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ABSTRACT

able with the predefined temperature, or even if a certain
room occupancy is low. This leads to situations of service
delivery with over heating or over cooling, resulting in excessive energy consumption above what would eventually
be needed to guarantee users thermal comfort. Conceivably, giving users the opportunity to participate actively
on HVAC systems’ temperature setpoint control it may be
possible, on one hand, to minimize excessive energy consumptions and, on other hand, to maximize users thermal
comfort. Solving such problem requires:

Heating, Ventilating and Air-Conditioning (HVAC) systems
account for about 60% of the total energy spent in buildings.
A large share of these spendings regards incorrect adjustment of temperature setpoint, which remains constant independently of user occupancy and thermal comfort. Moreover, constant temperature setpoints might induce over or
under cooling which leads to user thermal discomfort. This
thesis describes a collaborative application where HVAC temperature setpoints are adjusted based on user occupancy
providing occupants a platform where they can vote for a
different temperature setpoint, while real-time comfort and
energy savings values are available for feedback to users.
The developed platform elicits user behaviour transformation leading occupants into an active role of adjusting the
temperature setpoint, accordingly to roughly comfort preferences and prospective feedback, improving both thermal
comfort and energy efficiency.
The results show that it is technically possible to develop
collaborative platforms similar to the one that was implemented, but the subjectivity of this case study leads to substantially different results for the same experiment, when
different users are involved. One can conclude that the use
of these platforms only fit for scenarios where users are able
reach a consensus on the subject of the case in analysis.

• Determining the occupancy of a room;
• Providing users with a way to collaboratively change
the HVAC temperature setpoint;
• Providing energy consumption feedback to users; and
• Validating if the cost of a possible solution does not
surpass the savings’ results.
This thesis explores the use of identification technologies
such as RFID and Wi-Fi devices in the subject of user occupancy; gamification and user behaviour transformation in
virtual user interfaces for building automation; user comfort;
and energy efficiency evaluation; to describe a solution to the
problem of fine-tuning HVAC systems with user feedback.
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1.

Motivation

Consider a scenario inside a University Campus where a
large lecture room is occupied by many different groups of
students from 8 AM to 8 PM. Despite the variation of occupancy rate during the day, HVAC systems must be kept
running to maintain air quality inside the room. Therefore,
as there is no control on the room’s occupancy and users
preferences regarding temperature at a certain moment in
time, HVAC systems are left providing inadequate levels of
cold or hot air into the room. If users are given the possibility to collaboratively find and vote for the adequate temperature setpoint, there would be an improvement in both
energy savings and occupants comfort, which could be a
good motivation in order to involve users in acting actively
to minimize this problem. This can be achieved by providing
users with an application where they could identify themselves and register their presence in the lecture room, before
choosing a new temperature setpoint and comfort level values in a collaborative voting user interface where users could
receive real-time feedback about the overall opinion regarding current setpoint, other users’ thermal comfort sensation
and energy consumption.

INTRODUCTION

Heating, Ventilating and Air-Conditioning (HVAC) systems
represent 5% of the construction cost of a facility, and it
is estimated that these systems consume about 60% of the
total energy in buildings, and it is expected that this number
will eventually grow in the next years [17].
HVAC systems’ temperature setpoints remain constant
during the whole day, ignoring whether users feel comfort-
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1.2

Problem Statement

fort is difficult to measure because it is highly subjective,
ANSI/ASHRAE Standard 55-2010 defines it “as that condition of mind which expresses satisfaction with the thermal
environment and is assessed by subjective evaluation” [5].

The problem of finding the best trade-off between occupant
comfort and energy savings can be a difficult task to solve as
each person has its own level of comfort regarding environmental temperature and reacts differently to the economical
and environmental consequences of their choices in relation
to energy consumption.
Consequently, as each person is different, it is difficult
to develop a system that can predict exactly the way the
temperature setpoint should be specified in order to minimize HVAC energy consumption while maximizing occupants’ comfort. It is also not trivial to develop a solution
where users’ feedback does not interfere with their daily routine, as identifying and involving users in temperature setpoint changes requires effort from them.
This thesis concerns the development of a system that is
able to identify the occupants of a room, in order to involve them in the process of collaboratively fine-tune HVAC
operation temperature setpoint and act automatically after
learning from previous interactions by its users, so that a
trade-off between occupant comfort and energy savings can
be found. This work is also focused on prototyping a User
Interface that can encourage occupants to collaboratively
interact with the HVAC system, by providing them useful
feedback related to energy consumption and the effect of
their actions on the system.

2.

2.5

Users can be involved in the process of energy savings. Saving energy through a user behaviour change, by educating
and motivating them, is called “User Behaviour Transformation” [20].

2.6
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CONCEPTS

2.8

HVAC Systems

Setpoints

2.9

Temperature setpoint

Collaborative Systems

A collaborative system is one where multiple users or agents
engage in a shared activity, usually from remote locations.
Potential users of this kind of platforms interact with each
other in order to share information between them or requesting an action from a service provided to several people at
the same time. Normally collaborative systems are concurrent, but there is no need for users to coordinate between
themselves in order to accomplish their goal [6].

