), but only 8% of the most important ratings. Sending SRs got 
only 6% of hits, but 16% of respondents considered it as the most important. 

In the free response section, the respondents expressed a desire for more de-
tailed monitoring, such as showing CO2 and RH in all rooms in addition to the 
temperature. The respondents also showed a desire for more information on 
how to handle the thumbs up or thumbs down feedback. The system was seen 
to assist supervisors in discussions with subordinates on indoor conditions. A 
system experiment was deemed necessary, and occupants would have liked to 
continue using the system after the PoC project ended. 

5.4.9 The results of thematic interviews of PoC stakeholders

Seventeen participants of the PoC project were interviewed to find out how the 
developers and property service providers saw the demand for the CDM. Critical 
technical and operational issues implementing CDM were also recorded. 

The following primary themes arose from the interviews: requirements for 
creating and updating BIMs, using IFC files as a data source, content and im-
plementation of occupants’ and field crews’ UIs, and data harmonisation and 
open APIs. Some future use cases were also mentioned. For example, large 
amounts of data on a common platform enable the use of advanced information 
technology, such as ML and AI. These enable changes in indoor conditions to be 
forecast and allow proactive control activities. 

Generally, the interviewees considered a PoC project a profitable way to im-
plement a new solution. However, all the stakeholders emphasised that in a 
multi-provider development project, the subscriber must make precise de-
mands for the final result, without prejudging the technical solutions behind 
their implementation. Nonetheless, reviewing and approving the boundaries 
between stakeholders at the beginning of the project was seen as critical. Some 
interviewees said that additional requirements emerged during the project that 
troubled them, but the others considered this usual for development projects. 
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The interviewees noted in the CDM that the transferred data must be pre-
sented in a commonly agreed format, using standards that must be agreed to at 
the beginning. The technical requirements and ontology, the presentation of the 
data, and whether the use cases are one-way or two-way should be clearly 
acknowledged. They also noted that the PoC project contained only simple sam-
ples and that real-life cases would be much more complicated. Further, the need 
to control devices using UIs emerged as an essential aspect. The challenges 
mentioned were the demand for NRT data and the unclear roles of data produc-
ers and utilisers. 

The project participants stated that indoor conditions should be measured as 
comprehensively as possible. Sensors should be present in all office rooms and 
they should measure as wide a range of quantities as possible. The interviewees 
put forth that the temperature is not the only factor of IAQ and that, at a mini-
mum, RH, CO2 and VOC gases should always be measured.  

All interviewees agreed that the BAS should have the ability to deliver infor-
mation to external systems and that IoT data and APIs must be as open as pos-
sible. Some of them claimed that the use of separate sensors is recommended 
only when they can be used to control indoor conditions. In their view, the mere 
collection of information on indoor conditions did not, on its own, carry signif-
icant value. The need to collect weather data from external services was admit-
ted. 

The interviewees acknowledged that BIM is a crucial component of the CDM. 
The IFC format was considered to be the only appropriate way to utilise BIM in 
external systems. The instructions of the COBIM2012 were seen as an adequate 
basis for the content of the IFC file. Additional information could also be stored 
in the IFC files. The content and purpose of BIM must be planned, and the IFC 
location and the type and format of the information must be agreed in advance. 
Transferring space objects to the IFC file should be a base requirement for all 
projects. 

The timeliness of the BIM was seen as a crucial issue. The layout must be cor-
rect on the field crew’s GUI because the QR codes are joined with the IFC space 
objects. If the space objects change unexpectedly, the links will break and the 
entire system will not work. It was also mentioned that old BIMs might have 
multiple space objects in the same room if the partition walls have been disman-
tled or moved. In those cases, it is necessary to agree in advance to which space 
object the measurement data will be appended. The better option is to delete 
extra space objects where possible. 

The interviewees also emphasised that the BIM/IFC updating process must be 
well designed, well-scaled and well-timed to avoid problems and prevent the 
system from collapsing. They claimed that if several operators are creating or 
using the same BIMs, the procedures and formalities must be precisely the 
same. 

Prior agreement was of great importance to the interviewees. It was also men-
tioned that the data and files should be named using the available build-
ingSMART community specs (buildingSMART Community, 2019). In practice, 
the harmonisation of non-IFC data is also necessary. The interviewees pointed 



74 
 

out that the post-construction use purpose of a BIM should be known to the 
designers at the design stage because it would reduce the need to modify or en-
rich BIM afterwards. 

