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Abstract—In this paper, a use case related to smart buildings is
presented to illustrate the application of IoT-enabled workplaces.
The data collected from two office spaces are compared using
efficient data analytics method. For this comparison, the environ-
mental factors considered are temperature, humidity, air quality,
and workplace particle numbers. This paper demonstrates how
to build IoT-enabled workplaces and illustrates its actual benefits
to energy management and remote systems monitoring and
control. A survey was conducted by the Department of Industrial
Engineering and Management at Aalto University, and responses
were submitted from 50 unique users to illustrate the incentives
regarding IoT-enabled workplaces and to study occupants’ pref-
erences. Moreover, the research results contribute to the facility
management of companies and organizations by suggesting novel
methods for providing more efficient and effective IoT-enabled
workplaces.

Index Terms—IoT (Internet of things), data analytics, energy
management, smart buildings.

I. INTRODUCTION

The use of the Internet of things (IoT) sensors and devices
is rapidly increasing with the help of infrastructure such as
5G cellular networks. According to a China Telecom Group
estimation, capital expenditures of $280 billion through 2030
and $1.2 trillion by 2035 are expected for 5G infrastructure
[1]. The growing IoT movement continues, and by 2020
there are expected to be 20 billion Internet-connected things
[2]. National Informatics Centre (NIC) predicts that by 2025
Internet nodes may utilize in everything such as food packages,
furniture, and more [3].

One of the areas where IoT will have a significant impact
is smart buildings and their related services and equipment.
Evaluating the impact and determining the benefits of IoT in
smart buildings has been the subject of research for several
years, and contribution to this field seems to be very important
as it potentially allows for a higher level of comfort and safety
while enabling a greener and more efficient use of finite global
resources.

By using various sensors and networks, companies have pro-
vided convenient environmental factors for their employees in
the workplace for more than 20 years [4]. Today, the explosive
development and growth of mobile devices and the extensive
availability of wireless connectivity are enabling rapid and
advanced innovation. Other factors include the manifestation
of the cloud to store and process large volumes of data cost-
effectively and the rapid outgrowth of analytics technologies

that enable firms to manage and extract useful information
from large volumes of data, swiftly and advantageous [4].

Occupants’ satisfaction in office buildings is dependent on
the quality of indoor environmental (thermal, visual, acous-
tic environment, and air quality) [5]. In addition to posing
health problems, poor indoor environmental quality affects
worker productivity. According to theoretical considerations
and empirical data, productivity and health can be significantly
increased with the improvement of indoor environments using
existing technologies and procedures [6]. The increase in pro-
ductivity and health of employees are essential for businesses
on several levels. Perhaps the most significant factor is cost
efficiency [7].

Transforming the workplace is essential for digital innova-
tion and success [8]. In the same context, most management
teams set visions and strategies to empower employees to be
more productive and to maintain good health. However, one
often-overlooked strategy to promote productivity lies in the
organization’s physical infrastructure and the technology that
powers it.

Management should consider these points for employee
productivity, whether they are in the middle of a smart building
overhaul or merely considering how an IT infrastructure
retrofit might benefit their business. Employee productivity
directly affects good work; therefore, an organization’s success
and a smart ecosystem can also result from a smart manage-
ment decision [9].

Another essential point is to keep operational expenses
low. Energy management is where one typically finds the
most significant operational expenditure. Based on the vari-
ous energy requirements, commercial buildings can privilege
significantly from improved (IoT-based) sensing, automation,
and management.

The conducted research by the University of Maastricht and
ING Real Estate Finance suggests that “energy efficient office
buildings have approximately 9% higher value.” Additionally,
based on customers’ demands, further reductions in the envi-
ronmental impact of buildings are necessary [10].

This paper is structured as follows: a literature review is
presented in the next section, followed by the IoT-enabled
workplace methodology. The case study is described in the
fourth section and is followed by conclusions.



