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Summary

Increasing penetration of renewable energy resources (RES) together with advances
in ICT and liberalized market models are the main drivers for the transition towards
the emerging smart grid (SG). In order to secure energy supply and improve
energy efficiency, changes are required throughout the whole electrical power system.
This research envisions the future grid with active participation of customers from
the demand side. Specifically, the focus is on exploring the so-called demand
flexibility as the key concept to enable the interoperation between the smart grid,
and building energy management system (SG-BEMS). Moreover, the complex and
heterogeneous structure of SG-BEMS reveals a necessity of utilizing a decentralized
control approach based on distributed intelligence. In this research, multi agent
system (MAS) is proven to be a suitable and scalable technology for enhancing
the interoperation of SG-BEMS. By dividing the large and complex problem into
smaller control tasks, MAS can exploit optimally potential of the demand flexibility
to support grid operation, while reducing the negative effects on the customer, i.e.,
building operation.
Research has shown the potential of energy consumers to improve the system
flexibility, and in this way, compensating for the increasing uncertainty from RES.
Nonetheless, grid operation has been treated separately from the customers’ comfort
preference controlled by home/building energy management systems, with their own
local information. In an effort towards harmonizing these two control systems, a
functional framework for the SG-BEMS interoperation is presented in this research.
This framework addresses the requirements for the interoperation by looking at the
particular characteristics and objectives of both systems. The framework specifies
the extensions to the current system and a description of the new actors and roles.
A major part of energy consumption at the demand side is used for comfort
provision to the occupants. Thus, it is a pivotal element in the SG-BEMS framework
to specify and identify the relation between energy flexibility and comfort levels.
Using a simple definition of comfort that includes parameters like, temperature
and relative humidity, the dynamic nature of the comfort and energy demand is

i

ii

Summary

investigated.
Although it has been mentioned in several previous research works, demand
flexibility lacks a proper definition and a clear quantification methodology that can
be used for both the smart grid and the building managers. In this research, a
definition and quantification method for demand flexibility that takes into account
the comfort dynamics of the demand side is proposed, and demonstrated.
In this thesis, a MAS control structure is used in combination with computational
intelligence and optimization techniques to explore the flexible behavior of single
buildings, while taking into account the comfort and energy dynamics. Furthermore,
different agent decision making strategies for demand flexibility aggregation and
allocation are evaluated. Multiple applications of demand flexibility on grid support
are assessed, both at the connection point of the building and at the neighborhood
level. The benefits and issues of cooperative and non-cooperative agent behaviors
are evaluated on basis of the flexibility request, flexibility offer, and comfort loss.
Lastly, the agent organizational structure and communication requirements are
examined under the SG-BEMS framework. This novel control concept is verified
in a laboratory environment, with the objective of defining the communication
requirements.
This research shows evidence that the demand side can effectively support the
grid operation by offering demand flexibility. However, such flexibility is a time
varying resource that depends not only on the physical characteristics of the building,
but also on the characteristics of the environment the building is located at, as well
as on the specific building function. Such parameters are included in the proposed
quantification method for the demand flexibility potential to facilitate the flexibility
aggregation and dispatch process. In this thesis, different allocation and decision
making strategies have been developed to invoke sufficient demand flexibility, while
reducing the comfort loss in each building.
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1
Introduction

Spreading over the entire globe, power systems have become one of the largest
engineering systems, providing electricity to billions of consumers from millions
of producers. In fact, the dependency of our society on electricity has reached
such levels that, at this time, economic growth is strongly linked to electricity
demand growth. Nowadays, the society demands for not only uninterrupted supply
of electricity, but also an environmental friendly, and sustainable power system.
Governments around the world are creating new legislation to push new energy
efficiency, and emission targets. An example of this is the European Union (EU),
where a target to reduce carbon emissions by 20% by 2020 has been established,
using as reference the emission levels of 1990. In the Netherlands, the target is to
reduce 16% using as reference the emission levels of 2005 [1]. This political and
social pressure, together with the new technological developments, have led to a
transition to an emerging power system, the so called smart grid, with decentralized
ways of generating electricity from renewable sources like wind or solar energy, while
changing the system from a centralized to a decentralized structure.
The transition to a smart and sustainable power systems faces multiple and
complex challenges in the coming years. Achieving the long and medium term
sustainability and efficiency goals will require the introduction of new technologies,
as well as new control and operation philosophies. An essential element in the
transition towards a sustainable power system is Renewable Energy Sources (RES),
which have continued to grow despite the recent economic crises. In fact, by the
end of 2014, RES represented about 58% of the net additions to the global installed
power capacity, reaching a level of 28% in the world’s power generation capacity
[2]. Together with new forms of electricity demand, such as Electric Vehicles (EVs)
and heat pumps, these new technologies inevitably increase the uncertainty in the
operation of the electrical power system. To cope with this, several approaches
have been proposed that generally translate in the need for new flexibility sources,
e.g., power reserves, and flexible generation, new management approaches, e.g.,
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Demand Side Management (DSM), and better forecasting tools [3, 4]. While power
reserves are arranged among the generating units, exploiting demand flexibility is
an emerging strategy in the operation and control task of the power system based
on the active participation of the customers.
The need for a smart grid, motivated by the sustainability and efficiency goals
of the recent years, calls for the inter-operation1 of multiple new and existing
systems. The complexity of such emerging system motivates and defines the goals
and boundaries of this thesis. In this Chapter, a short introduction to the topics
of the thesis is given, together with a description of the research questions, and the
thesis outline.

1.1

Emerging power systems

In the recent years, the power system has undergone fundamental changes, to
integrate RES and new forms of electricity demand. The power system was originally
designed as a load following system, with dispatchable resources and an inelastic
demand. Under the transition towards the emerging power system, i.e., the smart
grid, this is no longer held true. Increasing intermittency and uncertainty of the
smart grid reveals different challenges as follows:
a) Technical challenges
i) System balance: Due to the stochastic behavior of RES and increasing
unpredictability of power demand, balancing power supply and demand
becomes quite challenging.
ii) Protection management: The increasing penetration of Distributed
Energy Resources (DER) with power electronic interfaces and bidirectional power flows affects the protection designs of the existing power
system.
iii) Real time operation: The inter-operation of the smart grid system
requires reliable and robust data exchange.
b) Market challenges
i) Pricing scheme: The increasing participation of DER and RES in power
generation call for new types of energy tariffs.
ii) New energy market services: Along with the smart grid development,
new type of energy services, e.g., ancillary services from the demand side,
that are unprecedented in the power system start to appear. Thus, new
market models are required to exchange and settle these services.
1

The CENELEC Smart Grid Coordination Group defines interoperation as the ability of two or
more systems to exchange information and use that information for correct co-operation [5].
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c) Standards and interoperability
i) Communication standards: Inter-operation makes it necessary for the
systems to speak the same or understandable languages.
ii) Privacy and security: The increasing need for data exchange between
different systems in the smart grid, makes it a challenge to ensure the
privacy and security of the different systems.
iii) Data management: Enlarging communication infrastructure reveals the
need for new and advance data management techniques.

1.1.1

Energy use

As the world’s population continues to grow, so does the energy and electricity
demand. A major part of this happens in urban areas, where commercial buildings
represent about one-third of the energy consumed [6], and large buildings are the
dominant energy consumers. In the Netherlands, the residential and commercial
sectors (including public services), accounted for about 57% of the total electricity
consumption in 2013, 25132 GW h and 36205 GW h respectively, and about 43% of
the total gas consumption in the same year, 11144 T J and 220564 T J respectively
[7]. However, while electricity demand in the commercial sector shows a positive
growth rate of about 4.4%, the heat demand shows a decreasing trend. The latter
could be attributed partly to the electrification of heating by substituting natural
gas as the energy carrier; better insulation measures imposed by stricter building
directives; and the increase in winter temperatures. Fig. 1.1 shows not only the total
electricity and gas consumption for the commercial sector, but also the historic trend
for the other economic sectors. It is worth noticing that in the figure the industry
and commercial sectors are presented separately. Therefore, in the Netherlands, the
highest electricity demand comes from non-residential buildings used for commercial
activities, such as offices buildings, retail stores, etc.
While the vast majority of buildings in the Netherlands are residential buildings
(about 87%), commercial buildings account only for approximately 10% of the
Dutch building stock [8], as shown in Fig. 1.2. If the industrial sector is
excluded, then the commercial sector shows the highest energy demand density,
accounting for around 34% of the total electricity demand and 26% of the heating
demand, while representing only 10% of the building stock. Additionally, out of
the multiple functions found among the commercial buildings, which include health
care, education, sports facilities, etc., office buildings represent about 9% of the
non-residential buildings, or approximately 1.12% of the total building stock. While
higher energy demand volumes does not guarantee higher flexibility potentials,
changes to the consumption patterns, i.e., flexible behavior, of office buildings could
non-trivially be used to assist the operation of the smart grid, while being less in
number, and with a more predictable energy behavior [9–12].
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Figure 1.1: Final electricity consumption in the Netherlands, showing the historic
trend for the different economic sectors [7].

Figure 1.2: Building stock in the Netherlands, showing the different building
functions and their percentage of the total building stock. Constructed with data
from [8].

Emerging power systems

1.1.2
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Buildings energy use

In urban areas, people spend around 87% of their time indoors [13, 14]. The main
task of any Building Energy Management System (BEMS) is to ensure adequate
comfort and energy efficiency, which is not easy to achieve in practice. Under
the transition to smart grid, advanced BEMSs will not only address he comfort
and energy issue, but also assist the power system operation. Therefore, achieving
the intertwined control task between the power system and the buildings will be
a highly complex task, in which the building’s flexible behavior requires a proper
definition and quantification, taking into account the requirements and standards of
the electrical power system.

Figure 1.3: Commercial building energy breakdown, showing the primary energy
end use split for a commercial building in the U.S. in 2010, plotted with data from
[15].

In contrast to industrial buildings, commercial buildings energy consumption
comes mostly from the comfort control systems2 , as illustrated in Fig. 1.3. Research
has shown that the technical savings potential in the Dutch built environment is
about 19% of the total primary energy use per year [16]. Looking at the operational
costs of commercial buildings, it is clear that comfort must be kept always within the
acceptable limits, because human comfort is strongly linked to human performance,
and thus to the operational productivity of the building [17]. Thus, a building’s main
2

This might change across regions, countries and buildings. It depends on a set of different factors,
e.g. local weather, regulations, the building function etc.
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function to provide its occupant with a healthy and comfortable environment should
not be jeopardized by other tasks of energy minimization and exploiting flexibility.
Governments across the world have addressed the comfort vs. energy efficiency
issue, through energy policies and sector regulations. The increasing number of
policies and directives gives an indication of the relevance of this challenge. In fact,
according to the energy research center for the Netherlands (ECN), it has been
this legislative pressure, which has driven the increase in energy efficiency in the
Dutch commercial and residential sector [18]. The European Performance Building
Directive (EPBD), in its Article 9 applied for member States to ensure:
a) All new buildings are nearly zero-energy buildings3 by 31 December 2020.
b) After 31 December 2018, new buildings occupied and owned by public
authorities are nearly zero-energy buildings [19, p. 21].
Aligned with net-zero energy objectives and intelligent buildings concepts, smart
BEMS has emerged as a concept that aims to increase energy efficiency and the
comfort, while integrating RES and reducing the energy costs[20–22]. Through the
use of ICT and computational intelligence, the concept of flexibility through smart
BEMS is explored, to contribute to the correct inter-operation with the smart grid.
Concepts like DSM, Demand Response (DR), and Demand Side Integration (DSI)
have been developed for this purpose [23, 24]. In the next Section, the value of
flexibility will be discussed in the context of the emerging power system.

1.1.3

Value of flexibility

Flexibility is commonly defined as the quality of a system to modify its output to
external changes, in a timely and cost-effective manner. Traditionally, the demand
side of the electrical power system is considered inflexible and price inelastic. Thus,
traditional power system operation was limited to dispatch power generation to
follow the changes in the demand, through different market mechanisms. However,
in the transition to the smart grid, the demand side has soon recognized as a potential
source of flexibility, changing the traditional view on the customer from a passive
system to an active one. Through DSM and DSI programs, the common goal is to
change consumption patterns of the demand side in such a way that the load shape
of the utility is influenced in a desirable way, showing that the demand side could
help to [25, 26]:
a) Reduce the energy generation margin, i.e., higher utilization of the electrical
assets;
3

The Directive defines ‘nearly zero-energy building’ as a building that has a very high energy
performance and in which the remaining energy required is covered to a large extent by energy
from renewable sources. The energy performance is determined on the basis of the calculated or
actual annual energy consumed to meet the building’s needs, including its typical use and the
comfort management needs, i.e., heating, cooling, and hot water demand.
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Figure 1.4: Impact of system flexibility on optimal generation mix for the different
UK emission targets in 2030 (Figure taken from: [27]).

b) Improve the transmission and distribution grid reliability;
c) Assist the integration of low carbon technologies;
d) Improve power quality, e.g., volt/VAr stability;
e) Improve the demand-supply balance.
Furthermore, by increasing the system flexibility higher penetration of RES is
possible as shown in Fig.1.4, as well as economic benefits ranging between e3.5bn
and e9.6bn per annum, according to a recent study for the UK power system[27].
Thus, flexibility is a viable option to facilitate the integration cost of RES, to
the point where it is economically more attractive to add RES technologies than
conventional low carbon technologies like nuclear.
In general, smart BEMS in integration with the smart grid offer great potential
to integrate the demand side into the operation, monitoring, and control task of the
emerging power system. In the next section, the scope of this thesis and the research
questions addressed here are described in detail.
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1.2

Research objectives and scope of the PhD thesis

This thesis aims to address the built environment as a new flexibility source in the
emerging power system. The suitability of commercial, and specifically of office
buildings to act as flexibility sources will be discussed, while characteristics of such
advanced BEMS will be defined. Therefore, the main research question is formulated
as follows:
How to uncover the flexibility of the built environment and what is its
role in the optimal operation of emerging smart energy system and in
the consumer domain?
This question not only defines the core objective of this thesis, but also a series
of sub-questions that need to be answered first. These are as follows:
a) What is demand flexibility, and how can it be used? What are the new roles,
services, and control strategies that emerge?
b) What is the relation between comfort and energy? And how can flexibility be
defined to reflect the operational characteristics of buildings?
c) How can comfort and flexibility be optimized simultaneously? And what are
the impacts and benefits of demand flexibility from single buildings?
d) How can a set of smart buildings be organized and operated to enhance the
benefits of demand flexibility?
e) What are the communication bottlenecks for the implementation of the
proposed energy management system?
BEMS is defined as a computer-based control system that monitors, and controls
the energy flows in a building, in a close cooperation with a building operator and
users. Buildings are complex engineering systems that are determined by their
structure, functions, the required installations, and consisting of a high number of
components that differ in characteristics and operation times. Thus, developing
control, and monitoring strategies for a BEMS is a highly complex task. To simplify
the energy management problem, buildings are divided into multiple zones, e.g.,
office rooms, common areas, halls, etc. An adequate and reliable model for each
zone in a building, with enough information about the building, energy systems,
devices, occupants and environmental conditions is required.
It is well known, that the occupant’s behavior has a direct impact on the building
performance and energy use [16, 20, 28, 29]. However, this thesis focus on the
relation between comfort and demand flexibility in non-residential buildings, i.e.,
offices. To do so, a simplified conceptualization of comfort is used based only on
indoor temperature and relative humidity as main impute variables. This simplified
model of comfort is useful to define the concept of demand flexibility. However, it
can be extended to include a more comprehensive definition of comfort.
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Moreover, the use of demand flexibility requires the extension of the functional
requirements of the BEMS, in order to manage their integration and operation
in the built environment and the interaction with the public electric grid. This
enables different options for the building, such as the participation in DSM and
DR programs, and allows the building to help the smart grid operation through
providing grid support services. In this thesis, only the uses of demand flexibility in
the vicinity of the building are explored, using direct signals, i.e., flexibility requests.
Therefore, the development of demand flexibility markets, market products, and new
business models are not in the scope of this thesis.
In summary, the successful development of the integrated Smart Grid - Building
Energy Management System (SG-BEMS) requires for [14, 30]:
a) An integrated intelligent structure where the necessary systems are
represented, can participate, and the control tasks are done autonomously.
b) An information representation scheme with access to relevant data concerning
the building, the occupants and more.
c) A flexible and extendible system able to cope with functional flexibility of the
buildings and the smart grid.
d) Openness, i.e., enable cooperation between the different systems.
e) A distributed and robust structure that is fault tolerant, easy to maintain, and
that allows easy system extensions.
f) A secure system that is protected against any vulnerability to malicious
attacks. Although, security and privacy in the smart grid are very relevant
issues, they are not in the scope of this thesis.
Finally, this research presented in thesis is limited to non-residential commercial
buildings, and more specifically to office buildings, where comfort control is the main
task.

1.3

Research approach

Research on buildings or power systems usually focusses on one of the two systems,
while oversimplifying the other. In consequence, the results obtained do not
completely represent the inter-operation between these two systems. Therefore, it
is the objective of this thesis to give a comprehensive understanding, and guidelines
to ensure the appropriate inter-operation between the BEMS and the smart grid.
In order to properly define and quantify the flexible behavior of the built
environment, a good understanding of the energy behavior of commercial buildings
is needed. The first objective is to define an inter-operation framework for the smart
grid and the built environment. Such inter-operation framework defines not only the
new roles and actors, but also the new control philosophy. The various functions of
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flexibility in the emerging power system are defined and tested using the Multi-Agent
System (MAS) technology. Based on the structure of both systems, i.e., the building
and the power system, an agent structure is proposed and developed. This research
investigates the main benefits and challenges of such control methodology, while
using computer intelligence for the building operation, and different coordination
strategies for the neighborhood operation.
In the laboratory, a practical implementation of the SG-BEMS is made, including
a representation of a multi-zone building with several electrical components. The
capacity of the platform to integrate different hardware devices is also investigated.
The different benefits of the SG-BEMS agent platform are verified, while identifying
the challenges and drawbacks of such system.
Finally, conclusions and recommendations are drawn from the different research
stages, having as a center the role of the SG-BEMS platform in unlocking demand
flexibility, and the role of comfort in that process.

1.4

The Energy Efficient Building project - Smart Energy
Regions Brabant program

The research presented in this thesis is performed within the project on Energy
Efficient Buildings, part of the Smart Energy Regions - Brabant, financed by the
Province of Noord Brabant, the Netherlands. The Smart Energy Regions program
is an initiative to gather research institutions and industry members to develop and
implement concepts of modern and innovative systems. Especially in the urban
areas, where there is a need for the integration of new generation, distribution,
storage, and energy efficient systems, with high-tech innovations.
In contrast to other energy efficiency projects, this project focuses on the role of
the user in the inter-operation between the building and the smart grid, instead
of energy alone. In this way, the research adopts a bottom up approach that
starts with the user, standing aside from the supply-driven research efforts on
smart grids. In general, the SG-BEMS inter-operation should be based not only
on real-time information concerning availability, but also taking into account the
comfort requirements. This requires a better understanding of comfort and human
model in different scenarios. Moreover, an important feature in the project is
the use of advanced IT systems in combination of computational intelligence to
concentrate on the different levels of the building. In this project, different levels of
functional abstraction are defined based on the building and energy infrastructure.
Furthermore, the interrelationships between the different levels within a building
system are explored, as shown in Fig. 1.5.
The project is realized in a cooperation with the building installation company
Kropman, Almende (R&D company focused on innovative ICT solutions), and
coordinated by the Building Services group at the TU/e (TU/e-BS). The main
objective of the project is to understand the interface between the BEMS and the

The Energy Efficient Building project - Smart Energy Regions Brabant
program
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Figure 1.5:
Hierarchical functional decomposition framework for the built
environment and the smart grid.

smart grid, establishing the inter-operation needs and optimizing both comfort and
energy use in the building. To do so, the project is divided in six main tasks:
i) Preliminary Study: Design verification, analysis program requirements;
ii) Initial Experiment: Operational verification, energy monitoring systems and
models;
iii) Design of SG-BEMS inter-operation Agents: Installation verification, Smart
Grid and building related energy/comfort strategies implement in Agents;
iv) Prototyping: Research towards the implementation strategy, grid interactions
experiment;
v) Design Improvements:
elements;

research implementation SG-BEMS prototype

vi) Integration and testing of the SG-BEMS final prototype within Kropman
InsiteView environment;
The relationships between these tasks are illustrated in Fig. 1.6. This thesis
work focus on the inter-operation between the smart grid and the building energy
management system, and the integration, simulation, and verification of the agent
based system.
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Figure 1.6: Division of tasks and work packages.