The interviewees emphasised that everyday processes should be taken into ac-
count in the development of UIs. For example, the identity and organisation of 
the occupant must be known to the service provider for cost and billing pur-
poses. Anonymous requests, such as those made using a touchscreen or mobile 
device, may result in additional billable work that must be assignable to the spe-
cific customer. 

The interviewees saw the development of following activities paramount: vis-
ualisation of occupied or unoccupied workspaces and conference rooms, control 
of building technology through the occupant’s UI, predicting future adjustments 
of building service technology using expected occupancy and arranging special 
resources of facility engineers. 

The following issues were mentioned as benefits: improving customer experi-
ence, providing better indoor conditions, obtaining better stability of indoor 
temperature, facilitating feedback, providing and getting information, produc-
ing better quality with current resources, reacting early for problems and receiv-
ing more profits. 

The interviewees mentioned the following risks: the development of property 
maintenance processes lags behind the development of technology, the pioneers 
may pay too high a development cost so that no one else may use the solution, 
system maintenance may be too difficult and system and data reliability can fail. 

5.4.10 Summary of the results of the PoC project

The PoC project testified that the CDM is a workable solution and confirmed 
that the crucial hypotheses of utilising BIM in FM are true. The PoC project 
demonstrated that BIM could offer digital information about a building and 
provide spatial data in a building’s 3D geometry for field data. The definition of 
the CDM was confirmed and its main hypothesis was proved to be correct. It 
was also proven that the CDM can be implemented with standard IT applica-
tions and that the costs are reasonable. 

The general functionality of the CDM was noted as excellent. All functions 
worked reliably, and no significant delays or errors occurred. As is common, 
there were occasional delays in data transfer over the Internet, but these did not 
have a substantial impact on user experience. All APIs operated reliably. Data 
collection from external systems worked reliably, taking into account their nor-
mal functional limits. The mobile UI for occupants, the QR codes and the field 
crew’s GUI worked as intended. However, occasional problems occurred when 
presenting a BIM on 3D-visualisation; thus, further research is required. 

The property service providers saw many opportunities to develop their oper-
ations, but they also foresaw the risks involved. Investing in receiving, analysing 
and visualising field data could be wasted if the property service processes do 
not evolve. Extra information does not in itself develop a business, but it should 
lead to a new type of activity. As this activity must be profitable, the company’s 
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earnings logic needs to reform Contracts between the property service company 
and the owner-operator may need to be reviewed critically. 

The PoC project also testified that the owner-operator could reap significant 
benefits with the CDM. When faults and anomalies were quickly detected and 
corrected, two types of benefits emerged: technical and economic benefits. The 
occupants benefit when conditions are better maintained, as they can better fo-
cus on their core task. However, these benefits may also be lost. For example, if 
the service staff do not quickly respond to user feedback, user satisfaction may 
decline, rather than increase as expected. The need for process renewing was 
evidenced in the PoC project.  

5.5 Changes in perceived indoor conditions 

This section presents the results of an experience sampling survey which ex-
amined the CDM effects in perceived indoor conditions. A two-week ESM pe-
riod was used. The first five-day section was implemented before the CDM was 
introduced, and the second section was approximately one month after its in-
troduction. The participants received a daily text message (SMS), which con-
tained a link to four items: three multiple-choice statements and one question. 
The responses to the items were given on a sliding scale from 1 (very poor) to 5 
(excellent).  

The results of an experience sampling survey 

The respondents were asked to evaluate the indoor conditions from the per-
spectives of temperature, air freshness and wind. The items were as follows: 

1. I achieve excellent results in relation to the objectives under current indoor 
conditions. 

2. I can carry out my duties smoothly under current indoor conditions. 
3. I can focus on doing the right things under current indoor conditions. 
4. What grade (1-5) do you currently give to indoor conditions from the per-

spective of your job? 
The study includes seven buildings located all over Finland. The building types 

varied from a special purpose school to a government office building. About 
1,200 people were working in those buildings on a daily basis in 20 tenant or-
ganisations. Between five and twenty respondents per organisation were asked 
to participate in the survey. The SMSs were sent to 211 people. The maximum 
number of answers could be 2,110 (one SMS per day for 10 days) and 800 replies 
were received, yielding a response rate of 37.9%. The respondents were asked to 
answer only when they were in their ordinary workplace. Each answer contained 
a timestamp, making it clear from which space group it had been sent.  