Temperature setpoint is defined as the temperature at which
an HVAC system aims to keep the internal temperature of
a building at. Typically, temperature setpoints are adjusted
between 21o C and 22o C in the winter and about 23o C to
24o C in summer, but it is also typical for a building to have
just one single setpoint of 22o C [26].
HVAC temperature setpoints may need adjustment depending on prevailing outdoor and indoor load conditions,
as “a mild day may require less heating whereas an unseasonably warm day may require lowering of the thermal setpoint
to provide additional cooling” [4].

2.4

IEEE 802.11 Wireless Fidelity (Wi-Fi)

IEEE1 802.11, often referred to just as Wi-Fi, is a communication protocol standard for Wireless Local Area Network (WLAN) [12, 24]. IEEE 802.11 supports wireless communications within a short range (up to 100 meters) with
low power consumption (up to 100 milliwatts) [12], enabling
fixed and mobile devices to connect to a Access Point (AP),
which provides them wireless access to the Internet.
Each device include its own Media Access Control (MAC)
Address, which is an unique identifier that distinguishes it
from all other devices connected to the AP. A MAC Address
can be represented in a 48-bit number in binary or hexadecimal. Its representation has been defined in International
Organization for Standardization (ISO) IEEE 10039 (Local
Area Network (LAN) MAC Service Definition) [21].

Setpoint refers to a target value of a process variable - a variable that one tries to control - such as temperature, pressure,
etc..

2.3

RFID

Radio-frequency Identification (RFID) technology is being
used for electromagnetic transmission for more than 50 years
[23]. More recently, it started being used to store and receive
data [13]. An RFID system has three basic components:
tags, readers with antennas, and servers [28].

HVAC is an acronym for “Heating, Ventilating and AirConditioning” and these systems generally include a variety
of active mechanical and electrical systems employed to provide thermal control in buildings [15]. HVAC represents an
important part regarding a building’s construction cost, and
it is also estimated that these systems consume about 60%
of the total energy spent in buildings, and this number is
likely to grow in the future [17].

2.2

Gamification

Gamification refers to “a process of enhancing a service with
affordances for gameful experiences in order to support users’
overall value creation” [19]. It can be also defined as “the
use of game design elements in non-game contexts” [9]. This
concept was introduced by Brett Terill in his personal blog
in 2008 [19], but its use only became widespread on the second half of 2010 [9]. The interest on this subject has been
growing year after year, and the number of papers published
on Gamification is also increasing since then, as surveyed by
Hamari [16].

Background concepts regarding HVAC systems, user occupancy, thermal comfort and energy efficiency evaluation
are described next.

2.1

User Behaviour Transformation

2.10

Predicted Mean Vote (PMV)

Thermal comfort in buildings is a difficult concept to define properly. Literature states that a large number of thermal comfort indices have been established for indoor climate
analysis [14]. One of these indices, and probably the most

Thermal Comfort

Occupant comfort can be obtained by maximizing users’
surrounding thermal comfort. Even though thermal com-
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widely used for assessing moderate indoor thermal environment [18] is Predicted Mean Vote (PMV). It is based on
the heat balance of the human body [10], and it considers
environmental variables and individuals factors. The human
being is in thermal balance when the internal heat production in the body is equal to the loss of heat to the environment. The person’s body thermoregulatory system will
automatically try to modify the skin temperature and the
sweat secretion to maintain heat balance [10].
PMV quantifies the degree of discomfort, and predicts the
comfort vote on the American Society of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE) sevenpoint thermal sensation scale [18], where the closer to zero,
the better the occupants’ thermal comfort sensation is [14].

Energy Efficiency Evaluation

It is possible to quantify energy savings measuring its use
before and after the implementation of an energy saving
project [8, 22].
Efficiency impacts are estimated considering the difference
between what energy consumption would have occurred if
the efficiency measures have not been installed and actual
energy consumption after efficiency measures are installed
(baseline, also referred as Business-As-Usual (BAU) energy
use) [29].
EnergytUset(KWh)

Implementation

1000tK

Baseline

750tK

Value
-3
-2
-1
0
1
2
3

Sensation
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot

500tK
250tK
Actual
January July January July January July January
Yeart1 Yeart1 Yeart2 Yeart2 Yeart3 Yeart3 Yeart4

Figure 2: Energy savings after implementing an energy saving
project (adapted from EPA [29]).

Table 1: Predicted Mean Vote sensation scale

3.

PMV is based on a theoretical model combined with the
results from experiments with approximately 1300 subjects [11].
ASHRAE recommends a value between -0.5 and 0.5 for an
interior space.