1.5

Thesis structure

The remaining of this thesis report is organized as follow:
• Chapter 2: The SG-BEMS framework. This chapter aims to develop
a SG-BEMS interoperation framework, as a tool to address the challenges
of the emerging electrical power system, through the active participation of
the demand side. This chapter starts by describing the organization of the
traditional power system, and it follows to describe the emerging power system.
The chapter continues to introduce the concept of demand flexibility. Next,
the SG-BEMS framework is discussed in detail, highlighting the extensions
to the current system, the new actors, their roles, and the uses of demand
flexibility. Finally, the new control philosophy is discussed, and the SG-BEMS
structure is proposed.
• Chapter 3: Comfort, energy and demand flexibility. This chapter
proposes a novel method for quantifying and defining the available demand
flexibility of individual buildings. The proposed approach elaborates on the
concept of operational flexibility, and extends to include the physical and
comfort constraints of buildings. This new approach includes a probabilistic
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analysis to specify the stochastic nature of building energy demand, the effects
of the weather, construction type, and comfort constraints. This method allows
flexibility aggregating units, or building managers to understand the demand
flexibility potential and constraints given by the particular characteristics of
the building and its environment.
• Chapter 4: The optimization of the building operation. An exploration
of the comfort and energy dynamics of buildings is conducted to provide
insights on the uses of flexibility and their impact on the building operation.
Computational intelligence and distributed control are introduced in this
chapter for this purpose. A new type of BEMS is proposed, based on advanced
optimization techniques, and with extended capabilities to fit in the SG-BEMS
framework. The structure of this new control system is discussed. Finally, the
possible benefits of such system are explored in both LV and MV settings.
• Chapter 5: Neighborhood operation optimization. An investigation
of the joint behavior and aggregated impact of multiple buildings on the grid
operation under the SG-BEMS framework is carried out. This chapter explores
the use of different building decision making strategies, both cooperative and
non-cooperative, to enable effective grid support services, while minimizing
the individual impacts on comfort. More specifically, the use self-organizing,
i.e., decentralized, structures based on Q-learning and extended joint action
learning (eJAL) is compared to a centralized one, on the basis of grid support
effectiveness, and the loss of comfort for each building.
• Chapter 6: Experimental implementation. A laboratory implementation
of the SG-BEMS agents is presented in this chapter with the objective of
providing insights to the possible implementation issues and challenges of
the SG-BEMS platform. A simple representation of the SG-BEMS platform
is constructed based on RaspBerry Pi agents, and using different domotic
systems. Finally, this chapter presents an assessment made on basis of
communication reliability and congestion management.
• Chapter 7: Conclusions, contributions and recommendations. This
thesis ends with general conclusions, a summary of the contributions made,
and the contributions for future research.

2
The SG-BEMS framework

2.1

Introduction

The electrical power system of today is a dynamic system that is under constant
change towards varied levels of modernization.
The recent changes are a
natural consequence of the growing population and economy, new technologies,
environmental issues, and green legislation. With the introduction of RES and
DER, a transition is evident from a centralized to a decentralized energy production
system. Together with the new types of loads and the electrification of mobility, these
new forms of power generation challenge the operation of the emerging power system,
and make necessary the use of advanced monitoring and controlling strategies. In
this context, the Smart Grid (SG) has arisen as the concept that encapsulates the
different goals and technologies necessary for the stable operation of the electrical
power system. It allows the integration of the demand side in the monitoring,
operation, and support tasks of the electric system [3] through the use of ICT and
computational intelligence.
Traditionally, the demand is considered uncontrollable, but well predictable to a
certain aggregation level. The imbalance between supply and demand comes from
unforeseen demand fluctuations and generation units’ failures. To deal with this,
System Operators (SOs) make use of reserve capacity. This capacity of the system
to react and adapt in tolerable time to these unforeseen events is known as flexibility
[31]. In the emerging electrical power system, flexibility can be provided, not only
by the traditional power generating units or energy storage systems, but also by the
demand side, the so called demand flexibility.
In this Chapter, the SG-BEMS interoperation framework is presented as a tool
to address the challenges to integrate demand flexibility from the built environment
in the whole SG context. This chapter starts by describing the organization of the
traditional power system, and it follows to introduce the emerging power system.
The Chapter continues to introduce the concept of demand flexibility. Next, the
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SG-BEMS framework is discussed in detail, highlighting the extensions to the current
system, the new actors, their roles, and the uses of demand flexibility. Finally, the
new control philosophy is discussed, and the SG-BEMS structure is proposed.

2.2

Electrical power systems

The operational structure of the electrical power system varies substantially around
the world, depending on particular market designs, system organizations, and
operation procedures. In a liberalized setting the competition of market participants
define electricity as a commodity, while in a vertically integrated system, one utility
handles all functions of generation, transmission and distribution, and defined by
political interests and governmental regulation. In general, the power system is a
three-phase AC system that operates at a constant frequency, with the objectives of
maintaining reliable power supply to the customers, as well as ensuring the quality
of power supply. A power system can be roughly divided in four main physical areas:
a) Large and small scale power generation represents the transformation
from primary energy sources, such as fossil fuels, to electricity in bulk
quantities, and typically connected to the transmission system. Smaller
units are found connected to the distribution system directly, i.e., distributed
generation at medium voltage MV level, and dispersed generation at the low
voltage LV level.
b) The transmission system represents the infrastructure which transports
electricity over the long distance, connecting the bulk generation sites to the
distribution network. This is typically done through high voltage HV and extra
high voltage EHV networks. In the Netherlands, the EHV system generally
involves voltage levels at 220 and 380 kV, while the HV system involves levels
at 110 and 150 kV.
c) The distribution system represents the infrastructure and organization
which distributes electricity to customers. This is typically done at MV and
LV networks. In the Netherlands, the primary distribution voltage is typically
at the level of 10 kV, while the LV network is at the level of 0.4 kV.
d) Power consumption represents the end users of electricity. This includes
industrial, commercial and home facilities.

2.2.1

System organization

In Europe, the liberalization and restructuring of the electricity sector started in the
mid 90’s, while in the Netherlands it was ratified with the Electricity Act of 1998
and completed in 2008 with the introduction of the distribution system operators
[32]. For the purposes of this thesis, the power system is divided into five general
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domains with multiple roles that facilitate the development of the whole business
and operation processes [33, 34]:
a) The generation domain includes different power generation units that are
connected to the power system that generate power in bulk quantities.
b) The operation domain hosts power system control operations in the
respective areas as follows:
i) Transmission system operator (TSO): In Europe, the TSO ensures
the connection to other control areas4 , and organizes the markets for
operating reserves and cross border exchanges, i.e., export and import.
The TSO is also the balance responsible, i.e., maintaining the system
frequency. The European Network of Transmission System Operators for
Electricity (ENTSO-E) is the association of TSOs that aims to promote
closer cooperation to support the implementation of the European energy
policies, and achieve the energy and climate goals.
ii) Distribution system operator (DSO): In Europe, a DSO is the operator of
a regional distribution network, connecting individual users to the power
system. Typically, a power system includes multiple DSOs, each one
responsible for a single physically constrained distribution network.
iii) Market operators: The operators of the different energy markets have
the responsibility of receiving and processing the procurement and sale
orders from market participants, determining the energy price for the
market balance area after applying the technical constraints from the
system operator [36].
c) Market domain includes the market operations possible along with the power
system value chain.
i) Energy exchange market: The wholesale electricity trade refers to the
place where electric power is sold and purchased. In Europe, some
examples are the Amsterdam Power eXchange (APX), the European
Energy Exchange (EEX), and the European Power Exchange (EPEX).
i) The futures market: In this energy market future contracts are
established for energy trade in the future. In the Netherlands this
occurs in the European Energy Derivatives Exchange (ENDEX).
ii) The spot market: The spot energy market can be divided into two
separate ones: the day-ahead market, where participants can buy/sell
spot electricity for delivery the next day, in a two sided, doubleblind action. the intraday market, where the market participants can
4A

control area is defined as a coherent part of the interconnected system, operated by a single
system operator and shall include connected physical loads and/or generation units [35].
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update their spot positions up to five minutes before the delivery of
electricity.
ii) Ancillary services market: In general, ancillary services refer to all the
services required by system operators to maintain the integrity and
stability of the whole system. Thereby, the ancillary service market refers
to the place where ancillary services like provision of operation reserves
are procured by the TSO and provided by power generators.
d) Service providers domain includes the organizations that provide services
to the power system.
i) Energy service providers: An ESP is defined as an acknowledged market
participant, with the role of representing all the system users (see:
consumer domain), and generators to the wholesale level. In Europe,
the TSOs and DSOs must be represented by an ESP for purchasing the
energy that corresponds to the system losses [37].
i) Program responsible party (PRP): In the Netherlands, the ESP
is also known as a PRP, in charge of managing one or more
physical connection points to the power grid, and responsible for
forecasting the connection point’s net demand, and the quantity to
be transported through the connection point.
ii) Ancillary services providers: An ASP is defined as an acknowledged
participant in the ancillary services market, with the role of representing
units that provide ancillary services [36].
e) The consumer domain includes all the users that are connected to the power
system either at the transmission or distribution level, as well as small scale
generation connected behind the meter.

2.2.2

System operation

Traditionally, the electrical power system is operated as a load following system,
under the assumption of relatively accurate forecast of the electricity demand.
Through market interactions, the economic dispatch, and unit commitment for
power generation are scheduled to match the forecasted power demand. Such system
balancing mechanisms must be guaranteed at all times, in order to ensure the stable
system operation.
Besides the system balance goal, quality of power supply needs to be considered
due to its direct impact on the customers. Multiple standards have been developed
as guidelines for the monitoring, operation, measurement, and design tasks of the
electric power system, such as the IEC61000-2-4 for harmonics or, the EN50160
for voltage characteristics. In general, four indicators can be used to define the
security and quality of supply [38]: a) continuity of service; b) voltage magnitude
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Figure 2.1: Principle frequency deviation and subsequent activation of reserves,
adapted from [41].

stability; c) transient voltages and currents; d) harmonic pollution. This translates
into control tasks that involve: i) the prevention of overloading of assets; ii) voltage
magnitude regulation; iii) harmonics pollution mitigation; and iv) the control of
the system frequency. These tasks are the responsibility of the system and network
operators.
Depending on the technologies used, power generation units have a certain
capability to modulate power and energy in-feed. This so called operational
flexibility is a way for SOs to mitigate power system’s imbalances, due to generation
unit failures, demand forecast errors, or uncertainty in the system coordination
[39]. The operation flexibility lays the foundation for the ancillary service market
and reserved capacity which are scheduled and dispatched in response to sudden
and unexpected supply-demand imbalances, via (automated) primary and secondary
control, or (manual) tertiary control5 [41], power reserves [31].
Specifically, the primary control is used to prevent the frequency drop and
stabilize it on a quasi-steady state value. Once the frequency has been stabilized by
primary reserves, the secondary control is activated to bring the frequency back to its
nominal value within 15 minutes. Finally, the tertiary control reserves are activated
to free up secondary reserves [41]. This process is illustrated in Fig. 2.1. In case
of large disturbances, tertiary reserves can be used to supplement the secondary
control. However, in most of the control areas, tertiary reserves deployment is the
responsibility of the market parties.
As the penetration of renewable technology increases, new forms of uncertainty
are revealed in all system domains of the electrical power system. For instance,
5

Tertiary control can be activated automatically or manually. In the Netherlands [40], the tertiary
control is activated manually.
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these new DER/RES technologies do not share rotational inertia with the system
and cannot effectively provide reliable balancing services. In such systems, SOs
need to capture the increasing reserve capacity requirements given by the stochastic
behavior of these sources. Hence, several propositions have been made to address
this specific issue, by means of cross-border power exchange, or market coupling.
Nonetheless, it is recognized that the SOs require new flexibility sources to ensure
the system stability. With the introduction of ICT, computational intelligence, and
new forms of demand, the emerging power system offers new ways to ensure the
integrity and stability of the power system, as well as the power quality. This
emerging system will be discussed in detail in the following Section.

2.3

Emerging smart grids

As an evolution of the electrical power system, the smart grid (SG) focuses
on enabling the customer to participate actively in the electricity market, while
supporting the grid operation to integrate RES, EVs, and DER technologies. In
Europe, there are about 459 smart grid related projects up until 2014, with the
total investment of around 3.15 billion euro[42].
Under this new system context, new roles and actors need to be identified, while
new services and markets models are being developed and to operate next to the
existing ones. An effort to standardize and enable smart energy and market services
at the local DSO level is the Universal Smart Energy Framework (USEF), which
establishes a guideline for a functional smart grid. This framework focusses mainly
on two aspects:
a) Distinguishing a new role of the aggregator which is to accumulate flexibility
from the active demand and supply, in an economic and efficient way to meet
the energy demand of its portfolio.
b) Modifying the existing customer domain, so the user becomes an active part of
the whole energy supply chain, by feeding and consuming energy to/from the
grid. This new role of the customer transforms it into the so called, prosumer
domain.
Fig. 2.2 illustrates the emerging smart grid context with the new roles are
depicted in red. As the system evolves into a smart grid structure, new control
methodologies and frameworks are needed. Thus, different mechanisms have been
proposed to enable the participation of the new customer domain and the aggregator
role in the control and operational tasks of the power system.
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Figure 2.2: The emerging electrical power system value chain: cyber, physical and
social entities, adapted from [43].

2.3.1

Demand side management, demand response, and
demand side integration

For a long time, the demand side has been considered price inelastic, and variable
during time. Following the oil crisis of the 70’s, Demand Side Management (DSM),
started to be considered as measures for load management, which included: energy
efficiency, and strategic load growth. In general, DSM refers to the measures
designed to change the consumption patterns in such a way, that they will properly
influence the load shape of the utility. With the advances in ICT, Demand Response
(DR) soon emerged as an utility driven mechanism to directly influence the demand
of customer in the short term in response to either market prices, or control
signals. Recently, Demand Side Integration (DSI) appeared as an extension to DSM
that includes the demand side reactions to the different control signals, like time
dependent tariffs [24]. With the introduction of intermittent and uncontrollable
generation, DSM and DSI have been soon recognized as potential tools to deal with
the uncertainty of supply intrinsic to these technologies, and to assist maintaining
demand-supply balance [44]. In general, several strategies are proposed for the
implementation of DSM, DSI and DR across the power systems [45]:
• Time of use pricing (ToU): This mechanism establishes different tariffs
for different time intervals. These are defined to reflect the production and
investment cost structures, e.g., prices are high during peak periods and lower
during off-peak periods.
• Dynamic prices: Through this strategy hourly tariffs are established for the
demand on a day-ahead or intra-day basis.
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• Fixed load capping: Here, load volume limits (up and down) are established
for time intervals during the day.
• Dynamic load capping: This method establishes hourly load volume limits
(up and down) for the day.
• Direct load control: This mechanisms places part of the customer’s load
under the direct control of a different party, e.g., the utility. This party
can remotely control shut-down/start-up process or operation cycles of the
customer’s appliances under the scheme.
With the introduction of DSM and DR, the concept of demand flexibility started
to gain relevance in the power system literature. This concept will be discussed in
detail in the following Section.

2.4

The concept of demand flexibility

The emerging SG expects a more decentralized, and less dispatchable energy sources.
This creates the need for having a more elastic demand to counteract the uncertainty
from the supply side. Recently, the advances in ICT and computational intelligence
have enabled the flexible behavior of customers. Thereby, flexibility can be provided
not only by traditional generating units or energy storage systems, but also by
the demand side. This is known as the demand flexibility, and defined as: ‘the
changes in consumption/injection of electrical power from/to the power system from
their current/normal patterns in response to certain signals, either voluntarily or
mandatory’ [46]. Furthermore, the use of flexibility should allow for: a) End user
autonomy, (the user should have full control over the flexible devices); b) cost
efficiency, c) scalability, d) open standards; and e) open software [47].
The high diversity of devices present at the demand side makes flexibility variable
among customers. However, these devices can be grouped in four general groups
according to their characteristics:
• Non-curtailable devices have inelastic demand/production, which makes the
base load or base production of the customer. This is a firm capacity to
be supplied or consumed, independent of the grid situation, e.g., emergency
systems.
• Curtailable devices are those consumption or generation systems that cannot
be shifted without affecting the end use of the system, i.e., the primary process.
However, they can be switched off, e.g., lighting systems.
• Shiftable demand or production can be moved in time without affecting the
operation and the end use of the service, e.g., laundry, dish washer, or batteries.
• Buffered systems represent the power consumption or generation that is
decoupled by some kind of storage, like the thermal inertia of a building.
Different load classifications can be found in the literature [47], but in general, the
customer load mix defines the flexibility potential that each customer can offer.
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Figure 2.3: Diversity of the demand, showing the different type of loads.

Nonetheless, it is an intrinsic characteristic of the demand that the load mix, and
thereby demand flexibility, changes over time. It depends not only on the type
of devices, but also on lifestyle, user preferences, social context, and the customer
segment. Fig. 2.3 illustrates the load diversity of the customer, not only consumption
but also production. In this figure, the modified energy profile is depicted in lighter
color.
As discussed, the transition to a smart grid structure requires a new coordination
methodology and framework. Such a framework should define the new actors, roles,
and responsibilities with the objective of ensuring the security and quality of power
supply. In the following Section, the SG-BEMS interoperation framework will be
presented. Despite the fact that throughout this thesis the SG-BEMS framework is
used for network support services, it is a flexible framework that can be extended
to different system or market uses.

2.5

The SG-BEMS interoperation framework

Unless measures are taken, it is expected that the electrical infrastructure will
reach the margins for stable operation and will be vulnerable due to the increasing
uncertainty originated from the stochastic nature of renewables [48]. Traditionally,
prosumers and the electric grid have been treated as independent and unique control
systems, operated based on their own local information [49]. However, in the smart
grid context, interoperability, i.e., the ability of two or more systems to exchange
information and use that information for correct cooperation, becomes central to
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achieve the different goals of the multiple smart grid stakeholders. e.g., DSOs
and prosumers. In fact, these multiple goals establish a multi-objective control
and optimization problem for the emerging smart grid, and in order to maximize
the welfare of all parties involved [50]. In an effort towards standardization,
a prerequisite for interoperability, a functional framework is proposed in this
Section, based on the Smart Grid Architecture Model (SGAM) [5], USEF, and the
Transactive Energy framework6 [50]. The so called SG-BEMS framework is limited
to the process, field, station, operation and market zones defined in SGAM. These
zones represent the hierarchical levels of power system management and defined as
follows [5]:
• Process: The physical, chemical or spatial transformation of energy, and the
physical equipment directly involved.
• Field: Equipment used to protect, control and monitor the process zone.
• Station: Areal aggregation level for the field level, e.g., data concentration.
• Operation: Control operations in the respective domain.
• Market: The market operations possible along the power system value chain.
Through the SG-BEMS framework, the goal is to invoke the flexibility from
the demand side to assist the operation of the electrical power system, while
introducing comfort as a necessary metric for this flexibility. The conceptual
architecture for the inter-operation between the distribution and prosumer domains
is illustrated in Fig. 2.4. Under the SG-BEMS framework, buildings and the smart
grid are operated based on the exchange of information within and between the
SG domains. This allows each system not only to operate towards its own goal,
but also towards shared objectives, while eliminating the exchange of unnecessary
information. As in the SGAM framework, the distribution domain is formed by the
Distribution Management System (DMS), the data collector, the Intelligent Electric
Devices (IEDs) and the grid actors. These actors have the functions of monitoring,
controlling and operating the distribution domain. However, at the operation zone
of this domain, a new actor, i.e., the aggregator, is included with the objective of
acquiring flexibility from the prosumer domain. Moreover, the SG-BEMS framework
extends the customer domain and specifies a building prosumer domain. At this
domain’s “operation" zone the building control systems are located. In this layer, the
Centralized Management System (CMS), Zone Management System (ZMS), and the
Device Management System (dMS) actors are present. These actors have as a main
purpose monitoring and controlling the building equipment based on the information
available. At the “Field" layer, the equipment to monitor, control and protect the
building operation can be found. Such equipment are devices with communication
enabled controllers to monitor and control the automated devices, on-site power
generation, and the new type of loads like EV charging stations. Lastly, at the
6

The main distinction to the TE framework is the lack of an economic mechanism for value based
decision making.
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Figure 2.4: SGAM compliant SG-BEMS conceptual architecture.

market layer the actors responsible for the market operations are located, i.e., the
ASP and the ESP. The newly introduced flexibility aggregator actor has a relation
with this zone, allowing the use of demand flexibility in the market operations.
In the following Sections, the framework domains, actor’s roles and responsibilities
are discussed in detail, as well as the uses of demand flexibility, the new operation
scheme and control philosophy.

2.5.1

Framework domains

Next, only the operation and prosumer domains are discussed. The power
generation, market, and service providers domains are not discussed as they are
beyond the scope of the SG-BEMS framework.
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The operation domain:
• The transmission system: It represents the infrastructure that connects
the large power generation units to the distribution grids and thereby the
end users. Within this domain, the TSOs has the responsibility to ensure
reliable and uninterrupted power supply, to maintain the system balance, i.e.,
frequency, and to maintain and expand the HV grid.
• The distribution system: It exemplifies the infrastructure that connects
the transmission system to the end users, i.e., distributes power among end
users. Traditionally, the distribution network is operated by the DSO, with
the main functions of sustaining the reliable power supply to the connected
systems, and maintaining the distribution assets. This means that the DSO
control must support the prevention of asset overloading, the regulation of
voltage magnitude, and the maintenance of the quality and security of supply.
Furthermore, as the DER penetration increases, the DSO will need to handle
reverse power flows, congestion, and curtailment issues.
The prosumer domain
It includes all the customers that are connected to the power system. The main
differences with the customer domain in Section 2.2.1 are: a) the ability to supply
demand flexibility to the power system; and b) the capacity to supply energy to
the grid from the on-site power generation. Regardless, the main objective of
this domain remains to provide the occupants with a comfortable environment.
Especially because about 50% of the total electrical energy consumed in the building
is used for comfort management [51]. This strong correlation is crucial to reveal
flexibility from the built environment.