The results showed that the respondents felt that the indoor conditions had 
improved after the introduction of the CDM. On average, the user rating for in-
door conditions improved by 2.1%. Achieving good results in relation to the ob-
jectives under current indoor conditions was improved on average by 0.08 
points (from 4.10/5 to 4.18/5; 1.9%). In the best building, the improvement was 
0.38 points (9.7%), and in the weakest building, it decreased by 0.09 points (-
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2.0%). The result was positive in six buildings and slightly negative in one build-
ing. 

Ability to carry out duties smoothly in current indoor conditions improved by 
0.06 points (from 4.13/5 to 4.18/5; 1.4%). In the best building, it improved by 
0.27 points (6.8%), and in the weakest building, it decreased by 0.26 points (-
9.3%). A positive result was reached in five buildings and a negative result was 
observed in two buildings. 

The ability to focus on doing the right things in current indoor conditions im-
proved by 0.15 points (3.96/5 to 4.11/5; 3.7%). In the best building, it improved 
by 0.32 points (8.0%). The result was positive in six buildings and in one build-
ing there was no change in rating.  

The grade of indoor conditions from the perspective of the job improved on 
average by 0.06 points (4.09/5 to 4.16/5; 1.5%). In the best building, it improved 
by 0.23 points (5.6%), and in the weakest building, the change was zero. Con-
sistently, the result was positive in three buildings and unaltered in four build-
ings. 
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1 Office 4.42 4.47 4.32 4.42 4.33 4.42 4.41 4.42 -0.09 -0.05 0.09 0.00
2 Office 4.61 4.54 4.50 4.59 4.69 4.74 4.62 4.69 0.08 0.20 0.12 0.11
3 Office 3.93 4.01 3.92 3.96 4.31 4.28 4.24 4.20 0.38 0.27 0.32 0.23
4 Office 4.11 4.16 3.89 4.05 4.11 4.17 3.90 4.05 0.00 0.01 0.01 0.00
5 Office 2.80 2.80 2.55 2.68 2.88 2.54 2.55 2.68 0.08 -0.26 0.00 0.00
6 School 4.19 4.33 4.07 4.31 4.20 4.33 4.33 4.31 0.01 0.00 0.26 0.00
7 School 4.63 4.57 4.46 4.64 4.71 4.79 4.69 4.75 0.08 0.22 0.23 0.11
Average 4.10 4.13 3.96 4.09 4.18 4.18 4.11 4.16 0.08 0.06 0.15 0.06

The analysis shows that positive results were reached almost in all buildings 
and all criteria, although two building showed nearly unchanged values. The 
most considerable change to the positive direction was found in the buildings 
having the lowest grades initially.  

According to the results, the change in the researched measures was slight, 
but the trend was mostly positive. The conclusion is that the occupants thought 
the CDM was improving the indoor conditions from the perspective of the job. 
At a minimum, there were more positive responses after implementation of the 
CDM than before. 

Table 5.5.1 The results of an experience sampling survey before and after imple-
menting the CDM.
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Though the exact causes of the trend change are difficult to determine, the 
results strongly indicate that the CDM had a positive effect on perceived indoor 
conditions. However, many other work-community dependent factors, such as 
increased remote working or increased number of outside meetings, may also 
influence the outcome. When evaluating the results, it must be recognised that 
it is challenging to exclude the influence of external factors.
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6. Discussion

The discussion chapter presents the interpretations and implications of the 
research. The evaluation of financial implications is also performed from the 
perspective of the case company’s strategic plan to expand the CDM in 100 
buildings over four years. This chapter includes an analysis of the research lim-
itations and recommendations for further research.  

6.1 Interpretations and implications

Interpretations 

The empirical analysis uncovered that the FMO processes of the case company 
were designed based on long-term experience. The FMO processes were in line 
with the ISO-standards, and the functionality in relation to the objectives of the 
case company was good. Modern contract templates, such as reward-sanction 
agreements and quality inspection methods were used, and state-of-the-art so-
lutions facilitated monitoring and helped the service provider focus on essential 
issues. However, there is significant dissatisfaction with the IAQ. 

The results reveal that the service staff have to cope with their daily work with 
incomplete information. The information gap is most obvious in tasks that the 
field crew considers most important. BIM is considered useful because it is ex-
pected to improve the availability of technical data. However, the expectations 
are somewhat unrealistic, meaning that BIM is expected to provide information 
that is not inherently contained in the system. The results also show that the 
content of existing data sources, such as CMMS, should be developed at the 
same time that BIM is becoming an everyday tool for property maintenance. 

