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Showcasing a digital twin for
higher educational buildings:
developing the concept toward
human centricity

Katarina Backlund*, Per Lundqvist and Marco Molinari

Department of Energy Technology, KTH Royal Institute of Technology, Stockholm, Sweden

Digital twin technology is an emerging technology within the built environment.
Yet, there are many unexplored opportunities to utilize digital twins for facilitating
the transformation toward a climate-neutral building stock while also meeting
the expectations from the building occupants. This article presents a case study of
a digital twin, developed for an existing commercial building stock of campus
areas in Sweden. The overarching purpose of the digital twin is to support both
building occupants and building operators. This two-fold human-centric
approach represents a novel approach for building digital twins. The digital
twin is based on 3D scanning, and together with geospatial data, a real-like
navigational indoor environment is created. Three innovative features are
presented: the building analysis module, the digital twin mobile application,
and the building operations module. The results show that the digital twin
improves the building occupant’s experience by supporting navigation and
providing access to the room booking system via this dedicated interface.
Building management is also benefited by the digital twin through easier
access to building data aggregated into one platform and a state-of-the-art
analysis tool for optimizing the use of indoor space. The digital twin holds future
potential to achieve operational excellence by incorporating feedback
mechanisms and utilizing artificial intelligence to enable intelligent fault
detection and prevention.

digital twin, human-centric, higher educational buildings, building occupants, building
operators, sustainable buildings

Introduction

The era of Industry 4.0 revolutionizes technology development at a pace that has never
been seen before. Digital transformation is brought forward by the fourth industrial
revolution and its concepts, such as Internet of Things (IoT), machine learning (ML),
and artificial intelligence (AI), which are expected to contribute to the social, economic,
environmental, and sustainable welfare (Morteza, 2020; Arsiwala et al, 2023).

Digital twin technology is one of these emerging technologies that has successfully been
adopted by, for example, the manufacturing and aerospace industry where this technology
has improved the efficiency of processes by real-time monitoring, production control, and
production planning (Liu et al., 2021). Digital twins are developed to help understand what
may happen when a system is projected to change, as well as presenting the real-time
current status of its physical counterpart.
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It was not until recently that digital twins started to evolve within
the built environment, and the literature is indicating that the
building industry is running behind in digital twin development
(Lu et al., 2019; Fuller et al., 2020; Kofinek et al, 2021; Hosamo et al.,
2022a). Digital innovations for improving the way buildings are
operated and utilized are yet to be validated in real building contexts
as innovations for buildings are broadly represented by pilot studies
(Hosamo Haidar et al., 2022b). Therefore, despite the successful use
of the digital twin technology in other industries, it still remains to be
proven what digital twins could offer to the built environment (Jiang
etal., 2021). As the building industry faces critical challenges, such as
meeting climate goals, lowering energy use, improving resource
efficiency, and ensuring the indoor environmental quality (IEQ) the
opportunities brought forward by digital twins for buildings are
essential for sustainable development.

Innovative technologies are needed to assess the relationship
between buildings and their occupants (Hosamo et al., 2022a).
Europeans spend approximately 90 percent of their time indoors,
being at home, in school, at work, or in other commercial buildings,
such as sports and recreation facilities (European Commission,
2003). Potentially, this means that people are extensively exposed
to indoor pollutions (European Commission, 2003). It is, therefore,
crucial to ensure a good IEQ as this affects the health, performance,
and wellbeing of the building occupants. According to the IEA EBC
Annex 79 (O Brien et al., 2020), research agrees that buildings fail to
meet such demands from the building occupants.

Despite the fact that most buildings are constructed for
people and their activities, human-building relationships are
little understood (O’Brien et al., 2020; Hosamo et al., 2022b).
This is especially relevant for the energy performance gap,
representing the gap between the predicted and the actual
building energy use. Earlier research has proven that this gap
can differ significantly, and this is a major challenge to achieve
sustainable buildings (Delzendeh et al., 2017). When combining
large datasets with a virtual model, digital twins show potential to
utilize their innovative features to increase this understanding
(Arsiwala et al, 2023), and it is, therefore, necessary to
incorporate a human-centric approach when designing digital
twins for buildings. In addition, the human perspective should
also gain an increase in focus toward building management and
the building operators assigned to ensure day-to-day operational
excellence and IEQ.

This study presents a digital twin for an existing commercial
building stock of higher educational buildings in Sweden, thus
targeting the lack of literature on digital twins dedicated for
university campuses (Arsiwala et al, 2023). The method for
establishing the digital twin, including three human-centric
digital twin features, is presented. These three features resemble
each of the novel capabilities that have been validated in the case
study context. The digital twin is developed with typical digital twin
features, such as enhanced monitoring, improved control, and new
prediction capabilities. However, more uniquely, it is also developed
to optimize the use of the building space. The occupant-centric
approach has been extended toward a human-centric approach,
including both the building occupants and the building operators.
Thus, the digital twin concept is developed to enhance the
experience of the end-users and for facilitating the building
operator’s daily work.
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It should be noted that the digital twin is designed for the
operational phase. Hence, considerations regarding the design
phase, construction phase, and demolition phase are excluded. In
addition, the digital twin is developed for higher educational
buildings; therefore, its replicability for other branches within
commercial buildings and residential buildings cannot be validated.

The remainder of this article is organized as follows: Section 2
provides a background and literature review of digital twins for
buildings, focusing on the identified challenges, research gap, and
digital twin features. Section 3 presents the digital twin design
process and the three digital twin features. Section 4 presents the
results, key findings, and targeted challenges in relation to what have
been stated in the previous literature. Section 5 concludes the key
learnings from the digital twin case study, and future research areas
are suggested.