2.11

Predicted Percentage Dissatisfied (PPD)

Predicted Percentage Dissatisfied (PPD) is an index expressing the thermal comfort level as a percentage of thermally dissatisfied people, and is directly determined from
PMV [11, 27]: as PMV moves further from 0, or neutral,
PPD increases. PPD assumes that people voting ±2 or ±3
on PMV are dissatisfied. As it is difficult to please everyone
at the same time, ASHRAE recommends a value of PPD
less than 5, which corresponds to less than 5% of persons
dissatisfied. The predicted distribuition of votes is depicted
in Figure 1.
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Figure 1: PPD as a function of the PMV.

Since PPD is a function of PMV, it can be calculated
using the following equation
P P D = 100 − 95e−(0.03353P M V
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Time

+0.2179P M V 2 )

(1)

3

SOLUTION PROPOSAL

Developing a collaborative Graphical User Interface (GUI)
for Building Automation Systems (BAS) requires the definition of a solution that allows users to interact with those
systems without interfering substantially with their daily
activities. This issue leads to the necessity of defining the
main features which should be included in the solution, and
considering the main use cases for the domain of the problem. Finally, it is possible to describe formally both Functional Requirements (FRs) and Non Functional Requirements (NFRs) that the final solution should meet. After
finding these requirements, one can define a preliminary high
level system architecture for the solution proposal.
As it is intended to develop an application for collaboratively calculate a new temperature setpoint, it is mandatory
that users can access and interact with the application with
the least effort as possible and with the devices they usually
carry on their daily life. This requires that the final solution should provide support for laptop computers, tablets
and smart phones. Nevertheless, even though these devices’
interaction methods differ from each other, it is important
that the application usage remains similar for each one of
them, minimizing user’s effort in recognizing interaction elements [2].
One way to develop applications that can be run in different platforms is called responsive web. Responsive web applications provide optimal viewing experience across a wide
range of devices, with a minimum of resizing, panning, and
scrolling [3]. Implementing a responsive web application allows the same view to be rendered correctly in all compatible
devices without the need to code different applications for
each platform.
Considering that the application main goal is to provide a
BAS interface for controlling the HVAC system, the interaction must be simple. Users will make requests for increasing,
decreasing, and possibly keeping the temperature setpoint,
whose action must be kept as simple as possible. The web
application should then provide press and release buttons

similar to the ones that can be found in the physical world.
This idea of using the HVAC remote control metaphor to
make requests to the application will ease users’ getting
started into the interface [25], as users will easily understand that they can use these buttons like they use a simple
HVAC remote control.
Apart from the main goal of providing a BAS interface,
this system will be used as a gamification portal for users’
participations in the HVAC setpoint definition. Gamification implementations aim at engaging users participating at
a certain activity [19]. For this to be possible, it is necessary to provide feedback to users related to their actions,
rewarding their effort in using the application, and providing a view there they can inspect not only their own rating
but also compare themselves with other users’ in the game.
Finally, the application must provide a statistical view
where users can inspect other users’ requests at different
moments in time.

3.1

User

Identification
module

User Interface
module

Bridge module

HVAC
system

Overview

Our solution proposal can be divided in four main modules,
where each module will solve part of the problem described
in this document.

Figure 3: Architecture of the system.

write information on tags if necessary. For the sake
of simplification and cost savings, only passive RFID
tags will be used, but it would be possible to extend
this module to read from and/or write to active RFID
tags, or even both, if necessary. The compliance with
Electronic Product Code (EPC) standards will ease
this future extension.

• The first module refers to the identification problem
and will be used to get information about the users’
presence in the room. This module will provide information about who and how many users will interact
with the HVAC system at a certain moment in time.
• The second module will be used to store information
about users and their preferences. It will store a log
about both previous and present users and their interaction with the HVAC system, regarding both setpoint
definition and temperature comfort level. It will also
store temperature and energy consumption levels, and
compute PMV and PPD values.

The Wi-Fi submodule will be made of APs to which
users’ mobile devices will connect to. These APs will
send information regarding connected MAC addresses
of the devices to the identification server module, which
will be in charge of mapping MAC addresses to users.
Finally, the identification server submodule will be made
of a single computer that will act as a server. This
server will collect information about user identification provided by both RFID and Wi-Fi submodules,
and will contain a database where previous and current
users’ identification information is stored.

• The third module relates to user interface and will
explore both input and output mechanisms to get information into and from the HVAC system. It will
also explore issues regarding gamification and user behaviour transform.

• Information module will contain a database where
users’ information is stored. It is a different entity
from the user identification database in the identification module presented above, because it stores user detailed information, such as previous temperature setpoint votes and other information related to the gamification implementation. It will also be responsible for
calculating PMV and PPD values. Information module must provide an interface for system administration.

• Lastly, a fourth module will be the bridge between the
first three modules described and the HVAC system.
It will set the current setpoint at the HVAC system
and receive information about temperature and energy
consumption.

3.2

Information
module

Architecture

The architecture of this system will be based on the four
modules described in Section 3.1.
• Identification module will be made of three main
submodules: the RFID identification, Wi-Fi identification, and identification server.