The Finnish RE&C industry has a strong desire to adopt BIM in post-construc-
tion use. According to the results, companies are willing to make investments 
that enable the utilisation of new digital information. Accordingly, they are also 
willing to innovate their business processes. The most significant technical is-
sues to resolve include renewing modelling process and developing BIM con-
tent, using IFC files as a data source, implementing occupants’ UIs and field 
crew GUIs, and implementing data harmonisation and open APIs. 

This research identified two ways to use BIM in post-construction. The first 
option is utilising BIM as an information source for FMO tasks. The presented 
solution for that is the OMM, which is an as-built BIM enriched by maintenance 
data. The OMM also creates a foundation for the second option, which is the 
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CDM. The CDM is not a BIM, but rather a set of processes that combines field 
data with BIM on the common platform and offers different UIs for users.  

The construction sector utilises digitalisation extensively, but mainly in big 
companies and large projects. However, a significant portion of renovation pro-
jects and housing is made by small companies who still use manual processes 
and 2D drawings. The procedures of the most advanced companies are far away 
from procedures of the slowest-evolving small businesses. 

Earlier efforts 

Earlier efforts to use BIM in FM were not focused on using BIM information 
content comprehensively but instead on its visual appearance. They mostly con-
cern 2D and 3D visualisations of indoor conditions and integrations with FM 
applications for facility engineers. As shown previously in this study, earlier re-
search primarily focused on one or a few IT systems, which were intended for a 
specific owner, a few user organisations or a particular FM software. However, 
IT systems from several vendors are involved in the application of the solution 
developed in this research, and data are utilised in several building-related pro-
cesses. 

The CDM can deal with large BIM files using a Web browser or mobile appli-
cations and offers an opportunity to handle only indispensable BIM compo-
nents instead of the entire model. Using the CDM, the customer application can 
fetch only the required part of the IFC data and place it in the right place in the 
digital 3D frame of the building. 

Various applications for real estate users are gaining ground, including navi-
gation applications that utilise floor plans. While they may be useful, their need 
decreases as the user becomes familiar with the premises. Some early versions 
of digital twins for buildings are also emerging onto the market, containing in-
formation about indoor conditions and user behaviours. Most of these are just 
visual appearances and they exclude technical data. As a result, no commercial 
or general-purpose application or UI designed for technical personnel or the 
cleaning staff of the property are available as yet.  

Therefore, the CDM offers new opportunities to create user-dedicated UIs 
based on any digital data of a building, including a BIM. The data user can de-
cide which information is needed and receive it from the CDM. The only require-
ments are that the customer application has a compatible REST-type API, which 
supports a general data transfer standard and that it can adapt to a few standard 
rules for data retrieval. 

Implications 

The CDM offers a platform that previously did not exist with standard rules to 
utilise BIM in FM. The CDM therefore affects the modes of the RE&C sector’s 
operations and enables a new approach that allows for significant financial suc-
cess. An especially high potential for development opens for property service 
businesses. This potential is based on the CDM’s ability to transfer all digital 
information to a property service company and combine other data with the 3D-
location feature of BIM.  
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All stakeholders can reap benefits through the CDM. The occupants can re-
ceive smarter services and have better user experiences. For instance, they can 
monitor conditions visually, give quick responses and change their location to a 
better environment. The perceived indoor conditions will be improved due to 
rapid fault correction and high stability. 

A property service provider can speed up their operations using the CDM. Re-
sources are saved and more profits are earned by accelerating troubleshooting 
and repairs. For example, the SR can carry the correct instructions and infor-
mation about spare parts, thus saving time and effort. 

Using the CDM, the owner-operator can achieve higher user satisfaction, ob-
tain high-quality and smart services, ensure better indoor conditions and im-
prove the profitability of the building. Energy consumption can remain optimal, 
and the consequences of technical faults can be reduced. 

The PoC project testified that the crucial hypotheses of BIM utilisation in FM 
are true. The executives of the case company were satisfied with the results and 
decided to implement the CDM in 100 buildings over four years. The implemen-
tation had begun in eight buildings before finalising this dissertation. The up-
coming tendering of the property services will be based on the CDM, which 
means that the providers will be able to receive data from the PoT platform and 
utilise it and BIM in their property maintenance and service actions. This re-
quirement will change the entire property maintenance business from being ap-
plication-based to data-based. 

