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Abstract: Energy consumption in buildings depends on the local climate, building characteristics,
and user behavior. Focusing on user interaction, this research work developed a novel approach to
monitoring and interaction with local users by providing in situ context information through graphic
descriptions of energy consumption and indoor/outdoor environment parameters: temperature,
luminosity, and humidity, which are routinely measured in real-time and stored to identify con-
sumption patterns and other savings actions. To involve local users, collected data are represented
in 3D color representation using building 3d models. A simplified color scale depicts environ-
mental comfort (low/comfortable/high temperature/relative humidity) and energy consumption
(above/below usual patterns). We found that these indices induced user commitment and increased
their engagement and participation in saving actions like turning off lights and better management
of air conditioning systems.

Keywords: Internet of Things; LoRaWAN; BIM model; sustainability; building monitoring; smart
cities; environmental conditions; data analysis

1. Introduction

Buildings account for a significant share of energy consumption and related CO2
emissions worldwide. The construction industry, comprising construction and opera-
tion, accounts for 30% to 40% of worldwide energy use, [1–3]. The use of fossil fuel-
generating fuels leads to CO2 emissions and induces air pollution and global warming.
S. W. Hadley et al. [4] used a climate prediction model to project temperature changes up
to 2025 and the results showed that the lowest predicted temperature variation would
result in a 1.09 quadrillion British thermal units (BTU’s) energy increase for building cool-
ing/heating. While renewable energy consumption and energy usage can have a positive
effect on a country’s GDP (gross domestic product), fossil fuel energy consumption has a
significantly negative impact [5]. To make buildings more efficient and sustainable, com-
mon approaches focus on optimization of building control systems using automation rules
and dashboard visualization as B. Mataloto et al. [6] did with an Building Management
System, or other IoT systems focused on energy management such as in [7,8]. User interac-
tion with monitoring systems can have a significant impact not only in energy savings, but
also modeling people’s behavior [9] and creating sustainable users communities [10].

The energy savings and economic performance of building energy are subject to
uncertainties such as weather variations [11], construction operations [12,13], shifts in
human behavior [14,15], and changes in government policy, [16,17]. The behavior of the
occupants is known to have a significant influence on energy consumption [18] and is
one of the most critical uncertainties concerning energy saving on buildings. Owens and
Wilhite [19], concluded that about 10–20% of domestic energy usage in Nordic countries
could be saved by influencing occupant actions alone. According to a study of the energy
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behavior of householders by Yohanis Y. G. [14], substantial energy savings can be achieved
by improving the perception of energy spending. The work of O. Guerra Santin et al. [15]
also showed the importance of occupant behavior in the use of energy for space and
water heating in the Netherlands. Furthermore, occupant behavior in buildings has been
generally recognized as a major factor leading to differences between the measured and
simulated energy consumption in buildings [20–23]. These and other studies have shown
that occupant actions can have a substantial effect on energy usage in buildings as well
as on the saving potential of building retrofitting. Most studies, however, are based on
human surveys.

Although there are many solutions based on Information and Communication Tech-
nologies (ICT’s) that process the construction of energy consumption data, there is a lack of
investment in user involvement and on strategies that make it easy to understand, promote
interaction among users and encourage behavioral changes. Several advantages have been
highlighted such as inspiring people, enhancing their knowledge, increasing their aware-
ness [24], improving standard usage practices, encouraging green and sustainable behavior,
minimizing energy bills [25] or achieving financial advantages [26]. Since tangible benefits
are absent, however, user engagement is not guaranteed [27]. The key reasons behind this
emerge from the fact that while a great deal of data is collected around buildings, users do
not understand the information [28]. Users, in fact, usually passively experience sensors
and are therefore not engaged for long periods [29,30]. These seem to be some of the critical
barriers to a concrete breakthrough in energy-saving ICT solutions.

This paper, therefore, proposes a method for user data perception using precise 3D
colored models extracted from the facility management building information models (BIM)
to deliver data in an easy to read way and provide users with a better reality perception
toward energy savings.

2. Literature Review

Thermal and energy optimization, obtained through adequate building orientation,
intelligent window choice, and insulation is a critical requirement for new buildings.
According to M. Aksoezen et al. [28], buildings over 30 years old and less than 100 years
old have the highest energy consumption, reaching up to 19 extra KWh per square meter. H.
Ma et al. [31] analyzed the energy consumption of healthcare, office and education buildings
and found average consumptions of 195 KWh/m2, 188 KWh/m2, and 103.27 KWh/m2,
respectively. Air conditioning systems, lighting, and the building thermal insulation itself
were considered the key drivers for these values.