• User interface module will explore the GUI where
users will interact with the system. Users will provide input information - temperature setpoint, comfort
level, etc. - and receive output information - current
temperature, PMV and PPD, gamification related information, etc. - on the virtual interface. As it is expected that users will access this interface via different
devices, such as laptop computers, smart phones and
tablets, the user interface layout will have to be adaptive, and so it is predictable that a web application fits

The RFID submodule will have an RFID tag reader,
which will contain a wired or wireless interface to communicate with the identification server, which will be
described later in this subsection. Readers will read
information collected from RFID tags that can be incorporated in smart cards (containing passive tags) or
other devices (containing active tags), and can also
4

best on this module requirement. While gamification
data will be managed and stored by the information
module, the user interface module will display all information regarding the gamification process.

MySQL is an open source database management system
which employs Structured Query Language (SQL) for accessing and processing data contained in databases. For this
web application, MySQL server defines schemas for users,

• Bridge module will be made of a single server or
process that collects information from all modules and
provides wired and/or wireless interfaces that all modules can use to communicate with each other. This
module will also be responsible to exchange data to
and from the HVAC system.

participations, participation types, gamification, and gamification levels.

4.

4.4

IMPLEMENTATION

As it was intended to develop an application that could be
used in different type of devices – such as computers, smart
phones and tablets – and considering that it should take
from users the less effort possible into deploying the application to their own devices, it was establish that best solution
that fulfils these constrains was a web application. Web applications only require a browser and an Internet/Intranet
connection to work, meaning that users will not need to install any software in their devices so that they can use the
application’s resources. Moreover, as it is possible to develop responsive web applications, the developer only needs
to implement one adaptive layout that all views will be able
to render in different devices.

4.1

4.4.1

User authentication

After deploying and starting up the application, the system
awaits for user authentication so that a detailed GUI can be
displayed. Users are presented a login form where a valid
pair of username and password must be introduced so that
a valid session can be started. If the input values are valid,
the user’s authentication details will be saved as attributes in
the Hypertext Transfer Protocol (HTTP) session that has
been created. If any of the input values is not valid, the
login process will fail and users will be asked again for a
valid username and password.
After a successful login, users are now able to interact
with the application until they signed out or their HTTP
session expires, which has been configured to happen every
90 minutes without any activity in the application.

Web Application Framework

Spring Framework is a Java platform that provides comprehensive infrastructure support for developing Java applications [1]. It provides a Model-View-Controller (MVC) architecture based on Smalltalk-80 [7] MVC architecture. In the
MVC paradigm, user input, business layer and visual feedback are explicitly separated and handled by three different
entities: the model, the view, and the controller [7].

4.2

Algorithms

The development of the HVAC Controller Application (HCA)
requires the implementation of several algorithms which are
necessary to produce the desired behaviour of the application.
These algorithms include the ones regarding user authentication, user interaction with the web application, user room
leaving routine, request interface for HVAC values, setpoint
voting algorithms, setpoint calculation algorithms, finding
user preferences, and gamification related algorithms.
A detailed description of these algorithms can be found
below.

Development environment

4.4.2

As for the current application it is strictly necessary to have
support for MVC functionalities, it was decided that the
Java Programming Language best fits the requirements of
the application. Oracle states in their website2 that Java is
“a high-level language that can be characterized by being a
simple, object oriented, distributed, multithreaded, dynamic,
architecture neutral, portable, high performance, robust, and
secure” programming language. Moreover, considering that
Spring was chosen as the Web Application Framework to
use, it was decided that the Integrated Development Environment (IDE) should be Spring’s official Eclipse distribution, named as Spring Tool Suite (STS). Accordingly to
its developers, STS is “a customized all-in-one Eclipse based
distribution that makes application development easy. The
tool suites provide ready-to-use combinations of language
support, framework support, and runtime support, and combine them with the existing Java, Web and Java EE tooling
from Eclipse”.

User identification using RFID

The web application manages information mainly regarding
users details, as well as their voting participations. As these
entities details must be saved into a database, there is the
need to choose an adequate database management system
which can be fully integrated into the web application.

Even though all authenticated users have access to the GUI
of the application, only those who are present in the room
can use the application for making new temperature setpoint requests. Users who are present in the room identify
themselves on a Arduino tag reader with any card or tag
that supports RFID. An Arduino3 is an open-source prototyping platform with easy to use hardware that includes a
programmable circuit board where software can be deployed.
When an RFID tag is detected, the Arduino’s RFID tag
reader collects the 24-digit hexadecimal code read from the
tag and sends it to the identification module, using a Datagram Socket on an User Datagram Protocol (UDP) well
known port. The identification module receives such packet
and validates whether it has received a valid 24-digit hexadecimal code. Codes with less or more than 24-digit do not
correspond to a valid RFID tag code and must be discarded.
Immediately after making the hexadecimal code validation, the information module requests the database for one
user containing an equal identification code with the tag’s
Unique Identification Number (UID). When such user is
found, the user is flagged as present in the room and, from
now on, one can make new temperature setpoint requests
for the next 90 minutes.
As it is described in Section 4.4.3, after 90 minutes users
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4.3

Database Management System

https://docs.oracle.com
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are considered to have left the room, and they are considered
absent until their tag is detected again by the Arduino’s
RFID tag reader.