2.5.2

Roles and responsibility

Within the SG context, new roles are required to handle the new requirements and
services of the electrical power system. These are explained as follows:
The aggregator
The aggregator aims to procure flexibility from the prosumer in an economic way
not only to meet the flexibility demand of its portfolio, but also to offer services to
the system or the network operators. It collects information from the portfolio of
customers, the system responsible, and the balance responsible to create a flexibility
request. This role can be part of the responsibilities/tasks of an ESP or ASP.
Building energy management system (BEMS)
The new and additional role of the BEMS is to ensure the correct operation of the
building by exchanging messages that contain monitoring information and control
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signals with other agents inside or outside the building. Thereby, acting as policy
enforcer, making sure that the operation objectives of the building are achieved.
Furthermore, it serves as the interface to the SG and the building manager. Its
responsibility is twofold: On the one hand, it is in charge of the correct operation
of the environment, i.e., comfort and energy management. On the other hand, it is
responsible for determining the flexibility potential for time intervals, based on the
system current status, operational boundaries and the information received from the
aggregator.
The program responsible party (PRP)
The PRP owns one or more connecting points to a grid and bears balance
responsibility, following economic and technical optimization principles. It uses
information from its portfolio to forecast the energy supply and demand, and it
tries to find the optimal solution for the energy supply problem.
The balance responsible party (BRP)
The BRP are market players that have implicit responsibility to balance the system,
i.e., control the system frequency, through the balance responsibility of market
participants.
Distribution system operator (DSO)
The DSO is responsible for the operation of the distribution network. It collects
information to react preemptively to certain network problems, and tries to optimize
the local system operation. Thus, acting as a policy enforcer, deciding the
appropriate requests/control actions for the systems connected to the distribution
network. Furthermore, under the SG-BEMS framework it interacts with the
aggregator and the program responsible.

2.5.3

Services

In general, the use of flexibility depends on the capacity of the end-users to modify
their consumption/generation patterns. Such capacity can by realized by means of:
a) Firm capacity: amount of power that is needed to be maintained at all times, and
b) non-firm capacity: amount of power that is flexible, i.e., that can be curtailed, or
shifted, during flexibility services [52]. Furthermore, the demand flexibility services
can be divided in those based on the time horizon and the type of use. Market and
commercial services, i.e., portfolio balancing and market participation, occur in the
day-ahead and intra-day time scales. Portfolio balancing refers to the minimization
of the differences between scheduled and the actual operation of the flexible sources.
The technical uses occur in the operation, i.e., near real-time time scale. Within the
technical uses of flexibility, two sub-groups can be differentiated:
Network services
These services are provided by the prosumer to the DSO in response to a request
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from the aggregator or local information at the Point of Connection (POC). Here,
flexibility is used to support local network operations.
• Voltage regulation: It mitigates the under-/over-voltage problems, i.e.,
stability issues. This ensures the proper operation of electric devices, and
prevents black outs.
• Congestion management: It mitigates the overload periods of the network
elements, e.g., transformers. This increases the asset lifetime.
System services
These services are provided by the prosumer to the PRP in response to a request
from the aggregator. Here, flexibility is used to satisfy the program issued, thus, the
correct operation of the power system as a whole.
• System balancing: It aims to ensure frequency stability.
• Local balancing: The goal is to prevent deviations from the scheduled
and measured inter-area power exchange, i.e., balancing of an aggregator’s
portfolio.
• System restoration: Flexibility is used to enable the orderly restart of the
power system after a black out.

2.5.4

Operation schemes

Based on the USEF operational phases, i.e., planning, validation, operation, and
settlement [53], the SG-BEMS framework distinguishes four regimes, as depicted in
Fig. 2.5 with different purposes for the procurement of demand flexibility as follows
[54]:
Green regime
In the green regime or normal operation, i.e., the power system is without problem.
The demand flexibility of the prosumers is used to maintain the balance within
the distribution network area, i.e., internal balance. During this operation scheme,
market related services are provided only.
Yellow regime
This regime indicates possible network congestions. The DSO and PRP start
interacting with the aggregator/ASP in order to keep the system from going into
the orange or red regimes, i.e., procurement of flexibility.
Orange regime
If the flexibility is not enough to restore the system back to the normal operation, the
system goes into the orange regime. Here the system is still within its boundaries.
However, to prevent the system from going into the red regime, intelligent load
shedding and network reconfiguration needs to take place. The DSO takes over the
control of the area.
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Figure 2.5: SG-BEMS operations scheme.

Red regime
In this regime the system goes into system restoration mode making use of the firm
capacity of end-users.
The classification presented here is comparable to the operation states proposed
by P. Kundur et al. in [55]. Conceptually, the traditional system-operation
conditions are classified in five states: normal (equivalent to the green regime), alert
(equivalent to the yellow regime), emergency (equivalent to the orange regime), in
extremis (equivalent to the red regime), and restorative. Outside the normal state,
the system falls into the restorative state where actions are taken to restore the
normal operation of the system. If the actions taken are not enough, the system
falls into a worse state, for instance from alert to emergency. This is similar to the
transition from the yellow to the orange regime. Nonetheless, under the SG-BEMS
framework the restorative/preventive actions correspond to the use of flexibility,
while each state assumes a restorative responsibility.
To cope with the increasing complexity of this integration framework, a shift is
required from centralized energy management and control systems, to decentralized
structures that integrates both computational and distributed intelligence. This new
control philosophy will be discussed in the next Section.
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A new control philosophy:
decentralized decision making

In general power system controls can be discriminated into three main points:
a) provide the interconnected system security/reliability, b) avoid violations of
transmission/distribution system limits, c) and maintain system balance. The
emerging electrical power system brings a new class of control and sensing systems,
with higher sampling rate and wider range of applications, that under the traditional
top-down operation methodology would require a large and highly complex control
system. Moreover, a real-time full-state feedback control scheme that communicates
measurements and commands to all controllers is impractical. Therefore, the use of
decentralized scheme using minimal communication, integrating computational and
distributed intelligence is required.
Among the emerging control systems developed recently, agent-based control is
one of the most explored solutions [56]. Nowadays, Multi-Agent Systems (MASs) are
being applied to a wide range of applications, including but not limited to condition
monitoring, system restoration, market simulation, network control and automation,
as well as demand monitoring and control [26, 49]. Moreover, agent based control
schemes are also used in demonstration projects to facilitate the integration of DERs
and the control of the emerging power system [42].

2.6.1

Agent-based control

By dividing the large control task into smaller sub-tasks, MAS aims to tackle
complex problems relying on the cooperation, coordination, and negotiation of
individual units, called agents. Agent have been given multiple definitions. A
common basis is that an agent is an entity embedded in an environment, and
capable of autonomously reacting to changes in that environment [57]. Therefore,
an intelligent agent exhibits: a) reactivity, i.e., ability to react to changes in its
environment in a timely fashion; b) proactiveness, i.e., goal-directed behavior; and
c) the ability to interact with other intelligent agents, to achieve coordinated or
competitive behavior of an agent cluster.
In general, agents aim to map sequences of environmental states to actions. Let
env represent a deterministic environment, S be a set of states, ∀s ∈ S, and A the
set of actions available to an agent, ∀a ∈ A. Then,
action : S ∗ → A

(2.1)

This is valid only if the agent’s perception of the environment is accurate. Thus, eq.
2.3 can be rewritten as:
action : P × S ∗ → A

(2.2)

where, P is a mapping of the environment state to the state perceived by the agent;
env → P. The agent action, a ∈ A, is the result of the perceived state, P, and

A new control philosophy:
decentralized decision making

31

Figure 2.6: Agent modeling.

the experience of the agent, S ∗ . In turn, the following environment state can be
modelled as:
env : S × A → P(S)

(2.3)

which takes the current environment state and action, and maps them to a set of
environment state, env(s, a), that could result from taking action a in state s. If the
environment is deterministic the resulting set contains one member, and its behavior
can be accurately predicted.
In summary, the agent behavior can be categorized into three stages. In the
perception stage, an interpretation of the environment state is made by the agent. In
the decision stage, the knowledge of the environment is combined with the operation
policies, i.e., control strategies, to compute the new internal states. Finally, at the
action stage, an action is produced based on the new internal state. This process is
illustrated in Fig. 2.6. The figure represents a single agent system. However, when
multiple agents are added, the decision process of each agent and the environment
will be affected by the action of the different agents part of the system. In this case,
the agents might include, as part of their decision process, the information received
from the other agents, while the environment state will be determined by the actions
of the set of agents acting on it.
2.6.1.1

Benefits and challenges of agent based control

A MAS is formed by two or more intelligent agents, each with a local goal. However,
this means that an agent based system lacks a global goal. Thus, it is the task of
the designer to ensure that the global objective is achieved by fulfilling the local
goals. In general, these systems offer multiple benefits as well as challenges [26].
The benefits can be summarized in:
• Adaptability: MAS can easily adjust to changes in the environment, adding
or deleting agents while others are running.
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• Scalability: MAS are scalable due to the ability to add new functionalities
without the need to re-implement the existing system.
• Distributiveness: It is an intrinsic characteristic of MAS, due to their ability
to be placed in different environments and still cooperate to achieve a common
goal.
• Openness: MAS can be developed in different platforms, using different
programming languages, and still be able to communicate between them in
a flexible way.
• Robustness: MAS offer the possibility to seek alternative agents to replace
failed agents.
Nevertheless, in order to implement agents and multi-agent systems, several
aspects need to be considered:
• Software platform choice: Multiple software platforms are available for
the development of agents, offering different benefits. The choice of platform
depends on the characteristics of the problem to be tackled.
• Design methodology: In contrast to centralized control methodologies, MAS
doesn’t offer a global control objective. Instead, it relies on local objectives
at each agent level. For this reason, the MAS design choice is paramount to
guarantee the correct behavior of the system.
• Communication: Sharing and exchange of knowledge of a particular
environment via messages is particularly important in an agent based system.
To do so, the agents must be able to: a) deliver and receive messages, b) parse
the messages, and c) understand the messages. Thus, choosing an appropriate
message exchange protocol, ontology, communication tool, and standards is of
importance to guarantee that decisions and actions are taken based on accurate
and reliable data.
• Ontology: For an agent to exchange information with other agents, they
are required to have common knowledge of some domain, and an explicit
specification of conceptualization, i.e., ontology. This is achieved through a
common vocabulary, which enables integration and correct message exchange,
especially in an open environment.
• Security and privacy: An natural consequence of the distributed and open
nature of MAS is their potential vulnerability to malicious attacks. Measures
need to be taken in the design and communication choices to guarantee the
security of the system.

2.6.1.2

Multi-agent system organization structures

Agents in a MAS can be organized in either a single layer or a hierarchical structure.
The former restricts agents to gather information and produce an action for a part of
the system. In such systems, the social nature of agents allows them to communicate,
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Figure 2.7: MAS organization structures: Left- single layer agent structure. Righthierarchical agent structure.

exchange information, cooperate and/or negotiate with other agents, in order to
achieve their individual goals.
In a hierarchical structure, superior agents have authority over subordinate
agents in the control task. Typically, such agents take upon more responsibility,
acting as coordinators of inferior agents, providing policies, and information.
Furthermore, the superior agent can also coordinate the operation of its area based
on information exchanged with other agent based systems. This makes the structure
scalable when superior agents are considered as subordinates or peers of other agents
units. These two organizational structures are depicted in Fig. 2.7.

2.6.2

The SG-BEMS structure

Due to the complexity of multi-layer domains in the described SG-BEMS framework,
the hierarchical agent structure is chosen. In such system, two main control areas
are identified: a) the SG area, and b) the prosumer area. Within the SG area, the
transmission and distribution areas are separated. At the prosumer area, different
comfort zones levels can be distinguished, corresponding to the structural division
of a building, i.e., floors and rooms. Therefore, the SG-BEMS structure is a dual
agent-based control system that addresses the inter-operation of both the power grid
and the building, as illustrated in Fig. 2.8.
The agent-based grid control
As it was mentioned the SG-BEMS framework encompasses three areas. However,
the agent-base grid control deals with the distribution domains7 . It includes different
agents, through a hierarchical structure that extends through both domains.
7 Although,

the transmission domain is part of the SG-BEMS framework as shown in Fig. 2.8, the
transmission and market agents are not described here as they are beyond the scope of this thesis.
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Figure 2.8: SG-BEMS agent architecture diagram.

• Distribution agent: At the top of the distribution domain, this agent is in
charge of monitoring, and controlling the distribution network operation (see
Dist. agent in Fig. 2.8).
• Aggregator agent: It represents the link between the distribution domain
and the smart grid. The main task of the aggregator is the procurement of the
demand flexibility required for a stable system or network operation.
• Feeder agent: It is in charge of the operation of the different LV feeders and
MV sub-rings.
• RES/DER agent It is responsible for the operation of the generation/storage
systems connected to the distribution network.
The agent-based building control
As it was mentioned, buildings are large scale systems that involve complex control
and optimization tasks. Under the SG-BEMS framework, these tasks become larger
and more complex, including both centralized and decentralized optimization.
The MAS architecture for the BEMS follows a hierarchical management structure
according to the building structure:
• BEMS agent: It is located at the highest level of the BEMS, and takes
charge of optimizing energy efficiency and comfort. This agent is able to
accept and prioritize requests made by agents outside the building premises,
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i.e., the aggregator agent. Based on the information received, it tunes up the
building optimization, which defines the control variable values for the comfort
systems.
Zone agent: It is responsible for the floor operation and the rooms within
the floor. The zone agent acts as an aggregator of the room information,
monitoring the local zone and informing BEMS agent if the current status is
within the constraints or not.
Device agent: It is placed at local zone, i.e., room level, and takes charge of
the operation of the room. It is responsible for gathering information to assess
the comfort levels to determine the building flexibility.
Comfort agent: It is located at the same level with the zone agent but aims
to monitor and control centralized systems, i.e., HVAC. These systems are
usually comfort systems designed to operate for larger parts of the building or
even for the whole building.
Charging agent: It is located at the same level with the zone agent but aims
to control the charging process of EVs.
RES/DER agent: It is responsible for the operation and control of the
on-site power generation and/or storage.

Despite the hierarchical structure in both control areas, each SG-BEMS agent has
the autonomy to control the local environment independent from the other agents.
For instance, the device agents in the platform have the autonomy to switch off their
represented devices, e.g. lights, based on occupancy information. The advantages of
this hierarchical system are about minimizing the communication effort by sharing
relevant information to interested agents and scalability of the structure.

2.7

Summary

This Chapter discusses the role of the customer as an active part of the emerging
smart grid. As a result, the SG-BEMS inter-operation framework is proposed as a
tool to address the inter-operation between the smart grid and the customer domain.
An investigation of the required extensions and modifications to the current energy
system is carried out, distinguishing the different roles in, and services of the SGBEMS framework. Furthermore, MAS is used as the backbone of the inter-operation,
enabling not only cooperative and coordinated behaviors, but also an open, flexible,
scalable, and robust control system.
Under the SG-BEMS framework demand flexibility is highlighted as a suitable
option to assist the integration process of renewable and distributed generation,
and to ensure the reliable operation of the power system. This inter-operation
framework enables the smart behavior of prosumers, not only benefitting their own
goals, but also other stakeholders like the DSO. Such system can offer different
type of network services, such as voltage regulation, or system services, like system
balancing, distinguished by the operation regime of the system. To enable such
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services, the SG-BEMS calls for a change in the control philosophy, from centralized
control units, to decentralized systems with the use of computational intelligence.
This Chapter is closed with the MAS based SG-BEMS structure. The challenges
and benefits of implementing the agent based control are discussed. It is shown that
the complexity of the multi-layer domain interactions in the SG-BEMS framework
requires a hierarchical agent structure, deployed in two control areas, the SG area
and the prosumer area. Furthermore, the different agent classes are identified and
described under the SG-BEMS context.

3
Comfort, energy and demand
flexibility
3.1

Introduction

Being responsible for about one-third of the electrical energy consumed in cities [6],
non-residential buildings play a significant role in reaching the energy efficiency and
sustainability goals. In particular, because non-residential buildings are responsible
for so much energy consumption, changes to their consumption can non-trivially
be used to improve operation of large-scale energy systems [58, 59]. Thereby,
becoming valuable resources to the electrical power system, through possible network
support activities8 such as congestion management, or ancillary services such as local
balancing [11, 24, 44, 49, 60–70]. To do so, buildings are required to dynamically
adjust their electrical power consumption patterns in response to external signals
under the SG-BEMS framework. As introduced previously in Chapter 2, this
adaptable energy behavior of a building is commonly referred as demand flexibility
[46], and it can be use by SOs as a tool to manage the growing uncertainty in the
emerging power system.
In general, more than half of a typical non-residential building’s energy is
used for comfort management and space conditioning [51]. Exploiting demand
flexibility will have a direct impact on the users comfort in the building. Several
studies have investigated this relationship between the demand flexibility and the
building occupants’ comfort. Some research work shows the flexibility potential
of comfort optimization by means of passive thermal energy storage, as well as
through HVAC control [10, 31, 67, 71–74]. However, demand flexibility has been
generally quantified in terms of energy how much energy (kW h) can be shifted or
curtailed, while neglecting the response size (kW ), and the ramping up/down time
(kW/min). As a consequence, the integration of the power system’s requirements
into the demand flexibility quantification is still missing. This issue requires the
8

These are services that are not part of an existing market scheme.
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development of a methodology that integrates the objectives of the power system
with the energy behavior and objectives of buildings, while being robust, scalable,
and understandable.
In this Chapter, a methodology for quantifying and defining the available demand
flexibility of individual buildings is proposed. This approach is elaborated from the
concept of operational flexibility proposed by Ulbig et al. [12], and is extended
to include the physical and comfort constraints of buildings. This new approach
includes a probabilistic analysis to specify the stochastic nature of building energy
demand, the effects of weather, construction type, and comfort constraints. This
method allows flexibility aggregating units, or building managers to understand the
demand flexibility potential and constraints given by the particular characteristics
of the building and its environment.
The remainder of this Chapter is divided in five sections. In section 2 the notion
of comfort and the different aspects that define it are presented, together with
the comfort definition for this thesis. Section 3 presents the comfort and energy
dynamics that are essential to understand demand flexibility. Section 4 elaborates
on the demand flexibility concept, giving a general overview of the current stateof-the-art. At the end of this section the proposed methodology for the assessment
and quantification of demand flexibility is presented. Section 5 and 6 describe the
different building energy simulations and their results. Finally, the Chapter is closed
with some conclusions drawn from this study.

3.2

Comfort in the built environment

Comfort is a broad and subjective concept, but it is generally defined as the sense
of physical ease. Within buildings, the provision of a comfortable and healthy
environment for the occupants is the main objective, regardless of the specific
function of the building or building zone, e.g., retail shop, office building, conference
room, or toilette. An environment is considered comfortable when the set of thermal,
air quality, acoustical, and illuminance properties are met. These properties can be
influenced by both environmental parameters, e.g., air temperature, and personal
factors, e.g., the metabolic rate, or clothing.
A crucial aspect of the comfort lies in its relationship with the occupant‘s
productivity. Studies have shown that decrements in comfort translate into
decreased performance [17]. In general, the determination of the comfort level can
be based on four general aspects as follows:
a) Thermal comfort: It is determined mainly by the air temperature and
the relative humidity, since thermal radiation and air speed are difficult to
control. In the ASHRAE and ISO standards, the thermal comfort is not a
fixed temperature or humidity value, but a range which also varies according
to the season, and outside conditions [75].
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b) Indoor air quality (IAQ): It is assessed through the relative humidity and
the concentration of pollutants that are known to affect people’s comfort,
health, and performance. It is considered acceptable when there are no
contaminants at harmful concentrations, and when the majority (above 80%)
of the occupants do not express dissatisfaction. The IAQ is controlled
through two main strategies: i) ventilation rate procedure which establishes
the minimum ventilation rates for the breathing zones; and ii) IAQ procedure
which establishes the maximum contamination levels allowed.
c) Visual comfort: It is a result of the combination between the artificial light
systems, and the natural light that penetrates the building9 . It is measured
in lumen per square meter (lux). Different illumination levels are defined
depending on type of space, and the activities carried out in it. For instance,
according to the Illuminating Engineering Society of North America (IESNA),
a single office zone should have a maintained average illuminance at working
level of 400 lux. In general, illumination contribution of a lamp can be
calculated as:
I=

LI Cu LLF
AI

(3.1)

where, LI is the lumens per lamp; Cu is the coefficient of utilization; LLF is
the light loss factor; and AI is the illumination area per lamp.
d) Acoustical comfort: It is achieved when the building provides appropriate
acoustical support for its activities. Two different criteria can be used to
measure the acoustic comfort, both of them defining the allowed noise level for
a given space: i) the room criteria; and ii) the noise criteria. Furthermore, the
speech interference level (SIL) is used to evaluate the effect of noise on speech
communication [76].
The comfort level is controlled by a combination of comfort control systems, i.e.,
BEMS, and human interventions, e.g., thermostats, or light controls in local zones.
Different standards have been developed to guarantee the comfort level, for instance
ASHRAE55 and ISO7730 for thermal comfort; ISO8995-1 for visual comfort; and
ASHRAE62.1 for indoor air quality.

3.2.1

Comfort formulation

Despite the complex correlation between environmental and personal parameters,
the comfort concept is commonly simplified to the measurement of the thermal
satisfaction, and defined by the indoor air temperature10 . For the purposes of this
9

The outdoor illumination on a clear day is approx. 10000 lux.
More comprehensive thermal comfort definitions might include relative humidity as a parameter
that contributes to the thermal sensation of the occupant.
10
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Figure 3.1: Comfort satisfaction model.

thesis, a simple comfort model is used, defined as a function of both temperature
and relative humidity. The indoor air temperature is used as the metric to define the
thermal satisfaction, while relative humidity defines the air quality11 . Two separate
Gaussian functions are combined to obtain a comfort representation that varies
between zero and one, i.e., C ∈ [0 1], as illustrated in Fig. 3.1. Mathematically, the
comfort representation is formulated as follows:


−(T −µT )2
2σ 2
T

C = (ω)e
{z
|



}

Thermal comfort



−(Rh−µRH )2
2σ 2
Rh

+ (1 − ω)e
{z
|

Air quality comfort



[p.u.]