Background
Digital twins and their definitions

Digital twin technology originated in the 1960s when NASA
implemented this technology to simulate spaceflight processes
(Allen, 2021). In 2003, the term digital twin was coined by
Michael Grieves in a course on Product Lifecycle Management at
the University of Michigan (Grieves, 2005). Michael Grieves
developed the concept toward the manufacturing industry,
introducing the novel perspective of connecting a physical
product with its virtual counterpart. The manufacturing industry
adopted this concept, and it was proven to enhance productivity by
the simulation of processes and prediction of faults. Often blamed to
be a late adopter of new technologies, the building industry has
recently started to investigate the benefits of the digital twin concept
in the built environment (PropTech, 2023). This is reflected in the
scarce amount of scientific articles and the fact that the number of
publications did not start to evolve until 2018 (Opoku et al., 2021).

There are numerous definitions of a digital twin, and depending
on the purpose and industry, definitions might vary accordingly (Liu
et al,, 2021). A succinct definition for digital twin technology for
buildings has been provided by Bicklund et al. (2022), who
suggested the following definition of a digital twin for buildings:

“A digital model of a real system that coexists' and exchanges
operational data and other useful information on a near real-
time scale so that the operation of the real system can
be influenced.”

According to the IEA EBC Annex 79, the term occupant-centric
is defined as follows: “an occupant-centric building design means to
keep the occupant’s needs (comfort and health) as a priority and to
use explicit occupant modeling to design for and recognize the bi-
directional interaction between occupants and buildings” (O’'Brien
et al,, 2020). As mentioned in the introduction, this study develops
the occupant-centric term toward human-centric. There was no

1 Thus, only a digital model cannot make up a digital twin.
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FIGURE 1
PRISMA flow diagram of the systematic literature review search.

definition found for a human-centric digital twin in the literature;
therefore, the following definition is proposed:

“A human-centric digital twin also incorporates compliant
building occupant data, along with real-time building data
visualized in a user-friendly interface for both building
occupants and building management.”

Literature review on digital twins
for buildings

A systematic literature review methodology was used to frame
the human-centric digital twin concept for buildings and to identify
the research gaps and challenges from the current state-of-the-art
research. The literature review was performed according to the
PRISMA framework, illustrated in Figure 1. The Web of Science
database was selected for the literature review since it is
acknowledged as the world’s oldest and leading scientific
database (Li et al, 2018). The search keywords were combined as
follows: “digital twin” AND (“human-centric” OR “buildings”). The
search process was refined by selecting the “Topic” field, and no time
filter was applied. This search resulted in 342 articles published
between 2019 and 2023, where 70 articles were relevant
for buildings.

The original idea behind creating a digital twin for buildings was to
improve monitoring and control to enhance building performance
(Boje et al., 2020). Since most buildings are designed and constructed for
people, an occupant-centric approach becomes inevitable. Recently,
researchers have developed the digital twin concept toward an
occupant-centric approach.

In this study, a human-centric aspect involves both the building
operators and the building occupants as key stakeholders for
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building digital twins. A total of 19 of the articles were found
eligible for this reasoning. Asad et al. presented a literature
review of human-centric digital twins (Asad et al., 2023). They
found that this concept is new to digital twins and is under
development. By the means of real-time data and analyses, a
digital twin for buildings could be utilized for improving building
occupant thermal comfort (Hodavand et al, 2023). A few studies also
incorporated feedback from the building occupants. Gnecco et al.
claimed a human-centric digital twin approach by the means of
wearable sensors and subjective survey data about indoor comfort
(Gnecco et al, 2023). Donkers et al. (2022b) presented a proof-of-
concept study where a method for assessing building occupants’
experiences was evaluated. They collected data and feedback via a
smartwatch application. The occupant heart rate, outdoor visibility,
and the time of the day were also measured. The occupants provided
feedback on whether they were uncomfortable or comfortable, and
their preferences were integrated using linked data. The researchers
argued that their method contributed to digital twin technology
development since their results captured the building occupants’
preferences and thereby enabled an increased understanding of the
building occupants’ experiences. It was also argued that this method
allowed for an improved understanding about how to operate a
building with the consideration of the occupants’ experiences.

A total of 19 articles were literature reviews aiming at
investigating the digital twin concept within the architecture,
engineering, construction, and facility management (AEC-FM)
industry. According to the literature, digital twins for buildings
are suggested to serve as enablers for enhanced operation and
maintenance and to achieve intelligent control and fault
prediction and detection, which could lead to maintenance
savings (Hosamo et al., 2022a; Zhao et al.,, 2022; Hosamo et al.,
2023a). Hosamo et al. presented a digital twin applied as a pilot
system for two buildings, where one key result was that the digital
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TABLE 1 Common identified research gaps and challenges.

Literature

Identified research gap

10.3389/fbuil.2024.1347451

Identified challenge Literature

Digital twin for the real-time detection of building Hosamo et al. (2023a)

occupants’ discomfort

Digital twin with real-time predictive maintenance for = Hosamo et al. (2023a)

facility management

Information-rich digital twin with geometric and

semantic information et al. (2022))

(Gregor and Tibaut. (2020); Pan

(Wu et al. (2021); Hosamo et al. (2022a);
Visartsakul and Damrianant. (2023))

Cost of installing IT infrastructure

Data sharing between different
stakeholders

(Wang et al. (2020); Hosamo et al. (2022b);
Webofscience. (2024))

Data integration Hosamo et al. (2023a)

Digital twins for higher educational buildings Arsiwala et al. (2023)

Integration of BIM, IoT, Big Data, and Al into one Arsiwala et al. (2023)

platform

Studies on digital twins for building asset management = (Gregor and Tibaut. (2020);

Arsiwala et al. (2023))