6.2 Evaluation of financial implications 

In the next three years, the CDM will be implemented in about 30 buildings 
per year in the case company. The target is to expand the CDM to 100 buildings, 
and the total GFA covered will be about 1.39 million square metres. According 
to the preliminary calculations, the investment will be about EUR 4.00 million 
over four years. The case company will need to make investments in maintain-
ing servers (BIM, QR and IoT database) and cover the costs of data transmission 
through the SDL (PoT). The calculated running cost will be approximately EUR 
0.15 million per year. Thus, the total cost will be EUR 4.60 million over four 
years. 

The case company has set its expected benefits as follows: 
1. Occupants’ work productivity to rise by at least 1%  
2. Maintenance costs to decrease by at least 4%  
3. Customer satisfaction to increase by at least 10% 
The objectives have been set by executives based on the theoretical part of this 

dissertation (see Section 2.8) and on experience-based reasoning. The target to 
improve work productivity by 1% is a consequence of the rise in customer satis-
faction. According to Kosonen and Tan (2004), the effect of indoor conditions 
on work productivity can be 0.5% to 10%, so the 1% improvement sought is mod-
erate. Kosonen and Tan (2004) also claimed that increasing the perceived in-
door conditions by 10% increases work productivity by approximately 1%. In the 
studied portfolio, a 10% increase in the measured indoor conditions stability is 
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expected after introducing the CDM, which is also expected to affect customer 
satisfaction by 10%. This expectation is based on the current user satisfaction 
score, historical data of fluctuations in conditions, and the extent to which the 
QR service, better service and rapid fault fix could mitigate fluctuations. 

More active property services can reach a calculated 4% reduction in mainte-
nance costs. According to previous studies, even 5%-20% of building mainte-
nance costs are a consequence of repairing unexpected faults and caused ex-
penses (Le et al., 2018). Therefore, the estimated 4% savings is moderate. Con-
tinuous monitoring, combined with up-to-date information, as described in this 
study, enables the facility engineers to react quickly to deviations, prevent ex-
cess energy consumption caused by a broken device or damage, and decrease 
downtime caused by failure. Notably, the billing of the property service com-
pany is likely to increase as the service improves. However, the higher cost will 
be offset by reductions in the amount of defects and the costs of damage. In the 
portfolio studied, there were an average of five equipment failures per property 
per year. Based on the interviews with the service staff, about half of these 
breakdowns would have been preventable if proactive information had been 
available. 

Computationally, when the occupants are taken into account, the CDM is eco-
nomically very profitable, despite the relatively high start-up costs. In the case 
company’s target portfolio, approximately 40,000 employees work in 100 build-
ings each day. When the total investment of EUR 4.60 million is divided per 
person, the result is EUR 115 per person over four years, which comes to about 
EUR 0.128 per person in one workday and EUR 0.017 per hour.  

According to Finnish public statistics, the recommended salary for an office 
employee was around EUR 2,597 per month at the time of the investigation. 
Including salary-related expenses, the monthly price of about EUR 4,025 per 
person is obtained. The annual expenses of 40,000 employees working in the 
target portfolio are about EUR 0.161 billion. Increasing work productivity by 1% 
saves EUR 1.61 million per year and EUR 6.44 million over four years. 

The average maintenance cost of the case company was about EUR 0.66 per 
square metre/year at the time of the investigation. Based on the interviews and 
an empirical analysis of the customer SRs and CMMS records, the share of the 
building service systems was approximately 30% of that. In the 100 buildings, 
the calculated 4% saving equates to approximately EUR 44,000 over four years. 

When calculating the sum of estimated savings (EUR 6.49 million) and sub-
tracting the total cost over four years (EUR 4.60 million), the new system will 
pay for itself in under three years. However, if excluding the salary costs, CDM 
does not seem to be profitable at all. However, the occupants’ wellbeing must be 
taken into account as a critical factor. The exact monetary value of a person’s 
wellbeing is hard to estimate, but it is evident that it improves simultaneously 
when indoor conditions improve. The crucial task of the owner-operator (and 
naturally the employer, unless it is the same company) is to ensure that the 
premises promote wellbeing at work.
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7. Conclusions 

As a result of this study, the Finnish RE&C industry has a long-desired method 
to introduce BIMs in post-construction use. The new methods to collect, com-
bine and visualise data presented in this paper will crucially change the pro-
cesses of owner-operators and property service providers and encourage them 
to develop and use data-based business models. At the same time, their ability 
to create better conditions for occupants will improve. Most of all, the occupant 
reaps benefits from the transparent and high-level services.  