Studies such as those by [6,32,33] on educational buildings had the overall conclusion
that heating/cooling systems have a major impact on energy usage, usually related to heat
losses on aged buildings. In these studies, regular users cannot or do not know how to
use collected information to achieve savings. These factors also have a direct impact on
people’s comfort and even air quality when indoor air is not renovated with outside air to
increase heating/cooling efficiency when applicable. A. Thewes et al. [32] also described
the lack of energy consumption monitoring as a major problem, since having a single
meter per building causes energy audits to be less precise and harder to extrapolate into
concrete data. The energy sensors developed in our work allow for easy and inexpensive
deployment and integration within monitoring systems such as our BIM approach.

As upgrading entire buildings with efficient materials and heating/cooling systems
can be very difficult to accomplish, IoT (Internet of Things) systems can help reduce energy
waste, in particular, they provide management tools that can be used by users without
specific expertise. IoT can be used to control and monitor energy consumptions such as
in [34], where energy sensors in a smart home application were employed to collect and
send data to the web, giving users remote information on their mobile devices. However,
many users do not understand the meaning of energy units such as the kilowatt-hour, thus
reducing the value and usability of the information.
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W. Ejaz et al. [35] proposed a general framework to accommodate smart city IoT sys-
tems, and energy-efficient solutions are described such as lightweight protocols, predictive
models for energy consumption, cloud-based approaches, and low-power transceivers.
The IoT energy monitoring system developed in [36] used monitoring nodes that collect
energy consumption data from current sensors to a local server, displaying information
in gauges and charts accessible through a web application, giving the user general con-
sumption values and evolution throughout the day. Most IoT energy-related systems
lack user interaction or practical, simple indicators for the general public to understand
the provided information. Building information models are currently used mostly for
building design and construction purposes [37], for prefabricated constructions, [38], for
infrastructure construction projects, or even augmented reality for IoT sensor visualiza-
tion [39], but this tool can have a major impact on the perception of laypeople concerning
the surrounding environment.

When it comes to energy savings and user interaction, 3D BIM models have the
potential to connect sensors and people to achieve a new savings paradigm. However, few
works have combined these two technologies with user interaction as the focus. A review of
BIM and IoT integrations by [40] presented 11 articles about facilities energy management,
but none of them were intended for home/user interaction. In [41], the authors used
temperature and humidity sensors integrated with BIM models to present a 3D colored map
of a room and evaluated fluctuations during the day with results showing, among other
findings, major temperature loss near the windows, alerting deficient insulation. A BIM
model was also integrated with indoor location sensors in [42] to create a support algorithm
for emergency operations. For building management, augmented reality solutions in [43],
integrated BIM structural data with the environmental sensor’s data to increase awareness
of the energy consumption and environmental conditions, however, the authors only
presented a conceptual design of the proposed approach.

As residential and commercial buildings represent almost 40% of the European
Union’s total energy consumption in [44], user interaction is essential to explore new
ways to save energy. In [45], a concept study was developed using indoor-positioning
data to contextualize energy consumption, allowing users to relate activities and rooms
to energy values unknown to them previously. In [46], the authors showed that energy
consumers understood an interactive visualization tool that allowed energy consumption
data manipulation using dynamic graphics. This tool was tested in 12 different homes
where participants started to discover specific appliance consumption, and how much
energy a determined activity could spend such as using the microwave or air conditioning
system. In [9] and [47], authors used a user-centric approach with IoT and BIM models,
similar to our work, to interact with users, promoting behavioral changes and people
engagement. Another concept work in energy management and savings was developed
in [48] as a smart university platform that was able to aggregate the sensor data, environ-
mental data, and data center efficiency, displaying the information on a web service. The
system promoted savings using rule-based actions, differing from the other articles when
it comes to integrations with the OpenADR standard, allowing future implementation and
integration with compatible systems.

3. Internet of Things (IoT) System for Environmental and Energy Consumption
Monitoring with 3D Modeling

This work hypothesis was based on the premise that current approaches to energy
savings and environmental monitoring at public or even residential buildings lack an
understandable information delivery system to the common user. Many users lack the
technical expertise to understand energy data charts or indicators. Therefore, an interactive
color scheme approach can be used as the medium to extend this type of system usage and
increase savings or even change individual and collective behaviors. By identifying other
users’ perception, a social and collective sustainable behavior can be achieved, creating a
consensus between users in the same location.
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To evaluate this hypothesis, this work was divided into individual steps, beginning
with the report of the system software and hardware requirements such as sensors, control
units, network and data management, followed by the user interactive 3D BIM application,
and a pilot at the ISCTE-IUL university campus. Results were collected from the user’s
interaction with the application to collect metrics and surveys that evaluates the system
usability and impact perception.

