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Abstract

The level of global energy consumption has increased twice the amount consumed in
1980s and it is expected to continue to increase steadily. Buildings account for 25 percent
of total energy consumption in the Kuropean Union. The Horizon 2020 programme is
a sign of the committment of the European Union to the development of projects that
promote the use of renewable energy resources through the implementation of new energy

services in homes and the development of new consumer habits.

Technological advances provided us with new possibilities in the field of computing and
electronics. We have developed new processing techniques, can analyze large volumes of
data and develop high performance IoT sensors and devices. The concept of intelligent
buildings was born thanks to these advances, which can be implemented in buildings to
provide greater safety, comfort and economic savings. However, there is still room for
improvement as we need approaches to be more focused on the user and adapted to the

environment, achieving greater savings but not at the expense of user comfort.

This doctoral thesis defines an architecture whose objective is to optimize energy
consumption while adapting to user preferences. Consumption can be optmized
independently of the characteristics of the building in which it is deployed. A key aspect
of the architecture is the negotiation between all the involved users. It establishes a
common agreement on the comfort preferences that satisfy the majority of users while

producing energy savings.

On the basis of the presented architecture, a platform has been built for collecting data
from the environment, obtaining information from external sources and from the users
themselves. The platform continuously analyses the collected data to convert them into
information that is useful for the system and on the basis of which, decisions can be made
to reduce energy consumption. In addition, the architecture integrates social computing
techniques that make it possible to maintain user preferences in terms of temperature
and lighting, with the problem being twofold: to optimize energy consumption and to

maintain the preferences that have been set in the negotiation.

As a result, a dynamic and self-adaptive architecture is obtained, capable of achieving

energy optimization in buildings while maintaining user comfort.
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Resumen

Desde 1980 el consumo de energia global ha crecido méas del doble y se prevé que se
la tendencia siga creciendo de forma continua. Del total de energia consumida en
la Unién Europea, los edificios representan el 25%. La Unién Europea, a través de
Horizon 2020, estd apostando fuerte en el desarrollo de proyectos que impulsen una
renovacién energética mediante la renovacién de los servicios energéticos en los hogares

y el desarrollo de nuevos habitos en los consumidores.

El desarrollo tecnolégico ha producido grandes avances en el campo de la campo
de la computacién y la electronica. Esto ha permitido el desarrollo de técnicas de
procesamiento y analisis de grandes volimenes de datos y el desarrollo de sensores y
dispositivos IoT de altas prestaciones. Estos avances han sido incluidos en los nuevos
edificios desarrollando el concepto de edificios inteligentes proveyendo de una mayor
seguridad, confort o ahorro econémico. Aunque todavia es posible desarrollar nuevos
enfoques centrados de forma més especifica al usuario y adaptada al entorno para obtener

una mayor reduccion econémica sin reducir el confort del usuario.

La presente tesis doctoral define una arquitectura cuyo objetivo se focaliza en
proporcionar una optimizacion energética, independiente de las caracteristicas del
edificio en el cual sea desplegada, mediante la negociacién entre todos los usuarios
implicados para el acuerdo comun de las preferencias de confort que satisfagan el rango
de confort de todos los usuarios a la vez que se produce la optimizacion energética

deseada.

Sobre la arquitectura presentada, se ha construido una plataforma de captura de datos
del entorno, obtencién de informacién de fuentes externa y de los propios usuarios. La
plataforma realiza continuamente analisis de los datos recopilados de forma que estos
datos se conviertan en informacion 1til para el sistema y tomar decisiones que permitan
reducir el consumo energético. Ademas, la arquitectura integra técnicas de computacién
social que faculta mantener las preferencias de los usuarios en términos de temperatura
e iluminacién, siendo un problema es doble, optimizar el consumo energético y mantener

las preferencias que se han fijado la negociacion.

Como resultado, se obtiene una arquitectura dinamica y auto-adaptativa, capaz de lograr

una optimizacion energetica en edificios manteniendo el confort de los usuarios.
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Chapter 1

Introduction

1.1 Doctoral Thesis Introduction

This doctoral thesis comprises research in the field of energy optimisation that was
conducted over four years, within the BISITE Research Group of the University of
Salamanca. During this time, knowledge has been acquired progressively to achieve the

hypothesis proposed by this doctoral thesis.

