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Towards a smart campus: supporting campus decisions with Internet of Things
applications
Bart Valks, Monique H. Arkesteijn, Alexander Koutamanis and Alexandra C. den Heijer

Department of Management in the Built Environment, Faculty of Architecture, TU Delft, Delft, The Netherlands

ABSTRACT
At universities worldwide, creating a ‘smart campus’ is gaining significance. This is a response to the
increasingly dynamic use of the campus and the pressure on resources: energy, financial and
human resources. The university community has become more mobile, student numbers more
unpredictable and funding more uncertain. Consequently, campus strategies focus on resource
efficiency and sharing space, requiring investment in management information to improve
decision making. The Internet of Things (IoT) can help to provide big data about use patterns: by
collecting real-time data on space utilization, users can make better use of current spaces and
real estate managers can make better decisions about long-term demand. Furthermore, space
utilisation data can be complemented with user feedback data and environmental variables, e.g.
noise levels, luminance. In this research we identify the capabilities of existing IoT applications
through a literature study. Literature also suggests that information from IoT applications is not
utilized in organisational decision-making processes. Through four case studies we analyse these
decision-making processes and identify the process-level requirements to make strategic
decisions in campus management. Then we show how information from the IoT can be directly
connected to these processes, thus providing a valuable addition of real-time data as input.

KEYWORDS
Smart campus; Internet of
Things; real estate
management; use patterns;
decision making

Introduction

At universities across the world, the notion of a ‘smart
campus’ is becoming increasingly appealing as a
response to the multitude of challenges that impact cam-
pus development and operation. Firstly, universities are
faced with an increasingly uncertain demand (both
qualitatively and quantitatively) for facilities. An increas-
ing share of international students results in a more
uncertain student influx (OECD, 2019) and a more
diverse demand for student facilities and services on
campus (Sankari et al., 2018; TU Delft, 2016). Further-
more, as securing research funding from public or pri-
vate sources is increasingly competitive in ‘academic
capitalism’ (Lepori & Reale, 2019; Schulze-Cleven &
Olson, 2017), there is competition for resources. This
results in more temporary contracts and uncertainty in
the demand for offices and laboratories. Secondly, the
modernization of many campuses is a challenge. Many
campuses in Europe and the United States consist largely
of ageing buildings that are often in need of renovation
and therefore (re)investment – (Den Heijer & Tzovlas,
2014; Kadamus, 2013). Combined with reduced govern-
ment funding, this leads universities to alternative

financing models. Newell and Manaf (2017) observe a
clear tendency amongst five Australian universities to
use different funding models for their investments such
as leasing, debt funding, donations and private develop-
ment. In the UK, universities have already invested sig-
nificantly using models such as private bond issuing,
commercial bank lending, and loans from the European
Investment Bank (McCann et al., 2019). Put together,
these challenges greatly increase the difficulty of strategic
decision making in campus management.

The combination of more ambitious goals and
pressure on energy, financial and human resources is
reason for universities to invest in efficient campus man-
agement, including by means of information. In previous
research, the authors researched the use of Smart campus
tools to support universities. Smart campus tools are
defined as follows:

… a service or product with which information on space
use is collected real-time to improve utilization of the
current campus on the one hand, and to improve
decision-making about the future campus on the other
hand.

(Valks et al., 2018)
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This definition has been expanded through the develop-
ment of a conceptual model, building theory as the
research progressed. First, this definition was further ela-
borated in a why, how and what. These are shortly
explained below; for further information we refer to
Valks et al. (2018):

. The why: why would a university implement a smart
tool? Just as with real estate, the basic assumption with
smart campus tools is if they would not add value to
the university campus, no university would invest in
it. In order to understand how smart campus tools
add value, a model of A. C. Den Heijer (2011) is
used that identifies the added value of real estate
decisions. Four stakeholder perspectives are defined,
each with their own objectives through which added
value can be measured. These stakeholder perspec-
tives and the ways real estate adds value to their per-
spective are:
Strategic (decision makers): Improving quality of
place, stimulating collaboration, stimulating inno-
vation, supporting image, supporting culture
Functional (end users): Supporting user activities,
increasing user satisfaction, increasing flexibility
Financial (controllers): Increasing revenues, decreas-
ing costs, reducing risks
Physical (technical managers): Reducing footprint

. The what: what data must the smart tool collect in
order to achieve the objectives? In order to under-
stand what data is collected, traditional space use fra-
meworks of NAO (1996) or Space Management
Group (2006) are complemented by an indoor posi-
tioning framework provided by Christensen et al.
(2014, pp. 7–8). Four levels of space use are defined,
which Christensen et al. term ‘occupancy resolutions’:
frequency, occupancy, identity and activity, which can
each be aggregated in space and time.

. The how: how can space use be measured real-time? A
study on indoor positioning methods byMautz (2012)
and a white paper by Serraview (2015) were used to
generate a first overview of possible sensing technol-
ogies, which has been expanded and refined through-
out the research.