4.4.3

so that it can be considered for the setpoint calculation afterwhile, as well as for building a user preferences profile for
situations in the future considering similar environments.

4.4.7

User room leaving routine

Calculating a new setpoint requires analysing users’ participations that have been made after the last setpoint calculation request. This means that it is necessary to count how
many increase, decrease and keep participations were made
since a well-known period of time defined in the system.
The setpoint calculation algorithm starts by making three
different count queries to the participation database, which
will return the number of increase, decrease and keep participations explicitly made by the users or, as it will be described in 4.4.8, automatically calculated based on users’
preferences. As a new setpoint calculation must return one
and only one request, it is necessary to find out if it is possible to define a new setpoint just by analysing the users’
participations. This requires that just one type of setpoint
calculation has the greater count number of participation
requests. If this requirement is met, a new setpoint calculation request is done based on the query result. On the other
side, if a tie occurs, or no participations are found in the
database for a well-known period of time, no request is done
and the setpoint remains the same.

The user database includes information about the timestamp related to users’ entrance in the room, and this information is used to validate participations, as it will be
described in Section 4.4.6. As it is necessary to implement a
mechanism that limit user participation in time, it is defined
that users leave the room 90 minutes after their entrance has
been declared into the system. For each request that needs
to verify if the user is present in the room, this algorithm
returns true if the difference between the actual timestamp
and the users’ entrance timestamp is less than 90 minutes
(5 400 000 milliseconds).

4.4.4

User interaction

After a valid session is started, users are now able to interact with the system. The HCA is now able to receive
requests from and provide information to the authenticated
user. When an HTTP request on the root page of the application is made, the system provides a welcome page where
users can confer temperature and gamification information
and make votes for participation in the set point definition
process. Participation requests will be validated accordingly
to the algorithm that will be described in 4.4.6.

4.4.5

4.4.8

Request interface for HVAC values

Setpoint voting

The algorithm for collecting setpoint votes is invoked after
a user requests a participation in the web application. Each
time a user makes a vote, the algorithm verifies whether the
request is valid, which means it must be a request for an
increase, a decrease or a keep temperature participation, as
well as classifies the participation accordingly to the period
of the day. Division of the day by hour ir depicted in table
2 All participations with invalid requests are not possible,
and therefore they are ignored.
Day time
7 – 12
13 – 19
20 – 6

Finding user preferences

The setpoint calculation algorithm described in Section 4.4.7
considers both participations explicitly made by the users or
automatically calculated based on users’ preferences. This
second statement requires that it is possible to predict users’
participations with an algorithm that inspects and computes
their previous interactions with the system. Such algorithm
makes sure that if a certain user has already voted on a similar environment situation previously in the past, the system can reproduce their behaviour automatically without
the need of an explicit participation from the user.
This algorithm starts by querying the database for all
users present in the room. After getting a list of these users,
it is necessary for the system to compute which users have
already voted since the last setpoint calculation has been
done. As these users’ participations have already been considered for the next setpoint calculation, there is no need
to compute their user preferences, and therefore these users
are ignored for the current step of the algorithm.
As for the other users who have not voted for any participation since then, the algorithm starts by querying the
database for similar environment situations. Similar environment situations include those whose part of the day
(morning, afternoon, or evening) and temperature setpoint
are similar to the ones on which the user preference algorithm is computing a result. Thus, for each user, the algorithm counts how many similar environment participations
can be found in the user’s participation history and computes a result considering that only a setpoint calculation
result can be requested. An automatic participation for the
user is then submitted to the system and will be considered
in the algorithm described in Section4.4.7. Again, if a tie
occurs, or no similar environmental situations are not found
in the user’s participation history, nothing is computed and
an automatic participation is not considered for these users.

The main application service stores locally all needed variables used to compute participation related algorithms, and
an interface to update these values is provided by the system. This means that it is implemented a scheduled routine
that fetches HVAC variables each 10 minutes (600 000 milliseconds) which updates these variables into the system.

4.4.6

Setpoint calculation

Part of the day
morning
afternoon
night

Table 2: Day classification related to day time.

This algorithm also validates if a user participation can
be considered regarding time constraints and if the user is
present in the room where the participation request is made.
If these constraints are verified, the algorithm registers the
user vote; otherwise, as for the request validation, the participation is ignored and the user is informed of the reason
why his participation cannot be considered.
After a participation is validated, the algorithm registers
the participation in both user and participation repositories,
6

4.4.9

Gamification

• The user interface module can be tested independently from the information module. Nevertheless, the
user interface must receive input correctly from users
(e.g. temperature setpoint values) and provide feedback correctly (temperature values, PMV and PPD
values, energy consumption and gamification information).
• Lastly, the bridge module have to correctly interconnect all system modules and also to provide data
to and from the HVAC system.