(3.2)

}

where, ω is a weight factor; T is the measured air temperature in ◦ C; µT is the mean
temperature value or the optimal temperature set point; σT is the thermal comfort
standard deviation to represent the discomfort tolerance; Rh is the measured relative
humidity in p.u.; µRH is the mean humidity or air quality optimal set point; and
σRH is the standard deviation for air quality comfort to represent the discomfort
tolerance12 . Based on this simple formulation four comfort states are defined as
follows:
No comfort (NC)
Low comfort (LC)

11

0.0 ≤C < 0.6
0.6 ≤C < 0.75

Medium comfort (MC)

0.75 ≤C < 0.85

High comfort (HC)

0.85 ≤C ≤ 1.0

The CO2 concentration is used as a system constraint in this model
For the representation in Fig. 3.1 a mean temperature of 21 degrees, with a variance of 2 degrees
was used for the thermal comfort part, and a mean relative humidity of 50%, with a variance of
10% was used for the indoor air quality part.
12
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Figure 3.2: Building Energy Systems diagram.

The comfort definition in equation (3.2) is preferred over the previously discussed
comfort models, due to the fact that it provides a simple representation for air
conditioned buildings, without assumptions on personal parameters. Furthermore,
it combines the air quality and thermal comfort in a single representation which
facilitates the optimization task. Next, a more detailed view on the comfort and
energy dynamics is presented.

3.3

Building comfort and electrical energy demand

In a building, several sub-systems can be identified including both electrical and
thermal energy demand and generation systems. Fig. 3.2 shows the typical subsystems and functioning blocks of a building. In general, a building energy system
consists of the electricity and gas networks connected to the energy supply system via
the metering units. The building might include on-site generation for local energy
consumption as well as storage systems to improve the balance between local supply
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and demand in different time scales. The direct comfort systems are responsible
for the energy conversion process required to maintain the indoor comfort, while
the indirect comfort systems assist the building operation. The complexity of this
diagram could be increased by the inclusion of other systems such as EV charging
stations among others.

3.3.1

Building thermodynamics

Building thermodynamics can be approximated by using a lumped capacity model
which is described by the energy conservation principle as follows:
1
dT (t)
=
(Qin + Qheater − Qloss )
dt
Mair cp,a

(3.3)

where, Qin [J] represents the passive heat gains due to the heat generation of
occupants, equipment operation, and solar irradiation; Qheater [J] represents the
heat contribution of the heating system used, or active comfort systems; Qloss [J] is
used to model the heat losses of the building; Mair is the mass of the enclosed air
in kg; and cp,a [kJ/kgK] is the heat capacity of the air.
The energy transferred to the building is proportional to the energy transferred
by the heating system, and the heat contribution of the occupants13 , as expressed
respectively as follows:
Qheater = v̇s,w ρw cp,w (Ts,w − Tr,w )
Qin = N Qgen

[J]

(3.4)

[J]

(3.5)

where, v̇s,w is the heating fluid supply flow rate in m3 /s; ρw is the density of water
in kg/m3 ; cp,w is the heat capacity of water; Ts,w is the temperature of the supply
water; Tr,w is the temperature of the return water; N is the number of people; and
Qgen is the metabolic heat rate.
The energy removed from the building is the energy lost to the environment
through the building envelope14 . These are represented through the conduction and
convective heat transfer mechanisms, and described as follows:
Qloss =

n
X

Ui,in Ai (Ti − T )

[J]

(3.6)

i=1

where, n is number of interface elements, e.g., walls; Ui,in is the heat transfer
coefficient of wall i internal surface in kJ/m2 hrK; T is the indoor air temperature;
Ai is the area of the wall i in m2 ; and its temperature, Ti , is given by:
dTi (t)
Ui,in Ai (T − Ti ) + Ui,out Ai (Ti − Tenv )
=
dt
Mi cp,i
13

(3.7)

In this thesis only the passive heat contribution of the occupants are considered.
In this formulation, the radiative heat losses through the fenestration and the losses due to air
exchange are neglected.
14
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where, Tenv is the outdoor air temperature; Ui,out is the heat transfer coefficient of
wall i outer surface; Mair is the mass of the wall i; and cp,a is the heat capacity of
the wall material.

3.3.2

Indoor air quality

Air is a mixture of multiple elements in different concentrations. However, the
IAQ is traditionally measured through the water levels, i.e., relative humidity, and
CO2 concentration in the air in p.p.m.. The change in time of the concentration of
particles in the air can be represented by the mass and component balances in an
air volume. The concentration change in time of an element k is proportional to
the particles of that element added and/or extracted to/from the same volume, as
expressed in the following equation:

1
dΦk
=
v̇s Φks − v̇r Φk + N Φgen,k
dt
Vz

(3.8)

where, Vz is the enclosed air volume in m3 ; v̇s is the air supply flow rate in m3 /s;
v̇r is the air removal flow rate in m3 /s; Φgen,k is the metabolic generation rate of k
in grk /m3 ; and the concentration of the particle k in the supplied air; in turn Φks ,
is given by:
Φks =


1
v̇r Φk + v̇in Φkenv − v̇out Φk + Φkhumid
v̇s

(3.9)

where, Φkenv is the concentration of k in the outdoor air; v̇in is the outdoor air supply
flow rate; v̇out is the exhaust air flow rate; and Φkhumid [grk /hr] is the humidifier
mass removal rate of element k with Φkhumid = 0, ∀ k = CO2 .
Finally, using the definition of relative humidity and the Ideal Gas law, the indoor
air humidity and CO2 values can be obtained:
Φ H2 O
Φsat
H2 O
ΦCO2 R T
= 1000
MCO2 Pz

Rh(t) = 100
ΦCO2

[%]

(3.10)

[p.p.m.]

(3.11)

where, ΦH2 O is the concentration of water particles in the air; ΦCO2 is the
concentration of CO2 particles; R is the universal gas constant; MCO2 is the
molecular weight of CO2 ; and Pz is the air pressure in the building. The saturated
concentration of water is given by Antoine’s equation:
Log10 (Φsat
H2 O ) = 8.07131 −

1730.63
T − 39.73

(3.12)
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Electrical energy demand

The building energy systems can be categorized into direct comfort and indirect
comfort systems. The electrical energy demand of the first type corresponds to
the electrical energy used for comfort management, including the electrical parts of
the heat pump (Pheater ), and the Air Handling Unit (AHU) for IAQ control and
supplementary heat, PAHU . Whereas the energy demanded by the indirect comfort
systems corresponds to energy consumed by the individual systems in the different
building zones, Pj , e.g., computer.
The total electrical power demand of a building is expressed by the following
equation:
Ptotal =

N
Y

PAHU + Pheater +

Pj

[W]

(3.13)

j=1

i=1

{z

|

z
X

comfort

}

| {z }

non-comfort

where, z is the total number of indirect comfort systems.
The electrical energy demand of the AHU to control the IAQ in the building
is proportional to the power consumed to move the air in and out of the zone,
to condition the air to the right temperature and humidity conditions. The AHU
system model used in this research corresponds to the power consumed by the fans
and by heating and humidifying systems, as expressed in the following equation:
PAHU = Pf an,s + Pf an,r + Phcoil + Pccoil + Plat

[W]

(3.14)

where, Pf an,s and Pf an,r are the power consumed by the supply and return fans;
Phcoil and Pccoil are the power consumed by the heating and cooling coil respectively;
Plat is the power consumed by the humidifier. These variables are calculated by the
following equations:
γair (v̇f an )3 Hrated
ηf an (v̇rated )2
v̇in cp,a (Ts,a − Tmix )
=
COPcoil
H2 O
= Φhumid Hlat

Pf an =

[W]

(3.15)

Pcoil

[W]

(3.16)

[W]

(3.17)

Plat

where, γair is the specific weight of air in N/m3 ; v̇f an is the air flow going through
the fan, i.e., v̇in for the supply fan, and v̇out for the return fan; Hrated is the rated
head of the fan in m; and v̇rated is the rated air flow rate. The power consumed by
H2 O
the humidifier is a function of the humidifier mass removal rate, Φhumid
, and the
latent heat of condensation, Hlat [J/kg]. Moreover, the power consumed by the air
conditioning coil depends on the heat capacity of air, cp,a , the temperature difference
between the supply air, Ts,a , and the temperature of the mixed air Tmix , and the
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coefficient of performance of the coil, COPcoil [77]. In turn, Tmix is the temperature
of the air in the mixing chamber, and it is given by:
Tmix =

((v̇in − v̇out )Tenv + v̇out T )
v̇in

[C]

(3.18)

The electrical energy demand of the heat pump is a function of the required
heat power and the coefficient of performance, COP , of the compressor. The COP
describes the ratio between the useful heat produced and the work input.
Pheater =

3.4

Qheater
COP

[W]

(3.19)

Demand flexibility

As discussed in Section 2.2.2, the operational flexibility of power generation units is
used by SOs to reduce the effects of uncertainty in the power system operation [41].
In general, power system reserves can be characterized by three main characteristics
[12, 65]:
a) ramping rate [MW/min.], i.e., how fast the unit reacts;
b) power capacity for up/down regulation [MW], i.e., how much power can be
delivered for support activities; and
c) energy capacity [MWh], i.e., how long the response can be sustained.
As the penetration of renewable technology increases, new forms of uncertainty
are revealed to the electrical power system. Several propositions have been made to
address this specific issue by looking for new flexibility sources to ensure the system
stability.

3.4.1

Mapping operational flexibility to demand flexibility

To extend the concept of operational flexibility into demand flexibility, it is necessary
to integrate together the characteristics of comfort management and building
operation. Comfort is a complex and subjective human perception which varies
according to individual preferences, building operation practices, and particular
environmental context. There are multiple ways to evaluate and optimize comfort
in the built environment. For the sake of simplification, it can be assumed that
comfort is to be kept within certain boundaries, such as maximum and minimum
allowed temperatures. Furthermore, the physical characteristics of the building, and
the outdoor conditions define the relationship between energy and comfort.
Under the concepts of demand side management (DSM) and demand response
(DR), the flexibility of the end-users to modify their energy profile in time has been
highlighted. Several attempts have been made to establish a clearer understanding
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of the potential and impacts of demand flexibility. Kiliccote et al. showed that
the heating, ventilation, and air conditioning (HVAC) systems can act as nonspinning reserves for the power system [65]. Reynders et al. proposed the use of
the structural thermal energy storage of residential buildings to improve the balance
between electricity demand for space heating, and local electricity production [66].
Christantoni et al. evaluated the potential of the building thermal inertia and HVAC
operation in shifting electrical demand, using building energy simulations [74]. Gao
et al. introduced the effect of load prediction uncertainty to improve the HVAC
operation optimization, and to increase energy savings [78]. Xue et al. investigated
the potential of fast chiller systems in providing standing reserves, while minimizing
the negative effect on comfort [64].
Furthermore, some attempts have been made to define a flexibility quantification
method while taking into account different requirements and constraints of the
buildings [79–81]. However, these studies neither address properly the operational
flexibility nor fully integrate comfort as a parameter that defines demand flexibility.
To address these issues, Fig. 3.3 shows the proposed demand flexibility concept for
non-residential buildings. A flexibility action, i.e., flexible power (Pf ), is defined as
the power in [kW ] that is shifted/shed in response to a given request. This action
can be of two types: a) up regulation, i.e., increase in the power demand, b) down
regulation, i.e., decrease in the power demand. Finally, the building flexible action
is defined by the following metrics for up/down regulation:
a) ramping rate (ρ) [kW/min], i.e., how fast the building reacts;
b) power capacity (π) [kW ], i.e., how much power can be delivered as flexible
power;
c) energy capacity (ε) [kW h], i.e., how much energy can be delivered during the
Rt
flexibility action and defined as: ε = tif Pf dt;
d) comfort capacity (σ + ) [min], i.e., how long the response can be sustained
before the comfort limits are reached;
e) comfort recovery (σ − ) [min], i.e., how long the building requires to restore the
nominal comfort level.
The first two parameters are defined by the electrical characteristics of comfort
systems, whereas the last three are defined on the building physical characteristics
(construction type, area, or location). The comfort capacity, σ + , depends directly on
the time response of the buildings to the variations of the comfort system operation,
i.e., how long it takes for the built environment to reach the comfort limits. In turn,
the comfort recovery, σ − , represents the time it takes for the comfort system to
restore the nominal comfort state, i.e., the time before the building can take a new
action. Finally, the comfort capacity, power capacity, and ramping rate define the
energy capacity, ε, of the building.
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Figure 3.3: Demand flexibility metrics showing the relation between flexibility and
comfort.

3.4.2

Probabilistic definition of demand flexibility

A common approximation is to represent the heat loss of the building as the heat
loss through the building elements, i.e., walls, windows, doors, ceilings, floors, etc.,
neglecting the radiative heat losses through the fenestration, and the losses due to
air exchange and infiltration. In this case, eq. (3.6) can be approximated to as
follows:
Qloss ≈ mcp ∆T

[J]

(3.20)

where mcp represents the thermal mass of the building; and ∆T is the difference
between the indoor and the outdoor temperature. The thermal mass describes the
ability of a building to store internal energy, providing inertia against temperature
fluctuations.
From eq. (3.20) and eq. (3.3), it is clear that the time response to reach the
indoor temperature set-point depends not only on the outdoor conditions but also
on the material characteristics of the building, the passive design, and the active
system sizing15 . Nonetheless, in existing buildings, the differences between the
inside and the outside temperature, ∆T , is what defines the variation in time of
15

For the purposes of this thesis the effect of orientation in the heat loss is neglected
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the flexibility potential of the building, since once a building is constructed changes
in the passive or active systems are difficult. Therefore, it can be argued that
the change in the flexibility outcome is inversely proportional to the change in the
temperature difference, or dPf (t)/dt ∝ 1/d∆T (t)/dt.
Let Pf be the set of possible flexibility outcomes of a building, Pf =
{Pf,1 , ..., Pf,k }, and ∆T the set of possible temperature differences, ∆T =
{δT1 , ..., δTk }. Using the conditional probability definition, the information about
the possible temperature differences can be used to define more accurately the
probability of a flexibility outcome.
P (Pf |∆T ) =

P (Pf ∩ ∆T )
P (∆T )

(3.21)

where, P (Pf |∆T ) is the probability of a flexibility outcome given ∆T . P (Pf ∩
∆T ) represents the probability of the joint events Pf and ∆T . P (∆T ) represents the
probability of a temperature difference. Finally, Pf ⇒ {ρ+ , ρ− , π + , + , σ + , σ − }
for up regulation, and Pf ⇒ {ρ− , ρ+ , π − , − , σ + , σ − } for down regulation.

3.5

Building energy modeling

In this Section, multiple building energy simulations are used to assess the effects
that changes in the building characteristics have on the demand flexibility. These
simulations include variations in the construction materials, building size, shape, and
location. Furthermore, the methodology for the quantification of demand flexibility
used in this work is presented.

3.5.1

Building models

Five non-residential buildings are modeled in detail in EnergyPlus using the
OpenStudio platform.
These buildings are modeled using three different
construction standards with two different climate zones. Fig. 3.4 shows the different
models of buildings, while Table 3.1-a shows in detail the specific floor area and
number of floors for each building. These buildings cover a total floor area of
61085m2 and a volume of 186189m3 . Three main zone types are described in each
model: closed office, corridor, and conference room. Moreover, thermal zones are
defined by the building floor, and a window-to-wall ratio of 0.4. Each building is
simulated three times according to the DOE 1980, DOE 2004 and ASHRAE 2009
construction standards. Table 3.1-b shows a summary of the construction data used,
and the differences between the standards. Furthermore, two different climate zones
are used, i.e., ASHRAE 2A (Hot - Humid) and ASHRAE 5A (Cool - Humid) [82].
The first climate zone corresponds to the South East of Texas, with a mean winter
temperature of 10◦ C and a mean summer temperature of 28◦ C. The second climate
zone corresponds to the Netherlands, with a mean winter temperature of 3◦ C and
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Figure 3.4: Simulation building models, showing from left to right: building (A),
(B), (C), (D) and (E).

Table 3.1: Building characteristic information showing the size of each building
type modelled, and the overall heat transfer coefficients according to the construction
standard’s year and location.
b) Construction data.

a) Building characteristics.

Building
A
B
C
D
E

Floor
Area
[m2 ]
554
1005
4535
5233
9034

No.
Floors
3
12
9
6
5

Floor
Height
[m]
3
3
3
3
3

Location
NL

TX

Year
1980
2004
2009
1980
2004
2009

U value [W/m2 /K]
Wall Roof Window
0.62 0.31
3.35
0.77 0.37
3.23
0.48 0.22
4.43
2.71 0.40
5.84
3.68 0.38
5.84
0.78 0.22
5.84

a mean summer temperature of 17◦ C. In total, each building type is simulated six
times. Finally, the walls are specified as a series of materials that include, stucco,
concrete, gypsum, and insulation elements in different proportions and of different
insulation characteristics depending on the construction standard used.
In total, 30 different buildings are used to define the effects of the building
characteristics on demand flexibility. Predefined EnergyPlus large office building
schedules are used to describe the occupancy, lights and equipment use of each
building. These vary throughout the day to represent the normal operation of the
large offices.

3.5.2

HVAC model

A packaged rooftop heat pump is used to control the behavior of each thermal zone
in the simulated building. Each heat pump includes a single speed direct expansion
(DX) cooling coil, a single speed DX heating coil, a constant volume (CV) fan, and
an uncontrollable air terminal. Each element is sized according to the heating and
cooling demand of each building. The operation of the comfort system is based on
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Figure 3.5: Temperature schedules for cooling and heating for both locations,
showing the HVAC temperature set points for week days.

temperature set points that are differentiated for the non-occupied and occupied
times of the building as well as for the week and week-end days, as shown in Fig.
3.5. Each element is sized according to the heating and cooling demand of each
building.

3.5.3

Flexible behavior

Each building behavior is simulated using two scenarios: normal behavior, and
flexible operation. Under the flexible operation, the set points of the HVAC system
in each building are set to change several times throughout the day, with different
time durations. In this way the demand flexibility parameters for down regulation
are defined as:
a) Ramping down rate [ρ−
down ]: the ratio between the time it takes for the
HVAC to deliver its maximum power capacity and the maximum power
capacity, (π − );
b) Ramping up rate [ρ−
up ]: the ratio between the time it takes for the HVAC
to return to its nominal power, and the change in power;
c) Power capacity [π − ]: the size of the flexibility delivery;
d) Energy capacity
[− ]: the total amount of energy that is delivered as
R −
flexibility
π (t)dt;
e) Comfort capacity [σ + ]: the time response for the indoor temperature to
drop to its minimum value, or rise to its maximum value;
f) Comfort recovery [σ − ]: the time response to restore to the nominal indoor
temperature.
The parameters for up regulation can be defined in a similar way. Fig. 3.6 shows
the steps in detail of the whole procedure. For every building, each parameter of
the demand flexibility is defined by comparing the normal and flexible behavior. By
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Figure 3.6: Quantification methodology.

subtracting from the normal behavior the flexible results, the effects of demand
flexibility on energy demand, thermal comfort, as well as the duration of each
event can be determined. Finally, the average yearly, seasonal16 , and probability
response for each parameter are defined by using MATLAB to process the data.
The probability of each parameter outcome is defined as the ratio between the total
number of occurrences of that particular outcome, and the total number of outcomes
of that parameter. The conditional probability is established according to eq. (3.21).

16

Winter is defined as the period between the 1st of December and the 28th of February. Spring
continues from the 1st of March until the 31st of May. The summer follows from the 1st of June,
ending on the 31st of August. Finally, the fall includes the period from the 1st of September and
the 30th of November.
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3.6

Numerical results

In total, 60 different building energy simulations are conducted using one year
weather data, and with the time resolution of 5 minutes. The different results
obtained are described in detail in the following subsection. Under the normal
behavior, the averaged unmet comfort hours in the first climate zone for heating
and cooling are 51 and 29 respectively. In turn, for the second climate zone the
normal behavior resulted in 82 unmet hours for heating, and 74 for cooling. These
are the hours in which the set points were not met. These values are used as a sizing
factor for the HVAC models in the buildings.

3.6.1

Whole year analysis

Fig. 3.7 and Fig. 3.8 show the distribution of the ramp rate (ρ−
down ), power capacity
(π − ), comfort capacity (σ + ), and recovery responses (σ − ), for down regulation
responses according to each climate zone. The results are averaged among all the
buildings at each location. Each box encloses 50% of the response samples, while
the line represents the median. The whiskers encloses the ranges to the furthest
observations, while any outlier is marked outside the whiskers with a cross sign.
The figures show that the buildings located in the Texas climate offer
considerably higher ramp down rates (ρ−
down T X ), and power capacity (πT exas ),
responses than the ones in the Netherlands. In turn, the buildings in the Dutch
+
weather type offer longer comfort response times, i.e., higher comfort capacity (σN
L ),
−
and shorter comfort recovery (σN L )as show in in Fig. 3.8. However, the differences
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Figure 3.7: Distribution of Ramp rate [ρ], and power capacity [π], responses for
down regulation for each climate zone, showing the response distribution over a year.
The figure shows how the buildings in the Texan climate exhibit higher ramp rates
and power capacities than those in the Dutch climate due to a more extreme weather,
i.e., number of cooling days.
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Figure 3.8: Distribution of building comfort capacity (σ + ), and recovery (σ − ) times
for down regulation for each climate zone, showing that the building located in the
Netherlands climate zone offers flexibility for longer times due to better insulation,
i.e., higher thermal inertia.

in the results can be attributed to the different construction standards followed, and
the amount of extreme temperatures. It is worth noticing that the Dutch buildings
offer less variable response, i.e. 70% of their responses are considerably closer to the
mean response.
When looking at the response probability of all buildings in Fig. 3.9, a uniform
distribution is not observed. In this figure, the comfort capacity (σ + ) and recovery
(σ − ) response times are displayed. Each color box represents a probability value
for a response time value (vertical axis), and building number (horizontal axis)17 ,
according to the color scale depicted next to each plot. At the top of the figure,
the results for the Dutch climate are presented, while at the bottom the results for
the Texas climate zone can be found. The figure shows that the comfort capacity
(σ + ) is concentrated mainly around three response times, i.e., 65, 100 and 155 min.,
with higher probability values for the buildings in the Dutch climate. There is
not a clear physical reason behind this, however, longer data sets will provide a
better distribution of the response time across the buildings. Regarding the comfort
recovery times (σ − ), the figure shows that higher probabilities are found with lower
response times, as it is also shown in Fig. 3.8. Even though a probability value
can be assigned to a comfort capacity or recovery response time, such a value is not
high enough to confidently determine the flexibility response of a building given its
construction type and climate zone.
By assessing the probability of a flexibility action (Pf ), given the outdoor
temperature information, i.e., P (Pf |∆ T ), clearer patterns have been observed in
17

Building 1 corresponds to the building type A, with the construction data from 1980. Building
2 corresponds to the type A with data from 2004. Building 3 is modelled based on type A with
data from 2009. Building 4 corresponds to type B with data from 1980, and so on.
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Figure 3.9: Probability distribution of σ + and σ − for all buildings, showing the
probability of the comfort response duration in each climate zone and for all buildings.
Each color box represents a probability value according to the scale on the right-hand
side for a response time value (vertical axis), and building number (horizontal axis),
according to the color scale in the figure.