With smart campus tools, universities improve the
effective and efficient use of their spaces in the short-
term, by measuring the use of these spaces in real time
and guiding students and employees to available spaces
that match their needs. Real-time data on space use are
also used to optimize the delivery of building services
(heating, ventilation, lighting), resulting in energy sav-
ings (Balaji et al., 2013, 2016). Over the past years, sig-
nificant research attention has been given to the

development of information technologies that can
measure space use in real time, focusing mostly on oper-
ational applications.

However, at the same time, information on utilization
of spaces, user satisfaction, and energy consumption can
be used to support various campus management
decisions. These decisions are strategic decisions (with
a long-term focus) e.g. building renovation, construction
and disposal and tactical decisions (with a mid-term
focus) e.g. optimization of cleaning schedules, building
opening hours and purchase quantities of food facilities.
As we will show, the use of the information delivered by
smart campus tools and their application in organiz-
ational processes has received little attention.

In order to research the delivery of information from
Smart campus tools to support strategic decision making
on campus, an Information Management perspective is
used (Bytheway, 2014, pp. 29–30). In Information Man-
agement, the delivery of information to support decision
making is understood in the following steps (Bytheway,
2014):

. The information technology that forms the techno-
logical component of an information system;

. The information system that delivers our needs in a
more personalized way;

. The organizational process that benefits from our
system;

. The organizational information that will be derived
from the system;

. The organizational benefits that we expect as a result
of the system;

. The organizational strategy that is realized through
the delivery of the benefits.

The three previous aspects (why, how and what) can
be positioned within this framework. The sensing tech-
nologies are information technologies, which are engin-
eered into an information system. This information
system includes both hardware and the human capa-
bility to work with the system (Bytheway, 2014). The
occupancy resolutions describe the delivery of infor-
mation to the information system. The information
systems are applied in organizational processes in
order to improve them and deliver organizational
benefits, which are the previously described objectives
describe the organizational benefits. Smart campus
tools as a whole are approached as part of campus
information systems: they collect data, which are then
applied not only in operational but also in strategic
processes, in order to help universities meet their new
challenges. In this paper, we focus on the strategic
processes.
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In scientific research and in practice, Smart campus
tools are more commonly termed ‘Internet of Things’
(IoT). IoT is defined by Gubbi et al. (2013) as

Interconnection of sensing and actuating devices pro-
viding the ability to share information across platforms
through a unified framework, developing a common
operating picture for enabling innovative applications.
This is achieved by seamless ubiquitous sensing, data
analytics and information representation with Cloud
computing as the unifying framework.

The definition of Smart campus tools falls within this
definition, focusing specifically on the use of sensing
and actuating devices, their output, and the appli-
cations they enable. Smart campus tools are thus a sub-
set of IoT applications. For the purposes of this paper,
we use the broader term ‘IoT applications’. Therefore,
the main research question of this paper is: How can
IoT applications be used to effectively support (stra-
tegic) decision making in university campus
management?

Research methods

In order to answer the research question, a mixed
methods approach is adopted. First, literature is studied
to understand which IoT applications are available and
how these relate to decision-making processes. Then, a
strategic decision-making process in campus manage-
ment is studied. For this a case study approach is used.
Finally, the outcomes from both studies are combined
to answer the research question.

Literature study

The literature study focuses on the potential use of IoT
applications in campus management. In the field of
CREM surprisingly little has been published regarding
IoT applications: a scan of the 2014–2017 issues of the
Journal of Corporate Real Estate, Facilities and the Jour-
nal of Property Research did not yield any relevant
articles to the subject matter. Therefore, a search query

Figure 1. Scopus query.

Figure 2. Scanning steps of the literature review.
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in Scopus (Figure 1) was developed to extend the scope
to any relevant studies, linking sensors to either added
values of CREM, real estate domains, occupancy
measurements or different types of real estate. A limit-
ation of this search query is that some relevant papers
were not identified through it; these papers have been
added through other searches. This study was first
done in 2016 and reiterated in 2018 and 2020. Figure 2
shows the steps that were taken to select the 60 studied
papers; Table 1 shows the inclusion and exclusion cri-
teria used in the studies.

The results are organized in a study-and-concept
matrix in which the articles are listed in rows and the cat-
egories in columns. Initially, the literature study focused
on the IoT applications presented in the papers. The fol-
lowing aspects were documented and analysed: sensors
used, type of space use measurement and CREM objec-
tives. In the 2018 iteration, more aspects were added to
the matrix in order to identify the perceived research
gap concerning IoT support to decision-making pro-
cesses. The following fields were added: the research
field of the authors, the type and scale of the space that
the study was applied to, granularity of results, reported
outcomes, and the way in which those outcomes are
used.

Case studies

Through four case studies an understanding is gained of
current campus management practices, including the
current contribution of IoT applications. The cases are
actual decision-making processes of campus

(re)development at different Dutch universities (hence-
forth the ‘strategy process’). The main components of
each decision-making process are the involved actors,
the activities, and information flow through the process.
In two cases IoT applications are implemented and in the
other two cases not. This allows the identification of
changes in the business processes as a result of IoT
applications.