II. LITERATURE REVIEW
A. IoT

IoT refers to utilizing multiple connected devices via a
common network to collect and benefit from the data generated
by embedded sensors, actuators and other physical objects
[11]. Over the past few years, much research has been done
on the IoT domain, specifically related to smart buildings, and
it is expected that the number of Internet-connected things
will reach trillions in the next few years [12]. The great
potential of IoT to provide solutions has helped consumers in
distinctive sectors such as health, security, energy efficiency,
and user comfortability. It can be argued that on an enterprise
level, IoT facilitates improvements in productivity, warehouse
management, and decision-making. Furthermore, IoT is pro-
viding enormous opportunities for novel applications, which
can improve the quality of our lives [13] and will prove fruitful
for enterprise productivity [14].

B. Smart buildings

In the modern age, a wide range activity, including mon-
itoring, management, and resource optimization, is required
for commercial buildings [15]. Energy management, video
surveillance, access management, and environmental monitor-
ing are part of those requirements.

A building’s operations consist of various systems, such as
heating, ventilation, air conditioning, lighting, and security.
Any structure can be converted to a smart building through
the use of automated processes to control its operations. With
the use of sensors, actuators, and microchips as well as data
collection and cloud computing, smart buildings are more
prevalent than ever before [16]. For instance, by using a real-
time and realistic wellness sensor network, an old home built
in 1938 has been renovated into a smart home and illustrates
the extension of smart home systems to smart buildings [17].

The real value of IoT in comparison to the traditional control
systems of a building are related to real-time monitoring
and the possibility of adjustments. Moreover, IoT by wireless
sensor networks (WSN) provides more flexibility while being
economically justifiable.

C. Energy management in buildings

According to the UN Global Status Report 2017 [18], “36
percent of energy use and nearly 40 percent of the carbon
emissions in the world come from buildings.” The maintenance
of buildings requires a lot of energy; therefore, an energy
management and control system has a crucial role in the
optimization of energy consumption without compromising
comfort or performance [19].

Energy constitutes a major expense for office buildings [15].
According to the U.S. Energy Information Administration,
Annual Energy Review [20], “as an aggregate, the U.S. energy
consumption is traditionally around 9% of the gross domestic
product, in the range of $1.3T annually.” Moreover, “On a
worldwide basis, buildings (residential and commercial) are
responsible for over 40% of total energy consumption” [20].
As per office buildings consume “an average of 15.9 KWh of

electricity per square foot annually; this is equal to an annual
cost of $1.7 per square foot using a general $0.1058/KWh
rate” [15], [20].

Internet of things (IoT) devices, such as sensors, enable the
capability for improving the energy consumption of buildings
via smart heating, ventilation, and air conditioning (HVAC)
control [21]. This infrastructure supports owners, operators,
and facility managers to enhance asset reliability and effi-
ciency, which reduces energy consumption and the environ-
mental impact of buildings [16].

D. Gap in the literature

The application of IoT to smart buildings is an active area
of research with an extensive body of knowledge. Research
has been focused on various subjects such as tenants’ comfort
and efficiency [14], [16], security [17], entertainment, and even
medical applications [15].

Much effort has been made to meet facility managers’
and engineers’ need to monitor and control buildings through
building control communications protocols such as BACnet
and LonTalk; however, such remote control is not yet widely
deployed [22]. Although the concept of IoT for smart buildings
has been studied extensively in various contexts, the use of a
framework for offices and workplaces to significantly simplify
and enhance real-time decision-making based on sensory data
requires additional study [18], [19].

III. METHODOLOGY

The methodology used to conduct this research is experi-
mentation using a testbed. A package of three different sensors
were installed in two office rooms to collect data related to
environmental parameters. As Fig. 1 illustrates, the sensors of
the testbed inside the office rooms were installed on the desks
of office occupants. The used sensors are presented in Table
I. After the initial analysis, the data was summarized utilizing
a mathematical method. The ideal reference point for analysis
was set by standards demonstrating the environmental factors
of a comfortable workplace (Table II). The ideal reference
point was constantly compared with the recordings from the
sensors to diagnose anomalies on time.