The fundamental hypothesis of this dissertation is that the perceived indoor 
conditions can be improved using a combination of BIM and field data. The hy-
pothesis is confirmed using theoretical approaches and tested by empirical data. 
To understand the topic, the essential factors of high-quality indoor air are de-
scribed, the required development steps for traditional BIM are presented, and 
the content, sources and forms of field data are defined. The CDM is presented 
as a new method for collecting field data, joining it with BIM and offering UIs 
for data utilisation. Finally, the results of improving perceived indoor conditions 
using CDM are presented. 

In conclusion, this research contributes to the utilisation of existing digital in-
formation and encourages the creation of new information in the RE&C indus-
try. On the general level, this research creates a view of a building not only as a 
combination of structures and technology but as a physical element that sup-
ports the human being. This allows new thinking to improve the user experience 
for occupants.  

7.1 Answers to the research questions

7.1.1 How can BIM be introduced in post-construction use?

It was shown that BIM bears a significant potential to close the discovered 
information gap in the availability of information for FMO. The research 
showed that BIM is not the right place for all required information, but it can 
indicate where the needed piece of information is located. Therefore, BIM can 
be a connection between different types of information. In conclusion, the great-
est strength of BIM is its relevance in the management of indoor conditions, 
rather than as a data repository. 
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The research revealed a considerable difference between the contents of 
CMMS and BIM, which is mainly due to the lack of common guidelines for de-
signers to create information. Changing the situation requires a reform of the 
compilation processes and data harmonisation. In this context, however, the 
demand for BIM-based CMMS applications in the markets is insufficient. None-
theless, the findings confirm that revamping the data structure and information 
content of CMMS is topical.  

As a solution that enables using BIM in FMO, this dissertation presents the 
OMM. The OMM is a new use case for BIM, which enriches the as-built model 
with essential information for maintenance, services and fault correction.  

This dissertation presents a solution for making BIMs available for service 
personnel over the Internet. The solution is a dedicated BIM server, which rec-
ords BIMs in an IFC format. The technical solution is not new, but the server’s 
usage as part of a large-scale IT network has not been previously presented. The 
IFC files are distributed in data format, and the visualisation is executed in the 
customer application. This study presents the guidelines for data sharing. 

This study also demonstrates how to use BIM in Cx, which opens new oppor-
tunities to utilise BIM’s information content and enhance the commissioning 
process. New use cases for BIM include designing services and security and ori-
entating service staff and occupants. Based on this study, new BIM-based com-
missioning methods can be developed and deployed. 

7.1.2 How can BIM and field data be combined software- and ven-
dor-independently?

This dissertation demonstrates how to create and implement the CDM. The 
CDM is a set of processes combining field data and BIM in the same data archi-
tecture, which can create, view, manage and process digital information visu-
ally. The research testifies that the CDM provides new values for the owner-op-
erator, occupants and property service providers. The CDM’s ability to utilise 
both the visuality and data content of BIM differs from previously presented 
solutions.  

This study confirmed the following functionalities of the CDM: 
1. Combines field data with BIM 
2. Provides services based on the building shape, field data and occupants’ 

feedback 
3. Handles massive BIM files via Internet browsers and mobile apps. 
The following advantages are identified: 
1. Owner-operators attain higher user satisfaction, acquire high-quality and 

smarter services, save energy, ensure better IAQ and improve building prof-
itability; 

2. service providers expand a range of services, speed up operations, save re-
sources and generate more profits; and 

3. occupants get a better user experience, faster and higher quality services, 
and better IAQ. 
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The CDM can be used in developing platform economy business models for 
providing and acquiring property services. The CDM contributes to implement-
ing activities wherein the owner-operator and service provider use a common 
platform and transfer data without restrictions. The new idea is that a service 
provider can use a subscriber’s data to develop its business and provide smart 
services. As a result of the investigation, management by applications is re-
placed by self-directed data-based actions, driven by the common interests of 
all parties.  

This study describes the principles for user-detailed interfaces to enable the 
interaction between humans and buildings. The demands of the user groups dif-
fer to such an extent that it is not appropriate to implement a common GUI for 
visualising data from the CDM. The occupant needs an easy-to-use UI for mon-
itoring indoor conditions, giving feedback and sending SRs. Owner-operators 
and property managers need information on the indoor conditions, SRs and the 
occupants’ feedback. Occupants would prefer to use a 2D or 3D UI without tech-
nical details. The property service field crew can benefit from the extensive tech-
nical data that the BIM-based 3D GUI contains to obtain the rapid detection of 
deviations and the ability to interpret phenomena. 