For each case study the following procedure is
followed:

(1) A first interview is conducted with a campus man-
ager in which he/she is asked to go through a recent
adjustment of the university’s campus strategy. For
this interview, customer journey mapping (Halvors-
rud et al., 2016) is used to structure the interview
protocol and visualize the results. This method was
chosen because it is a customer-centric method –
the customer being the campus manager – and
because it provides a comprehensive, visual
overview.

(2) The customer journey map is translated into dia-
grams. According to Bytheway (2014), process
analysis and information analysis are the two princi-
pal ways of visualizing an information system; in our
cases, the information system serving campus man-
agement. For the process analysis, a high-level pro-
cess diagram shows the relationship of campus
management to other business processes, and a
more detailed activity diagram shows the activities
in campus management. For the information
analysis an information diagram shows the infor-
mation flow that supports campus management.
The diagrams are visualized as basic flow charts, as
these suffice in practically all cases (Koutamanis,
2019). Figure 3 displays the elements of these flow
charts.

(3) A second interview is conducted with the campus
manager to validate the activity diagrams. In three
cases, extra input was collected for the information
diagrams as well.

(4) The activity and information diagrams are adjusted
accordingly. These diagrams form the basis for the
analysis of IoT connectivity to strategic processes.

Figure 3. Nodes and arcs in a flow chart.

Table 1. Criteria to include and exclude papers.

Study

Criteria

Excluding Including

First scan 2016 . Citation count; 50
papers with highest
citation score

Second
scan

2016,
2018,
2020

. The study is not
linked to an object (a
type of real estate)

. The study is a
discussion paper,
survey or literature
review

. The study measures
space use within an
object
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Literature study

Overview of IoT applications

Literature shows that IoT applications are applied to a
wide range of built environments. Although our focus
was mostly on academic buildings and offices, the
studied literature also covers hospitals (Prentow et al.,
2015; Ruiz-Ruiz et al., 2014; Stisen et al., 2017), outdoor
settings (Abedi et al., 2013; Chang et al., 2010; Versichele
et al., 2012), sports venues (Liebig et al., 2014; Stange
et al., 2011), residential buildings (Chuah et al., 2013;
Pesic et al., 2019; Villarrubia et al., 2014), train stations
(Daamen et al., 2015; van den Heuvel & Hoogenraad,
2014), and airports (Schauer et al., 2014).

The literature has been categorized by type of appli-
cation. We distinguish between nine types of IoT appli-
cations (Table 2). The application types most frequently
present in literature are location-based user applications
(18 times), optimizing building services (13 times), and
monitoring user flows (13 times). Other application
types are monitoring space use (5), building energy
simulation (5), telecare (4), user detection (2), social sen-
sing applications (2), and emergency response (1). There
are three papers that report on multiple application
types. Dave et al. (2018) discuss the development of a
platform that contains numerous location-based user

applications, but also provides opportunities to optimize
building services. Sutjarittham et al. (2018) discuss four
different pilots of IoT applications, which offer benefits
to users via location-based user applications, as well as
monitor the use of space. Romero Herrera et al. (2018)
make use of a platform that measures indoor climate
and occupant comfort, which contains a location-based
user application, and which can support optimization
of building services. Each of these examples is considered
separately under each row, which is why the total
amount of IoT applications is 63 instead of 60. For
each of these applications, the table shows which objec-
tives are intended, which occupancy resolution is
measured, which sensors are applied, and at which gran-
ularity the system delivers results.

Application type is closely linked to the type of objec-
tives. As expected, location-based user applications are
mostly aimed at supporting users, e.g. in wayfinding or
improving comfort, just as optimizing building services
is mostly aimed at energy savings. Monitoring user
flows and monitoring space use are equally aimed at sup-
porting users and optimizing costs. Similarly, most appli-
cation types favour a specific occupancy resolution. For
example, applications that monitor space use mostly
measure on the resolution of occupancy, and telecare
applications mostly measure on the resolution of activity.

Table 2. Types of IoT applications and their properties; in the appendix, the references are listed per application type.

No. of IoT applications Type of IoT application Objectives
Occupancy
resolution

Granularity (of
results) Sensors

18 Location-based user
applications

Supporting users (11)
Enhancing safety (4)
Energy savings (3)
Optimizing costs (2)

Identity (12)
Occupancy (4)
Frequency (1)
Activity (1)

Room (8)
Unknown (5)
Sub-room (2)
Floor (1)
Workplace (1)
Building (1)

Wi-Fi (10)
Multiple (4)
Wearables (1)
Illuminance (1)
Observations (1)
FM radio signals (1)

13 Optimizing building services Energy savings (13)
Supporting users (5)
Optimizing costs (1)
Enhancing safety (1)

Occupancy (10)
Frequency (2)
Activity (1)

Room (10)
Workplace (2)
Sub-room (1)

Multiple sensors (10)
PIR (2)
Ultrasonic sensors (1)

13 Monitoring user flows Supporting users (7)
Optimizing costs (7)
Enhancing safety (5)
None (1)

Activity (12)
Occupancy (1)

Building (5)
Floor (3)
Unknown (3)