Fig. 3.10. Here, ∆ T represents the temperature difference between the indoor
and the outdoor environment. Fig. 3.10 shows the P (σ + |∆ T ), and P (σ − |∆ T )
results by climate zone for the building D/ASHRAE 2009. The results show that the
buildings in the Dutch climate offer higher probabilities as the temperature difference
increases, ∆ T >> 0. On the other hand, the opposite situation is observed for the
ones in the South East of Texas, where negative temperature differences, or high
outdoor temperatures, offer higher probabilities for both σ + , and σ − . For example,
in the top left corner of Fig. 3.10, it is shown for the Dutch buildings that the
comfort capacity of around 100 minutes have higher probabilities given ∆ T > 7. In
contrast, for ∆ T < 7 the most probable comfort capacity lies within 70 minutes.
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Figure 3.10: Conditional probability for σ + and σ − in Building D/ASHRAE 2009.
The figure shows the likelihood (box color) of a comfort capacity i.e., σ + , and recovery
i.e., σ − , responses, (horizontal axis) given a temperature difference ∆ T (vertical axis),
darker colors depict higher probabilities, while negative temperature differences (∆T ),
indicate high outdoor temperatures. Compared to the Fig. 3.9, higher probabilities
are observable here.

3.6.2

Seasonal analysis

While the results shown in Fig. 3.10 demonstrate that the inclusion of the outdoor
temperature helps to reduce the uncertainty inherent in demand flexibility, a
yearlong analysis includes higher uncertainty due to a higher outdoor temperature
variability. Therefore, this Section presents a seasonal analysis of demand flexibility.
Fig. 3.11 shows the comfort response results differentiated by seasons for each
location. While in the spring and the fall similar responses are observed for both
locations, the results for the winter and the summer show the biggest differences.
Furthermore, the results suggest that the buildings in the colder weather, i.e., the
Dutch climate, have bigger thermal inertia, thereby longer comfort response times.
Fig. 3.12 shows the distribution of the power capacity for down regulation
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Figure 3.11: Distribution of building comfort capacity and recovery response times
divided by season in both climate zones. The figure shows the seasonal response for
all the buildings in each location. The results suggest that the buildings in the Dutch
climate, have bigger thermal inertia, thereby longer comfort response times.
-

-

Power capacity [π ] Texas

200

200

150

150
Pf [kW]

Pf [kW]

Power capacity [π ] Netherlands

100
50

100
50

0

0
Winter

Spring

Summer

Fall

Winter

Spring Summer

Fall

Figure 3.12: Distribution of power capacity responses for down regulation divided
by season and climate zone in both climate zones. The figure shows the effect of
extreme temperature difference (winter and summer periods) in the flexibility power
capacity, resulting in more power capacity in Texas for most of the year, except during
the winter. This is also the period when the building in the Dutch climate offer their
highest flexibility power capacity.

(π − ), averaged over the buildings, while differentiated by season, and climate zone.
The figure shows the differences between the design choices. While for the high
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Figure 3.13: Conditional probability P (σ + |∆ T ) , in the Netherlands and Texas,
for Building D/ASHRAE 2009 during the winter and summer time, showing the
probability of a comfort capacity response duration given a temperature difference
between the building and the outdoor environment. Compared to the Fig. 3.9, this
figure shows in a more clear way where the highest probabilities for a comfort response
duration lie for both locations, and during the two different seasons.

outdoor temperatures during the summer, the buildings in the Texas climate show
the highest responses, the buildings in the Dutch climate have higher responses than
the buildings in the Texas climate with the low temperatures, i.e., in the winter.
Moreover, Fig. 3.13 shows the probability of a comfort capacity value, given a
temperature difference P (σ + |∆ T ), during the winter and summer times, and for the
Dutch and Texas climate. In general, these figures represent the disaggregation of
the information from the left side of Fig. 3.10, based on similar outdoor temperature
variations. This means that a clearer view of the comfort capacity response variation
throughout the year. As indicated before, the buildings located in the Netherlands
show longer time responses for lower temperatures, while the buildings in Texas
showed that higher outdoor temperatures determined the time responses. It can be
seen in the figures that buildings in the warmer weather have higher probabilities
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Figure 3.14: Aggregated power demand [M W ] over the building at each location,
showing the amount of flexibility available for down regulation (shaded area) in every
climate zone. The top left figure shows a winter week in January and the bottom left
figure a summer week in July. The figure shows a higher availability of flexibility in
the buildings in Texas during summer, while during the winter the buildings in the
Netherlands show more availability. The figure also shows the indoor and outdoor
temperatures for the buildings in both locations, showing that during the winter
week, the buildings in Texas are working towards cooling, allowing a higher indoor
temperature.

for offering flexibility for a longer time, given higher outdoor temperatures, i.e.,
∆ T ≤ 0, while the opposite can be seen for Dutch climate buildings.
Establishing the relationship between the demand flexibility, and the parameters
that determine the building behavior, allows aggregating units or building managers
to define a demand flexibility potential profile over time, as it is shown in Fig. 3.14.
This figure shows the aggregated power demand and flexibility potential of each
climate zone during two separate weeks, one summer and one winter week. The
aggregated power demand is the result of the individual demand profiles of all the
buildings in each climate zone summed in time, while the flexibility potential is
calculated on basis of the ∆T . As it can be seen, during hot days, the buildings
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Figure 3.15: Normalized flexibility parameters divided by climate zone and
construction type, showing the flexibility strengths and weaknesses of each climate
zone and construction type. The figure shows a more consistent behavior, in terms of
the five flexibility parameters, for the buildings in Texas, with the poorest performance
for σ + . In contrast, the Dutch building show the higher comfort response duration.

designed for the Texas climate zone show a more reliable and constant flexibility
behavior. The opposite can be seen for the buildings in the Dutch climate zone.
The figure also shows the average indoor temperature under the normal behavior
for each climate zone. For both climates, the optimal temperature for heating days
is 21 C ◦ , while for cooling days is 24 C ◦ .
Finally, through the definition of demand flexibility metrics a comparison across
different buildings and climate zones can be realized. Fig. 3.15 shows the flexibility
comparison for both locations and based on the construction standard followed.
The results suggest that the building in the hot and humid weather offer higher
power capacities, while the buildings in the cold and humid weather show high
comfort capacities. This type of comparison is useful for aggregating units or system
operators to optimally dispatch flexible electricity resources and to assess their real
potential, and to make long-term demand flexibility contracts with end-users.

3.7

Summary

In this Chapter, a framework for the quantification of demand flexibility is presented.
By elaborating on the concept of operational flexibility, different parameters that
define the building energy behavior are included into a demand flexibility definition.
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Demand flexibility is divided in five key parameters that define the time, power and
energy potential of buildings. Such parameters are important not only to quantify
how much energy a building can shift, or shed given power system’s conditions, but
also to define when and for how long flexibility is available. The quantification of
demand flexibility allows system operators and flexibility aggregators to optimally
dispatch demand flexible resources.
Extensive literature is found on how buildings can help reduce this uncertainty
through their flexible behavior. However, a clear methodology that defines when,
in which quantity, and for how long is this flexibility available was lacking. The
proposed framework tries to address this issue, by attempting to combine the
characteristics that define the comfort and energy behavior of non-residential
buildings, with the understanding and use of operational flexibility by power systems.
The result, a methodology that allows not only the definition of a time varying
flexibility, but also a methodology that allows the comparison of flexible resources.
Finally, by comparing the effects of weather variation on the demand flexibility, it
is clear that as RES, demand flexibility depends on the geographical context of the
power system.
In summary, the results show that the buildings in the hot climate give higher
power capacities but for shorter durations, while the buildings in the cold climate give
lower power capacity but for longer durations. The results show that the analyzed
buildings in the hot climate have an average power capacity of 11% of the total
power demand, with an average ramping rate of 13.3kW/min, available in average
for 60min, and with an average recovery time of 71min. In contrast, the analyzed
buildings in the cold climate have a flexibility power capacity of 7% of the total
power demand, with an average ramping rate of 3.8kW/min,available for 75min, and
with an average recovery time of 62min. However, these results are limited to the
buildings analyzed, and dependent on the type and capacity of the comfort systems,
construction materials, and building functionality. Generalizing the results obtained
in this work would require a more extensive study that includes a high number
of variations in the comfort systems type, construction materials, and building
functionality. Nonetheless, the framework proposed in this work offers a clear
methodology to quantify demand flexibility using multiple parameters to include
the multiple dimensions of demand flexibility, and to give a better representation of
the demand flexibility potential of office buildings.

4
Building operation optimization
Grid operation support

4.1

Introduction

In Chapter 3, it has been shown that a better understanding of the comfort and
energy dynamics leads to the development of a suitable demand flexibility definition
and quantification methodology. Using the same comfort and energy formulation
as a starting point, this Chapter explores the use of computational intelligence
to improve the balance between the comfort and energy efficiency targets, while
unlocking the demand flexibility potential of the building for grid operating support
services. In general, the optimization research trend seems to be moving away
from deterministic gradient based optimization methods like Newton-Raphson, to
heuristic ones, such as Particle Swarm Optimization (PSO), along with the increase
available data. Such stochastic optimization methods have been utilized in a wide
range of power grid operation and control applications [83–86]. However, their
application on the customer’s energy management system to reveal the benefits
for the smart grid environment is still limited [87].
To tackle this issue, this Chapter uses the SG-BEMS structure proposed in
Chapter 2, and introduces a new type of BEMS. Based on a Multi-Agent System
(MAS), the proposed energy management system enables the use of computational
intelligence not only to optimize the building operation, but also to explore the uses
of demand flexibility in the emerging power system. MAS has been demonstrated in
a wide range of applications in the power system, e.g. condition monitoring, system
restoration, market simulation, network control and automation [26, 88], as well
as, in the area of building automation, building energy management, and building
control and operation [20, 22, 89–91]. In this Chapter, the interoperation between
the emerging smart grid and the building has been enabled by the proposed agent
based energy management system to modify the building behavior.
This Chapter focuses on detail multi-zone building energy models, computational
intelligence, and distributed control to reveal the flexibility potential inherent in the
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built environment. It starts by describing the BEMS in Section 2, and follows to
describe the building optimization problem in Section 3. Here, the use of PSO and
fuzzy rules is discussed and compared as well. Section 4 describes the proposed agent
based BEMS. Section 5 shows the different uses of the demand flexibility obtained
from the operation of the agent based BEMS in Low Voltage (LV) and Medium
Voltage (MV) settings. Finally, the chapter is closed with some conclusions drawn
from the work presented here.

4.2

Building operation and energy management

Aligned with net-zero energy objectives and the intelligent buildings concepts, BEMS
aims to increase energy efficiency, while reducing energy costs and maintaining
the user comfort levels [20–22]. The technological innovations and the advances
in ICT allow to explore the flexible behavior of buildings through advanced BEMS,
while interacting with Smart Grids. Multiple benefits of such emerging management
system have been highlighted as follows:
a) Assist the integration of low carbon technologies;
b) Improve reliability and quality of power supply;
c) Support the demand-supply balance.
Based on their controlling capabilities, BEMS can be distinguished as passive
and active system. The former relies on user intervention to take the energy and
comfort management decisions and actions. The later includes autonomous and
automatic control systems with a multi-tier architecture that involves, hardware,
communication and application layers [92]. Throughout the literature, different
architectures, control and optimization strategies have been proposed for active
comfort and energy management [93]. In general, well designed sensor and actuator
networks are needed to sense and control the current state of the environment.
Based on the information provided by the sensors, and accurate forecasting models,
the control and optimization strategies can be applied remotely, e.g., on a local
or remote server, and the actions can be communicated to the actuator network.
Here, the communication layer acts as the middle-ware between the sensing network
(hardware) and the application (agent) layers. Next, the different control and
optimization strategies are discussed in further detail.
Furthermore, two main operation strategies are distinguished, i.e., centralized
operation, and decentralized operation. The first strategy mostly includes model
predictive control [94, 95], fuzzy logic [96, 97], and SCADA [98–100] systems. This
strategies use building models or a set of rules to optimize the relationship between
comfort and energy, and to minimize energy cost, using the structural thermal
storage of buildings or local power generation. The main disadvantage of such
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centralized control systems is their low adaptability and scalability, i.e., functional
changes in the building will require a heavy change in the control system.
Throughout the literature, multi-agent systems (MAS) is one of the most popular
decentralized control strategies, taking advantage of their flexibility, scalability,
and robustness characteristics to address complex control tasks [56, 101, 102].
Agent based systems have been proposed for comfort and energy optimization
using occupancy and behavior information[103, 104], computational intelligence
[90, 105, 106], and learning algorithms [107]. Agents are used to represent individual
comfort systems, devices, occupants or comfort zones [89, 108], relaying on the
communication, coordination and collaboration between the individual agents to
solve the optimization task.

4.3

Comfort and energy optimization problem statement

As mentioned in Chapter 3, the importance of building comfort lies in its relation
to the occupant’s performance. As a consequence, the BEMS deals with two
potentially conflicting optimization objectives, i.e., comfort maximization and
energy minimization. The first objective relates to the problem described in eq.
(3.2), with C ∈ [0 , 1]; or equivalently, to the minimization of discomfort, i.e., f1 (x).
The second optimization problem is the minimization of the power consumption, i.e.,
f2 (x). These two objective functions are represented by the following equations:
f1 (x) = 1 − C,

(4.1)

f2 (x) = PC = PAHU + Pheater ,

(4.2)

where, f2 (x) is a function of the energy consumed by the comfort systems considered
in this thesis (see chapter 3)18 ; and x is a solution vector formed by the thermal and
air quality comfort and energy control parameters.
In Chapter 3, the comfort level was defined as a function of the air temperature
and the relative humidity, while the CO2 concentration is used as a constraint and
defined by the energy conservation and component balance principles, as described
in Sections 3.3.1 and 3.3.2. Similarly, it was defined that PC is a function of power
consumed to move the air in and out of the zone, to condition the air to the right
temperature, and to humidify the air to the desired value, as described in Section
3.3.3. Consequently, the optimization problem can be defined as follows:
Minimize

f (x) = (f1 (x), f2 (x))

+
Subject to ΦCO2 ≤ Φmax.
CO2 , ∀ΦCO2 ∈ R ,

C ≥ Cmin. , ∀C ∈ N,
PC ≥ 0, ∀PC ∈ R.
18 Later

in the chapter other aspects of the energy consumption are discussed

(4.3)
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where ΦCO2 represents CO2 concentration level at instant t; while Φmax is the
maximum allowable concentration level. Furthermore, Cmin is the minimum comfort
level acceptable.
As the optimization problems described in eq. (4.1) and (4.2) are conflicting
functions, it is a challenge to find a single optimal solution for the optimization
problem in (4.3). However, different approaches can be employed to find Paretooptimal solutions that represent the best trade-off and/or the best compromise [109].
Here, the weighted aggregation method is proposed for the aggregation of all the
objectives of the problem into a single one through a weighted combination. Thus,
eq. (4.3) can be rewritten as:
W f1 (x) + (1 − W )σ f2 (x),

(4.4)

where W is a non-negative weight and σ is a normalization factor that allows the two
objectives to be treated equally. The main advantages of this method is that it allows
using single objective algorithm, and using the weight W value to adjust dynamically
the importance of either f1 (x) or f2 (x). However, it requires the algorithm to be
applied repeatedly to find the desirable number of non-dominated solutions.
In the next Section, two computational intelligent (CI) methods have been
applied to include the occupancy information in the optimization task of the BEMS,
by dynamically adjusting the weight value in eq. (4.4) according to this information.

4.3.1

Particle swarm optimization

PSO has been proven to be an alternative solution to deal with the non-linear
and non-stationary systems with noise and uncertainties. PSO is a stochastic and
heuristic optimization method that has its roots in artificial life, social psychology,
and computer science [110]. Being a gradient-free method, it offers a faster
convergence than deterministic methods, but not necessarily able to find the true
global optimal solution. Compared to more recent CI based methods, e.g. genetic
algorithm, PSO is also easier to be implemented with more effective memory usage
and fewer parameters to be adjusted [83].
This method uses a population of i particles to search for suitable solutions over
a hyperspace, where i is a positive integer. In each iteration k, the particles find
a new solution xk+1
= {v̇in , v̇out , v̇s,w }19 , by stochastically updating their flying
i
trajectories, i.e., position xi and velocity Vi . This update process is based on the
historical data available from the swarm. Every time, the best solution is found for
each particle, i.e., pki , and a new leader, the best particle of the swarm, is selected,
i.e. pkg . This is done until either certain conditions are met or the maximum number
of iterations, i.e., kmax , has been reached. This process is described by the following
rules [83, 110]:
19 The variables v̇ , v̇
in out , v̇s,w represent the volumetric flow rates of air in and out of the AHU,
and volumetric flow rate heating fluid in the heating system (See chapter 3).

Comfort and energy optimization problem statement
Vik+1 = uvik + φ1 rand1 · (pki − xki )
+ φ2 rand2 ·
xk+1
i

=

xki

+

(pkg

+

Vik+1 ,

u = umax −

umax − umin
k
kmax
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(4.5)

xki ),
(4.6)
(4.7)

where, u is an inertia weight used to enhance the searching process by controlling
the exploration of the search space20 , and described by (4.7); φ1 and φ2 are two
positive learning constants, which represent the learning ability to fly towards the
particle’s best position and to the swarm leader, respectively21 ; rand1 and rand2
are two random numbers with uniform distribution in the range [0 1]; pki is the best
position of the particle i has achieved based on its own experience; pkg is the global
best position based on overall swarm’s experience; umax and umin are the maximum
and minimum inertia values, respectively.

4.3.2

Fuzzy rule based control

Fuzzy reasoning is based on the theory of fuzzy sets, in which membership functions
are given to different elements of a set, making the intersection of a set and its
complement no longer zero. The fuzzy rules for a two-input one-output system are
constructed based on the magnitude and sign of the error (e), and change of the
error (ce), between the desired and the measured control value. Given the fact that
an increase in the air and water volumetric flow will lead to a decrease in the relative
humidity and CO2 concentration, and an increase in the room temperature due to
the mass and energy conservation principles, the fuzzy control rules are as follows:
a) Keep the control action constant if the output, i.e. comfort, has the desired
value and the change of error is zero;

b) Change the control action of the fuzzy local controller (FLC) according to:
i) If e is negative (comfort output above the set points), and ce is negative
(in the previous step the controller was driving the system output
upwards), then the controller should turn its output downwards, i.e.
reduce volumetric flows. Considering a negative feedback, this means
a positive control action.
20 A

higher value in the initial steps, e.g. 0.9, allows the free movement of the particles. Once the
optimal region is found, this value can be decreased, e.g. 0.4, to narrow the search.
21 By changing these parameters, the responsiveness of the particle is controlled. By increasing
these constants, the oscillations around the optimal point increases becoming unstable for values
higher than 2.
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Table 4.1: Fuzzy rules for a 2 input 1 output system, showing the relation between
the control action, i.e., value in the matrix, the error e, and change of the error ce. In
the table, P stands for positive, Z for zero, N for negative, B for big, M for medium,
and S for small. Thus, PB stands for positive and big.

e

PB
PM
PS
Z
NS
NM
NB

NB
Z
PS
PM
PB
PB
PB
PB

NM
PS
Z
PS
PM
PM
PB
PB

ce
NS
NM
NS
Z
PS
PS
PM
PB

Z
NB
NM
NS
Z
PS
PM
PB

PS
NB
NM
NS
NS
Z
PS
PM

PM
NB
NB
NM
NM
NS
Z
Z

PB
NB
NB
NB
NB
NM
Z
Z

ii) If e is positive (comfort output below the set points), and ce is positive
(in the previous step the controller was driving the system output
downwards), then the controller should turn its output upwards, i.e.
increase volumetric flows. Considering a negative feedback, this means a
negative control action.
iii) If e is positive, and ce is negative, then the controller does not need to
take any further action.
iv) If e is negative, and ce is positive, then the controller does not need to
take any further action.