Validation and evaluation of digital twins for buildings

in real settings (2023)

Gnecco, Vittori, and Pisello
(2023)

Lack of studies on virtual models that integrate
human-centric data with building technical data

Gnecco, Vittori, and Pisello
(2023)

Digitally represent and manage information from
building occupants

Arsiwala, Elghaish, and Zoher

Absence of source code solutions | Arsiwala et al. (2023)

BIM and IoT integration Arsiwala et al. (2023)

(Donkers et al. (2022b); Arsiwala et al.
(2023))

Data stored in isolated data silos

Digital twin for occupant-centric Nurumova et al. (2022)

operations

Universal standards for data Hosamo et al. (2022a)

exchange
How to update a digital twin in a | Hosamo et al. (2023b)
cost-effective manner

twin could detect and diagnose 17 more faults than the traditional
building management system. In addition, the digital twin also
predicted faults that would occur within 2 months (Hosamo
et al., 2023a).

A total of 12 articles presented conceptual digital twins for
buildings, where the prototypes lack real-world validation. A total of
32 articles presented real-world digital twins demonstrated in a
physical building. Digital twins have traditionally been used to
optimize one single asset (Jafari et al., 2020). Accordingly, few
studies deal with digital twin technology for the entire operation
and maintenance of a building (Zhao et al.,, 2022). Several studies
presented digital twins that specifically targeted one building feature,
such as light (Seo and Yun, 2022) or the indoor air quality (Arsiwala
et al, 2023).

Arguably, the novelty of the digital twin concept for buildings
results in a misinterpreted concept that is used without consistency.
For example, digital twins were found to be classified as BIM models
(Kaewunruen et al, 2019). In addition, none of the proposed digital
twins is a real digital twin as per the definition, which would require
a bi-directional link that can provide automated control and the
optimization of the physical building based on the digital twin
simulations. Hence, current building digital twins are merely
digital building visualization and monitoring tools. As an
example, Nurumova et al (2022) created a digital twin based on a
BIM model for monitoring the indoor environment in a
university building.

The common identified research gaps and challenges are
summarized in Table 1. Given that digital twin technology is new
to building design, construction, and operation, there are many
challenges and research gaps yet to be discovered and resolved.
What seems to be one of the major challenges is data integration
(Donkers et al, 2022b; Hosamo et al., 2022b; Hosamo et al., 2023a;
Arsiwala et al, 2023; Gnecco et al, 2023). This is especially relevant
for commercial buildings that typically host several different types of
building systems with different data formats, delivered by multiple
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system providers (Hosamo et al., 2022a). These systems are not
compatible as data are stored in aggregated silos, which makes it
difficult to merge them into one platform. There is also a lack of
research on the integration of building data and building occupant
data into one platform (Tang et al., 2019; Boje et al., 2020; Fuller
et al., 2020; Korinek et al, 2021; Nurumova et al, 2022). Furthermore,
open data access is identified as a key concern for developing digital
twins for the built environment. Locked-in business models and data
ownership aspects work as bottlenecks for enabling open data access.
The dominance of proprietary building systems delivered by the
competing key players might be one explanation for the building
sector to be running behind in streamlining business concepts
together with technology development. Finally, there is a research
gap on how to operate buildings, according to the expectations of the
building occupants (Boje et al., 2020; Fuller et al., 2020; Nurumova
etal, 2022; Arsiwala et al, 2023). Although there is plenty of research
dealing with sensor technology and building data integrations,
incorporating building occupants’ feedback and preferences is
less studied and requires attention from the research society
(Donkers et al, 2022a).

Building digital twin features

Table 2 presents an overview of the digital twin features
commonly presented in the literature. These are divided into
conceptual, operational, and human-centric features. Some
features are considered more critical than others. According to
Arsiwala et al (2023), a digital twin for buildings should consist
of a wireless sensor network (WSN), data analytics, and a 3D BIM
model. These three attributes are considered throughout the
literature to be critical for establishing a digital twin, enabling
real-time data visualization and advanced decision-making. IoT
sensors are also considered essential for digital twins, measuring

properties related to IEQ, such as temperature, relative humidity, the

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1347451

Backlund et al.

TABLE 2 Representation of the common digital twin features.

Conceptual feature

Operational feature

Human-centric
feature

10.3389/fbuil.2024.1347451

Literature

Data collection

Data integration Meteorological data

Gnecco et al. (2023)

Building occupant feedback Survey

(Huynh and Nguyen-Ky, (2020); Hosamo et al. (2023b); Gnecco et al.
(2023))

Building occupant information

Technical installations ToT sensors

Technical installations Building management

system (BMS)

3D model origin

Smartwatch application

Donkers (Abdelrahman et al. (2022); Gnecco et al. (2023))

(Yalcinkaya and Singh. (2019); Hosamo et al. (2023b); Gnecco et al.
(2023); Hadjidemetriou et al. (2023))

(Hosamo et al. (2023a); Arsiwala et al. (2023); Gnecco et al. (2023))

Laser scanning LiDAR technology and

photogrammetry

Arsiwala et al. (2023)

3D BIM model Autodesk Revit *

Data analysis and data-driven decision-making

(Yalcinkaya and Singh. (2019); Huynh and Nguyen-Ky. (2020); Donkers
et al. (2022a); Arsiwala et al. (2023); Hosamo et al. (2023b); Gnecco et al.
(2023); Hadjidemetriou et al. (2023))

Machine learning Dynamo

Real-time data visualization Building management system

Analysis of asset performance Power BI

HVAC control, fault detection,
and prediction

Python

(Arsiwala et al. (2023); Hosamo et al. (2023b))

(Yalcinkaya and Singh. (2019); Donkers et al. (2022b); Hosamo et al.
(2023a); Arsiwala et al. (2023); Gnecco et al. (2023))