The hypothesis put forward in this paper is that energy consumption can be reduced in
an intelligent building while maintaining the level of comfort desired by the user. Here we
propose an intelligent architecture that allows to reduce consumption without having to
make significant investments in the building. The architecture is based on agents which
use Agreement Technologies (AT) to establish a consensus among users, guaranteeing a
high level of comfort. The agreed comfort prefereneces are then negotiated in real time
with the lighting system, the Heating, ventilation, and air conditioning (HVAC) system
through the deployed Wireless Sensor Network (WSN).

1.2 Energy Consumption Problem

Since 1970 there has been an increase in the consumption of energy in a number of
sectors, this increase was brought about by socio-economic growth in all countries and
an increase in their population. Although the use of alternative and cleaner sources of
energy has become more popular since 1970, fossil fuels still account for around 81%
of the world’s energy consumption. Figure 1.1 illustrates this increase in consumption
and the trend of the different energy sources. From the graph, we can read that in 2008
energy consumption was double that of the early 1980s [Pasquevich, 2012].

Current global energy consumption is more than twice the amount consumed in 1980s,
reaching 12,274.6 Million Tonnes of Oil Equivalent (MTOE) by 2011. Energy demand
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Fic. 1.1: Evolution and trend of energy consumption since 1980.

is continuing to increase steadily and it is predicted that by 2025 30% more energy will
be consumed in comparison to the present year [Castillo-Cagigal et al., 2011]. This is
because our needs are increasing over time. The 2030 target for reducing CO2 emissions
is even more ambitious, with a share of close to 40%, these changes will modernize the

EU economy and create new jobs in the energy sector.

However, the problem of high consumption levels lies not only in large industries, we
also have to consider small consumers (Residential) and their energy consumption. As
shown in Figure 1.2, small consumers represent 25% of energy consumption in the EU-27

and in Spain this percentage reaches 27%.

EU-27 SPAIN

W Agriculture

W Transport

® Industry and Construction
Residential

W Services

(A) Energy distribution in European (B) Energy distribution in Spain
Union

F1c. 1.2: Distribution of energy by sector in the EU-27 and Spain. Source: Prepared
by the authors on the basis of data from [BP, 2014] and data published by the [IDAE,
2014]

The information presented above shows that the dependency of today’s society on energy
continues to grow. Even with the appearance of renewable energies, a large percentage
of our energy needs is still satisfied with fossil fuels. Moreover, it can be read form the
charts that the residential sector comprises more than a quarter of the total energy needs.

It is important to consider these data, since the vast majority of our society thinks that
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TAB. 1.1: Unit energy consumption according to the type of home in Spain, according
to data from the SPAHOUSEC study.

Housing in Block (TJ) Single family Home (TJ) Total Spain (TJ)

Heating 105.874 182.065 287.939
Hot sanitary water 85.328 30.533 115.861
Kitchen 26.948 18.702 45.650
Cooling 3.291 1.857 5.148
Lighting 17.300 8.066 25.366
Appliances 89.982 43.488 133.470
Total consumption 328.723 284.712 613.435

the majority of our energy is consumed by the industrial and construction sectors, and
in transport [Pérez-Lombard et al., 2008]. An increase in the energy consumed by the
residential sector is largely a result of the incorporation of a greater number of household
appliances, technological devices, but above all by the desire to improve comfort in the
home. In Table 1.1 we can examine the average unit energy consumption according
to the type of housing [Davis, 2016]. It is clear that the consumption of single-family
dwellings clearly exceeds that of block or flat dwellings, especially in relation to the
consumption associated with heating. The total consumption of a single-family home is

twice that of a block house, where four times more energy is used to heat the house.

All this makes it evident that it is necessary to implement mechanisms that will reduce
energy consumption in the residential sector, focused specifically on the areas that have

the greatest energy requirements: heating, appliances and lighting.