7.1.3 How can perceived indoor conditions be improved by com-
bining BIM and field data?

This dissertation demonstrates that it is possible to improve perceived indoor 
conditions by collecting, storing and analysing field data and combining it with 
BIM. The study presents how the occupants’ experience of indoor conditions is 
juxtaposed with technical measurements. However, it is seen that more infor-
mation does not by itself make a change and that service processes must also be 
renovated. This study describes how ‘human sensor’ information must be han-
dled, monitored and reported to achieve the desired change in perceived indoor 
conditions. 

In this study, the perceived indoor conditions improved by an average of 2% 
after the introduction of the CDM. The change was not huge, but given the im-
portance of indoor conditions as a factor of work productivity, it can be said to 
have significant potential for finance and welfare. The results show that the QR 
feedback solution was successful and was greeted with enthusiasm. The occu-
pants were satisfied with the mobile UI, and their expectations were high. How-
ever, there were considerable differences in user activity. Usage activity did not 
correlate with indoor air satisfaction, but the QR service was used equally re-
gardless of IAQ (Halmetoja et al., 2020). 

7.2 The contribution of the study

7.2.1 Contribution to science

The original definition of BIM emphasises its role in the management of the 
entire building lifecycle, but in practice, BIM utilisation has been limited to the 
design and construction phases. A universal solution for introducing BIM in 
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post-construction use has not been previously presented in the scientific litera-
ture. This study fills that gap by demonstrating how BIM can be used in lifecycle 
data management and its administration can be implemented. This study con-
tributes to the development of digitalised construction and creation of high-
quality BIMs by presenting the BIM content requirements for post-construction 
use. By complying with them, AEC designers can generate information not only 
for other designers, builders and component manufacturers, but also for the 
owner-operator, occupants and property maintainers. The research also con-
tributes to the introduction of BIM in other building use-related services, such 
as cleaning, catering, garment and IT support services. 

Some early implementations of combining field data and BIM are presented 
in scientific literature, but little research has been done on the technologies used 
and benefits obtained. This study fills that research gap by describing the con-
ceptual IT architecture for collecting field data, such as condition measure-
ments, user feedback and SRs, and using the 3D geometry and data content of 
BIM for locating and visualising those using 2D and 3D environments. The ben-
efits for owner-operators, property service providers and occupants are also 
demonstrated.  

Little research has examined the use of BIM as a data source in Internet infra-
structure. This study fills that research gap by demonstrating the methods by 
which the data content of BIM can be made simultaneously available to multiple 
applications and stakeholders over the Internet while complying with high cy-
bersecurity requirements.  

7.2.2 Contribution to the RE&C industry

This study contributes to the modernisation of design and construction pro-
cesses by defining the maintenance-related content of BIM and underlining the 
significance of in-depth collaboration with property maintenance experts. This 
research also shows the benefits of the early integration of FMO stakeholders 
into a construction project and demonstrates that a carefully designed BIM that 
complies with maintenance needs can make a significant contribution to the 
success of a Cx process. 

This research contributes to the implementation of high-quality BIMs by help-
ing subscribers understand the post-constructional use cases of BIM and the 
resulting content requirements. The study allows owner-operators to under-
stand the quality and content aspects of ordering BIMs. Thus, this study con-
tributes to improving the content and quality of BIMs in the long run. 

7.2.3 Contribution to the stakeholders of property maintenance and 
use

This research contributes to the fundamental change in which traditional ap-
plication-controlled business models are superseded by modern data-driven 
business models, such as the platform economy. This study demonstrates the 
fundamentals of new business models that parties can use to develop their pro-
cesses and related applications. 
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The research also contributes to improving the quality of property mainte-
nance by allowing condition problems to be detected and resolved proactively. 
It also contributes to obtaining a good user experience by expediting fault cor-
rections and increasing transparency.  

The research demonstrates to property owners an environment that allows 
their experts to monitor phenomena occurring in a building continuously and 
determine the connections to the building’s elements and equipment. The re-
search contributes to providing high-quality perceived conditions for occupants 
by offering technical personnel an environment that combines all digital infor-
mation generated during the design, construction and use with measured con-
ditions and user feedback. This research also shows how to motivate occupants 
to provide user feedback. 

The research contributes to providing good perceived indoor conditions by of-
fering an environment that allows constant awareness and opportunities to pre-
vent problems from escalating. The property manager can monitor changes in 
indoor conditions continuously, accumulate user feedback and proactively af-
fect the situation by implementing actions, managing property maintenance 
and controlling user activities. The property manager may gain a broad under-
standing of the technical and structural factors underlying the indoor conditions 
and support the design and implementation of necessary repairs. The CDM sur-
rounding also helps a facility engineer by alerting them to faulty or failing equip-
ment and facilitating its repair or replacement proactively before the occupant 
detects a change in conditions. 