Arsiwala et al. (2023)

(Donkers et al. (2022a); Arsiwala et al. (2023); Hosamo et al. (2023b);
Gnecco et al. (2023))

IT infrastructure and ontology

Analysis of the building Bayesian network

Hosamo et al. (2023b)

performance
Data access Fitbit API Physiological data Donkers et al. (2022b)
Data access API (Arsiwala et al. (2023); Gnecco et al. (2023)), (Hosamo et al. (2023b);

Hadjidemetriou et al. (2023))

Data access Weather website

Building vocabulary RealEstateCore

Donkers et al. (2022a)

Arsiwala et al. (2023)

Microsoft” Azure or other cloud-
based platforms

Data repositories

(Arsiwala et al. (2023); Hadjidemetriou et al. (2023))

Data exchange MATLAB

Data services Microsoft” Azure IoT hub

Hadjidemetriou et al. (2023)

Arsiwala et al. (2023)

total volume of indoor volatile organic compound (TVOC)
concentrations, indoor air quality, eCO, (estimated concentration
of carbon dioxide), and illuminance. A few studies also measured the
physical properties of the building occupants, such as heart rate.
These data were collected via a smartwatch application to
understand the building occupants’ perception of their indoor
comfort (Donkers et al, 2022b; Gnecco et al, 2023). Gnecco et al.
(2023) also collected the skin temperature via the smartwatch
application, and it was especially stated that human-centric data
are necessary for a digital twin (Gnecco et al, 2023). Furthermore,
Donkers et al. (2022a) collected meteorological data (temperature,
weather type, wind speed and direction, humidity, and air pressure)

Frontiers in Built Environment

via the following website: www.timeanddate.com/weather. An
optional feature is ML, serving as a complement as it contributes
to a higher level of functionality while providing advanced decision-
making (Arsiwala et al, 2023).

The building digital twin toward human
centricity

Higher educational buildings provide group study rooms,

classrooms, computer rooms, laboratories, offices, auditoriums,
and common areas, such as libraries and dining halls. In these
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FIGURE 2
Conceptual interaction scheme for a human-centric digital twin.

environments, the people flow is dense. Visitors, staff, students, and
researchers use these buildings extensively, often also outside
normal office hours, including weekends and holidays. The other
group of key stakeholders relevant for this building type is the
building management; foremost, the building operators being
responsible for fault management and interactions with building
occupants. Thus, the building operators are tasked to ensure
operational excellence, which essentially means to ensure an
acceptable trade-off between IEQ and building energy use. As
higher educational buildings have these key stakeholders with
different objectives, the users’ purpose of a digital twin will also
vary accordingly. The human-centric design is, therefore, identified
as a key component that is essential to be incorporated in the digital
twin concept to enhance the user experience for both parties, the
building occupants and the building operators.

Figure 2 demonstrates the relationship between these two
identified key stakeholders and the digital twin, resembled by the
two loops. This is what we refer to as being human-centric.

The building occupants are represented on the left in Figure 2.
The digital
communication tool where the building occupants should be able

twin should ultimately work as a two-way
to communicate with the building operator through the digital twin
interface to provide feedback about any perceived thermal comfort
issue or other building-related faults. The building occupants should
also be able to retain information about, for example, available
rooms or relevant building status. The building operators are
represented on the right in Figure 2. The digital twin should also
be able to support the building operators in their daily work by
gathering relevant building data in one interface. This is expected to
enable improved analysis to ensure operational excellence. By
definition’, a digital twin should be able to exchange data with its
physical counterpart. Therefore, the two-way arrows represent a
theoretical bi-directional data flow among the building occupant,
the digital twin, and the building operator.

The digital twin from a system perspective

The system definition used in this study was adopted from C.W.
Churchman, who argued that “a system is a set of parts organized to
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The proposed system model of digital twins for buildings.

accomplish a set of goals” (Churchman, 1968). The system is defined
as starting with its purpose. This leads to a discussion on the
necessary components and their aims. Figure 3 presents the
conceptual system model for a building digital twin, emphasizing
internal and external relationships and the interdependence of
selected data from within and outside the building boundaries.
Thus, a digital twin representing a physical building should be
defined within two system boundaries of a building’s local
environment and a building’s global environment. The system’s
local environment refers to the internal context where the building
and the digital twin can exchange the same source of data, for
example, the indoor temperature or the number of occupants,
denoted as Data;,. In addition, a digital twin should also be able
to collect external data, Data,y, from a system global environment
that refers to an external context outside the building boundaries, for
example, weather forecasts or electricity prices. Such third-party
data are important for an optimized operation or advanced analysis
for the HVAC system performance or building energy use.

The digital twin presented in this study follows the definition of
essential digital twin components, provided by Grieves (2005). Thus,
as illustrated in Figure 3, there are three entities: the physical entity
(the real building), the virtual entity (the digital twin), and the data
connections (data., and data;,). It should be noted that the dotted
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Schematic overview of the digital twin design phase and the operational phase

arrow in Figure 3 represents third-party data that have a direct
influence on the building. However, for an ideal digital twin system,
the dotted arrow would not exist since all external data would first be
processed via the digital twin and, thereafter, by the means of data
analytics, suggest improvements for relevant building systems.
The ability to exchange data links the physical building with its
virtual counterpart. This bidirectional data flow in this case study is
defined as near real-time. Using the wording “near” emphasizes that
sensor signals from the physical building to the digital twin occur
with a defined interval of 10 min. This time interval was considered
suitable; on account of this, no time-critical factors are displayed in
the digital twin interface. Time critical events are handled through
the building control system, thus separated from the digital twin.