Gamification related algorithms include routines regarding
experience points attribution and level definition. Each participation made by a user must be reflected in their gamification profile by rewarding their effort into choosing a new
desired temperature set point.
As it is defined that each participation gives different experience points depending on the users’ actual gamification
level, the gamification algorithm for experience points attribution must first validate in which level the participating
user is. A relation between the gamification level and point
attribution per participation is described in Table 3.
Points
0 – 499
500 – 9999
100000 – 19999
200000 – ∞

Points per Participation
20
50
100
5000

It is also necessary to evaluate both energy savings and
user comfort results. One must evaluate quantitative results against qualitative ones: while, on the one hand, the
main purpose of this project is to implement a way to reduce HVAC systems energy consumption, on the other hand
user comfort may not be discarded and have to be equally
considered.
At least two main scenarios can be tested:

Level
Level 1
Level 2
Level 3
Level 4

• Scenario 1: population with P users, in room A, at a
moment M in time. Users are asked to use the application, in which they vote for the desired new temperature setpoint. HVAC system is adjusted considering
users’ votes, and

Table 3: Relation between Experience Points and Gamification
Level

After doing such validation, user gamification profile is updated with the respective obtained points, considering not
only that different gamification level provides different participation points, but also that participations done in different times of the day provide different participation points.
An afternoon participation is more valuable that a morning
or a night one, which will reflect on a bonus of 10 experience
points per participation.

5.

• Scenario 2: population with P users, in room B, at
the same moment M in time. Users are also asked
to use the application and voting for temperature setpoint and comfort values. HVAC system is not adjusted considering users’ votes, but a new setpoint is
adjusted manually or automatically, considering energy savings.

EVALUATION

These two scenarios try to validate whether[1)]

An evaluation of the implemented application requires not
only testing whether the implemented modules work correctly, but also if it is possible to obtain any savings using
the final version of the application.

6.

fine-tuning HVAC systems considering users’ votes eventually lead to energy savings, and
users’ comfort sensation are influenced by the feedback of
a voting system. Moreover, as it is also important to analyse feedback concerning users’ thermal comfort, users can
be asked to state their opinion on this issue with comfortrelated questionnaires. These questionnaires are important
to evaluate the qualitative results described above.

EVALUATION APPROACH FOR IMPLEMENTATION

An evaluation approach for testing the correctness of all four
modules described in Section 3.1 requires testing these modules independently and validating the system’s functionality
as a whole with integration tests.

7.

DESCRIPTION OF THE EXPERIMENTS

Right after implementing and validating the correctness of
the algorithms described in Section 4.4, it is necessary to test
the HCA with its end users so that one can validate whether
the proposed solution fits the problem stated in Section1.2.
Section 1.1 describes a motivation scenario where a large
lecture room inside a University Campus is occupied by
many different students from 8 AM to 8 PM. An example of
such lecture room can be found in Amphitheatre 4 (A4) of
Tagus Park Campus in Instituto Superior Técnico (IST). A4
offers an HVAC system that allows third-party applications
to change and receive feedback about some environmental
variables, such as the current temperature, energy consumption and temperature setpoint values. This allows HCA and
similar applications to automatically request a new temperature setpoint definition after collecting users’ votes, and
collecting real-time feedback to be provided to the web application.
Even though A4 is considered to be the best location
where tests for HCA can be executed, at the time that the

• Tests for the identification module must consider
users’ identification with RFID smart cards or Wi-Fi
devices. Before taking the test, users’ information is
collected manually. Such information includes their
smart card’s UID (e.g., their student identity card)
and their devices’ Wi-Fi MAC Addresses. Then, users
are asked to use the identification module to identify
themselves both using their smart card and their Wi-Fi
devices. After collecting users’ occupancy information,
information collected manually must match the information present in the system.
• Information module tests considers users’ votes and
gamification information. Testing this module requires
databases with mocked entries for user occupancy and
their gamified attributes, temperature setpoint votes,
PMV and PPD values, if available. Afterwards, system must retrieve this information previously provided
correctly.
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experiments could take place the HVAC controllers were not
available for use due to technical problems. This means that
one cannot connect any application to A4’s HVAC system
and an alternative location had to be found. Laboratories
1–17 and 1–19 of IST Tagus Park are two 53 squared meter
rooms that have an allocatable capacity of 24 students each
and are equipped with an HVAC system which temperature
setpoint can be manually defined using a thermostat that is
depicted in Figure 4.

was available during the experiments. Moreover, as no temperature sensors were available at Laboratories 1 – 17 and 1
– 19, it was also not possible to retain accurate temperature
values inside the room where these experiments were taking place. Even though these constraints made it impossible
to qualify and quantify accurate values for energy savings,
one can retain some important results from the analysis of
experiments 1 to 4.

9.1

Scenario 1

The results of the experiment 1 state that 78% of the new
temperature setpoint definition were explicitly requested by
the users, meaning that only 22% of the votes were calculated with users’ previous votes. This means that the majority of the participations in the definition of the temperature setpoint reflected users’ opinion on the current thermal
comfort, which also reflects in the validation of the results
described below.