TABLE 1
TYPES OF SENSORS LOCATED IN THE WORKPLACE

No. Sensor Measurements

Digital relative humidity

Temperature, relative humidity
and temperature sensor

Concentrations of gases (NH3, NOx, alcohol, Benzene,

2 Air quality gas sensor smoke, CO, etc.)
SR ; - PM1.0, PM2.5 and PM10.0 concentration and particulate
3 Particulate matter (PM) air matter per 0.1 L air, categorized into bins of size 0.3 um,

quality sensor 0.5 um, 1.0 um, 2.5 um, 5.0 um, and 10 um




Room No. 4117

Room No. 3187

Fig. 1. Sensors’ locations in two different office rooms (No. 4117 and No.
3187) for the experiment

A. Details of raw sensor data processing

The measurements of the sensors have various parameters
(e.g. time, temperature, relative humidity, concentrations of
gases, PM1.0, PM2.5, and PM10). Based on the work of
Jaribion et al. [23] in a time series, each measured parameter
can be defined as a variable and represented by x (7). Hence,
the data can be presented by a vector “x” that consists of “3”
variables. However, only a certain number of these variables
were considered when comparing the similarity of the work-
place status to an optimal and preferred workplace condition.
In this case, the selection of the considered parameters was
made with the assistance of the occupants’ preferences and
developed standards of office comfort for occupants (i.e. the
initial form of ASHRAE Standard 55, ISO 7730 and the AQI
Index). As a result, one data package is used to describe the
office condition. The considered parameters of the decision
maker for the data package can be illustrated by a vector “y”
that consists of four variables and is presented in Table II.

TABLE 11
THE CONSIDERED PARAMETERS OF THE DECISION MAKER

Sensor Considered parameter Unit Variable
1 Temperature °C y(1)
2 Relative humidity Y% y(2)
3 Polluting gas level ppm y(3)
4 Particulate Matter (PM2.5) pg/m? y(4)

B. Data analytics

Jaribion et al.’s data summarization method [23] was se-
lected to provide comprehensive, accurate, and actionable in-
formation. Based on this method, the units must be normalized
to compare the similarity of the office rooms to an optimal
condition. According to the decision maker, in this case and
for the considered parameters, the value of a one part per
million (ppm) polluting gas level change is equivalent to a 1%
relative humidity change, a 10-degree temperature change, and
a 10 microgram per cubic meter (ug\m?) particulate matter
2.5 (PM2.5) change. Based on the four considered parameters,
y was used to create the trapezoidal fuzzy number A, which
is presented in (1). According to ASHRAE standard 55-2010

and AS 1680, a summary of the ideal status and acceptable
range is provided for temperature, relative humidity, polluting
gas level, and particulate matter 2.5 (PM2.5) in Table IIIL
After normalization, the ideal reference point can be illustrated
by the trapezoidal fuzzy number B, which is presented in
(2). Moreover, the facility manager can modify these ideal

reference points to meet the needs of office occupants.
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TABLE III
IDEAL WORKPLACE ENVIRONMENTAL FACTORS AND THEIR ACCEPTABLE
RANGES [24], [25]

Characteristics of
the Activity and
Interior

Environmental Factor Ideal Status Acceptable Range

Summer: 24.5°C Summer: 23-26°C

Temperature Normal Office

Winter: 22°C Winter: 20-23.5°C
Relative Humidity 50% 40-60% Work, PC Work,
. ~ Study, Library,
Air Quality Gas Level 50 ppm 0-150 ppm Groceries, Show
- i R N
24-hr Particulate 0 pgm’ 0-8.2 g/’ ooms.

Matter (PM2.5) Laboratories

In order to compare the collected data with ideal reference
points, Zuo et al.’s similarity measure [26] was used. Zuo et
al. [26] describe the calculation process for measuring the
similarity of two non-standard fuzzy number A and B in
detail, and a more complementary explanation is presented
by Jaribion et al. [23]. However, (3) can be used to measure
the similarity of A and B:

_ M) (1,@}715%')
4

min(P(fl),P(Bi)) + min(a(;{)va(?)) ©)

mam(P([l), P(B)) + maz(a(A),a(B))

S(A.B) =(1

The x component of the center of gravity of A and B
are represented by x% and x7, respectively, the perimeter of
A and B are represented by P(A) and P(B), respectively,
and the area of A and B are represented by a(A) and
a(B), respectively. Based on the decision maker’s opinion,
the heights of all fuzzy numbers (w ;,wp) are equal to 1 in
all calculations.