3.1. System Architecture

The platform follows the principles of system integration through a common platform
for multiple devices, and all these devices transmit data to the platform using Internet of
Things (IoT) related technologies. In the definition of the IoT system, the system architecture
is divided into four main layers, as shown in Figure 1.
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3.2. Hardware Layer

This is the layer that surrounds the physical objects and sensors used to collect the
desired data. Two prototypes were developed to collect:

• Environmental conditions and
• Energy consumption.

3.2.1. Environmental Conditions

The prototype of the system was developed at ISCTE’s IoT laboratory using a DTH22
sensor that reads temperature and humidity values. Additionally, a BS France LoRa32u4 II
microcontroller, which uses the LoRa (Long Range) communication protocol to transmit
the data collected by the sensors to the LoRa gateway, was required.

The first tests were performed on a breadboard, as this is more advisable for the initial
phase where changes are frequent. Once the test phase was over, it was replaced by a
drilling circuit board.

As the prototype was required to work with no external power, a 4000 mAh lithium
battery was added. Figure 2 shows the assembly and presents the final prototype.
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Figure 2. Prototype of the IoT sensor for environmental conditions.

3.2.2. Energy Consumption

The sensors that calculate the energy consumption were placed in electrical cabinets
and took three-phase current readings, that is, each sensor measured three different alter-
nate currents (AC) and calculated the electric power in kW (electric voltage in Portugal
is supplied at 230 V). The sensor prototypes were also developed at the ISCTE-IUL IoT
Laboratory and composed of an MKR 1300 Arduino microcontroller connected to current
transformer clamps. It was a requirement that it was easy to install and measure current
passively, therefore they can be installed without the need for physical intervention on the
power cables, do not need to interrupt local power, and do not affect the normal flow of
electricity. The clamps measure the magnetic field usually generated by the passage of
electric current in a cable to make an approximate measurement of the current consumed.

Figure 3 presents the prototype sensor developed in the laboratory, and reduced in
size to allow installations in ISCTE-IUL electrical cabinets. In the construction of the sensor,
we verified two main components necessary for configuration and assembly, the current
transformation clamps and the Arduino microcontroller with LoRa communication.
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Current transformer sensors (CT) measure the alternating current passing through an
electrical conductor. This type of sensor works as current clamps, which in turn use CT.
Like a current clamp, the sensor has a ferrite ring with a coil of wire around it forming a
secondary winding, and a primary current conductor is then placed between the ferrite
ring that carries the current that we want to measure, the primary conductor.

The sensors of the current transformer family have different secondary classifications,
the classifications being the current or voltage values that the sensor will provide when
a certain primary current is being passed. In testing and deploying our system, we used
the same type of SCT-13-000 sensor (Figure 4) whose transformation ratio is 100 A:50 mA,
meaning that when 100 A is passing through the primary conductor, the value of the
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current this sensor will emit is 50 mA without any voltage control (i.e., the Arduino will
then read the resulting electrical voltage that this thermocouple sensor emits).
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In transformation ratios like 100 A:50 mA where the output signal is a no-voltage
standard current, there is a need to add a load resistor outside the TC sensor so that
the electrical flow meets the requirements of the Arduino analogue input, 0 v for the
reference ADC (Analog to Digital), which will depend on the Arduino’s input voltage or
the maximum value that the Arduino can support. In this case, the load resistance needs
to be calculated based on the maximum current that the TC sensor can measure, and the
input voltage of the Arduino power supply. The load resistance value has a standard value
and was calculated in the reference article [46].

The main reasons for choosing the TC sensor SCT-013-000 were the reduced costs,
ease of implementation in prototype, high reading accuracy, the existence in the laboratory
of several units ready for testing, and the experience gained from previous projects. The
size of the TC sensor was also one of the main parameters when choosing this transformer
because in most cases, the switchboards are not prepared to receive sensors, and there is
little available space. Another factor that facilitates the implementation beyond the size is
the shape of the TC sensor, a clamp, easy to open and close, which means that it can be
opened and installed around the cable. In the case of the current sensors, it was decided to
supply external power. This decision was based on three different factors: first, they were
installed in a place where current is available; second, they needed to be small to fit safely
in some of the cabinets; and third, they must have much higher sampling frequency than
the environmental sensors, meaning that they consume much more power.