Figure 4: HVAC thermostat for controlling temperature setpoint.

Laboratories 1–17 and 1–19 are mainly used for practical classes that last for up to 90 minutes, which means that
experiments taking place in these rooms must be the simplest possible so that the regular flow of the classes is not
disturbed. For this to be accomplished, some non fundamental features of the HCA must not be tested along with
our main experiment. For instance, users will not be asked
to register in the application, neither it will be necessary to
identity themselves using their student card in the Identification Module.

8.

Action

New sp (in o C)

08:29:40
08:39:48
08:49:56
09:00:03
09:10:09
09:20:15
09:30:21
09:40:26
09:50:32
10:00:37

No votes
No action (tie) 2 2 0
No action (tie) 2 2 0
No action (tie) 5 4 1
Keep sp with 3 votes
Decr. sp with 4 votes
Incr. sp with 9 votes
Incr. sp with 6 votes
Incr. sp with 9 votes
Incr. sp with 8 votes

15
15
15
15
15
14
15
16
17
18

Table 4: Log file for the first experiment.

Table 4 shows that it was not possible to calculate a
new temperature setpoint until 09:20 AM, as no information
could be extracted from users’ votes as they were inconclusive until 09:10 AM. From 09:20 AM on, it is clear from the
results that the majority of the users who were using the
HCA’s participation feature were uncomfortable with the
HVAC’s temperature setpoint: requests from 09:20 AM to
10:00 AM lead to an increase of 3o C in the temperature
setpoint, which would not be possible to obtain if no collaborative platform for managing users’ votes was available.
Results also state that 19 out of 28 users consider that they
felt more comfortable during this specific class, while 24 out
of 28 users stated that the experiment did not disturb the
regular flow of the class.
In contrast with experiment 1, 71.2% of the new temperature setpoint requests of experiment 2 were calculated
automatically from users’ preferences. As users of experiment 2 were less participative that the ones of experiment 1,
the definition of new temperatute setpoints by the HCA was
mainly calculated automatically with users’ previous votes
on this experiment. As one can see, the HVAC’s temperature setpoint remained constant from the beginning to the
end of the experiment, as most of the temperature setpoint
calculations were considering the “keep requests” votes that
users made somewhere in time during this experiment and
that had a greater number of participations that increasing
or decreasing ones.
Lastly, it is clear from experiment 4 log file in Table 6
that the temperature setpoint did not experienced a considerable number of changes since the beginning of the experi-

EXPERIMENT RESULTS

The experiments for the HCA took place in four different
days, starting at the 24th and ending at the 29th of September 2015. It was defined that the application should calculate a new temperature setpoint request every 10 minutes for
all experiments to give enough time for the HVAC system
to act effectively.
Each new temperature setpoint request is registered in a
log file containing the current timestamp and the requested
action (i.e. increasing, decreasing or keeping the temperature
setpoint). When no action is possible to be performed, the
log file also stores information about the number of requests
to increase, decrease or keep the temperature setpoint, in
this order. As it is not currently possible to connect the HCA
to the HVAC system due to technical problems, the log file
gives useful feedback so that one can manually change the
temperature setpoint in the thermostat depicted in Figure
4. These log files are described in Tables 4 to 6.

9.

Timestamp

DISCUSSION

The experiments described above aimed at validating the
two scenarios that were described in Section 5. Unfortunately, due to the technical problems with the A4’s HVAC
controllers that were enumerated, it was not possible to validate if considering user’s votes actually lead to energy savings, as no information about current energy consumption
8

Timestamp
13:07:35
13:17:37
13:27:38
13:37:40
13:47:41
13:57:42
14:07:44
14:17:45
14:27:46

Action
Keep
Keep
Keep
Keep
Keep
Keep
Keep
Keep

No votes
sp with 4
sp with 5
sp with 6
sp with 6
sp with 6
sp with 6
sp with 6
sp with 6

votes
votes
votes
votes
votes
votes
votes
votes

New sp (in o C)

Timestamp

Action

New sp (in o C)

15
15
15
15
15
15
15
15
15

10:37:38
10:47:40
10:57:41
11:07:43
11:17:44
11:27:46
11:37:47
11:47:49
11:57:50

No votes
No action (tie) 3 0 3
Decr. sp with 6 votes
Decr. sp with 5 votes
Decr. sp with 7 votes
Decr. sp with 6 votes
Decr. sp with 9 votes
Decr. sp with 8 votes
Decr. sp with 8 votes

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 5: Log file for the second experiment.