An appropriate time interval should be specified after
measuring the similarity between the values of considered
variables and the ideal reference points of the decision maker
related to the office rooms’ conditions. Based on the range
of similarity percentages, a workplace status can be defined
accordingly for the facility manager. Due to constant data
collection, it is possible to monitor the situation and detect
anomalies. Hence, the data can be significantly summarized,
and a facility manager can identify the current office status
and complete the required implementation to improve office-
room conditions. Similarity percentages of borderline points



demonstrate the acceptable percentage of similarity. Further-
more, both borderline points and desired time interval depends
on opinion of the decision maker. The desired ranges were
determined using Table III and occupants’ preferences.

C. Occupants’ preferences and feedback

As explained in Section B, a decision maker can determine
the ideal office condition with regard to the standards of
office comfort for occupants (Table III) and occupants’ pref-
erences. To determine the ideal workplace conditions based
on occupants’ preferences, a feedback system for occupants
is required while monitoring the workplace’s environmental
factors in real-time. The main questions that should be asked
are about personal qualitative evaluations of workplace en-
vironmental factors. Therefore, occupants’ feedback should
consist of occupants’ satisfaction rating of workplace envi-
ronmental factors. Hence, this feedback plays a crucial role
for setting the ideal reference point. The decision maker can
collect occupants’ feedback with a generic online survey, and
the options can range anywhere from stars and smiley faces
to a number range (1-5) or even a color bar. In this case,
we conducted a survey for office-room occupants to provide
occupants’ preferences to the decision maker. A sample of our
paper survey is illustrated in Table IV.

TABLE IV
A SAMPLE OF WORKPLACE ENVIRONMENTAL FACTORS SATISFACTION
SURVEY
Dafe ¢ el Poor | Fair | Average | Good | Excellent
Time Factors
Temperature v
23.02.2019

Humidity v

10:30

Air quality v

IV. RESULTS

The results of the sensor measurements in two office rooms
in a workplace are presented in Fig. 2. These measurements
took place within 6 hours in one day for two office rooms.

As illustrated in Fig. 2(a), the average temperature of
Room 3187 was 23.4°C, while the average temperature for
Room 4117 was 20.8°C. This difference in results stemmed
from occupants’ custom settings based on their preferences.
However, a 2-degree drop in the temperature of Room 3187
is visible for a short period due to a window being opened.

As illustrated in Fig. 2(b), the average humidity of Room
3187 was 30.6%, while the average temperature for Room
4117 was 30.2%. The humidity of the two rooms was almost
the same; however, based on Table III, the humidity in both
rooms was almost 10% lower than the acceptable range.

As illustrated in Fig. 2(c), the average polluting gas con-
centration of Room 3187 was 101.4 ppm, while the average
for Room 4117 was 62.7 ppm. This difference was caused
by the presence of two occupants in Room 3187 during
the measurement. In contrast, Room 4117 was periodically

occupied by one person. Moreover, in Room 4117, an air
purifier had been used before this measurement.

As illustrated in Fig. 2(d), the average PM2.5 of Room 3187
was 0.64 p1g\m?> , while the average for Room 4117 was 0.27
pg\m?>. The PM2.5 measurements for both rooms were almost
ideal.

The facility manager must consider four different com-
parisons between four different environmental factors related
to two office rooms. The volume of data and charts for a
building that has a large number of office rooms would vastly
increase. Furthermore, noise, lighting, and other environmental
factors could be added to the measurements based on the
type of workplace and the related conditions that needed
to be monitored. A comparison would become much more
complicated. Therefore, using an efficient data analytics and
summarization method is essential. Considering Jaribion et
al.’s method, which described in Section III, the similarity of
Rooms 3187 and 4117 are calculated and compared in Fig. 3.