For each Arduino, three TC sensors of the same type were used, thus creating a
three-phase sensor (Figure 3).

When determining the local to be monitored, it was necessary to know exactly where
to implement the sensors (i.e., which electrical switchboard in the office area and which
three-phase current cable to measure). To know this necessary information, an analysis of
the electrical network of the campus main building, Building 1, was performed together
with the facility maintenance staff, which provided all the information and authorization to
implement the sensors safely, without disturbing the normal functioning of the university.
This collaboration is one of the key drivers for success in this kind of project, and we found
that facility management could also benefit from this research.

After analyzing the electrical scheme of the energy system scheme, it was found that
to measure the total energy consumption in the area of study it was necessary to install two
sensors, one in the general board and another in the emergency board, as the circuit for
electrical outlets and lighting was split in the two boards. With all the necessary information
and with the system ready for implantation, on 1 October 2020, access to the equipment
was granted, and a university employee was assigned to assist in the implantation of the
sensors and supply an AC electric socket for external feeding of the sensors.
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Figures 5 and 6 display the implantation of the sensors, where five moments can
be highlighted:

(1) Programming of the sensors and communication with the LoRaWAN (protocol’s
name) network;

(2) Calibration of the TC sensors with the aid of a clamp meter;
(3) Three-phase main switchboard circuit breaker, which corresponds to the connections

where a sensor has been installed;
(4) Three-phase main switchboard emergency circuit breaker, which corresponds to the

connections where a sensor has been installed; and
(5) Implantation of the sensors at the bottom of the switchboard. With the reduced size

of the sensors, it was possible to hide them at the bottom of the switchboard without
disturbing the normal access to the switchboard or the other connections.
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3.3. Network Layer

LoRa is a long-range, low power consumption IoT oriented toward communication
technology, ideal for sensors. This technology is transforming the world of IoT, as a LoRa
network with a radius of up to 15 km (in rural areas) can be created with only one gateway,
where hundreds of sensors can communicate with each other. This network allows data to
be collected in real-time from various sensors that can be used by various sectors of society.

This layer consists of the LoRa network and the LoRaWAN gateway of The Things
Network (TTN). The LoRaWAN protocol is used to establish a connection between the
sensors and a gateway that transmits the data in LoRa to the Internet, by TCP/IP protocol,
and then to an MQTT (Message Queuing Telemetry Transport) server where the server
and the other applications of the system access the received data. The LoRa network was
chosen because it is already in operation at ISCTE, and because it contains a greater range
coverage compared to ZigBee and Bluetooth. Regarding the choice of the LoRa server to be
used, TTN was chosen because it has an interface that is easy to interpret and free.

With the microcontroller already registered in TTN, the next step was to activate it, so
the SendOTAA sketch example was used. In this case, it was necessary to use the APPEUI
and APPKEY of the application, where the first one exclusively identifies the server that
processes the request to join the network and the second one corresponds to an AES-128
cryptographic key, with the function of exchanging data with the server and encrypting
the communication. The TTN network server is located between the gateways and the
application server, it has the function to process and route the data. There are two ways in
which the sensors can connect to the TTN:

• ABP (Activation by personalization):

In ABP activation mode, it is not necessary to configure DevEUI, AppEUI, or AppKey
because the NwkSKey and AppSKey session keys are pre-programmed on the device and
is previously registered on the network to which it will be connected.

As it is pre-programmed with the session keys, there is a possibility that a hacker will
find these values and create their own devices with copies of these keys, compromising the
integrity of the network. In this case, it is advisable not to use the same session keys when
dealing with devices on the same network [49].

• OTAA (Over the Air Activation):

According to P. Henrique et al. [50], the air activation mode is the most used, reliable,
and secure way to connect to TTN because the activation will be confirmed and the session
keys will be negotiated at each activation.

In OTAA activation mode, each device has a DevEUI, AppEUI and AppKey, however,
in this mode, the devices do not have the necessary keys to start the connection to the
network. To establish communication with the network, the device sends a Join-Request
message, which is a connection approval request, in which DevEUI, AppEUI, and AppKey
(which will generate the NwkSKey and AppSKey keys) are sent. If the server accepts
the request, a Join-Accept message is sent to the device, which will create the session
keys through AppKey and AppNonce, also generated by the server, and later stored on
the network.

The session keys can be stored and used to allow the exchange of messages between
the server and the device.

Comparing the two modes, it was concluded that OTAA was preferred over BPA.