4.3.3

Comparison of optimization methods

In this Section the performance of the two optimization methods described in
Sections 4.3.1 and 4.3.2 is shown. To do so, a single floor office building model with
5 zones is developed using the methodology described in Chapter 3. The building’s
comfort is controlled by two centralized systems, the AHU controls the IAQ and the
CO2 concentration levels, while a heat pump is used to control the thermal comfort.
Thus, the control variables are: the heat pump water supply flow rate v̇s,w , the
outdoor air supply flow rate v̇in , and the exhaust air flow rate v̇out . Furthermore,
occupancy and outdoor temperature profiles are used as inputs to determine the
zone behavior in time. In each zone the temperature, relative humidity, CO2
concentration, occupancy, and power demand are monitored. Simulations are run
for an entire day, while the optimization is done in 15 minutes intervals. Moreover,
three scenarios are defined for the PSO methodology: a) No PSO; b) PSO dynamic
weight, i.e., the weight value in eq. (4.4) is changed from 0.3 to 0.7 based on
occupancy information; c) PSO constant weight, i.e., the weight value in eq. (4.4)
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Figure 4.1: Energy and comfort optimization results.

is kept constant (0.5) during the simulation period. Finally, for the fuzzy rule based
control, two scenarios are compared: a) Occupancy based, i.e., the weight value in eq.
(4.4) is changed from 0.3 to 0.7 based on occupancy information; b) No occupancy,
i.e., the weight value in eq. (4.4) is kept constant (0.5) during the simulation period.
Fig. 4.1 shows the optimization results for a particle swarm optimizer, and
for a fuzzy rule based method. The results (left hand side figure) show that
the PSO algorithm improves both comfort and energy efficiency, while allowing
for a dynamic behavior that could be of use for demand response, i.e., dynamic
scenario. For instance, the adjustment of the weight value in the optimization
problem allows occupancy and external information, e.g., DR signal, to be included
in the optimization problem. The figure also shows the results for a ruled based
method for bench marking (right hand side figure). From the figure, it is observed
that a dynamic weight PSO offers not only better energy minimization results, but
also better comfort results. The details for the implementation of both algorithm
can be found in [9, 91].

4.4

The agent based BEMS

As stated in Chapter 2, one of the most popular decentralized control approach
is agent based control, which is now being applied widely in the power systems
and building automation optimization research. In general, MAS offers a scalable,
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Figure 4.2: Agent based BEMS organizational diagram.

flexible, robust and open control structure that is ideal for dynamic and large scale
systems [26]. In this thesis, the MAS-BEMS is proposed as a two-level hierarchical
system with six general agent types: i) BEMS agent; ii) zone agent; iii) device agent;
iv) comfort agent; v) charging agent; and vi) RES/DER agent.
The Fig. 4.2 illustrates the agent based BEMS organizational structure. The
device agents sense the room/zone environment information which depends on the
occupancy levels, and forward the relevant information to the zone agents. In turn,
it receives from the zone agent the changes in the operation policy. Meanwhile,
the zone agents collect the information received from different device agents in
their domain, as well as the changes in the building operation policy from the
BEMS. Based on the information received, it defines the zone operation policy,
while communicating the relevant zone information to the BEMS agent. At the
BEMS agent the building operation information is received and collected. It is
BEMS agent’s responsibility to establish the changes to the building operation
policy. The remaining three agents are responsible for the operation and control
of centralized systems in the buildings, i.e., the comfort system, the electric vehicle
charging station, and the onsite generation system. These agents require information
from the BEMS containing the operation policy.
Although the agent structure is formed in a hierarchical way, each agent has the
autonomy to operate the local environment. For instance, the device agents have
the autonomy to switch off local energy systems, e.g., lighting, based on occupancy
information. The comfort level is controlled by the comfort agent for the whole
building but the zone agents have still the autonomy to correct deviation through
the operation of heating and ventilation valves. The hierarchical agent structure
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offers the possibility to minimize the communication effort by sharing only relevant
information to interested agents.

4.5

Modeling the SG-BEMS inter-operation

In this Section, we focus exclusively on the SG-BEMS interoperation to provide
network services such as voltage support and line congestion management. An agent
platform is developed for this purpose as shown in Fig. 4.3, with the number of
agents ranging from 67 to 167, depending on size, and detail of the models used.
The details on the agent development, ontology design, and the communication with
the Matlab/Simulink environment are given in the appendices A and B. In general,
three type of models are distinguished here:

Figure 4.3: SG-BEMS user interface.

The LV feeder:
The LV distribution feeder is modelled by means of the SimPowerSystem toolbox.
It represents a three-phase balanced system formed by a total of ten loads. These
loads are equally distributed over the length of 1000 meters, as shown in Fig.
4.4, with an X/R ratio of 0.0423. Among them, eight loads correspond to nonflexible loads and are implemented using predefined load profiles. Six of these eight

70

Building operation optimization

The MV network.

The LV feeder.

Figure 4.4: Network model diagrams.

Table 4.2: MV network cable information.

Sections
1
6
27

Length[m]
1140
287 [avg]
10 [avg]

R[Ω/km]
0.07
0.532
0.69

L[mH/km]
0.246
0.311
0.477

Description
MV bus cable
MV-subring cable
LV cable

loads correspond to household loads, with profiles based on measured data from a
typical Dutch LV feeder with 74 customers and a length of about 300 meters. The
remaining two non-flexible loads correspond to typical Dutch offices, which are based
on measured data at the point of connection of a typical 3-floor office building. More
details can be found in [49]. The flexible loads correspond to two offices buildings
with 5 zones.
The MV network:
Fig. 4.4 shows the single-line diagram of the distribution grid, while the cable
data can be found in Table 4.2. It represents a three-phase balanced system formed
by seven industrial loads in a single MV sub-ring, and 27 residential loads in a single
LV feeder (two branches). There are two voltage transforming steps, a HV-MV
(150kV - 10kV ) step in a distribution substation, and a MV-LV (10kV - 0.4kV ) in
a distribution transformer. The MV loads are connected through self-owned step
down transformers. PV systems are randomly added to the LV and MV loads, with
a penetration of 40 and 50 per cent, and with a capacity of 3kW p and 15kW p
respectively. The LV loads are modeled using a static profile as in the non-flexible
loads of the LV feeder model. At the MV sub-ring, six loads are modeled as a single
comfort zone. Finally, the remaining load is modelled after a typical Dutch two-floor
office building, with 24 comfort zones and a parking load of 10 EVs.
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Table 4.3: Building model characteristics.

Number
of zones
1
1
1
1
1
5
5
24

Volume
[m3 ]
4536
18144
10206
1134
2268
900
900
3414

Area
[m2 ]
453
1814
1020
113
226
300
300
554

Nav
20
37
30
14
10
13
14
40

Occupancy
tin
tout
7hr
18hr
9hr
14hr
9hr
17hr
12hr 20hr
8hr
17hr
7hrs 17hrs
9hrs 19hrs
8hrs 17hrs

Base power
[kW ]
2.45
3.78
3.02
2.26
2.27
1
1
4.8

Building model:
Using the Simscape toolbox of Simulink, the physical modeling of the thermal
behavior of a building is implemented by means of convection and conduction heat
transfer mechanisms. This model establishes the link between comfort and energy
demand, i.e., thermal losses compensation. The comfort systems are implemented in
Matlab/Simulink according to the formulations described in chapter 3. Accordingly,
there are three main state variables, the zone temperature (T ), the zone relative
humidity (Rh), and the zone CO2 concentration (ΦCO2 ) levels. Consequently, the
power demand of the building is a function of the operation of the comfort system
(operated in a centralized way), and of the individual devices present in the building
(operated in a decentralized fashion).
Each building has an average number of occupants Nav with a random variation
in time (see Table 4.3), as expressed in the following equation:

N (Nav , 1)
if tin < t < tout
N=
(4.8)
0
if t ≤ tin ∨ t ≥ tout
Moreover, the building behavior is also weather dependent. The model uses
Dutch weather data for temperature, relative humidity, and solar irradiation, from
the KNMI (Koninklijk Nederlands Meteorologisch Instituut) for 2013. For each
building, PSO is used to determine the optimal operation parameters of the AHU
and heating systems, i.e. v̇s , v̇r , v̇s,h (See chapter 3), of the comfort systems, as
described in Section 4.3. However, the operation of the local devices in each zone,
and of decentralized systems is solved by the zone and charging agents using a
occupancy based rule approach. For instance for the lighting system operation, the
agent decision process (ADP) can be expressed as:

of f
if Occ = 0 || Occ ≥ 0 && Request 6= 0
ADP =
(4.9)
on
if Occ ≥ 0 || Occ = 0 && Request 6= 0
Three type of building models are differentiated:
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i) Single zone large office building represents a simple building envelope
model. The power demand of the model is a function of the comfort system
and of a base load. The latter, is kept constant during the time the building
is occupied. Five variations of the model are used, as shown in Table 4.3
ii) Five-zone small office building represents a model of a small building with
five comfort zones. As in the previous model, the power demand is a function
of comfort system, but also of the operation of lights, and the office equipment
in each zone. At each zone the three control variables, i.e., (T ), (Rh), and
(ΦCO2 ), the occupancy, and the power demand is measured. Two variations
of the model are used, as shown in Table 4.3.
iii) 24-zone large office building represents a two-floor building with 24 comfort
zones. This model includes 10 EV charging stations, adding an extra constraint
to the optimization problem of the BEMS that needs to ensure the vehicles
are charged with at least the minimum required state of charge, SoC. The
characteristics of this building are shown in Table 4.3.

4.5.1

Voltage support

As the majority of the loads are connected to the LV network, and due to a higher
impedance than in MV or HV networks, voltage regulation in LV feeders is one of the
biggest concerns of DSOs. Voltage variations, ∆ u [p.u.], over a network feeder can
be formulated as a function of the active power, P [W ], the reactive power, Q[V Ar],
and the line impedance Z[Ω] = R + jX, as described by the following equation:
∆u=

(P · R + Q · X) + j(P · X + Q · R)
,
ubase

(4.10)

where ubase is the base or reference voltage, e.g., ubase = 240V for LV networks.
As shown in the equation, the ∆ u [p.u.] depends on both the power flow in
the feeder and the network impedance. However, the impact of the active power
and of the reactive power on ∆ u [p.u.] is defined by the X/R ratio. In the LV
network, the impedance is mostly resistive, which means that active power has a
bigger impact on the voltage variations along the feeder. Consequently, standards
have been developed, like the EN50160, to establish the voltage limits in a network,
e.g., ±10% of the nominal value for at least 95% of the time in a week.
Accordingly, the MAS-BEMS system aims to offer voltage support services to a
feeder agent, based on information collected from the building’s point of connection
(POC), and dynamic adjustment of the weight value in the PSO objective function.
Using the LV feeder model described earlier, three scenarios are explored as follows:
i) Bias scenario: Minimizing energy consumption has a higher priority in the
building optimization problem, assuming “W = 0.3".
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ii) Fair scenario: Comfort level and energy consumption are equally weighted in
the building optimization, leading to “W = 0.5".
iii) Dynamic scenario: The building behavior is affected by the feeder agent’s
requests based on the voltage variations.
The first two scenarios are defined as benchmarks for the dynamic operation.
They define the boundaries within which the dynamic scenario offers flexibility.
Simulations are run for a 24-hour period, while the optimization and control are done
in 15 minutes intervals22 . Furthermore, based on initial simulations, the acceptable
voltage ranges are specified for the three voltage measuring points. For instance,
at the first smart building’s connection point the admissible range is 1 p.u. ± 2%,
whereas at the second smart building connection point, the admissible range is
1 p.u. ± 3%. In total there are 33 agents monitoring each smart building23 , and
one feeder agent. This means that in total in the SG-BEMS platform, there are 67
agents interacting every 15 minutes.
Fig. 4.5 shows the total active power demand of the feeder for each scenario,
including the non-flexible loads profile and the smart building power demand.
The load profile in the dynamic scenario shows stepwise characteristics during
the operating time of the buildings. This behavior is the result of the dynamic
adjustment of the PSO weight, i.e. ∀ W ∈ [0.3 0.7], depending on the feeder agent
requests. The fair scenario results in the highest energy consumption, while the
bias one results in lowest energy demand but causing also lower comfort levels, as
it will be discuss next. The figure also shows the degree of comfort satisfaction in
each building. Different occupancy functions are used for each building, resulting in
slightly different energy profiles obtained for the three scenarios defined. Relative
comparison of three scenarios for building’s energy consumptions is similar to the
observation at the feeder level. Both buildings show similar demand and comfort
profiles. While the fair scenario results in the highest comfort levels and the highest
energy demand, the bias scenario results in the lowest comfort levels as well as the
lowest energy demand. However, the dynamic scenario shows a fair comfort level,
and energy demand bounded by the demand of the other two scenarios. Finally,
Fig. 4.5 shows the PSO results, i.e., v̇in , v̇out , v̇s,w , for the second building. As can
be seen, the PSO adjusts the behavior of the comfort systems, by adjusting the
required volumetric flow rates of the AHU and heating system. However, due to the
stochastic nature of the PSO technique it cannot be ensured that the solution found
each time is always a global optimum. Nonetheless, by having a sufficient number
of iterations, and by monitoring the change in the movement of the particles, it can
be ensured that the search domain has been well explored.
22

This interval corresponds to the PTU, (Program Time Unit) period adopted by the Dutch
transmission system operator TenneT, for scheduling and settlement of the electricity market
participants. However, it can be extended to different time horizons.
23 Five device agents for the sensors {T,Rh,CO ,Occupancy,P[W]}, Five zone agents, two comfort
2
agents, and one BEMS agent
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Figure 4.5: Agent based PSO simulation results, showing the total power demand
in the feeder, the comfort profile of the two smart buildings, and the PSO results for
the second building, i.e., the heat pump water supply flow rate v̇s,w , the outdoor air
supply flow rate v̇in , and the exhaust air flow rate v̇out .

Fig. 4.6 and 4.7 shows the feeder’s voltage profile variation over the cable and in
time. As illustrated, the biggest different among the three scenarios are found at the
end of the feeder, where the smart buildings are located, i.e., cable section 8 and 10.
In Fig. 4.5 it is observed that during the time in which the buildings are empty the
three scenarios behave quite similarly, resulting in a similar voltage profile across
the scenarios 4.7. This is mainly because, while there are no occupants the PSO is
giving energy a higher weight. However, during the operating time of the buildings,
differences are appreciated between the three scenarios. Fig. 4.6 and 4.7 show the
operation of the building without offering grid support (red line and shadow). It
results in an optimal comfort profile as shown in Fig. 4.5. As comfort is not scarified,
despite being efficient, it is the scenario with the higher energy consumption. This
in turn means a lower voltage profile for the feeder. As expected, the bias scenario,
(blue line and shadow), shows the highest average voltage with a more stable profile.
However, Fig. 4.5 shows that this scenario also represents the worst comfort levels
in the building, which makes it undesirable. Finally, Fig. 4.6 and 4.7, show the
operation of the SG-BEMS agent based system, (green line and shadow). It results
in a voltage profile that is higher than the one obtained from the fair scenario, but
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Figure 4.6: LV feeder average voltage profile and its variation through the cable
lenght, showing the results for the different building control scenarios.
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Figure 4.7: LV feeder average voltage profile and its variation through out the day,
showing the results for the different building control scenarios.

lower than the one from the bias scenario. Furthermore, this dynamic scenario shows
a switching behavior in the voltage profile, result of the switching power demand (see
Fig. 4.7). As the agent feeder detects the voltage going lower than specified it sends
a request to the building. Depending on the comfort value, the building decides
whether to accept the request or not. If so, the SG-BEMS changes the weight in the
PSO block, resulting in a lower power demand. However, this also means a decrease
in the satisfaction perception, as shown in Fig. 4.5. Despite the fact that this
switching behavior might not be preferred over a steady voltage profile, in reality
the switching will not happen all at the same moment in time, so the resulting
voltage profile will be much smoother. Furthermore, in this case, the frequency of
the variation is not sufficient to be consider a rapid voltage variation, and the change
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Figure 4.8: Voltage magnitude at the end of the feeder during a voltage swell.

in magnitude is not big enough to be consider a slow voltage variation. Thus, not
sufficient to create flicker problems, or problems in the operation of the consumer
devices, and therefore admissible for network operation [111, 112].
Fig. 4.8 shows a voltage swell scenario. As expected the voltage swell is
decreased due to the operation of the building towards comfort. Despite being a
small improvement, this effect could be improved through the use of thermal or
electrical storage. Furthermore, the control of more loads can be combined into a
single coordinated action, in order to enhance the flexibility offered. This will be
discussed in the next Chapter.

4.5.2

Congestion management

The transportation and distribution of electrical power is limited by the network
capacity, which is defined by the physical characteristics of the components of
the electrical power system, e.g., cable rating, transformers capacity. In turn, the
network capacity defines the allocation constraints that need to be respected in order
to maintain the power system within the operational security limits, for instance,
the maximum current a cable can transport or the maximum loading of a power
transformer. When these limits are endangered or violated it is commonly referred
as power system congestion, i.e., insufficient transport capacity of network element
or section. The relevance of congestion issues lies on its relation to the decrement
of asset life-time, thermal stress, fire hazard, and black-out events. In response,
congestion management refers to the sum of measures taken to avoid or eliminate
congestion, e.g., re-dispatch, re-configuration, etc. [36]. This is especially important
when considering that in the emerging power system an increased power infeed from
dispersed sources (DER) is expected. In a general way, the congestion problem can
be seen as a constraint in an optimal power flow or economic dispatch. The latter
is mathematically defined as follows:
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Γ=

m
X
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γi (Pi )

(4.11)

i=1

Subject to
PD + PL =

m
X

PG,i

(4.12)

i=1

Pi,min ≤ Pi ≤ Pi,max

(4.13)

Pj,min ≤ Pj ≤ Pj,max

(4.14)

where Γ is the total operating cost of the network, γi is the cost function of
the generator i, while Pi is the active power production of the same generator.
Furthermore, the first constrain represents the power balance between supply (right
hand side part), and the total demand PD , including the total losses in the system
PL . The second constraint represents the limits of generation, while the last
constraint represents the flow constraint of the line/element j.
Using the MAS-BEMS platform in collaboration with a distribution agent and
an aggregator, the aim is to assist the congestion management process based on
information collected from the network, and dynamic adjustment of the weight value
in the PSO objective function. Using the MV network model, congestion problems,
i.e., overloading, are examined at two levels of the system. These correspond to
the entire network and the MV sub-ring, i.e., industrial loads. For the sake of
computation time, the LV part is not monitored and therefore not used for congestion
management. In total, there are 167 agents interacting every 15 minutes. Two of
these agents correspond to an aggregator, and a distribution agent, while six more are
single layer BEMS agents (Single zone large office building). Finally, the remaining
159 are used to operate a 24-zone large office building, organized in hierarchical
structure.
Once a congestion issue is detected at either point of the MV network by the
distribution agent, a request is sent to the aggregator for power reduction. This
request is then distributed among the smart buildings, which modify their operation
behavior to reduce their power demand. Initial results showed that if the overloading
lasted longer than a couple of PTUs, under this strategy the capacity of the network
is violated again, creating a switching like behavior, this is shown in the top part of
Fig. 4.9 . In order to explore the effect of request type on congestion three request
strategies are defined:
i) Discrete request: A request is created once a congestion issue is detected. Once
the situation is resolved, the request is cleared, allowing the buildings to return
to their normal behavior.
ii) Continuous decreasing request: In this strategy the request is created in a
similar fashion as in the discrete request. However, after the situation is
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Figure 4.9: Network and MV feeder loading under normal and SG-BEMS operation,
showing the defined loading limits and flexibility request variation.

resolved, the aggregator sends a decreased request. This continues until the
request reaches the zero crossing.
iii) Bounded decreasing request: This strategy is a mixture of the two previous
strategies, i.e., a bounded strategy. This means that after an overloading
situation is detected, a flexibility request is created for each MV load, and
after the normal situation is restored, a decrementing request is sent until it
has decreased to a 70% of its starting value.
Every flexibility value or offer is determined by the BEMS agent based on the
load’s share of the total overload, i.e., ratio between the total overload and the
building power demand. As the share increases so does the request value, which
means that the impact of such load will be greater, with F lex ∈ {0% − 40%}. The
request is defined by the aggregator based on the ratio between the total demand and
the rated capacity of the network, e.g., transformer or cable capacity. A situation
is considered as overloading if the rated capacity of the system is surpassed and
sustained for a certain amount of time. Fig. 4.9, shows additionally, the rated
capacity defined for the distribution network, i.e., 0.32M W , and the MV sub-ring,
i.e., 0.24M W . In the figure it can be seen that the distribution network and the
MV sub-rings are both overloaded at different moments in time. This corresponds
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to different requests in time, depending on the strategy used. Furthermore, the
figure also shows in the left hand side the aggregator requests for the three strategies
described before. It can be seen how the discrete strategy results in a higher number
of requests. As discussed before, if the overloading last longer than a couple of PTUs,
a switching like behavior is observed in the resulted network load profile. This is
the result of the building going back to normal operation, while the capacity is very
close to its limit but under it. This behavior can be also seen in the bounded request
strategy, although, with a lesser degree. Such issue can be addressed through the
use of forecasting agents to determine the duration of the overloading issue, and
create the flexibility request accordingly, i.e., proactiviness.