7.3 Research limitations

The empirical material of the research was the case company only. However, 
the company can be considered representative of the entire Finnish RE&C sec-
tor due to its size and position as the leading operator in the industry. It is also 
a forerunner of BIM modelling and the digitalisation of FMO processes. It is 
hard to find equivalent research material for the same period in other compa-
nies. A limitation of the study is that small owner-operators may possess a low 
level of digital documentation, and their processes and contracts may differ 
from those of the case company. 

This study employs advanced solutions, such as BIMs, CMMS, BIMserver and 
AI, which are commonly used in large companies. However, the results are also 
accessible to small players. There are already commercial companies in the in-
dustry specialising in data visualisation and analysis that can integrate with 
platforms. They can provide advanced services for small businesses at a rela-
tively low cost. Increased demand has also generated new BIM expertise for the 
industry and is no longer just the purview of large architectural offices. 

Though FM is an essential part of the dissertation, the author has limited the 
scope to processes that have a significant impact on indoor conditions. Other 
areas of FM, such as space management, energy management and workplace 
services, have been excluded. Business management and leasing processes have 
also been excluded. 
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IAQ is a broad scientific discipline and contains thousands of aspects to inves-
tigate. This dissertation focuses on improving perceived indoor conditions using 
digital data. As such, the research is limited to the building-origin data that af-
fects and describes IAQ. Indirect effects are involved. 

This research focused on those parts of the CDM data architecture that are 
critical to implementing basic functionalities. The trial run of the AI, executed 
in the PoC project, was limited to a short time and small environment. In any 
case, it revealed the potential to predict indoor conditions using field data. An 
in-depth analysis of the use of AI in deriving indoor conditions was excluded 
from this study. 

The study focused on investigating IFC files instead of native BIMs. The re-
search sample was broad, but it does not give a complete understanding of the 
content of the native models. The material studied was as authentic as possible 
and originated from actual construction projects. No new IFC files were created 
for the study. The study was limited to the IFC 2X3 version because it was in use 
with all AEC designers in the market. In Finland, IFC 4 was only in the testing 
phase at the time of the investigation. Further, the definitions of IFC content are 
evolving quickly. 

Because only currently available applications were used, only six GUIs were 
accessible for examination. The limited number and inequality of the studied 
GUIs disturbed the drawing of reliable conclusions. However, the order of the 
applications’ superiority was evident. Still, it was inappropriate to draw strate-
gic conclusions about which interface was suitable for a particular use or which 
should be rejected. At all events, some trends were detected. The study also pro-
vides an expansive view of the strengths and weaknesses of specific types of GUI. 

The financial implications are estimations because the real data does not yet 
exist. To obtain certified, empirical results of the real change in FMO processes, 
IAQ and customer satisfaction, they must be monitored for a long time. 

7.4 Recommendations for further research

The research uncovered that traditional property service and maintenance 
practices are unable to meet the challenge caused by an increasing amount of 
NRT information. For example, QR feedback from occupants increases the ex-
pectation that the service should also be real-time. This may not be possible with 
traditional service processes. Process re-engineering and staff reorganisation 
are needed. Otherwise, the benefits may not be achieved. This topic requires 
further investigation. 

Introducing BIM in FMO requires profound communication among design-
ers, builders, service providers and owner-operators, as well as an understand-
ing of the needs of others. In many real estate companies, the builders and fa-
cility managers are not communicating closely, and the goals and processes of 
others are not sufficiently well known. The same problem occurs within the de-
sign team, which is too often centralised to the reconciliation of plans only. Be-
fore starting the project, standard rules and methods of communication and 
ways to work together should first be created. To reach the best possible result, 
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compatible software or technical matching of plans are insufficient; the design-
ers must also be integrated. Developing the design process and communication 
requires more research. 

The platform economy is an emerging trend in the property service industry. 
This research presents the technical environment for obtaining and utilising 
data from buildings, which enables the introduction of data-based business 
models. More research is needed to identify data-driven business models and 
determine ways to generate economically profitable business. 

This study takes the first steps in the utilisation of big data from the built en-
vironment. This is a substantial entity that requires much further research. Ad-
ditionally, the realisation of AI’s opportunities in FM and FMO requires much 
more investigation.
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