3.4. Data Layer

In this layer, processing and storage of all data transmitted by the sensors is carried out,
which are later analyzed and sent to the various applications and purposes of the system.

The application server is responsible for receiving data from the LoRa server and
processing it. For this purpose, a Raspberry PI (Figure 7), installed on ISCTE-IUL’s internal
network, with a RaspbianOS operating system, was configured to run a local web server
using [51]. This server has the function of processing JSON type messages received via
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TTN carrying the data packets of the installed sensors. It then creates corresponding SQL
entries according to the type of sensor and sends them to a [52], a flexible, open-source SQL
database type, stored locally in the same Raspberry Pi. The data collected by the sensors
were structured in individual tables in a SQL database for later analysis, query, and export.
Figure 7 shows the server operation screen with all functional applications and the system
log open.
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3.4.1. Node-Red Server

Node-Red is a flow-based platform, which was developed to interact with hardware
devices, APIs (Application Programing Interfaces), and online services to simplify IoT
systems, allowing programming through an intuitive graphical interface. To develop an
application using Node-RED, it is only necessary to connect nodes, each having a specific
function. This platform also allows the inclusion code using Java Script for more elaborate
or custom functions.

The configuration applications in the Node-RED of the IoT system are as follows:

• Confirmation of status of all system sensors and the addition of new sensors;
• LoRa message reception with sensor data;
• Treatment of the received LoRa message and separation of the different measure-

ment values;
• Storage of the measurements in the system DB;
• Sending data to machine learning and receiving the processed data;
• Sending consumption information to the final application and dashboard visualization

for the system user; and
• Node-RED dashboard configuration for maintenance and system managers.

3.4.2. SQL (Structured Query Language) Database

After being ratted by the Node-RED server, the data collected by all the system’s
sensors is permanently stored in a MariaDB. This free database server has a wide variety
of features while maintaining backward compatibility with MySQL. For the IoT system,
a scheme with the relation between tables was developed for a simple and flexible con-
figuration, maintaining high performance in terms of memory and ease of reading and
introduction of new SQL entries.
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3.5. Application Layer

This layer is where users interact with the system. It is the visual interface for observing
the data collected by the sensors with time filters (time, day, weekday, and month of
the year). It also presents other relevant information such as time averages and energy
consumption and environmental conditions statistics.

It is in this layer that the main objective of the developed system is shown, to allow
visualization of the data collected by the various sensors in a manner that is simple and
easy to predict by any type of user. This way, besides the typical visualization modes such
as graphs of media and bars, a more appealing 3D visual model of the monitored place
is created.

Building Information Model (BIM)

The building information model (BIM) includes the complete geometric description of
the building and equipment such as furniture as well as the designation of the departments
in the form of a label, which allows the visualization of the location where each sensor
was installed.

In this work, one of the forms of data representation consisted of using an interface
based on a BIM model. This approach allows laypeople to have a better understanding
of the environmental comfort where they are located as well as simplifying the levels of
energy consumption to a series of colorimetric scales, which allows the users to identify
the areas and time where the biggest consumptions occur.

This model allows users to interpret the indicated values simply, since they are
represented by colors that indicate the comfort level of the space. This complements the
usual way to present data in dashboards such as bar graphs, tables, and graphs, and allows
any user to clearly understand what is going on the environment as it is simpler for a
layperson to interpret data through color than a large amount of numbers.

4. Application Case
4.1. Pilot Academics Services at ISCTE-IUL University

ISCTE-IUL’s Academic Services is located on the ground level of Building 1 and occupy
a 426.5 m2 area. This area comprises open-space and closed office rooms where three
dozen administrative staff work daily. Employees make intensive use of computers and
equipment such as printers and photocopiers. It is a place with high energy consumption in
comparison with classrooms or auditoriums, and has people working all day long, which
helps in the quality of the consumption data collected. Due to the significant number
of people on-site, the various electronic equipment used and the characteristic of being
an open-space, the local temperature has a big difference between the outside and the
other neighboring rooms. In this way, information on local temperature and humidity
was collected to inform the local employees. For all these reasons, Academic Services was
chosen to implement the IoT system and to serve as a pilot with the BIM model of the site,
once provided by the architecture department of ISCTE-IUL.

For this case study, there were two types of implementation:

• Environmental monitoring
• Energy management

The BIM model created includes the complete geometric description of the build-
ing, allowing a more direct approach of the user to 3D visualization, ensuring a greater
perception of the environmental conditions around them. Figure 8 depicts a view of the
BIM model of the office, extracted from the building model. The BIM allows the data
to be represented so that any user can perceive them easily and quickly, according to a
perspective that can be configured for different cases.