4.6

The role of EVs in demand flexibility and comfort

Part of the SG-BEMS framework is the correct operation of the non-comfort systems,
while grid support is offered through the flexible behavior of the building. New
forms of electric load, such as electric vehicles (EVs), place new challenges and
opportunities for both grid and building energy management systems. It has
been shown that uncontrolled charging could potentially lead to transformer and
cable overloading [113], increase of the distribution losses, and of the peak demand
[114], and negative effect on voltage profile, power balance and power quality
[115]. However, it is also shown that controlled charging has a potential to reduce
transformer overloading with 20%, as well as, investment cost, i.e., 60%, and energy
cost, i.e., 40% [113]. Furthermore, it could provide peak shaving and peak shifting,
maximizing use of the base generation and increasing assets utilization factor [116].
One distinct feature of EVs is their mobility, EVs can connect and charge at
different locations creating uncertainty as to their position. However, the location
with a higher density of EVs connected will have a bigger impact on the grid
operation. Therefore, considering all these features, integrating EVs will have a
noteworthy influence on the interaction between smart grid and building energy
management systems, so-called SG-BEMS. Under the specific research area of EV
charging, there is a wide range of controlled charging methods proposed throughout
the literature [117, 118]. However, EV charging strategies in the BEMS context,
i.e., comfort management, in which user satisfaction is considered at all time, e.g.
comfort parameters, minimum state of charge, etc., are still lacking. [119–121].
In a general way, the inclusion of EVs adds an extra constraint to the optimization
problem of the BEMS, in order to ensure that the cars are charged sufficiently, as
follows:
Ztod
SoCi (t)dt ≥ RSoCi ; ∀i
toa

(4.15)
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where, SoC is the current state of charge24 , RSoC is the required state of charge,
toa is the arrival time, and tod is the time of departure25 . Furthermore, SoC and
RSoC are given by:
Q(t)
1
SoC(t) =
=
Q0
Q0

Zt
I(t)dt

(4.16)

toa

DER
Dt,
RSoC =
SoCmax − SoCmin

(4.17)

Different charging strategies26 are followed by the MAS-BEMS for the 24-zone
large office building as defined in [122], these are:
i) Smart charging 1 : No communication between charging and BEMS agents.
When the feeder agent detects an under-voltage problem, it sends a request
to the BEMS agent to reduce comfort system load. In turn, the BEMS agent
uses the comfort agent to invoke the required flexibility.
ii) Smart charging 2 : Communication between charging and the BEMS agent is
enabled. In response, to a feeder request, the EV charging load is reduced. In
this case, comfort is not compromised in order to improve the voltage profile.
iii) Smart charging with V2B : Communication between charging and the BEMS
agent is enabled. In response, to a feeder request, EVs with SoC ≥ RSoC
will be discharged, starting with the EV with the highest difference, to further
improve the voltage level under a vehicle to building (V2B) scheme. While the
V2B scheme is activated, due to a feeder request, not charging is allowed.
In all three scenarios, the number of EVs charging at the same time is limited to
obtain a relatively equal distribution of load in time. This number is the kept same
for all scenarios unless a request from the feeder agent is received. The charging
procedure is based on a priority method. This priority, Π, is estimated on basis on
the duration of the EV connection to the charging station, RSoC, and the current
state of charge, SoC(t), and the current time, t.


RSoC−SoC(t)
SoCmax −SoCmin (td − ta)
Π=
(4.18)
td − t
Fig. 4.10 shows that under all charging strategies the RSoC of all cars is
provided. Under uncontrolled charging, all the EVs are charged to their SoCmax .
24

The equation presented here is a simplification of the charging management systems of an EV.
In general, battery management systems also impose heavy constraints to modulating charging
power
25 In this work the last three parameter are assumed a user input.
26 All strategies assume a constant charging rate.
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Figure 4.10: EVs initial, required and final state of charge, showing the results for
each charging strategy.
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Figure 4.11: Building comfort profile, active power demand, and EV charging load,
showing the results of the different EV charging strategies.

However, under the other three strategies the final state of charge is closer to the
required one, which means improved energy efficiency. Under the V2B strategy, EVs
with RSoC > SoC at a given moment in time, are discharged to support the grid
voltage. This can be seen in the figure, EV 3, the final SoC is lower than the initial
one, but higher than RSoC.
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Fig. 4.11 shows the degree of comfort satisfaction in the building, as well as the
load profile of the building comfort systems and the load profile of the EV charging
process. From the figure it can be seen how the uncontrolled charging results in the
highest demand peak. Whereas the other three strategies result in a lower peak, and
a more even distribution of the charging process over the time the cars are presents.
Furthermore, regarding comfort, only smart charging 1 has an impact on it, making
comfort decrease as the result of the feeder agent request. This action is also seen
in the decrease of the active power demand of the comfort systems under the same
strategy.

4.7

Summary

Throughout this Chapter the use of the SG-BEMS platform and comfort
optimization for grid support is discussed. By stating the general optimization
problems of non-residential buildings in the SG-BEMS, the role of computational
intelligence in uncovering and utilizing the demand flexibility potential is unveiled.
From the presented results, it is clear that through the SG-BEMS framework demand
flexibility services like, voltage support and congestion management, are possible
without significant effects on the building operation. Thus, it enables the smart
behavior of prosumers in benefit of not only local goals but also the grid operation.
However, it is also shown that such a framework requires an adequate flexibility
request signal and an appropriate agent decision making strategy.
This Chapter shows that with the use of basic operation rules, the proposed
system can effectively improve the voltage profile of the feeder, while ensuring
acceptable comfort levels. Furthermore, the bottom-up architecture proposed
guarantees that the information is treated in hierarchies reducing the flow of
unnecessary information, which will become critical in larger systems. Furthermore,
an optimization strategy was presented for building energy management systems,
which optimizes both energy and comfort in a zone. A dynamic weight PSO
was compared against two constant weight scenarios, i.e. fair with “W = 0.5",
and bias with “W = 0.3". From the results obtained, it can be concluded that
the PSO algorithm offers great potential not only for energy savings and comfort
optimization, but also for voltage grid support and congestion management. In
this work, the weight value in the dynamic scenario was changed based on the
detection of occupancy as well as the voltage levels at the feeder. From the results
it can be concluded that the combination of distributed intelligence with innovative
optimization techniques offer not only benefits for both domains but also allows the
inter-operation of them.
The Chapter also discusses the possible role of EV in the SG-BEMS framework,
showing that uncontrolled EV charging does not only worsen the voltage profile
at the building point of connection, due to the huge power demand increase, but
also could create power congestions. On the contrary, the smart charging offers
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the advantage of distributing the charging load over time by limiting the peak
power demand. It increases also the demand flexibility potential of a building while
reducing the impact of this flexibility in the building comfort. It is shown that with
the use of basic operation rules, the proposed system can effectively improve the
voltage profile of the feeder, while ensuring acceptable comfort levels and the supply
of the required energy to the EVs.

5
Neighborhood operation optimization
The role of coordinated and cooperative agent
behavior

5.1

Introduction

The distributed nature and size of active customers requires for demand flexibility
to be aggregated [123, 124]. Especially, because the demand flexibility potential of
commercial buildings is a scarce resource, that is bounded by comfort. Therefore,
it is paramount to define an adequate decision making strategy to maximize the
welfare of the different stakeholders in DR. In the literature, reinforcement learning
(RL) has become an increasingly popular technique for decision making, due to its
capacity to solve problems without initial knowledge of the environment [125, 126].
Inspired by behavioral psychology, RL aims to map the link between actions and
environmental states in order to maximize a reward, using only the experience of
the decision maker in an unsupervised learning process. The previous makes RL an
interesting option for the coordination of DR resources in a dynamic and large scale
environment, such as the emerging power system [127, 128].
This Chapter proposes a scalable architecture based on Multi-Agent Systems
(MAS), for the integration and control of flexible demand, and with the main
objective of managing the flexibility offer of an array of buildings. In addition,
the negative impact on the building’s comfort is reduced. Accordingly, this chapter
proposes a novel cooperative and decentralized method for decision making based on
reinforcement learning, dubbed extended joint action learning (eJAL). This method
is compared to a decentralized non-cooperative method, i.e., Q-learning, and to
a centralized non-cooperative one, i.e., Nash n-player game, on the basis of grid
support effectiveness, fairness, and comfort loss. In general, adequate agent decision
making leads to an active integration of the comfort impacts on the DR decision
making process of non-residential building, and to the development of an agent
based platform to exploit the flexibility potential of non-residential buildings, while
taking into account the building dynamics.
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The remainder of this Chapter is structured as follows. Section 2 describes
the demand flexibility aggregation problem. Section 3 introduces the multi-agent
decision making strategies. Section 4 shows the interoperation with the smart grid,
showing the results for the demand flexibility aggregation problem under the different
decision making strategies, and assessed based on the request-offer equilibrium,
fairness, comfort loss and overload duration. The Chapter also shows the use of
the SG-BEMS agents in the mitigation of wind power forecast errors. Lastly, the
Chapter is closed with conclusion drawn from the work.

5.2

Demand flexibility aggregation problem

In the SG-BEMS framework the use of demand flexibility is formulated as a two-level
optimization problem. The first optimization problem originates from the need for
aggregating demand flexibility, as shown in Fig. 5.1. At this level, the aggregator’s
objective is to invoke sufficient demand flexibility at the lowest cost for the end user,
i.e., the occupant. This is equivalent to the minimization of the difference between
the sum of all flexibility offers (Fs ), i.e., aggregated flexibility, and a flexibility
request (Fr ), with a hard comfort constraint for all the buildings. This problem is

Figure 5.1: System model, showing the schematic of the network model, and the
different agents.
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solved at every time interval t for a given Fr , as follows:
Minimize

n 
X

Fr −

t=1

subject to Ct,i ≥

B
X


(Fs,i PC,i )

i=1
min
Ct,i , ∀i

(5.1)
∈ B, ∀t ∈ [1, ..., n],

Fs,i ≥ 0.
where B = {1, · · · , B} is the set of buildings in offering flexibility; Fr is defined as
the total amount of power to be shifted, curtailed, or increased at a given moment
of time; Fs,i is the flexibility offer of building i; Ci is the comfort pertaining to the
ith building as in (3.2); and Ci,min is the minimum allowable comfort for the ith
building. In turn, Fs,i is defined as follows:
PCf
PC
PC = PAHU + Pheater
Fs =

(5.2)

where PC is the nominal power demanded by the comfort systems in building; and
PCf is the amount of power that can be shifted, curtailed, or increased by the comfort
systems in building.
The second optimization level, i.e., building level, aims to maximize both comfort
and energy efficiency as described in chapter 4. Despite the fact that this chapter
focuses on the problem described by eq. (5.1) and solved for Fs,i to offer grid support
services, it relies on the ability of each building to optimize its comfort and energy
use. This is a multi-objective problem, with two conflicting objective functions,
i.e., comfort maximization and energy use minimization. For the purposes of this
chapter, this problem is solved using a weighted aggregation approached combined
with particle swarm optimization as described in chapter 4. The aim of this chapter
is to define the flexibility offer of each building at a given moment of time and given
the specific comfort situation of the building. Furthermore, the technical uses of
flexibility are explored which occurs in the operation time scale, i.e., near real-time,
and within a local distribution network area. In this case, the flexibility is used
to facilitate local grid operations, through appropriate decision making and the use
of distributed and decentralized intelligence. More details on how this problem is
solved are given in the next sections.

5.3

Multi-agent decision making

The demand flexibility aggregation problem (see eq.(5.1)) is highly complex, not only
because its complexity increases with the number of buildings, but also because it
is potentially conflicting to optimization task of each building. To cope with this,
we harness the advantages of MAS, which provide a natural framework for solving
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complex and conflicting tasks, while comparing self-interested and cooperative
behaviors.
In contrast to centralized solutions with available information about the
whole environment, in a MAS knowledge and operational responsibility are
compartmentalized in two or more agents embedded in the environment. These
agents are able to perceive their environments, and to autonomously react to changes
in it. As a consequence, the performance of the MAS is defined by the set of actions
taken by agents in response to changes in the agent’s environment, and information
exchanged with other agents.
Additionally, if the agents in a MAS are not allowed to share their observations
and beliefs about the environment, i.e., non-cooperative process, the objective is to
solve the general problem through the individual actions of the agents as a result of
local information. On the other hand, if communication is granted and agents are
able to share their observations and beliefs over the environment, i.e., cooperative
process, the objective is to find the set of optimal joint actions that maximizes
the pay-off function of all the agents. In the particular context described here,
for a decision making strategy to work, the problem has to be a function of both
the flexibility offer and user comfort. To do so, we explore the performance of noncooperative agents in a both a centralized a decentralized setting, and it is compared
to cooperative agents in a self-organizing setting, i.e., decentralized.

5.3.1

N-player game formalism

In a general way, the control problem for each agent can be formalized using Markov
Decision Processes (MDPs).
Definition 1 A Markov Decision Processes is defined by a 4-tuple hS, A, T , Ri,
where S is a set of states, ∀s ∈ S; A is a set of actions, ∀a ∈ A; T : S ×A×S → [0, 1]
is the transition function given by the probability that by choosing action a in
state s at time t the system will arrive at state s0 at time t + 1, such that
pa (s, s0 ) = p(st+1 = s0 |st = s, at = a); and R : S ×A×S → R is the reward function,
where Ra (s, s0 ) is the immediate reward received by the agent after it performs the
transition to state s0 from state s.
Under the Markov property, MDPs assume that the state transitions are only
dependent on the previous state of the system, and are independent of any previous
environment states or actions of other agents on their own environment. Therein, a
rational agent i acts in order to maximize its own utility, or payoff function Ri , such
as:
V (s, π) =

∞
X
t=0

where γ is a discount factor.

γ t E(rt |π, s0 = s)

(5.3)
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This means to find the optimal policy, π ∗ , from the set of available policies π, in
response to an observed environmental state s, and from the set of available actions
to the agent. Then the agent’s behavior is simply a mapping function of environment
states to actions. The standard solution is following the Bellman equation in the case
of fully observable environment. In our case, e.g., partial observable environment, a
model-free reinforcement learning solution is imposed by the information available
in the system and detailed further.

5.3.2

Extended joint action learning

As was discussed, in a decentralized system, the decision responsibility is taken
away from a central unit or agent. To do so, each agent is required to relay on
available local information, and depending on the decision strategy, on information
exchanged with other agents. In this Section we present a decentralized and noncooperative strategy based on the standard Q-learning method. Moreover, we extend
this method and propose a decentralized and cooperative reinforcement learning
method, dubbed extended joint action learning (eJAL).
Q-learning
The Q-learning method, introduced by Watkins [129], is one of the most popular
solution in MAS, where the action rules are often stochastic. This algorithm is based
on a function which calculates the quality of a state-action combination, defined by
Q : S × A → R. Before the learning phase, the Q matrix takes an initial value.
Then, each time the agent selects an action, it observes a reward and a new state,
s0 , that may depend on the previous state and the selected action, p(s0 |s, a). The
action-value function of a fixed policy π with the value function V π : S → R is
Qπ (s, a), ∀s ∈ S, a ∈ A, such that
Qπ (s, a) = r(s, a) + γ

X

p(s0 |s, a)V π (s0 )

(5.4)

s0

The value of state-action pairs, Qπ (s, a), represents the expected outcome when
one agent is starting from s, executing a and then following the policy π afterwards,
such that V π (x) = Qπ (x, π(x)). Thus, the optimal value is obtained for ∀s ∈ S,
such that V ∗ (s) = maxa Q∗ (s, a) and π ∗ (s) = arg maxa Q∗ (s, a).
The value of state-action pairs is given by the same formal expectation value,
Eπ , of the total return rt , such that Q(s, a) = Eπ (rt |st = s, at = a). The Q-learning
algorithm has the update rule defined by

Qt+1 (st , at ) =Qt (st , at ) + αt rt+1
+ γ max Qt (st+1 , a) − Qt (st , at )
a



(5.5)
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where the discount factor γ ∈ [0, 1] trades off the importance of rewards, while
the learning rate α ∈ [0, 1] determines the rate at which new information override
the old one.
In the non-cooperative setting, the problem described in section 5.2 is tackled
through the actions taken by the individual agents, without information on the
actions of others. Thus, the agent’s reward rt+1 observed after performing at in st
is is inversely proportional to the difference between the total flexibility request and
the amount of flexibility offered by agent i, and it’s given by:
rt+1 (s, ai ) =

1
· ci,t
|Fd − Fs,i |

(5.6)

where the ci,t is a binary value for agent i at time t, such that it takes a value
of zero if comfort limits of the building i are violated, otherwise a value of one.
So far we considered a relaxed version of the multi-agent learning problem where
the optimal policies of the other players is considered stationary. Furthermore, we
did not consider multi-agent cooperation, i.e., the agents are choosing their actions
greedily by maximizing their individual reward.
Extended joint action learning (eJAL)
Q-learning is typically used for equilibria in case of one agent, and it is unfeasible
for cooperative multi-agent settings, where the joint action spaces will grow
exponentially with the number of agents. Consequently, if the design is generalized
properly, a special case of partially observable Markov decision process (POMDP)
can be used. The joint action learning (JAL) method [130] extends the Q-learning
method, from one agent to multi-agents, by including in the optimal policies the
actions of the other (competing) agents. Successfully applied in many stochastic
games with two or three agents, e.g. to design a flexible market [131], JAL requires
further two slight modifications in order to make it suitable for our demand flexibility
game. We call this extended version eJAL. Firstly, due to MAS scalability reasons,
the conditional action space is defined using a tuple over all the other buildings.
To calculate the equilibrium of the stochastic game for each state we need to solve
a linear optimization problem, equivalent to the one presented in eq. (5.1), now
redefined by:
Maximize

XX
t

Subject to

XX
t

X

p(ai )Qt (st , ai,t )

ai

p(ai )∆Qt ≥ 0, ∀ai ∈ A

ai

p(ai ) = 1

ai

p(ai ) ≥ 0, ∀ai ∈ A

(5.7)
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where p(ai ) is the probability of choosing a particular action ai at moment t , and
∆Qt = [Qt (st , ai,t ) − Qt (st , a0i,t ] is the updated value at time step t.
Secondly, a preferential attachment process is included for every agent in a multiagent full cooperative game in order to use a joint reward function. The major
difference between Q-learning and eJAL is the joint reward function ri (ai , si |aothers )
obtained by agent i as it executes action at and as the other agent executes action
aothers at each time step t. Thus, the reward observed by agent i is inversely
proportional to the difference between the total flexibility request and total amount
of flexibility offered by all the agents. This is further defined by:
rt+1 (ai , si |aothers ) =

1
· ci,t
|Fd − (Fs,i + Fs,others )|

(5.8)

where the ci,t is a binary value for agent i at time t, such that it takes a value of
zero if comfort limits of the building i are violated, and a value of one otherwise.

5.4

The interoperation with the smart grid

This section describes the simulation setup implemented to demonstrate the
performance of the agent platform, which is based on the SG-BEMS structure
presented in Chapter 2. The competence of each agent decision making strategy
is assessed regarding transformer overloading time, flexibility request and offer
match, and comfort loss. The case study consists of two parts including a Simulink
distribution grid model serving as the physical environment, while the agents are
developed in the middleware environment of Java/JADE.
Modelling physical environment
The general schematic of the proposed system is shown in Fig. 5.1. The
figure represents a three-phase balanced network supplying electricity to seven nonresidential commercial loads in a single MV sub-ring, and an aggregation of 27
residential loads represented as a lumped LV load. The MV network is based on the
one presented in section 4.5, with the same cable data (see table 4.2).
The LV aggregated load is modeled using a static profile obtained from measured
data of 27 typical Dutch LV loads connected to the same feeder [9]. The commercial
loads are modeled as single-zone large office buildings (see section 4.5) . The power
demand of these loads consist of two parts:
a) Flexible power demand: result of the operation of the comfort system in
response to variation of the outdoor conditions27 and the occupancy levels;
27

Dutch weather data from the KNMI (Koninklijk Nederlands Meteorologisch Instituut) for 2013
is used for the outdoor temperature and relative humidity.
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Table 5.1: Building characteristic information.

Building
1
2
3
4
5
6

Floor Area [m2 ]
554
1005
4535
5233
9034
554

No. Floors
3
12
9
6
5
3

Floor Height [m]
3
3
3
3
3
3

b) Base load consumption: result of the operation of the other systems, which
follow a predefined operation schedule28 .
Finally, construction data from the DOE 2004 standard for the Netherlands is used
for all the buildings (see Table 3.1b) with different building volume for each load as
shown in Table 5.1.
Modelling cyber environment
For this case study, the SG-BEMS agent platform aims to coordinate the operation
of the non-residential systems to act timely and appropriately to a flexibility request.
To do so, the MAS platform is formed by a total of 9 agents, divided in three main
type of agents [49]:
a) The distribution agent: It is in charge of network monitoring and
responsible for establishing the flexibility request, Fd , in case of having grid
congestions;
b) The aggregator agent: The role of the aggregator is to procure flexibility
from the prosumer to meet the flexibility request in an economic and efficient
way. It collects information from the portfolio of prosumers, and the
distribution agent;
c) The building energy management system (BEMS) agent: It is
responsible for the building operation29 and determines the flexibility potential
of the building at every moment in time based on the comfort state. This agent
is able to accept and prioritize requests made by the aggregator agent.
28

Occupancy, lights, device usage, and thermostat profiles are defined for each industrial load
based on the large office building schedules of the NREL (National Renewable Energy Laboratory)
platform OpenStudio R for EnergyPlus.
29 A PSO is used for the optimization of the operation of each building, and to find the balance
between comfort and energy. More details can be found in [49]. Although, it is simplified in this
work to a single agent, the agent based building energy management system consists of several
agents organized in a hierarchy to represent the operational structure of a building.
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Between the agents, ACL (agent communication language) messages containing
the necessary information, e.g., flexibility requests and offers, are exchanged. The
distribution agent senses the state of its environment P [W ] → S and decides which
action to take, i.e., how much demand flexibility to request A → Fd . Whereas,
the BEMS agent i perceives the building state, defined by an inner product space
between building comfort [0, 1] and building flexibility Fs,i . For each building agent,
the state si ∈ S is based on the comfort value at time t, and the flexibility request
Fd . More specifically, the building comfort value (see eq. (3.2)) is used to define the
comfort state as defined in section 3.2.1, and again as follows:
No comfort (NC)

0.0 ≤C < 0.6

Low comfort (LC)

0.6 ≤C < 0.75

Medium comfort (MC)

0.75 ≤C < 0.85

High comfort (HC)

0.85 ≤C ≤ 1.0

The ration between the flexibility request [kW] and the power demand of
the building [kW] is used to define 12 states for each comfort group. In total
48 states are defined for each building i : {s1 , ..., s48 } ∈ S. Each BEMS
agent decides how much flexibility it can offer by choosing one of the following
0
5
10
15
20
30
actions30 {Fs,i
, Fs,i
, Fs,i
, Fs,i
, Fs,i
, Fs,i
}. In turn, every action leads to a different
reward. Finally, the state-action matrix Q(s, a) has the following form:
Qi (s, a)
Fs0

s1
Q1,1
..
 ..
 .
.
 .
..
 ..
.
s48
Q48,1

Fs5
...