It is necessary to design an architecture that will be able to successfully deal with
the different challenges encountered in the energy optimization problem. For example,
the architecture must be able to make optimization decisions, this can only be done

effectively if factors that affect energy consumption are analyzed.

Some simple decisions can significantly reduce the consumption of energy. For example,
maintaining a constant temperature between 19°C and 21°C during the day and between
15°C and 17°C at night, can save between 10% and 40%. This is because raising or
lowering the temperature by as little as one degree can boost the HVAC system’s energy
consumption by 7% [IDAE, 2014]. Within the field HVAC system automation, there
are several commercial systems that allow for average savings of up to 30%. There are
various intelligent thermostats on the market, such as Tado®, Netatmo by Starck, Momit
and Honeywell [Nacer et al., 2017]. However, an intelligent heating system must be able
to understand environmental contexts (state of occupancy of the dwelling, activities of
the users, characteristics of the dwelling and the climate), which can be done thanks
to the data emitted by the sensors (ambient temperature, COy rate, humidity, state

of occupancy, weather forecasts, etc.)) and advanced algorithms (learning algorithms,
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prediction algorithms), the main aim of which is to optimise energy consumption without

sacrificing the inhabitants’ comfort.

Once the factors involved in energy consumption are identified, it is necessary to
implement mechanisms that will obtain their values. Current technology makes this
possible,at software level data from external sources can be obtained in order to make
predictions or have knowledge about future events and the work schedule. At hardware
level the architecture obtains weather conditions through small sensors, communicates
with the lighting and HVAC systems or the domotics deployed in the building. This

hardware and software conjunction within a building is known as the Intelligent Building.

Thus, knowing the factors involved in energy consumption (outdoor temperature, indoor
temperature, humidity, solar incidence, presence of people, etc.) allow us to develop
algorithms that successfully optimize energy consumption. However, in addition to this
knowledge it is necessary to consider the comfort preferences of the users and inhabitants
of intelligent buildings. It is necessary to design an architecture that is dynamic and
self-adaptive as each building has different architectural characteristics and the number
of inhabitants or users may vary over time. Dynamic because the values of the factors
that affect energy optimization vary and self-adaptive because it does not have to be
configured every time the value of any of these factors changes [O’Leary et al., 1997],
[Ferber, 1999]. In this respect, Multi-Agent (MAS) systems fit in perfectly with the term
dynamic and self-adaptive architecture, this is because they facilitate the deployment of
new agents whenever necessary [Carrascosa et al., 2008]. Agent based architectures allow
to easily develop software and hardware solutions to complex problems. Therefore, the
adoption of a multi-agent architecture is very appropriate in systems that must collect
data from wireless sensor networks (WSN), obtain data from external sources, send
orders to lighting systems or HVAC systems and be aware of user preferences [Tapia
et al., 2010].

This doctoral thesis proposes a novel distributed architecture based on a multi-agent
system. It is focused on optimizing energy consumption in intelligent buildings while
considering the preferences of their users. For this reason, three objectives must be
achieved: 1) the factors that affect energy consumption in homes must be identified
and the proposed solution must be adaptable to any type of building and must reduce
dispensable energy consumption; ii) the architecture must implement a mechanism
that will negotiation the users’ preferences with the optimization decision of the
architecture, so that energy can be saved while satisfying user preferences; and iii) to
develop an architecture that will adapt to real environments with different architectonic

characteristics.
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1.3 Motivation and Hypothesis

Electricity has played an important role in the social and economic development of
countries. With the second industrial revolution and the subsequent technological boom,
economic growth was reflected in an impressive increase in the demand for electricity.

Moreover, most recent history reflects a very close relationship between those variables.

Specifically, between 1990 and 2013, worldwide energy consumption increased by about
54% according to the World Bank’s World Development Indicators. This increase
exceeds the growth in the world population, which increased by 36% in the same period
[Bank, 2016].