As illustrated in Fig. 3, between the hours of 11:00 to 17:00,
the average similarity to the ideal reference point for Room
4117 was 87%. The similarity for Room 3187 was 83.6%.
Both of these values were above the control line, which was
set to 51% by the decision maker based on Table III and Table
Iv.

Although the average humidity percentage of both rooms
was 10% below the acceptable range (Table III), the average
humidity of 30% was acceptable for both rooms according
to a survey of occupants (Table IV). Therefore, the boundary
percentage was set by both workplace standards (Table III)
and occupants’ preferences (Table IV).

A. Energy management

For energy management in existing systems, reducing en-
ergy consumption will generally exacerbate problems such as
unacceptable indoor air quality. When considering an IoT-
enabled workplace, a complementary automatic system can be
designed to conserve energy with different type of actions, for
instance, lowering ventilation rates. An air ventilation system
usually has a low power mode and is prescheduled, but if the
COs level of a room exceeds a certain value, the full power
should be used automatically. This threshold value was set by
the decision maker on the basis of Table III and Table IV.

An experiment was designed to demonstrate the impacts
of IoT-enabled workplace on energy management. In this
experiment, the C'O5 levels of an office room were monitored
from 7 : 00’ : 05" to 21 : 28’ : 54" (Fig. 4). Formerly, the
air ventilation system was prescheduled to work in full power
mode from 6 : 30’ to 20. Based on the changes made, the air
ventilation system was set to use low power mode for CO,
levels below 120 ppm and full power if the CO; level of the
room exceeded 120 ppm. The control line was set to 125 ppm
of C'O4 by the decision maker based on occupants’ preference
(Table IV). If the C'O, level were to exceed 125 ppm for more
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Fig. 3. Comparison of two office rooms with the ideal reference point using
Jaribion et al.’s method

than 30 minutes (as determined by the decision maker), the
facility manager would be informed to check the air ventilation
system.

As illustrated in Fig. 4, during the time intervals from 13 :
58 : 19" to 16 : 41’ : 44”, 17 : 08’ : 18" to 18 : 10’ : 01",
19 : 04’ : 21”7 to 19 : 59" : 48", and 20 : 29" : 53" to
21 : 03’ : 54", the C O, level of the room exceeded 120
ppm, and the air ventilation system needed to use full power;
however, during other time intervals it could operate in low
power mode. To conclude, during the 19 hours and 42 minutes,
the air ventilation system spent 14 hours and 28 minutes in low
power mode and only 5 hours and 14 minutes in full power.

V. CONCLUSIONS

In this paper, we have presented a framework that consists
of a sensor network and an intelligent controlling system for

creating an IoT-enabled workplace. This intelligent controlling
system utilizes a fuzzy data analysis method and considers oc-
cupants’ preferences and feedback. An IoT-enabled workplace
benefits occupants, facility managers, and building owners by
increasing the productivity and health of occupants, enabling
efficient monitoring and controlling for facility managers, and
providing vast energy savings to building owners . We tested
an loT-enabled workplace system for two office rooms in
the Department of Industrial Engineering and Management
at Aalto University. A survey was conducted to collect the
occupants’ preferences and feedback. The proposed control-
ling system was proven to significantly help facility managers
monitor environmental factors of the office rooms and detect
anomalies. Additionally, the positive impacts of IoT-enabled
workplaces on energy management were illustrated with the
designed experiment. Of equal importance were the findings
related to participants’ opinions: on the basis of our conducted
survey, 61% supported the implementation of an IoT-enabled
workplace to control their workplace environmental factors
using an intelligent system.

The proposed framework for creating an IoT-enabled work-
place considered the environmental factors of temperature,
relative humidity, air quality gas level, and 24-hour PM2.5;
however, noise, lighting, and other environmental factors could
be added to the measurements based on the workplace type
and the related conditions that need to be monitored. As an
area for future research, complementary measurements should
be performed to create a digital replica of the workplace.
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