The main purpose of this visualization interface is to provide users of the site with
current information on the data collected by the sensors installed inside the office. In
this way, it will be possible to analyze the comfort level of each room and the energy



Sustainability 2021, 13, 1495 11 of 19

consumption. Regarding the current state of each room, we believe that a 3D environment,
represented by colors, has a greater impact on people.
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4.1.1. Environmental Monitoring

Environmental monitoring provides a visual interface to local employees with current
information on environmental conditions within the office. In this way, it will be possible
to analyze the level of comfort of each room or to opt for spaces where the temperature
and humidity follow the user’s preference. Regarding the current state of each room, we
believe that a 3D environment, represented by colors, has a greater impact on people.

The temperature and humidity parameters of the rooms in the secretariat are presented
using colors for each range of values defined in the scripts: red to indicate the high
temperatures (above 28 ◦C), green for pleasant temperatures (22 ◦C to 28 ◦C), and blue
for temperatures considered below average comfort (below 22 ◦C). The same process was
used to represent humidity values, where a red color shows that the humidity is below
the World Health Organization’s (WHO) recommended average (below 40%), green for
pleasant humidity (40% to 70%), and yellow, which is above the comfort level (above 70%).
A summary of the above is given in Table 1.

Table 1. Color scale for temperature and humidity.

Temperature Humidity

Color Temperature Range Color Humidity Level

Blue <22 ◦C Red <40%

Green 22 ◦C–28 ◦C Green 40–70%

Red >28 ◦C Yellow >70%

Temperature values are based on ASHRAE Standard 5, which indicates that comfort
temperature in winter is between 21 ◦C and 25 ◦C, while in summer, it is between 22.8 ◦C
and 27.8 ◦C [53].

According to the WHO, relative humidity recommended for the human body varies
between 40% and 70% and can be harmful outside this range; moreover, according to the
WHO, relative humidity values below 12% present a health risk, and it is recommended
that activities that require agglomerations of people are suspended in enclosed spaces such
as classrooms, cinemas, and offices between 10 a.m. and 4 p.m. and the interruption of
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physical activities, mainly from 10 a.m. to 3 p.m. When the humidity value is above 70%,
the risk of proliferation of fungi and bacteria that causes allergies also increases.

The interface developed allows users to pick a specific day through the calendar
option, located in the bottom left corner, and the time of the day through the daily time bar,
in the center bottom. If no past date and time are selected, the present day is updated in
real-time using the real-time button. A label has been placed for each room and, depending
on the display mode selected, it indicates the sensor name and the variable value in degrees
Celsius or the relative humidity in percentage. Outside temperature and humidity are
represented by the sensor, represented by the sphere in the lower-left corner of the BIM
model.

This interface has two display modes, corresponding to temperature and humidity
data. When the temperature mode is selected, a temperature-related color is displayed
for each area, corresponding to a specific sensor placed in its center. In Figure 9, the
temperature display mode is selected and it is easy to identify which rooms have the most
pleasant temperature, and why the space in the center, near the window, is hotter. Through
this display interface, it is possible to recognize which rooms have a climate control system
in operation. This requires only a simple analysis by comparing the temperature values in
each room. The air conditioning was connected to the room where sensor004 was located
as it indicated a temperature of 21.1 ◦C as opposed to the outside temperature, which was
32.6 ◦C.
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This type of display can be used to try to avoid an unnecessary waste of energy. If a
comparison is made between the outside and inside temperature, it is possible to determine
whether opening or closing a window is desired. If the user wants to cool the room and
notices that the outside temperature is lower than inside, they can open the window and
thus reduce the use of air conditioning. The same applies to heating systems: if the user
wants to heat the room and sees that the outside temperature is higher, they can avoid
using the heating system and choose to open the windows. These small attitudes avoid
irrational energy consumption, but are not intuitive to most users today.

The color display helps users without much technical knowledge to understand what
is happening or, what such a number indicates. In everyday life, even highly educated
people come across values of obscure meaning outside their area of specialization. The
representation of information by color tends to be easier to interpret and does not require
as many mental resources to be understood, which can result in faster and more efficient
decision making. Based on a color coding procedure, the temperature and humidity values
are coded according to the previously defined comfort ranges, in which the color changes,
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according to the values obtained. In Figure 10, three rooms are shown in yellow, as the air
is very humid, above 70%.
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4.1.2. Energy Management

This test pilot was developed to visualize information closer to the physical world,
with local users becoming familiar with 3D design. As only the color of the site varies
according to consumption, users do not need to understand the real value of energy in
kWh because by seeing the color that is marked on the BIM, they can immediately perceive
the energy consumption of the site: if the local consumption is high, the space of the BIM
model turns red; if the consumption is within the historical average, the space turns blue;
and finally if the consumption is lower than the average, the space turns green.