As our energy needs began to increase, many companies in the electricity sector started
to analyze the factors that influence consumption as well as the patterns of user behavior.
From these analyses they obtained knowledge on how and when electricity was consumed
in each sector. Ome of the sectors in which most energy is being consumed is the
residential sector. Public office buildings urgently require the adaption of energy saving
measures. This is because the amount of energy they consume is much higher compared
to other types of buildings and homes. Often, the users of public buildings are not
careful about saving energy (they leave the lights switched on) because they don’t have

to pay the energy bill.

Public buildings are a niche in which the consumption of electricity can be reduced
significantly. As a result we saw the rise of the Intelligent Buildings (IB) concept, a
framework that combines the deployment of IoT sensors and devices for the collection
and analysis of environmental data, providing users with greater safety, comfort and
energy optimization. However, there is no global agreement on the factors influencing
energy consumption. Although there is a range of proposals in this area, the majority
focus exclusively on saving energy without considering the user. This means that the
decisions of these systems often have a negative effect on the well-being of the users in
that environment. Another aspect that should be considered is that each user has certain
comfort preferences, it is therefore necessary that users reach an overall agreement to

satisfy the majority in terms of temperature and lighting.

This doctoral thesis aims to cover this research gap in the current state of the art.
The research line that this work follows is that of proposing an architecture that will
convert buildings into IB (through domotic systems). To reduce energy consumption,
we make use of the data analysis possibilities that current technology provides us with.
None of the current proposals have provided a self-adaptive and dynamic architecture

that would be independent of context (the environment in which the architecture is
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implemented), and none of them are capable of adapting to user preferences. This
doctoral thesis proposes a dynamic and self-adaptive architecture for energy optimization
in intelligent buildings. To this end, the architecture is designed on the basis of
multi-agent systems and also includes new approaches in the field of energy optimization,
negotiation and agreement technologies. The intrinsic characteristics of agents make
them capable of modeling dynamic and distributed systems that adapt to the context.
Agents are independent software entities that model and encapsulate subsystems which
together fulfill the overall functionality of the architecture. In addition, agent-based
technologies such as multi-agent systems have been widely employed and refined for use
in context-independent architectures. This demonstrates that they are fully capable of
dealing with the challenges posed in this work. Besides facilitating the structuring of
the system, they can encapsulate functionalities based on Al techniques that can be
reused in other platforms or services implemented in Intelligent Buildings, providing the

possibility of applying these modular components to use cases with similar peculiarities.

The hypothesis put forward in this doctoral thesis states that thorough the application
of distributed intelligent systems that provide users with adequate guidance, it is possible
to reduce energy consumption in a home or building while maintaining user comfort,
this can be done regardless of the building’s architectural characteristics and it is not
necessary to invest large sums of money in order to achieve savings. To this end, we
proposed an innovative approach which employs an agent-based intelligent architecture
(MAS). To guarantee a high level of comfort, the architecture implements a consensus
model through the incorporated Agreement Technologies (AT). This model is executed
using a Wireless Sensor Network (WSN), establishing a negotiation in real time between

the users, the HVAC system and the lighting system in intelligent buildings.

The main objective of this doctoral thesis is to achieve a novel, dynamic and self-adaptive
architecture model, that is capable of optimizing electricity consumption in Intelligent
Buildings. The architecture must provide a series of methods that allow to collect
data from the environment, recognize user behavior parameters and mechanisms for
the establishment of agreements in which all the involved parties obtain benefits. The
system benefits in terms of reduced energy consumption of the IB and users do not have
to give up their comfort to obtain savings. The architecture must be implemented and
validated through case studies in which the all the related aspects must be managed by

the architecture.

To achieve the overall objectives, the architecture must fulfill a number of specific

objectives. The specific objectives include:
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o Identify the factors that affect energy consumption, direct and indirect parameters

that influence their increase or decrease.

e Conduct a study of the methods and procedures used in the field of energy

optimization in order to develop algorithms applicable to buildings and houses.

e Review/design the hardware elements for the collection of values related to

consumption in the environment in which the architecture is deployed.

e Study the data communication mechanisms in WSNs, these mechanisms must be
standard and open as the architecture must be modular and must facilitate the
incorporation of new domotics in the Intelligent Building without having to develop

new functionality.