The digital twin design process

The building stock captured in this digital twin possesses a great
variation in constructions and designs. Due to the age of the existing
building stock, mostly hard copy drawings were accessible, along
with a few BIM models for recently constructed buildings. Although
some buildings are recently constructed, other buildings were
constructed in the 19th century and have undergone numerous
renovations. These renovations have transformed design and the
intended use of the buildings over time, and therefore, the available
drawings were considered to be outdated.

Figure 4 describes the chosen design steps for the digital twin,
involving the essential development phases: pre-study, sensor
installation, and model generation using RealityCapture and the
model population. These phases are briefly described under the
following sub-headings. The Microsoft Azure IoT platform is used
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as integration toward the digital twin platform. The IoT platform is
dedicated to collecting and processing IoT-sensor data; sensor data
from smart building systems; technical documentation from word,
excel, or the facility management system; and external third-party
data. For more information about technical details, the authors of
this article refer to a conference paper where these phases are
described in detail (Bicklund et al., 2022).

The pre-study phase

The first phase is the pre-study phase aiming to bring the building
owner and tenant together to create a common vision about the digital
twin. This is carried out through workshops where representatives from
the building owner and the tenant participate. Representatives from the
tenant were staff working at the university real estate and facility service
and the IT office. These professionals have strategical knowledge about
the facilities and room booking systems. From the building owner’s
perspective, real estate developers participated together with business
developers, IT managers, and project leaders. The workshops were
facilitated by external project leaders according to a pre-defined process.
The process aimed at delivering an effective workshop with a clear
purpose and goal.

One important aspect of the pre-study phase is the inventory of
which rooms to include in the digital twin as some buildings and
rooms are not suitable to monitor, due to sensitive information.
Eligible rooms and buildings are categorized depending on their size
and function. Ensuring a consistent terminology of rooms in tenant
systems and building owner systems is another important task.

It also needs to be defined which physical properties that are
relevant to measure. The default properties are occupancy,
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TABLE 3 Room types and their physical properties.

10.3389/fbuil.2024.1347451

Room type Physical property

Auditoriums

Occupancy, temperature, CO,, and people counter

Lecture rooms and computer rooms

Group rooms

Occupancy, temperature, CO,, and people counter

Occupancy, temperature, and people counter (in rooms dedicated for 10 people or more)

Laboratories

Offices

temperature, and CO, levels. Furthermore, noise measurement
sensors are installed in rooms generally perceived as being noise
sensitive, such as libraries. The type of sensor to be installed is also
decided. In some buildings, traditional building systems have been
replaced with smart building systems, such as smart HVAC and
smart lighting systems, already equipped with sensors, measuring,
for example, presence and CO, level. The digital twin can collect
these data from the building management system, and therefore, few
or no additional sensors are required in such settings.

The sensor installation phase

The second phase is the sensor installation phase where the
sensors are installed in strategic locations. Before the actual sensor
installation can take place, an inventory is performed for eligible
rooms and to decide what to measure in which room. Table 3
presents common room types and their physical properties to be
measured. The rooms are carefully selected to produce compliant
data to ensure privacy and anonymization of the building occupants,
in line with the European General Data Protection Regulation,
GDPR. The GDPR aims to ensure the right to everyone’s
privacy, both at home and the workplace (GDPR, 2018).
Personal data are defined as “any information that relates to an
individual who can be directly or indirectly identified from it”
(GDPR, 2018). The building occupants should not encounter any
risk to be identified by the means of sensor data. The sensor
installation phase also involves determining ownership and access
to data, ensuring that data are managed and stored according to the
current regulations.

The model generation phase

The third phase involves the actual scanning of the building. If
2D drawings are available in any computer-aided design software,
for example, AutoCAD, these could be imported to the BIM
software application Autodesk Revit, to create a digital 3D
geometry (Hadjidemetriou et al., 2023). For this case, where the
geometry must be re-established, a scanning technology was utilized.
Before scanning can take place, an inventory list of rooms selected
for the digital twin is provided to the scanning personnel. Laser
scanning enables reality capture and is performed via a backpack-
based indoor mobile mapping system with a 360-degree camera.
RealityCapture is the software’s name, and it gathers precise data
about an already existing environment (Almukhtar et al,, 2021).
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Occupancy, CO,, and people counter

Occupancy (selected offices)

RealityCapture uses a photogrammetry software application
developed for the purpose of creating 3D models of an existing
indoor environment from camera photographs or laser scans and is,
therefore, suitable for designing a digital twin from an already built
environment. LiDAR (Light Detection and Ranging) is a laser
technology that captures any given surface in 3D, and it enables
precision in scanning with a point density of 5 mm. In addition, the
scanning hardware is complemented with GNSS (Global Navigation
Satellite System) hardware that provides georeferencing to give every
point its exact location.

For higher educational buildings, ensuring GDPR compliant
data especially office
environments. Common areas were scanned when there were no

becomes relevant when scanning
people present. A comprehensive GDPR investigation was also
performed, where the scanned pictures were validated via an
algorithm trained to recognize people. If the algorithm identifies
any people, it will blur their faces to ensure anonymization. In
addition to the algorithm, information security professionals
validated each picture manually. This manual process was time-
consuming and required specialized resources, but it was necessary
as a complement to the automatic process to ensure GDPR

compliance.