Multiple (5)
Bluetooth (4)
Wi-Fi (3)
Access gates (1)

5 Monitoring space use Supporting users (3)
Optimizing costs (3)
Energy savings (1)

Occupancy (4)
Activity (1)

Room (4)
Workplace (1)

Multiple (2)
Wi-Fi (2)
PIR (1)

5 Building energy simulation Energy savings (5) Occupancy (3)
Frequency (1)

Sub-room (1)
Room (2)
Floor (1)
Building (1)

Wi-Fi (2)
Bluetooth (2)
PIR (1)

4 Telecare Supporting users (4) Activity (2)
Identity (1)
Frequency (1)

Workplace (2)
Room (1)
Floor (1)

Wi-Fi (2)
Wearables (2)
Bluetooth (1)

2 User detection Enhancing safety (2)
Supporting users (1)

Frequency (2) Unknown (2) UWB (2)

2 Social sensing applications Supporting users (2)
Stimulating collaboration
(1)
Enhancing safety (1)

Activity (2) Workplace (1)
Floor (1)

Wi-Fi (1)
Multiple (1)

1 Emergency response Enhancing safety Occupancy Room Multiple

BUILDING RESEARCH & INFORMATION 5



With respect to granularity, most application types
favour room level granularity or higher. The only excep-
tion is monitoring user flows, where results on floor and
building level are found. Furthermore, in monitoring
user flows and user detection, the granularity of outdoor
settings is not always compatible to the indoor scale used
in the table. In location-based user applications, there are
also a few instances where the granularity is unknown; in
these cases, experiments are conducted on a small scale
(Chapre et al., 2013; Deak et al., 2010), making it difficult
to determine the granularity.

Finally, when comparing application type to the sen-
sors used, the diversity in sensing approaches becomes
apparent. While some applications, such as location-
based user applications and optimizing building services,
seem to favour a certain sensing approach (Wi-Fi and
multiple sensors, respectively), in other areas one type
of sensor is not predominant. Furthermore, a significant
number of papers make use of multiple sensing methods.
In applications that optimize building services, research-
ers make use of sensors that measure aspects of the
indoor environment, such as temperature, CO2, lumi-
nance, humidity, acoustics (Ekwevugbe et al., 2017; Ioan-
nidis et al., 2017; Saralegui et al., 2019; Schwee et al.,
2019). In two recent studies, these are combined with
the collection of user feedback (Dave et al., 2018; Romero
Herrera et al., 2018). Together with space utilization
data, data on the indoor environment and user feedback
can provide valuable information to support decision
making.

Supporting decision-making processes

An important question in the literature study was how
IoT applications can affect decision making in real estate
management. For an answer, we first looked at the results
presented in each paper: these results describe the per-
formance of the IoT application itself (i.e. is the measure-
ment of the technology accurate), the performance of the
environment, or both. Measurements of the environ-
ment are for instance occupancy measurements, user
flows, noise levels. With regards to the performance of
the IoT applications, Mautz (2012) named the perform-
ance benchmarking of implemented systems as one of
the recommendations for further research. More
recently, Mathisen et al. (2016) have observed that few
extensive evaluations of positioning methods have been
reported in large-scale environments. For the purpose
of this paper, results that measure the performance of
the environment are especially relevant, as they can
potentially inform organizational decision making:
Among the studied papers, we find that 46 out of 60
papers report on the performance of the IoT application,

whilst only 28 out of 60 papers report on the perform-
ance of the environment. 14 papers report both types
of results. This suggests a tendency in literature to
focus on the performance of the IoT application when
reporting results; however, recently the literature has
also reported more on the performance of the environ-
ment: see Table 3.

In literature that reports results related to the per-
formance of the environment, we looked for links to
decision making. These fall under four categories. In
the first category, the results improve understanding of
what is studied. This does not necessarily mean that
decision making is considered. For example, Stange
et al. (2011) have involved decision makers in their
research and report that they have gained new insights
on the movement behaviour of their customers. How-
ever, they do not mention what these insights are. Nor
do report on any of the three other categories: improve-
ments they may lead to, what they recommend based on
the findings or how the decision makers used this infor-
mation. In total, 10 out of 28 papers fall in this category.

In the second category, the results can be used for a
specific improvement. These improvements can be rea-
lized through automation or through organizational pro-
cesses. For example, Garg and Bansal (2000) conclude
that through automation ‘about 5% more energy can
be saved by using smart occupancy sensor as compared
to non-adapting fixed TD sensors’. Abedi et al. (2014)
write that

by identifying the peak periods of utilisation, the facility
management team can optimise their performance by
selecting critical periods for inspection and providing
facilities. Also, this team can be aware of people’s
response to space design change or new facility setup
such as upgraded coffee machine, adding a TV and
entertainment facilities.

Here, opportunities to use the results to improve the
environment are identified, but it is not made more
specific what that improvement is. In total, 15 out of
28 papers fall in this category.

In the third category, the results include advice for
specific improvements in the environments. There are

Table 3. Overview of the amount of papers by year, and the type
of results they report.