Table 7: Log file for the third experiment.

ment because users’ participations were substantially different from each other. Considering this, it is expected that
users would not feel any improvement in their thermal comfort sensation, which is supported from the questionnaire
results: 7 out of 20 did not feel more comfortable nor uncomfortable during the class, 4 out of 20 users felt more
uncomfortable during the experiment, and only 9 out of 20
users considered that they felt more comfortable during the
class.

energy related values for any of the experiments, increases
of the temperature setpoint lead to energy savings, whose
values can be quantified in the future work when and if it
is possible to connect the HCA to the HVAC system and
feedback of these values is available.
One can also conclude from the questionnaires that is it
possible to increase users’ comfort sensation by fine-tuning
the HVAC temperature setpoint, which could not be achieved
if users did not have the possibility to send real time participations to the application and the temperature setpoint
remained the same. Even though it is possible to obtain the
results stated above, it is also important to state that, because of the subjectivity of comfort sensation, it might also
occurs that no fine-tune is possible to obtain when users do
not agree with each other, making significantly equivalent
requests for keeping, increasing and decreasing the temperature setpoint (see experiment 4 for details), obtaining a
situation similar to the one where the HVAC thermostat is
public and everyone changes the temperature setpoint as if
no one else was present in the room.

Timestamp

Action

New sp (in o C)

13:44:42
13:54:44
14:04:45
14:14:45
14:24:47
14:34:48
14:44:49
14:54:50

Keep sp with 8 votes
Decr. sp with 5 votes
Incr. sp with 5 votes
No action (tie) 6 3 3
No action (tie) 8 6 2
Keep sp with 6 votes
Incr. sp with 7 votes
Decr. sp with 4 votes

15
14
15
15
15
15
16
15

Table 6: Log file for the fourth experiment.

9.2

CONCLUSIONS

11.

LIMITATIONS AND FUTURE WORK

Scenario 2

In experiment 3, the temperature setpoint remained constant along the experiment. Users requested a decrease of
the setpoint from 10:57 AM to 11:57 AM but no new temperature setpoint was intentionally calculated. At the end of
the experiment, 7 out of 22 users did not feel more comfortable nor uncomfortable, 6 out of 22 users felt more comfortable and 9 out of 22 users felt more uncomfortable during
the class. These values indicate that, even though the log
file for experiment 3 states that the temperature setpoint
should be decreased, the same percentage of users felt comfortable and uncomfortable, while the temperature setpoint
remained the same. This clearly indicates the subjectivity
of this experiment: users did not know that the HVAC temperature setpoint remained the same for all the experiment,
but some of them stated that their comfort sensation has
increased, just as if the temperature setpoint was being customized.

9.3

10.

The HCA implements all the functionalities required so that
one can use the collaborative platform to request a new temperature setpoint, but this platform has some limitations
that lead to weak performance when setting up new temperature setpoints. Due to technical difficulties, the HVAC
controllers were not available for use, meaning that the HCA
does not implement any integration with the HVAC system and all setpoint adjusts must be made manually in the
HVAC’s thermostat. Moreover, as no temperature sensors
were available, the HCA cannot receive feedback for temperature and setpoint values unless someone measures and
introduces these values manually in the database. This also
implies that some errors might occur when storing and calculating user preferences, as the temperature values provided
manually to the system might not be accurate due to gross
errors in the measurement of these values. Future work related to the HCA collaborative voting platform should solve
the problems stated above. This includes not only connecting the HCA to the HVAC system, but also extending this
application so that it would be possible to use the same Information Module and its user preferences databases in more
than one room at the same time, so that users’ subjectivity
can be rigorously compared and evaluated.
Even though our preliminary evaluation makes clear that

Conclusion

The results of these experiments clearly indicates that is
is possible to fine-tune HVAC temperature setpoints when
users are provided with a collaborative platform where their
opinion is collected. As one can see, it was possible to calculate new temperature setpoints where an increase of 3o C
was registered. Even though it was not possible to obtain
9

is is possible to use the HCA to fine-tune the HVAC system’s temperature setpoint, it is a fact that one must perform many more experiments to achieve statistically valid
results. As the experiments described in this thesis were
performed in the Autumn, future work should include validations throughout out the year, during Summer, Spring
and Winter, and users’ age group should also be expanded
so that seniors are included in the experiments. These extensions in the validation method will contribute to the accuracy of the obtained results.
As for the algorithms to calculate new temperature setpoints, one can also study different approaches for considering users’ participations. Future work regarding this issue
can include experiments where other calculating algorithms
are implemented, such as empowering users who contribute
the most for energy savings. Implementing such algorithms
implies that the HCA can communicate with the HVAC system, which is currently not available at the moment that this
work has been developed.

[14]
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[15]
[16]

CONCLUSION

The solution described aims at reducing the amount of energy consumption that HVAC systems represent in large
buildings while, at the same time, raising users’ thermal
comfort sensation at a certain room. This thesis summarizes ways of user occupancy identification, motivating users
on user behaviour transformation using gamification, recognizing their positive actions at a gamified application, and
evaluating both user thermal comfort and energy efficiency
regarding modifications on the HVAC system temperature
setpoint.
The dynamic adjustments of environmental settings is one
of the promises of the Internet of Things. This work illustrated how these future apps, that will be feed from actual
sensor data, will be.
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