The model population phase

The fourth phase is where data are processed and integrated into
the digital twin platform. The georeferenced point cloud addressed
in images using a 360-degree camera is integrated with other data
sources, such as facility management systems, third-party systems,
and sensor data. Data from word documents, BIM objects, and CAD
drawings could also be imported. Any type of selected object could
be defined as a point of interest (POI) and be equipped with relevant
installation documents or technical

information, such as

specifications. Determining which POI to include is an
interchangeable process, which means that objects could be
added or removed depending on their purpose. Figure 5
illustrates an example of the digital twin interface of an open
office area where sprinklers (SP) and the heating system (VS) are
objectified as POIs. Other POIs are, for example, any electrical
equipment, such as lighting, electrical outlets, and fuse boxes (EL),
or general objects (G), for example, windows or doors. Clicking on
each object provides more information, such as the geographical
location and access to technical documents. Thereby, this digital
twin represents a semantically rich digital twin where any type of

relevant building feature can be mapped. The digital twin project
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FIGURE 5
Digital twin sample interface of an open office area with POls.
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FIGURE 6
Digital twin sample interface of the climate risk analysis, precipitation.

team carefully evaluates which objects to insert as POlIs.
Furthermore, important properties, such as the navigation
capability and building characteristics, are also integrated.

The digital twin collects and visualizes third-party data,
defined as external information (Figure 3) via application
programming interfaces (APIs). Its examples are data from
room booking systems, noise maps from the municipality,
flood risk maps, and fire risk maps from the Swedish Civil
Contingencies Agency, local plans from municipalities,
infrastructure maps from power grid companies, and market
electricity prices from the Nordic power market, Nord Pool. As
an example, Figure 6 illustrates the climate risk analysis where
flood risk data are integrated with a campus map to simulate
which buildings are at risk for flooding. It should be noted that

such external data are not provided in near real-time.
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The building analysis module

Figure 7 illustrates the building analysis module, developed with
the intention to provide occupancy data to visualize behavioral
patterns and trends about how the buildings are used. The upper
graph in Figure 7 shows the aggregated use and booking in
percentage, per week for a particular building (highlighted in the
map to the right). The lower graph in Figure 7 shows the use capacity
per hour during a workweek, Monday-Friday. The graphs in
Figure 7 can also be selected with a finer granularity, to analyze
specific floor plans and rooms. The legend under the graph
represents the color scheme, where darker colors represent a
higher use and lighter colors represent a lower use.

The module collects external data from room booking systems.
These scheduling data are compared with the occupancy and
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FIGURE 7
Sample interface of the building analysis module.
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presence sensor data. By combining these two types of data, the rate
of the so-called “no-shows” will be revealed. No-shows are defined as
rooms booked but not used. The goal is to improve the room
vacancy and to promote sustainable behavior regarding the use of
rooms. As a result, it is expected that buildings will be better utilized,
resulting in more available space and, in the long-term, a decreased
demand for new buildings.

The tenants receive monthly status reports about the use of their
facilities. The data reports are constructed via Power BI* and are based
on the sensor data. The tenants use the digital twin interface as a visual
complement to the Power BI reports. Analyzing the sensor data in this
module will also help us understand which facilities are more popular
per the given time unit, which creates an understanding that will help
develop facilities according to user needs.

The digital twin mobile application

A mobile application was developed from the digital twin 3D
interface, delivering a state-of-the-art application, allowing the users
to access the digital twin on their mobile phones. The application is
developed to target the needs of the building occupants by providing
relevant building information in near real-time. The end-users,
especially students, have been involved in the design process,
providing input on which features the application should have to

2 Power Bl is a data visualization tool provided by Microsoft.
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target their needs. Thus, presenting occupancy sensor data in near
real-time enables building occupants to gain information about
available rooms or less busy indoor areas. Displaying presence
data makes it easy to locate unoccupied spaces and saves time.
Room booking systems will also be integrated, which means that
building occupants can use their mobile phones to manage their
room bookings.

Figure 8 illustrates the design of the digital twin mobile interface.
At the first sample interface [A], a country map is displayed where
available campus areas are presented. At the second sample interface
[B], a campus area was selected. At the third sample interface [C], a
specific building and floor plan 2 were selected. At the fourth sample
interface [D], the user searched for a “study room.” Based on
occupancy sensor data and data from room booking systems, the
application will suggest the available rooms.

Figure 9 illustrates the wayfinding feature, which is developed to
serve as a digital assistant for building occupants to locate
themselves within a campus area and its buildings. Navigating
campus buildings is often difficult, especially for visitors or
newcoming students and staff. The wayfinding function is
expected to serve as a complement to physical signs and enable
an improved orientation within larger building complexes.

At the first sample interface [A], the user searched for the term
“Restaurant;” hence, the application will display restaurants located
in the campus area. At the second sample interface [B], the user
searched for the term “study room.” Based on presence sensor data,
the application will display the available study rooms. At the third
sample interface [C], the application uses the navigational feature to
direct the user to “Study room 3006”.
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FIGURE 8
Sample interfaces (A—D) of the digital twin mobile application for campus users.
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FIGURE 9
Sample interfaces (A—C) of the digital twin mobile application with the room locator and the wayfinding feature.
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FIGURE 10
Sample interface of the building operations module.

It should be noted that Figures 8, 9 present the results of
establishing this first mobile version of the digital twin.

The building operations module

The building operations module has been developed to gather data
and relevant building information into one platform to support the
building operators in their daily work. There are several benefits from
gathering building data into one platform as it improves decision-
making processes, and it also offers an improved understanding of the
relationships between various stakeholders (Gnecco et al, 2023).
Through its smart visualization interface, where the building
operators can identify errors and abnormal variations, fault detection
and prevention will be better managed (Nurumova et al, 2022).
Available real-time data will also provide a basis for taking
immediate actions toward improved indoor comfort (Nurumova
et al,, 2021). Furthermore, by the means of visualizing sensor data
to monitor how the building systems operate, the building operators can
track the state of each building continuously (Hosamo et al,, 2023a).