No. of
papers Year

Results related to
performance of the IoT
application (No. of

papers)

Results related to the
performance of the
environment (No. of

papers)

17 2017–2020 11 11
23 2013–2016 18 10
14 2009–2012 12 5
6 <2008 5 2

6 B. VALKS ET AL.



only two papers that contain such an advice. Zhang et al.
(2010) advise enlarging the spaces along the windows in
the studied office because use of these spaces was found
to be suboptimal in their IoT-based measurements.
Wang and Shao (2017) write that their results

revealed that the current 24-hour opening policy for the
library during term time did not correlate with usage.
On the other hand, the eight-hour library-opening dur-
ation during the summer holiday period could be
extended to include the early evening hours to benefit
user productivity.

In these examples, the authors show how the data may be
used in decision-making processes, as they provide their
interpretation of the data for decision making.

Finally, in the fourth category, the authors report on the
use of results in real-life decision-making processes. There
is onlyonepaper in this category. vandenHeuvel andHoo-
genraad (2014) report that ‘our analysis of passenger route
choice in Amsterdam Central station illustrate that plan-
ners should be careful with assumptions about pedestrian
route choice inside train stations’. They then report
which assumptions hold and do not hold, followed by
the relation to decision making: ‘These findings have had
significant implications for a major overhaul that is being
planned.’ Additionally, the authors also refer to a separate
paper that discusses inmore detail how the results are used
in decision making. In this example, the authors show the
actual use of data in a decision-making process.

Almost all papers (25 out of 28) belong to the first two
categories. In our view, this constitutes a research gap:
when making strategic or tactical decisions in real estate
management, it is not always apparent how the infor-
mation from IoT applications are, could or should be

used. Therefore, it is useful to analyse existing practices
in organizations that already use IoT applications in
decision making and compare it to others that do with-
out. This research gap complements the previously sta-
ted research gaps regarding the performance of IoT
applications: both of them obstruct successful delivery
and implementation of IoT applications.

Strategic decision making in campus
management

Contexts of the four case studies

The organizational processes, their activities and infor-
mation flows are studied in four Dutch universities. To
show the similarities across the four cases, a summary
is provided in Table 4. In all cases, the universities
have experienced a significant increase in student popu-
lation. The organization of the executive branch and fac-
ulties is also similar but there are slight differences in the
responsibilities of the real estate (RE) departments. In
three of the four cases, the RE department is not respon-
sible for facility management. In the fourth case, the RE
department is not only also responsible for facility man-
agement, but moreover for other services: IT, the univer-
sity library and procurement.

Table 5 shows the use of IoT applications in each case.
At two universities, IoT applications are implemented to
monitor the occupancy of education spaces, with an
additional functionality of booking the study spaces. In
the two other cases, pilots have been conducted with
IoT applications and with the same goals and function-
alities, as exploration of further steps towards IoT
implementation.

Table 4. Case studies and their characteristics.
Wageningen University (WU) TU Eindhoven (TUE) TU Delft (TUD) Radboud University (RU)

University characteristics
Type of university β (Agriculture) β (Engineering) αβγ (Arts, Social Sciences,

Sciences)
Student population 11.944

(2007: 5.240)
11.966
(2007: 7.190)

23.508
(2007: 13.680)

21.675
(2007: 15.280)

Student growth (2007-
18)

+127% +66% +79% +42%

Executive organization Executive board, Supervisory board Executive board,
Supervisory board*

Faculty organization 5 science groups (faculty department + research
institutes), headed by directors.

9 faculties, headed by
deans

8 faculties, headed by
deans

7 faculties, headed by
deans

Real estate department responsibilities
Portfolio / asset
management

RE department

RE development RE department
Project management RE department
Facility management RE department FM department FM/ICT department FM department
Maintenance
management

RE department

Other activities RE
department

IT, Library, Procurement -

*At RU, the supervisory board is responsible for both the university and the hospital.
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Analysis of decision-making processes

The first step of the analysis of the four cases is the com-
parison of the four process diagrams. In these diagrams,
the processes of (re)developing a campus strategy are
shown in relation to the involved actors and other organ-
izational processes. This gives a high-level overview of
what a university does (Bytheway, 2014). The four pro-
cesses were so similar, that they could be generalized in
the process diagram in Figure 4. This diagram illustrates

that planning the development of a campus requires
many different stakeholders, as well as their specific
inputs.