e Design learning methods which will enable the architecture to learn from the
behaviour of the users, this knowledge will allow to adapt past solutions achieving

more efficient results.

e Review social computing methods and technologies aimed at making agreements

between different actors for common benefit.

e Examine existing methods used in multi-agent systems for analysis and design and

their application to the IB context.

e Design mechanisms that allow for the integration of optimization methods and

negotiation methods so that they are managed autonomously by the architecture.

e Design case studies in which conditions will be simulated to verify the suitability of
the architecture. Simulations will allow to identify weak aspects and refine details

before implementing the architecture in a real environment.

e Design a real case study to evaluate the architecture’s performance in a dynamic
environment. The implementation of the architecture in a real environment will

allow to test the response of the architecture to sudden and unpredicted changes.

Obtain data from the environment and make energy-saving decisions. Many proposals
focus exclusively on collecting data related to factors involved in energy consumption
(outdoor temperature, indoor temperature, humidity, solar incidence, presence of people,
etc.). These proposals are successful in terms of energy optimisation, however their
decisions do not consider the users’ comfort preferences or consider them very vaguely.
For this reason, this doctoral thesis presents a system designed to obtain energy savings
through an agreement between users and the system. To this end, the system conducts

a negotiation process between the preferences of the users in terms of comfort and the
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degree of optimization that the system can achieve according to those preferences. The
architecture is based on a MAS whose agents learn about the social behaviour of users,
obtain information from the environment through the WSN and execute negotiation

processes.

Another objective of this project is to develop a visualization system that will enable the
user to view their home’s energy consumption. This will provide them with knowledge
on data such as the periods of the day in which expenditure increases significantly or
the days of the week in which consumption peaks occur. In this way, the user will
achieve greater control of their energy consumption, enabling them to save, as well
as contribute to energy sustainability. This system should be made available to users

through a separate device.

1.4 Methodology

To ensure that the objectives set in this doctoral thesis are developed correctly, it is
necessary to define all the activities and tasks that must be completed at each stage of the
research. The Action Research Process was followed in the development of the research
conducted in this doctoral thesis [Reason and Bradbury, 2001]. This methodology
identifies the problem and formulates it on the basis of a hypothesis, based on concepts
defined within a quantitative model of reality. Then, information is collected, organized
and analyzed and the research is focused on proposing a solution to the problem. Finally,
the results obtained from the research are evaluated and conclusions are drawn . In order
to follow this methodology, it is necessary to define a series of activities to achieve the

proposed objectives and to prove the hypothesis.

The activities that were defined at the beginning of this work are as follows:

1. Definition of the problem: An analysis of the environment that defines the
research problem, establishing the objectives, sub-objectives and the hypothesis

on which the research is based.

2. Review of the state of the art: Analysis of the problem and review of past
solutions related to the current problem. This will allow to analyze and choose
the state of the art of techniques used in the current research. The review process
focuses both on techniques applied to data analysis and decision making and on
techniques that allow agreements to be reached through automatic negotiation.
The review of the state of the art is constant throughout the research, since it is

the pillar of the research conducted in this doctoral thesis.
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3. Design of the solution and proposal of the architecture: Proposal of
different models that allow to achieve satisfactory solutions to the research
problem.  These models must allow to verify whether the objective have
been fulfilled during the process of design and implementation of the different
components that make up the architecture, both at the software and hardware
level. The models are broken down into a number of components to facilitate the

validation process and thus improve the research process.

4. Design of case studies to validate the solution: Study of the results obtained
in comparison with other procedures. This determines whether the objectives
and the hypothesis initially set out have been achieved. Comparison with other
methodologies makes it possible to know whether the way in which the problem

was initially addressed was adequate.

5. Publication of the results obtained: Publication of the results of the partial
research carried out in order to achieve the final objective. Publication in both
journals and congresses will allow us to establish a contact with researchers in the
field, who will guide us along the path taken in research and help us to refine the
development of the model. It is a very important process because it makes it easier

to exchange ideas first-hand.

The above activities are executed iteratively throughout the research process, which is
why it can be considered an iterative and incremental process, just like the methodology

used in software engineering known as Unified Process.