This module was developed by the means of an interactive
action-based research process involving the end-users. In-depth
interviews and workshops were performed during a longer period
of time. The human-centric aspect was a key concept, involving the
end-users in the design process and allowing them to test the module
and provide feedback. The module was developed by professionals
being experienced in facility management to ensure building
operators’ purpose-driven goals.
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Figure 10 demonstrates a sample interface of the building
operations module. Section 1 shows the campus area and
buildings to review. In this sample, Campus Umed University
was selected. There is also a drop-down list at the building level.
Section 2 shows an overview of the relevant building alarms
related to indoor climate and energy use. Section 3 visualizes a to-
do list of error reports, including a priority list. Some building
errors are more critical than others, and therefore, it is important
to prioritize amongst all the reported and identified events
(Hosamo et al., 2023a). Section 4 visualizes the average
temperature per building, as well as ventilation effectivity. The
circle diagram in Section 5 visualizes the allocation of
surveillance per ventilation, cooling, heating, elevators, and
general construction parameters.

Results and discussion

The digital twin presented in this study extends the occupant-
centric concept to a human-centric approach, thereby raising the
importance of several key stakeholders within building
boundaries. The digital twin interface allows the users to
navigate in a real-like 3D environment, and the navigational
3D model is developed from a geographical model that provides
millimeter precision and, thereby, represents a life-like copy of
the physical environment. The digital twin is based on cloud
computing and the Microsoft Azure IoT platform, specifically

developed for the creation of digital twins. It is an adaptive tool
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that suits the built environment since it can be designed
according to the local conditions with object models, and it
can also be populated according to specific goals (Mateev, 2020).

The three developed digital twin features require the
integration of technical data, together with building occupant
data, into one platform. This has been identified by several
authors as an important research gap (Hosamo et al., 2022a;
Donkers et al, 2022a; Hosamo et al., 2023a; Arsiwala et al, 2023;
Gnecco et al, 2023). This study also targets an identified research
gap of building asset management (Arsiwala et al, 2023) by
introducing the building operations module (Figure 10).
Building management is complex and involves a broad variety
of systems and requirements, and many systems are typically
used in parallel (Hosamo et al., 2022a). Therefore, this module
aims to collect and visualize all relevant building management
data into one platform. By doing so, the building operators will
have a quick access to data in one platform, which enables
enhanced decision-making (Gnecco et al, 2023) and easier
detection and prevention of faults (Hosamo et al., 2023a). It
also aims to visualize complex building data in a coherent
manner, considering that these data can be difficult to
interpret (Hosamo et al., 2022b).

The building analysis module (Figure 7) was developed in
close collaboration between the building owner and the tenants.
This module aim to improve the use of building assets as many
buildings and rooms are underutilized. The building analysis
module enables analysis of the building use by the means of
occupancy data together with data from room booking systems.
This allows for an understanding of how, when, and where a
certain indoor space is used. It also provides knowledge about
which areas in a building are the most popular and during which
hours these rooms are most frequently used. The preference of
the room size and functionality will be revealed. This is
important information for the building owner in order to
ensure high-quality building facilities that fulfill the needs of
the occupants. Furthermore, if existing buildings are better
utilized, the demand for new buildings will decrease.
Underutilized areas are costly and energy-inefficient, leading
to less sustainable buildings.

The digital twin mobile application (Figures 8, 9) is a unique
human-centric digital twin feature, offering the building
occupants a life-like and navigational indoor environment. As
higher educational buildings could be large and complex to
navigate, the wayfinding feature will serve as an aid to help
navigate in these areas. Moreover, the application provides
users with near real-time information regarding occupancy
statuses. This feature becomes particularly crucial during
times of pandemic outbreaks, such as COVID-19, as it allows
users to navigate toward unoccupied space. Additionally,
integration with the room booking system ensures seamless
access to available rooms. The application was developed
together with the building occupants to ensure a user-friendly
that the of the
building occupants.

experience serves specific  needs

According to Figure 3, the digital twin presented in this case
study has evolved from a novel system perspective with a strong
focus on collecting such a variety of data to serve its goal of human

centricity. This implies an emphasis on combining external and
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internal data to represent both a global and a local context of the
system. It was anticipated that these two types of data would
complement each other. In addition to building data, defined as
internal data, integrating external data, such as electricity prices and
weather forecasts, provides a basis for analyses and decision-making
processes. This lead to smarter management and operation of the
buildings, such as proactive planning for heavy rainfalls, securing
buildings located in flood risk areas.

It should be acknowledged that there are still some
developments that are lacking for this digital twin to fully meet
the requirements of the digital twin definition. According to it, the
digital twin should allow a two-way communication between the
physical and virtual entity. Such a two-way connection should
include the possibility for building systems to react or adapt to
digital twin information. It is also crucial to assess human
the
relationship when developing a building digital twin. This is

interactions and behaviors within human-building
addressed by suggesting a feedback loop connecting the building
occupants with the building operators through the digital twin
interface. By doing so, the building management will gain direct
information about how the building occupants experience IEQ
parameters, such as thermal comfort. This feedback loop is
conceptually illustrated in Figure 2 and is yet to be developed.

A challenge for building digital twins is that they must reflect
their physical environment accurately. When there is a renovation
or any other change that affects the building design, the digital twin
needs to be updated (Bicklund et al., 2022; Hosamo et al., 2023a). An
outdated digital twin, based on faulty data, will affect its validity and
credibility. How to efficiently update the digital twin in a timely and
cost-effective manner without any discrepancies in the reliability of
data remains a challenge. Updating the digital twin requires
extensive resources and is expensive and time-consuming as the
scanning process needs to be repeated for those areas that are
modified. It also involves processes and routines on how to
manage updates concerning external and internal data linked to
the digital twin. A process for such updates is currently under
development.