At the heart of the diagram (Figure 4), the main pro-
cess is shown (‘planning the campus development’). The
outcomes of this process are used to initiate projects. In
the four cases the projects described are the construction
of a new education building, the renovation of a faculty
building, the decision to retain and repurpose a building

Table 5. The use of IoT applications in case studies.
Use of IoT
applications

Wageningen University
(WU) TU Eindhoven (TUE) TU Delft (TUD) Radboud University (RU)

Implementation of
IoT

Yes; implemented No, although numerous pilots exist

Implementation
period

2015-present 2016-present Two pilots in 2017 Pilots in 2016, 2019

Function Monitoring occupancy
of education spaces

Booking and monitoring
occupancy of education spaces
and study spaces

Booking and monitoring
occupancy of education spaces
and study spaces

Booking and monitoring
occupancy of education spaces
and study spaces

Figure 4. Process analysis: Process diagram displaying the generic strategy process in campus management in relation to other
business processes. The responsibilities of the real estate department are emphasized.
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for education spaces, and the relocation of a faculty. Pro-
viding input to the main process are four separate pro-
cesses: determining financial boundaries, the university
strategy, forecasting student population, and forecasting
education and research activities. Each of these processes
can trigger the initiation of the main process. In the main
process, the stakeholders responsible for the other pro-
cesses provide the necessary input: for example, when
the process is triggered by a changing forecast in student
population, it also requires input with regards to the uni-
versity strategy, financial boundaries and education and
research activities. Each of these inputs can have a major
impact on the decision; in order to understand those
impacts a more detailed analysis is required.

The second step of the analysis is the comparison of the
activity diagrams of the four cases. Activity diagrams
show how the high-level process of ‘planning the campus
development’ consists of lower-level activities. As such,
they provide a fruitful starting point in understanding
the overall function of a business application in relation
to a business process (Bytheway, 2014). These activity dia-
grams closely reflect the actual practice at the four univer-
sities. Consequently, they formed the main output of the
interviews and have been validated with the interviewees.

The first thing that one notices is that the four activity
diagrams seem quite different: TU Eindhoven (appendix)
is similar to Wageningen University, and TU Delft
(appendix) is similar to Radboud University but there
are significant differences between the two pairs. Business
processes may seem very similar in a high-level analysis,
but these lower-level analyses illustrate how different
they can be in implementation. A comparison between
two cases illustrates the most important differences.

At Wageningen University, the process of redevelop-
ing the campus strategy was triggered by an adjustment
of the student forecast. The activity diagram (Figure 5)
details how first scenarios for the forecast were made,
after which they were combined with policy measures to
arrive at a definitive student forecast. Note that these
activities are related to a separate business process in the
process analysis, i.e. forecasting student population.
Then, with the definitive forecast, a specification was
made per education program. This is necessary in order
to determine the demands for education spaces on cam-
pus, which were compiled in an overview. This overview
was compared with an overview of the available and
planned education spaces in order to match the demand
to supply. The matching returned a surplus or shortage
of education spaces on campus. Finally, after deciding
on the match, strategies were defined in order to address
the surplus or shortage. In an iterative process, these were
combined with requirements and other demands for
spaces on campus to create a framework for weighing

and selecting strategies. The process was finalized by
deciding on a strategy, after which a project was initiated.

At Radboud University, the activity diagram
(Figure 6) describes a regular update of the campus
strategy. The RE department initiated the process by
determining requirements for the strategy: these
requirements were financial and real estate constraints
(i.e. building age, condition level). Next, an investment
plan was drawn up based on these requirements. This
was translated into a draft plan, in consultation with
the Finance department and the Executive Board.
After determining this plan, a project was initiated
for the relocation of a faculty. In this project, the
growth or shrinkage of the faculty’s student and
employee populations were identified, whilst at the
same time determining the requirements for the build-
ing envelope and location. The forecast for the faculty’s
population was translated into a demand for space (in
m2 and space types), which together with the afore-
mentioned requirements were compiled into a project
brief. After fixing the project brief, the next phase of
the project was started.

The first thing that must be noted is that the start and
end of the activity diagrams are different. The activity
diagram of Wageningen University partially describes
activities in the process of forecasting the student popu-
lation and does not describe the steps taken in the
initiation of projects, whereas the diagram of Radboud
University starts at the development of the campus strat-
egy and ends with the conclusion of the initiation phase.
Furthermore, unlike Radboud University, Wageningen
University has implemented IoT technology. The first
aspect in which the (re)development of the campus strat-
egies differ, is how the process is started. As mentioned
earlier, the ‘triggers’ are different in each case.

Next, the activities required to determine the campus
strategy differ significantly in both cases. As a result, the
content of the strategies is likely to be different as well. At
Radboud, financial and real estate requirements are
drawn up in order to make an investment plan. This
plan is likely to be a sequence of building-level interven-
tions. The demand for space is only determined after
determining the campus strategy, in the initiation
phase of a project. At Wageningen, the approach is the
other way around. First, the demand for education
spaces is determined on a portfolio (or campus) level,
after which strategies are defined to satisfy this demand,
given requirements and other demands for spaces.

The difference observed here is of major importance.
As the complexity of decision making is increasing at the
university, matching demand and supply only on a
building level poses numerous risks. Firstly, an incom-
plete picture on a portfolio level may result in a wrong
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prioritization of building-level interventions. Secondly,
accurately determining the demand in a building-level
intervention is increasingly difficult due to the increas-
ingly shared use of facilities on a campus level, possibly
leading to a wrong estimation of the demand. As

universities continue to move towards a more uncertain
‘match’ between demand for space and supply of spaces,
a portfolio-level approach is desirable. In a portfolio-
level approach, demand and supply are matched for
each specific space type (education spaces, offices,

Figure 5. Activity diagram Wageningen University. The matching of supply and demand on a portfolio level and the subsequent
definition of strategies are emphasized.
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laboratories, etc.) across the whole portfolio in order to
inform the definition of strategies.