Within this methodology, it is necessary to hold meetings with the team of the Research
Group which will allow to know the state of the research. Once the initial problem has
been identified, it is important to check whether the approach being taken is the right
one. It may be the case that it is necessary to carry out some variation, a new technique
or method may be presented that will bring us closer to the marked objective. This is

intended to benefit the research from the following factors:

e Flexibility to change, ability to react to new technologies or techniques.

e Productivity, allowing flexibility in work planning provides benefits that were not

marked at the problem definition stage.

e Weather forecast, the time control associated with each stage allows us to know

the existence or absence of risk in planning.



12 Chapter 1. Introduction

In order to evaluate temporarily, if the research is carried out under the established
time frame, it is necessary to establish a series of milestones. The achievement of these
milestones ensures the proper progress of the work. In this sense, the following milestones

have been defined:

1. Analysis of the techniques to be used and definition of the solution: The
objective of this milestone is to learn about the techniques and procedures that
allow for a reduction in energy consumption and the development of negotiation
processes between users and the system. An architecture that aims to optimise
energy consumption in buildings must follow a modular design that ensures that
data is obtained from a variety of sources and that agreements are made. A
modular design makes it easy to make changes, which are necessary in a project
of this size. Once analyzed, it is necessary to define the technologies that are best
suited to data capture and the establishment of agreements between the system

and the users.

2. Dynamic and self-adaptive architecture design: This milestone aims to
design a dynamic and self-adaptive architecture that combines the techniques
to achieve the objectives at the software level. The architecture based on a
multi-agent system must support the hardware requirements that allow data to be

obtained from the context to which it must be adapted.

3. Design of the hardware components of the architecture: Once the
architecture has been developed and the data has been simulated to validate
its correct adaptation to the problem, the next step is the development of the
hardware components that allow capturing data from the environment in which
it is deployed. The achievement of this milestone provides us with a functional

architecture.

4. Design of real case studies that allow the validation of the architecture:
The last stage of the research concludes with the validation of the proposed
architecture. Real case studies are developed, which allow us to certify the correct
fulfillment of the main and secondary objectives. These case studies vary in the
characteristics of the context in which they are carried out, so that the adaptability
to the context of the architecture is checked, as well as the number of users of the
building to complicate the problem of reaching agreement on comfort preferences

while reducing energy consumption.
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1.5 Structure of the Thesis Report

This doctoral thesis is divided into six chapters. The first chapter is the annex and a

bibliography section. The structure of each of the chapters is described below.

The review of the state-of-the-art energy optimization techniques used in intelligent
buildings is found in chapter ?7. This chapter also studies the different techniques used
in the area of computer engineering and artificial intelligence. Here, we determine which

techniques should be applied to achieve the objectives set in this doctoral thesis.

The designed architecture is a vertical software solution, a set of software and hardware
technologies are deployed in it, this is described in detail in chapter ??. The architecture
is based on a multi-agent system that allows the deployed agents to coordinate, cooperate
and communicate to achieve the final objective. The agents are grouped according
to their functionality, since some will be in charge of obtaining context information,
others will be in charge of developing Al techniques, and others will be in charge of

communicating with the WSN for the execution of the decisions taken.

The case studies are presented in chapter ?7. The first case study allows to verify the
effectiveness of the architecture to obtain an energy optimization in an office building.
The second case study is conducted in a home. The aim of this case study is to
test the effectiveness of the architecture in establishing agreements between the users’

temperature and lighting preferences as well as energy consumption.

The results obtained during the development of the two case studies described in 77
are presented in chapter ?77. The conclusions derived from the work as well as the
contributions made to the state of the art are presented in chapter ??7. Future lines of

work are also discussed, focusing on the future evolution of the designed architecture.

The annex presents the list of articles related to this work that have been presented
during the student period in the doctoral program in international journals, as well as
book chapters. It also lists the research projects in which the student has participated,

which have to some degree influenced on the development of this doctoral thesis.

Finally, a list is presented with all the bibliographical references that have been used in

this doctoral thesis and that have been referenced throughout this report.
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