The digital twin collects sensor data from the building every
10 min. This specific time resolution was chosen as a trade-off
between usability and cost-effectiveness, also considered as sufficient
for the current aim and purpose of the digital twin. In this first
version, the digital twin will not be utilized for any time-critical
purposes. In addition, transferring, storing, and analyzing building
data from sensors, building systems, and third parties via the IoT
platform to the digital twin are computationally heavy and require
energy-intensive data storage. According to these given reasons, a
time resolution of 10 min is acceptable. To highlight the fact that the
data to the digital twin are not generated continuously, the
preposition of “near” is applied to real time. Some previous
literature studies within the field of digital twins, also developed
their concepts using “near real-time” to describe their intended time
resolution (Lee et al., 2021; Lee and Lee, 2021; Barkokebas et al, 2023;
Bragatto et al., 2023). However, none of these studies provided any
specific system characterization of “near real-time.” Therefore, this
study acknowledged this term within the proposed system
perspective of digital twins for buildings (Figure 3).

It should also be noted that future developments of the digital
twin and its features can benefit from Al. As an example, by the
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means of ML, predictive capabilities could enable that future faults
are “discovered” before they occur. When to take appropriate
actions could then be visualized in the building operations
module by a signal. ML could also improve the building energy
use by identifying abnormalities at an early stage. However, ML is
not yet the standard in building operations, leaving it open for future
research to study its capabilities.

Conclusion and future research

This article presents a digital twin for the operational phase of
higher educational buildings. The results presented in this study
contribute, with new knowledge, to the field of digital twins for
higher educational buildings, building occupants, and building
management. The digital twin is designed with a human-centric
approach, targeting the building occupants and the building
operators. The aim of the digital twin is to improve the
building occupants' experience and enhance the daily work life
of the building operators. This represents a novel perspective on
how digital twins can be designed and used within the built
environment. The digital twin was also established to develop
enhanced monitoring, control, and prediction capabilities to
improve operational excellence. Furthermore, the digital twin
aims to improve the general use and occupancy by enabling
advanced analyses based on combining sensor data and data from
room booking systems.

If the existing building stock is designed and operated according
to the requirements of the building occupants, it is likely to be better
utilized and the demand for new buildings would decrease.
Furthermore, its uniqueness is also represented by the fact that
this is the only digital twin case study for educational buildings that
presents a theoretical bi-directional link with the aim to optimize a
building asset based on digital twin intelligence.

The main contribution of this study is the development of the
three digital twin features, where each of them represents novel
characteristics of digital twins for buildings: first, we have the
building analysis module, where the use of the buildings can be
analyzed with the goal of achieving a sustainable building stock by
optimizing the already built environment. Second, a state-of-the art
digital twin mobile application is introduced. To the knowledge of
the authors, this is the first human-centric digital twin mobile
application. It is based on the digital twin platform and also
designed together with the users to ensure their expectations and
user needs. Third, the building operations module developed for the
building operators as a digital aid, where relevant building data and
information are displayed within one system.

A definition for human-centric digital twins and a new system
perspective is also introduced in this study. Thus, the digital twin is
designed with a system perspective of a local and global system
environment, to highlight these interdependent relationships. It is
also emphasized that for the purpose of this digital twin, data are
updated every 10 min. This is what is referred to as near real-time data.
These concepts are essential for the development of the digital twin as
they frame user perspectives, technical requirements, and data
collection intervals.

This study has some limitations that should be recognized.
First, case studies are always subject to being context-specific
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(Eisenhardt and Graebner, 2007), meaning that the digital twin
presented in this article is developed for higher educational
buildings where most of the building occupants are students
and staff. Furthermore, the building stock is located in Sweden,
thus represented by, for example, the Swedish climate, weather,
building types, and building codes. Second, the near-real-time
data on the 10-min interval might resemble a limitation in some
user cases that require quicker building status updates. Third, the
lack of a cost-effective procedure that keeps the digital twin up-
to-date is an important limitation and also a challenge for
future research.

To conclude, digital twin technology for buildings is an
emerging field with several resent publications. This implies new
opportunities to be discovered, along with challenges and
bottlenecks yet to be identified. This study highlights the
challenges and research gaps identified by the previous literature,
emphasizing a novel approach on how a human-centric building
digital twin can support end-users and facility management.

The
research endeavors:

following aspects are recommended for future

o The industry silos need to be broken to make data sharing
possible between the building system suppliers and the digital
twin key stakeholders and to achieve cost-effectiveness. Future
research should, therefore, target cross-sectoral cooperation
and innovative business models for data sharing, adapted to
smart building technology and IoT features.

« From the property owner’s perspective, it is relevant to realize
the potential brought about by the digital twin technology for
enabling an increased understanding on how commercial
buildings are experienced by the building occupants. This
will bring knowledge about how and why certain buildings or
rooms are utilized to a greater extent. By the means of such
data, the building owner would be able to achieve an optimal
level of usage and more sustainable buildings.

o A well-functioning digital twin for buildings needs to be
updated regularly in a data-compliant manner, by a
systematic and cost-effective scanning procedure. This
remains a central challenge for future research.

Further detailed empirical studies are required to develop and
enhance the human-centric design aspects of digital twins
for buildings.

o A future opportunity for the presented digital twin mobile
application is to implement a two-way communication
feedback loop between the building occupants and the
building operators via the digital twin mobile interface.
This would allow the building occupants to provide
information about thermal comfort, errors, or any other
building-related issues. The building occupants could also
gain information about the status of indoor climate, general
information about smart building systems, or any other
building-related issues. This would enhance the user
perspective of a smart building and it would allow the
building management to learn more about the building

their their

thermal comfort.

occupants, behavior, and perceived
A showcasing video of the digital twin is available upon request.
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