Matching IoT potential to campus
management processes

Next, we combine the findings from the previous two
sections. In the literature study, various IoT applications
have been described and categorized. Through various
sensing technologies, room-level data can be delivered
not only on various occupancy resolutions, but also on
environmental aspects, as well as user feedback. Through
the case studies, we identify a need to match demand for
spaces and supply of spaces per space type, on a portfolio

level, in order to inform the definition of strategies. By
using information analysis, it is possible to match the
capacities of IoT applications to the information needs
of the cases. According to Bytheway (2014), information
analysis focuses on entities and the information that is
needed about them. Here, we try to understand how
the information potentially available from IoT can sup-
port current processes; our information diagrams are
thus to be understood as designs.

In Figure 7, the result of the analysis is shown in an
information diagram. This information diagram is
based on the activity diagram of an existing case, Wagen-
ingen University. Information diagrams follow a similar
structure to activity diagrams, with some slight

Figure 6. Activity diagram Radboud University. The definition of strategies and the subsequent matching of demand and supply on a
building level are emphasized.
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differences. The parallelogram node is introduced as an
element to show all the relevant information input into
the process. Furthermore, the descriptions in the start/
end nodes and the process nodes have changed: instead
of showing descriptions of the stakeholders and the
activities, they now show the input delivered by each sta-
keholder and the resulting output of each activity.

The highlighted parts of the information diagram
show the intended relationship between the entities, i.e.
the output of each activity, and the input directed
towards it, i.e. its information needs. As can be seen in
the diagram, the process requires two lists of all edu-
cation spaces through two separate activities. In the
first list, the information needs are the type of education
space, the level of amenities of those spaces, their
capacity, and the current and future number of hours
that these spaces are required for education in each
period. These are the information needed in order to
determine the demand for education spaces: in amounts
and characteristics. In the second list, the information
needs are the type of education space, the area, capacity,
length-width ratio, condition level, as well as frequency
and occupancy rates, user satisfaction, energy perform-
ance, CO2 concentration, luminance, noise, etc. These
are the information needed in order to determine the
supply of education spaces: in amounts, characteristics
and performance.

IoT applications thus deliver information to the over-
view of supply (together with scheduling and facility
management information (FMIS) systems). In order to
make use of this information, the overview of demand
requires additional information: in Figure 7, this is
termed ‘performance requirements’. These requirements
state for the minimum user satisfaction, maximum CO2

concentration, minimum occupancy rate, etc. They are
not determined by the education programs, but shown
as a separate input to the overview. Through the addition
of IoT applications, information is added to the decision-
making process that is essential for the subsequent
definition of strategies. On the supply side, IoT helps
to obtain a reliable overview of the current supply,
which can be monitored and permanently evaluated.
On the demand side, this helps to overcome issues in
the definition of the demand, which may be limited in
scope or erroneous due to the absence of performance
assessment.

Without the information from IoT applications, the
match between demand and supply may be evaluated
wrongly. Without information on actual frequency and
occupancy rates, it is likely that the required amount of
space is incorrectly determined: actual frequency rates
may be lower than those scheduled due to overbooking,
or higher if there are many ad hoc activities. Without

information on the user satisfaction, it is likely that
incorrect assumptions are made about which existing
spaces perform well and which do not. A high space util-
ization may be unjustly equated to mean a high user sat-
isfaction, leading to disposition of spaces with low
utilization which do meet user requirements. Without
information on the indoor climate, it is likely that incor-
rect assumptions are made about why existing spaces
underperform. For example, low user satisfaction or util-
ization may be caused by poor lighting, noise issues, or
high CO2 concentrations.

In addition to the relationship between the entities
and information needs, Figure 7 also states the position
of an ‘platform’ in a database node. This is because in
strategy processes, it is very time consuming to create
an overview of the performance of each space in order
to inform portfolio-level decisions. As it is displayed in
the figure, the platform brings together the inputs from
various IoT applications, other databases and sources
in order to automate such an overview of the perform-
ance. The closer the overview in the platform adheres
to the output stated by the activity, the more it will sup-
port the needs of the process.

Conclusion

The increasingly dynamic allocation and complex use of
spaces at universities requires sharper tools not only in
operation but also in strategic processes. Information
on real-time space utilization is one of the foundations
of such tools. The main question this paper set to answer
was: How can IoT applications be used to effectively sup-
port (strategic) decision making in university campus
management?