To determine the consumption values in which the BIM model changes color, the
average consumption was made every hour. Due to the small number of data obtained
during two weeks, it was not possible to test many other hypotheses of color change, and
for this reason, it was defined as follows:

• Red: consumption 20% higher than the average of the history of that hour.
• Green: consumption 20% lower than the average for each hour.
• Blue: consumption similar to the average of the hourly history (Mrms) (i.e., between

the previous values).

In Table 2, a summary of the above text is made.

Table 2. Color scale for energy consumption.

Electrical Energy Consumption

Color Energy (kWh)

Green >Mrms kWh − 20%

Blue Mrms kWh

Red <Mrms kWh + 20%

In Figure 11, the BIM model of the secretariat has two colors divided into different
rooms, this division is due to the particularity of the electrical network of the secretariat,
which has two switchboards. In this way, and with the information from each standard
and emergency power outlet, an estimate has been made and the area of the office was
divided into sections according to the type of board.
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Another way of showing the significance of energy consumption is to compare it
with the consumption of other devices. The value of the consumption is compared by km
driven by a Tesla Model 3 electric car [54], in hours of continuous use of an iPhone 11 Pro
smartphone [55], and to the average energy consumed in a day by an average Portuguese
family [56]. These values can be seen in the upper part of Figure 11.

All these ways of displaying energy consumption have been presented to the users
as the understanding of energy in the standard unit, kWh, serves little as a reference
consumption value. Without this, it difficult for users to make decisions to try to change
their energy consumption routines to more sustainable forms.

4.2. Evaluation and Discussion

We applied our solution at the ISCTE campus in two different places: (1) open space
in an administrative zone, the ISCTE secretary; and (2) classroom C103. One of these places
was the secretary open space, where 20 administrative officers run all business related with
students. The process started in September 2020, and together with the collected data, we
also performed a questionnaire survey with the 20 users from the secretary open space,
because as opposed to classroom users, in this space, the users were always the same.
Each person was asked to use the proposed solution every day, through a web browser.
Every morning, users would go to the webpage, visualize local context information like
temperature, humidity, luminosity, and energy consumption with traditional dashboards
and the proposed approach with colors. They were also asked to give feedback on their
thermal comfort feeling and to fill a small questionnaire. After configuring the system’s
visualization application on all desktop computers for easy accessibility and interaction,
all users showed interest and curiosity to see the energy consumption and environmental
conditions of the workplace daily. They also praised the visual part of the system, finding
it appealing. After understanding the meaning of colors and the functioning of the BIM,
they showed autonomy when using the visualization application, which led them to share
their opinions of consumption and their comfort.

The most pertinent information reported was that, with the BIM visualization, they
could know about days when they were spending more or less energy by the color and
local demonstration. At the same time, energy consumption magnitude on the display
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and graphs with kWh units is not understandable for most common users. To address
this issue, the innovative comparison table allowed users to compare energy consumption
with the use of other devices familiar to them such as an electric car, a smartphone, or a
family home. A direct comparison of these variables makes energy usage much easier to
be understood. User questionnaires reported a general perception of surprise because the
consumption scale at their workspace was much larger than a family home, or even other
campus monitored areas since the workspace only represents a tiny section of the ISCTE
campus. The consumption view also allowed users to compare values in different areas of
the building and detect malfunctions or irregularities, for instance, overnight.

Another essential factor in this description was the aggregation of users from different
age groups or technical knowledge in a standard variable, thermal comfort. As expected,
each user’s thermal comfort depends on multiple independent factors such as clothing,
metabolic rate, and location in the room. The majority of users assumed a comfortable
room temperature, while only two to three people were feeling uncomfortable, either too
cold or too hot for the same real temperature.

Regarding the temperature values, it was found that the rooms where more employees
were working at the same time and more working computers tended to have a slightly
higher temperature of 23 ◦C (2 degrees above the average) than the other monitored
rooms. We also found that the temperature inside the room tended to remain constant
without suffering much interference from the outside temperature, which, as we have
already mentioned, has several changes during the day. Even with the outside temperature
reaching extreme values either below or above the average, the office rooms’ temperature
did not change so much.