Through a literature study of 60 papers, we identified
nine types of IoT applications. These nine types all use
various types of sensing methods and measure a specific
type of occupancy resolution. Most applications favour a
room-level accuracy or higher. Other variables such as
environmental aspects and user feedback are also
measured. Then, through a study of the process of
(re)developing a campus strategy in four cases, we ident-
ified activities to which IoT applications can deliver
value. Through a cross-case comparison, we show that
two cases ‘match’ their demand for space and supply of
spaces prior to developing strategies (on a portfolio
level), whereas two other cases do this after determining
their strategy (on a building level). We argue that given
the problem statement, a portfolio-level approach for
each specific space type is preferable. Finally, we matched
the capabilities of the IoT applications to the processes of
the case studies. Here, we provide in detail the infor-
mation needs of a portfolio-level process.
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The activity and information diagrams provide a solid
basis for integrating the IoT in campus management.
Currently, many universities do not yet utilize IoT appli-
cations on their campus, or they focus on collecting a
specific type of information: in the studied cases this

was frequency and occupancy rates for education spaces.
Given the multitude of information they can collect with
IoT and the different space types they can collect it for,
choosing which IoT applications to implement is a com-
plex decision. Additionally, these implementations can

Figure 7. An information diagram showing the proposed information flow through the first part of the portfolio-level process at
Wageningen University. The information needs of the entities and the IoT platform which delivers the required input are emphasized.
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be costly and uncertain. It is important to support cam-
pus managers and universities in choosing an appropri-
ate IoT solution, especially given the growing number of
IoT providers (see Figure 8).

There are many potential areas for further research.
Firstly, the literature study has shown that there is a
research gap between research on information technol-
ogy and its application in the REM domain. There is
enough knowledge about the available technologies,
but not about the demands from a REM perspective.
This paper has studied how IoT can support a strategic
process in campus management. Further research also
needs to identify how IoT can effectively support tactical
and operational decision-making processes on the uni-
versity campus.

Secondly, there is also a need for more research on the
potential impact of IoT applications on campus perform-
ance, and for large-scale experimental evaluations of IoT
applications. Without it, universities may implement the
wrong applications or not make effective use of the infor-
mation resulting from it. A limited understanding of how
IoT is integrated into campus management processes
may lead to failures in IoT implementations: Cisco
(2017) reports that 60 per cent of all IoT initiatives do
not move past the proof-of-concept stage, and that
only 26 per cent of initiatives are considered a success;
collaboration between IT and business was cited as the
primary success factor.

Towards the future, there are many trends that will
possibly influence the future demand of spaces at univer-
sities. Online education, changing funding mechanisms
and life-long learning are but a few of these. Further-
more, the recent Coronavirus pandemic has shown to
what extent unforeseen changes can disrupt the demand
for space, and its effects are likely to impact the use of
spaces at universities and many other places long after.

With IoT applications in place, users of the current cam-
pus will be enabled to use the campus more effectively,
and campus managers will be better positioned to assess
the effects of these demands on space usage and adapt
their campus strategies accordingly.
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Appendix
Table A1. Extension of Table 2 showing the literature categorized per application type.
No. of IoT
applications

Type of IoT application Literature

18 Location-based user
applications

Castro et al. (2001), Chapre et al. (2013), Chen et al. (2013), D’Souza et al. (2013), Dave et al. (2018), Deak et al.
(2010), Furey et al. (2012), Jiang et al. (2012), Kosba et al. (2012), Lim et al. (2008), Liu et al. (2008), Maraslis
et al. (2016), Romero Herrera et al. (2018), Shrestha et al. (2013), Sutjarittham et al. (2018), Talvitie et al.
(2015), Toh and Lau (2016), Vu et al. (2010)

13 Optimizing building
services

Chen et al. (2019), Christensen et al. (2014), Chuah et al. (2013), Dave et al. (2018), Dodier et al. (2006),
Ekwevugbe et al. (2017), Garg and Bansal (2000), Ioannidis et al. (2017), Labeodan et al. (2016), Pesic et al.
(2019), Romero Herrera et al. (2018), Saralegui et al. (2019), Schwee et al. (2019)

13 Monitoring user flows Abedi et al. (2013, 2014), Daamen et al. (2015), Liebig et al. (2014), Lopez-Novoa et al. (2017), Prentow et al.
(2015), Ruiz-Ruiz et al. (2014), Schauer et al. (2014), Stange et al. (2011), Stisen et al. (2017), Utsch and Liebig
(2012), van den Heuvel and Hoogenraad (2014), Versichele et al. (2012)

5 Monitoring space use Mohottige and Moors (2018), Sutjarittham et al. (2018), Sutjarittham et al. (2019), Wang and Shao (2017),
Zhang et al. (2010)

5 Building energy
simulation

Chen and Ahn (2014), Chung and Burnett (2001), Martani et al. (2012), Tekler et al. (2020), Wang et al. (2017)

4 Telecare Orozco-Ochoa et al. (2011), Rodríguez-Martín et al. (2013), Vathsangam et al. (2011), Villarrubia et al. (2014)
2 User detection Chang et al. (2010), Kilic et al. (2014)
2 Social sensing

applications
Kjaergaard et al. (2012), Rachuri et al. (2014)

1 Emergency response Nyarko and Wright-Brown (2013)
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Figure A1. Activity diagram TU Eindhoven. The matching of supply and demand on a portfolio level and the subsequent definition of
strategies are emphasized.
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Figure A2. Activity diagram TU Delft. The definition of strategies and the subsequent matching of demand and supply on a building
level are emphasized.
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