Figure 12 presents the user’s thermal perception results collected from the performed
survey. From the collected perceptions, 43% classified the room environment as usually hot.

Sustainability 2021, 13, x FOR PEER REVIEW  16 of 20 
 

Figure 12 presents the user’s thermal perception results collected from the performed 

survey. From the collected perceptions, 43% classified the room environment as usually 

hot. 

 

Figure 12. Thermal comfort survey results. 

In Figure 13, we determined the intervals where most people classified the room as 

hot. From the results, we could identify that the majority of users perceived hot from 23 

°C upward. 

 

Figure 13. User’s hot thermal perception. 

From Figure 14, we can observe that from temperature measurements collected every 

10 min from the beginning to the end of the process, 40% of those were above 23 °C. Based 

on the user’s perception of the environment, the presented results indicate that 40% of the 

time, the open‐space was overheated and therefore, energy could have been saved if air 

conditioning units were properly programmed. 

Comfortable, 
47%

Cold, 10%

Hot, 43%

Thermal Comfort Survey results

Comfortable Cold Hot

0%

10%

20%

30%

40%

50%

[21,22] (22,23] (23,25] (25,26] (26,27]

P
er
ce
n
ta
ge
 o
f 
u
se
rs

Temperature intervals (C)

Hot thermal perception

Figure 12. Thermal comfort survey results.

In Figure 13, we determined the intervals where most people classified the room as
hot. From the results, we could identify that the majority of users perceived hot from
23 ◦C upward.
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Figure 13. User’s hot thermal perception.

From Figure 14, we can observe that from temperature measurements collected every
10 min from the beginning to the end of the process, 40% of those were above 23 ◦C. Based
on the user’s perception of the environment, the presented results indicate that 40% of the
time, the open-space was overheated and therefore, energy could have been saved if air
conditioning units were properly programmed.
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We also detected some anomalies in the data collected from the humidity level, mainly
with the relative humidity value, where rooms closer to the windows had milder relative
humidity values (between 40% and 70%) than the other rooms. This can be explained
due to these rooms being closer to the windows, and therefore air is hotter, which lowers
relative humidity, and is also due to stronger air circulation. We observed that the highest
and lowest values reached, for each day, were the external humidity and its level, inside
the room, tended to suffer fewer changes.

By interpreting the energy consumption data presented in Figure 15, we can conclude
that the office had a constant energy consumption of approximately 50 kWh during the day.
This consumption came mostly from the users’ computers, printers, and lighting, which
were always on during the day. However, we could see that consumption increased with
the working hours of the local users, who started working between 7 and 8 a.m. and left at
6 to 7 p.m. This increase in consumption is normal, as users use more electronic devices
that consume energy as well as the use of the air conditioning system.

Correlating energy spending and ambient comfort by being able to keep the tempera-
ture in the secretariat constant, we were able to reduce the percentage of users who felt that
the room was warm and therefore decreased the use of air conditioning. This represents
less energy consumed during work hours, and thus a more sustainable use of resources by
the subjects.

To obtain a statistically meaningful value of the decrease in energy consumption, a
longer data series (more than one year, to obtain homologous values) and more user usage
time are needed.
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5. Conclusions

As energy demand increases worldwide, local public building users (persons) play an
essential role because energy is used for their comfort. This work presents a novel approach
where local building users perceive local environment data and energy consumption based
on 3D color data representation. Warm colors strive to make people feel warmer than
neutral colors, whereas cool colors have the opposite effect. Presentation of energy con-
sumption based on colors allows users to better understand local consumption rather than
ambiguous temperature intervals. Integrating hot or cold colors in cool or warm indoor
spaces will psychologically cause an optimized thermal perception of occupants against
the real thermal situation, which has a positive significance for the thermal environment’s
energy saving.

For future comparisons and perceptions of how energy consumption is used by the dif-
ferent sites on the ISCTE-IUL campus, the system calculates the energy density in kWh/m2

so that there is a uniform method of resource consumption comparison between locations.
This study confirmed the hypothesis that delivering hygrothermal and energy con-

sumption information through context-based color coding makes users feel more informed
and make a more sustainable use of energy.

The facility management teams also did not have the tools to measure and evaluate
energy consumption at the campus or the time and the means to create an extensive
analysis of comfort, or even the overall energy performance of each building. With our
approach, these tasks are now facilitated and teams can interact with the system from any
Internet-connected device.

The users are currently working on a collaborative user approach, where users are
aware of their co-occupants’ real-time, auto-reported sensation through mobile devices.
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