...
...

...

...

Fs30

Q1,6
.. 
. 
.. 
. 
Q48,6

We implemented the n-player game, Q-learning, and eJAL algorithms in the
Java/JADE environment using the mathematical details described in section 5.3.
Fig 5.2 shows the exploration of different learning rates, α, and discount factors, γ.
After a series of simulations, it was found that the best combination for this specific
application was α = 0.49 and γ = 0.6 for both cases. Both parameters have a direct
influence on the performance of the algorithms. The figure shows that a discount
factor of 0.5 leads to a faster convergence of the learning process. However, this is at
the expense of reducing the influence of the future rewards in the learning process,
which lead to a Q-matrix that reflected mostly the instantaneous rewards set for
each agent.
30

The superscript of each action indicates a percentage of the building’s power demand at time
t that is offered as flexibility.
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Figure 5.2: Learning rate and discount factor parameter selection, showing the error
reduction rate for the three comfort states in the Q-learning algorithm.

As previously mentioned, three decision making strategies are evaluated
and compared on basis of transformer overloading, and the flexibility offer.
The experiments aim to analyze comprehensively the effect of cooperation in
decentralized decision making strategies, and compare the proposed decentralized
method to a centralized solution. Consequently, the two non-cooperative methods,
i.e., Nash-NPG and Q-learning, are compared against the proposed decentralized
cooperative method, i.e., eJAL. The learning process for the decentralized strategies
was carried out in a period of 100 days, while the actual result corresponds to a
simulation for five days. Furthermore, one scenario without flexible behavior is
defined as a benchmark. This scenario exhibits a total overload time of 21 hrs over
the five days.
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Request-offer equilibrium

The relationship between flexibility offer and request can be seen more clearly in
Fig. 5.3a for the first 20 request31 . Furthermore, Fig. 5.3b shows the distribution
of the flexibility offer of each building for the different decision strategies. Whereas,
the demand flexibility offers for all six buildings, aggregated over the five days, and
relative to the aggregated flexibility request are depicted in Table 5.2. From the
results is noticeable that the flexibility responsibility is given mostly to buildings
4 and 5, Fs ∈ [20% − 80%] under the centralized non-cooperative strategy. In
contrast, the decentralized strategies exhibit a fairer distribution of the flexibility
responsibility, with clear differences between them. This means that cooperative
behavior allows for a shift of responsibility between the buildings.
F s,2

F s,3

F s,4

F s,5

F s,6
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Fs [p.u.]

Flexibility [kW]

F s,1

150
100
50

0
1
Q-learning

Q-learning

0.8

200

Fs [p.u.]

Flexibility [kW]

0.4
0.2

0
300

100

0.6
0.4
0.2
0

0
200

1
eJAL

150

0.8
Fs [p.u.]

Flexibility [kW]

N-players game

0.6

100
50

eJAL

0.6
0.4
0.2
0

0
0

5

10
Request

15

20

a) Flexibility offer and request, showing
the stacked demand flexibility offer and
the flexibility request.
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Building

b) Distribution of flexibility offers,
showing the flexibility contribution of
every building.

Figure 5.3: Flexibility results per strategy.

P
Table 5.2 also shows the ratio, η, between the total offer ( Fs,i ), and the
flexibility demand (Fr ). As the table shows, the centralized strategy offers the best
match of all the strategies investigated here, as it was expected. Additionally, Fig.
5.4 also shows that this strategy has the smallest variance of the solutions proposed,
31 The x-axis does not represent time, as the time at which a request is received by an BEMS
agent changes according to the strategy, due to the differences in the flexibility offer for the previous
time.

96

Neighborhood operation optimization

Table 5.2: Aggregated flexibility responses and request over five days.

N-player
Q-learning
eJAL

demand flexibility offer [%]
B1
B2
B3
B4
B5
B6
0
0.8
5.6 35.7 57.8
0
8.9 19.3 25.2 48.7 27.3 11.4
11.8 24.1 35.5
39
24.8 13.0

P

Fs,i
MW
6.3
8.9
9.4

Fr
MW
7.4
4.5
6.29

η
[p.u.]
0.84
1.95
1.48

making it the best among the three methods presented here32 . However, as was
mentioned the better performance of the centralized strategy comes at some cost. In
a decentralized setting, decision making strategies that rely less on communication
and don’t require centralized data management. From the figure it is clear that
cooperative behavior leads to a decrease of the flexibility over-offer, decreasing the
median by 22.1% to a value of 1.69. Nonetheless, Table 5.2 shows that Q-learning
reduces significantly the total flexibility request made by the aggregator to the
buildings, while eJAL exhibits 39% more request. This can be attributed to a
consequence of cooperation. When the others take actions that seem to be enough,
a building might choose to ignore a request, resulting in insufficient offers. This can
be seen in Fig. 5.3a.
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Median: 1.69
Median: 2.17
Median: 0.83
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Q-learning
eJAL
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6

Figure 5.4: Response match density function, showing the probability density
function of the three strategies.

5.4.2

Fairness of the game

In our case, all the players differ in size and energy demand, making it difficult to
find an adequate measure of fairness. We used the Jain’s fairness index [132] defined
32 The

reason for the flexibility mismatch for this strategy lies in the discrete nature of the flexibility
action.
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as follows:
P
J (F s,i ) =
B

ωf,i
B
i=1 ωp,i

2
(5.9)

PB  ωf,i 2
i=1

ωp,i

where the Jain’s fairness index is calculated by considering the responsibility and
the commitment of allocation values. The responsibility of a building is defined as
ωp,i = PBPi P , where Pi is the total power consumed by the cluster of buildings,
i=1 i
PB
P
.
i=1 i The commitment is defined as the ratio between the flexibility offer Fs,i
F
.
and the amount of flexility requested by the aggregator, Fr , such that ωf,i = Fs,i
r
Fairness index distribution
1

p.u.

0.8
0.6
0.4
0.2
n-player

Q-learning

eJAL

Figure 5.5: Fairness index distribution per strategy, showing that the decentralized
strategies result in a more fair distribution of the flexibility offer than the centralized
strategy.

Fig. 5.5 shows the distribution of the fairness index for the different decision
strategies. From this figure it is noticeable that eJAL is the most fair strategy with
a mean index of 0.84, followed by Q-learning with a mean index of 0.78. In contrast,
the centralized strategy proves to be the least fair with a mean index of 0.22.

5.4.3

Comfort loss

The averaged comfort losses corresponding to the demand flexibility offers are
presented in Table 5.3. Furthermore, the comfort profile of every building for a
day, and including the losses can be appreciated in Fig. 5.6. As it is observable,
these losses are quite small. While this is the preferred outcome, the main reason
behind this can be explained by a short rebound effect in the time step that follows
a request. In terms of averaged comfort loss, the Q-learning solution seems to be
the cause for the largest amount of comfort losses. This can be attributed to this
strategy offering more flexibility than the others.
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Table 5.3: Comfort losses averaged over a day for all six buildings, using different
decision strategies.

N-payer
Q-learning
eJAL

B1
0.0
0.34
0.3

Limit

B1

Comfort
B2
B3
1.05 0.82
0.8
1.4
0.9 1.06
B2

B3

B4

mean
[%]
0.722
0.96
0.76

B6
0.0
0.72
0.50
B5

B6

Q-learning

1
comfort [p.u.]

loss [%]
B4
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Figure 5.6: Building comfort profile for a single day, showing the comfort loss (shade
area) in each building under Q-learning and eJAL.

5.4.4

Overload duration

Fig. 5.7 shows the overload duration results for all the strategy, including the
benchmark scenario. Ideally, a perfect strategy should have a fast decrease for
the values above the limit, but once this value has been crossed it should return
the original curve. The figure shows that this is close to what the N-player strategy
does. However, it only achieves an overload reduction of 5.2%, so the total overload
time of 19.9 hrs. In contrast, Q-learning achieves a reduction of 22.6%, or 4.74 hrs.
Nonetheless, it is also noticeable that this strategy results in an over offer. Finally,
the eJAL strategy reduces the overload time with 16.3%, or 3.42 hrs, while having
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a slightly lower over offer.
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Figure 5.7: Transformer loading curve, showing the result for the three decision
making strategies and the defined limit.

For all the methods used the computational time required is in the order of
1-3 minutes for a simulation interval. However, this is in great measure due to
the complexity of the network and building models used. Nonetheless, the eJAL
method involves more communication between agents than Q-learning, and could
bring important benefits if the network dynamics, e.g. physical constrains or price
benefits, impose a multi-agent coalition.

5.5

Wind power forecasting error mitigation

In general, the accuracy of RES power generation forecasting is paramount in the
integration process of these technologies into the emerging smart grid. In fact, wind
power prediction error costs can reach as much as 10% of the total incomes from
the generated energy [133]. To deal with this issue, RES power output curtailment
is taken as a measure to reduce the adverse effects forecast errors. For example
in China, where the wind power installed capacity has increased dramatically, the
curtailed power quadrupled between 2010 and 2013; such quantity amounts to close
to 10% of the total wind power installed capacity [134, 135]. Nevertheless, this
results in a decreased generator efficiency, longer investment recovery times, and
ultimately increased electricity prices.
Under the SG-BEMS framework, demand flexibility can be used to reduce the
forecast error, thus, facilitating the introduction of RES into the smart grid. In this
case, the problem is similar to that of the optimization problem described by eq.
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Figure 5.8: System model, showing the schematic of the network model, and the
different agents.

(5.1), however, the flexibility request Fr is not the result of a network issue, but a
result of a forecast error, and expressed as:
Fr = Pwind,f − Pwind,r

(5.10)

where Pwind,f is the forecasted wind power output, and Pwind,r is the actual power
generated.
As in the previous Section, a MV network model is used to assess the forecast
error mitigation potential of the SG-BEMS agents. In this case, the network
includes a 9M W wind farm, and 15 non-residential loads33 as illustrated in Fig.
5.8. Furthermore, the three agent types of Section 5.4 are used for this case study,
with the addition of a wind agent. Finally, we make use of the Wind model based
on the Van der Hoven spectrum from [136]. This model considers a wind spectrum
divided in two parts, namely, a turbulent wind contributing to the fast components
and a mean wind accounting for the slower components. The purpose of the wind
model is to provide the input wind to the wind agent, i.e., the wind speed that will
ultimately determine the power output of the wind agent, as well as the wind power
forecast signal.

33

This loads correspond to the non-residential loads of Chapter 3, using the building and
construction data of Table 3.1 and Table 3.1.

Wind power forecasting error mitigation

5.5.1

101

Control strategies and agent coordination

In order to solve the optimization problem described in eq. (5.1), two agent
coordination strategies are implemented, as shown in Fig. 5.9. The first
coordination strategy, “agent control 1”, involves unidirectional communication from
the aggregator to the BEMS agents. Once a request for flexibility, (Fr ), is received by
the aggregator, it establishes the type of action each BEMS argent should take. This
is followed by an action request to each BEMS agent in the aggregator’s portfolio.
In turn, the BEMS agent takes the information received from the aggregator, and
based on the occupancy and comfort state of the building, the BEMS agent decides
on the action to take. This is repeated once a new flexibility request is received by
the aggregator.

Figure 5.9: Agent coordination for forecast error mitigation, showing on the left
the agent control 1 strategy and on the right the agent control 2 strategy; the green
arrows describe a TCP/IP communication step.

The second coordination strategy,

“agent control 2” uses bidirectional
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Figure 5.10: Wind power output, showing the expected and the actual power output.

communication between the aggregator and each BEMS agent. In a first step, the
aggregator sends a request to each BEMS agent, containing the type of flexibility
required. In a second step, each BEMS agent replies to the aggregator with a
flexibility offer vector. Finally, after receiving the offers of all the BEMS agents
in its portfolio, the aggregator creates a dispatch order that matches the flexibility
request, using a simple search algorithm. The result is sent to each BEMS agent,
who takes the appropriate action. This is repeated once a new flexibility request is
received by the aggregator.
Simulations are ran for a single winter day in the Netherlands. Fig. 5.10 shows
the forecasted, and actual wind power production of the wind farm, as well as the
resulting forecast error signal. For comparisons purposes, a business as usual (BAU)
scenario is simulated to assess the building action contribution under each agent
coordination strategy. Fig. 5.11 shows the aggregated power demand and averaged
comfort of the total number of prosumers. Under the BAU scenario, the buildings
are operated to maximize comfort based on the occupancy information. This is
shown in Fig. 5.11, where it can be observed that comfort starts increasing as
the day starts and attaining its maximum during the day time (working hours). In
order to mitigate the wind output forecast error, each building modifies its operation
behavior, as it is shown in the aforementioned figure. In turn, this affects the comfort
in each buildings. However, when only the required flexibility is dispatched, i.e.,
agent control 2, the loss of comfort is reduced. This is due to the fact that under the
first coordination strategy, each building is asked to provide its maximum flexibility,
which, at the aggregated level, could be more than needed.
In addition, Fig. 5.11 depicts the resulting wind forecast deviation, where it
can be appreciated that, both coordination strategies help mitigate the forecast
error by acting in the right direction and in the right times. In general, the wind
forecast error is reduced 13%, i.e., agent control 1. Although enough energy is
shifted by the buildings to mitigate most of the forecasting error, that is about
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Figure 5.11: Agent based control results for forecasting error mitigation.

80% of the error energy, due to the communication and control delays, there is a
delay in the response and the request of about a minute, which translates in an
unnecessary contribution from the prosumers. This is shown in the zoomed box
in Fig. 5.11. Lastly, by enabling a bidirectional communication, the aggregator
can create an improved dispatch order for its resources, reducing the amount of
over/under flexibility offer. This translates in an error reduction improvement of
12% by the second coordination strategy.

5.6

Summary

In this Chapter we look at decentralized multi-agent systems to enable the demand
side to become active in the control and operation of the power system. Building
agents are submitting flexibility offers, in order to satisfy as much as possible the grid
operator’s flexibility request, while taking into account the buildings’ objectives and
constraints, and reducing the communication burden. Firstly, by introducing a joint
reward function in joint action learning (JAL), a novel type of cooperative and at the
same time decentralized game, dubbed extended JAL (eJAL) is proposed. Secondly,
a comparison of eJAL with a decentralized non-cooperative method (i.e. Q-learning)
and with a centralized cooperative one (i.e. n-player game) is performed. It is shown
that a range of flexibility requests can be met by a portfolio of buildings without
significant comfort losses. This is possible for both centralized and decentralized
decision-making. The analysis performed showed that Q-learning is a good noncooperative method. However, it is outperformed by both, the centralized, and
decentralized cooperative methods, despite having the most pronounced decrease
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of the overload duration within the expected comfort constraints. Finally, the two
proposed decentralized approaches do not require the aggregating agent to have
complete information of the participating buildings, which is a clear advantage from
a scalability perspective. To the end, we highlight, that eJAL achieves the highest
fairness index, which is crucial in a fully decentralized system such as the smart grid.
Furthermore, this Chapter also shows the potential of demand flexibility to
mitigate the wind power generation forecast errors. In this case, it is clear that
the SG-BEMS platform and the SG-BEMS framework have the potential to invoke
the demand flexibility of the built environment and assist the integration process
of RES technologies into the power system. Moreover, it is shown that through an
aggregator, large buildings can offer enough flexibility to facilitate the integration
process of RES into the power system.
Finally, a major issue in the use of demand flexibility is the synchronization and
dispatch of the flexible resources. Despite the fact that the time constant of both
the built environment and the power system is relatively larger than communication
latency issues, delays due to unsynchronized detection steps, or faulty data could
potentially result in energy being shifted in times in which is not required, or to
wrong agent action. Thus, an inter-operation framework that enables the smart
behavior of prosumers in benefit of not only local goals but also the grid operation,
requires an adequate flexibility dispatch and an appropriate agent decision making
strategy, as well as robust systems, and reliable communication.

6
Experimental implementation
Communication reliability and experimental
validation

6.1

Introduction

Throughout this thesis, the role of computational and distributed intelligence in
unlocking demand flexibility has been highlighted. However, software simulation
cannot fully realize the complexity of the SG-BEMS framework. The fact is that
an agent based management system, as the one proposed in this thesis, requires
not only robust agent structures, and appropriate decision making strategies,
but also a reliable two-way communication infrastructure. Thus, the successful
application of the SG-BEMS platform requires the definition of data synchronization
issues, communication latency, reliability, and network robustness. Especially
because this new type of energy management system needs to coexist with multiple
communication and control technologies that might compete for the same resources.
Therefore, it is paramount to assess the performance of the SG-BEMS platform in
a real-life environment, while defining the technical requirements for a reliable and
robust operation.
This Chapter describes a set of laboratory experiments designed and
implemented with the objective of defining the reliability of the SG-BEMS agent
platform, and validate its network support capabilities. Additionally, building
automation and energy management are currently very popular research and
business areas, and as a consequence, a large number of smart monitoring and
controlling devices are available in the market. As a result, it is also important that
the SG-BEMS is capable of integrating different type of domotic and automation
systems. The experiments presented in this Chapter show the deterioration
of the quality of service (QoS) of the agent communication under different
scenarios, highlighting the role of data transmission rates and noise. Finally, this
Chapter explores the performance of the SG-BEMS platform in offering congestion
management services, while taking into account the comfort loss, and making use of

105

106

Experimental implementation

two distinct domotic systems based on low power communication.
The remainder of this Chapter is structured as follows. Section 2 discusses the
role of communication in the SG-BEMS framework, and it presents the reliability
and robustness concepts. It is followed by the concept of network coexistence and
the role of interference in Section 3. The experiment details, hardware and software
used are described in Section 4. In general, two main group of experiments are
distinguished, and their results are presented in the Section 5. Finally, the Chapter
is closed with some conclusions drawn from the experiments.

6.2

The role of communication in the SG-BEMS framework

As it was defined in chapter 2, the SG-BEMS is designed to enable and manage
the inter-operation between the emerging smart grid and advanced building energy
management systems. To do so, it makes use of the demand flexibility potential of
non-residential buildings, while taking into account the comfort requirement of the
occupants. This positions the SG-BEMS services in the functional34 (application)
layer of the smart grid [5]. However, to enable such services and therefore the
interoperation itself, the SG-BEMS functional services require a reliable and robust
communications layer to link the functions to the component (physical) layer35 . The
SG-BEMS layer are illustrated in Fig. 6.1.
Moreover, in the communication layer of the SG-BEMS different areas can also
be defined, as shown in Fig. 6.1. In each area, multiple communication technologies,
using different protocols, are required to share the same physical environment and
resources, while still having a high performance. In general, the quality of service
(QoS) of a communication network can be divided into three main aspects:
Reliability: In communications, reliability is defined as the accuracy of data
transmission system. In other words, it’s the amount of successful communications
between two or multiple systems. In general, the reliability of a communication
network can be measured based on:
a) Packet error rate (PER): This metric measures the probability of a packet
error (PE) event. A communication packet is a sequence of symbols that form
the message preamble and data. Thus, a packet error occurs when one of
the symbols in the data stream has been altered due to noise, interference, or
distortion over the communication channel.
b) Latency: It is defined as the time delay in a communication event, and the
physical consequence of the limited velocity of the communication channel.
Usually measured in microseconds, as the round trip time averaged of a full
34
35

This layer describes the functions and services offered by the different actors.
The component layer hosts all the participating component and devices in the smart grid context.
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Figure 6.1: SG-BEMS architectural layers.

message in both directions. Four key causes of latency are: propagation delay,
serialization, data protocols, routing and switching, and queuing and buffering.
c) Throughput: It is defined as the rate of successful message delivery over a
communication channel.
Robustness: In general, robustness can be defined as the capacity of a system to
cope with errors during operation, and wrong information. In MAS, robustness can
be divided into multiple aspects. Robust communication refers to the ability of the
agent system to withstand noise, and communication failure. Robust design refers to
the capacity of the MAS to tolerate and detect errors in the agent decision process,
component failure, as well as tolerate wrong input data. Contingency measures can
be put in place to increase the system reliability, for instance the N + redundancy,
where backup components are used to ensure the correct operation of the system.
Furthermore, resilience tests like the N − can be used to define the robustness level
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of a system, by assessing the systems capability to stay operational in the event of
component failure.

6.3

Coexistence of communication networks

As it was mentioned, in the context of the SG-BEMS framework, multiple
communication technologies are required to coexist. The result of this crosstechnology interference is a decrement of the QoS of an affected wireless network
(AWN). Thus, it is paramount to define the coexistence requirements for the SGBEMS agents in order to guarantee a reliable and robust system. Especially, when
MAS depends on the information exchange among the different agents.
In general, the effect of an interfering wireless network (IWN) can be estimated
through the packet error rate of the AWN in the presence of interference. In this
chapter, it is assumed that a packet is formed by a sequence of N symbols of equal
duration 36 , which share the communication channel with an interference packet of
length Ni , and with an interval Ni,per , as illustrated in Fig. 6.2. Furthermore, the
AWN can be affected by the IWN in three main ways:
a) Space: distance between the AWN and IWN networks.
b) Time: time distribution of the use of the channel, i.e., interference packet
interval.
c) Frequency: separation between the networks frequency.

Figure 6.2: Illustration of packet collision.

Using the temporal model, the PER can be defined as a function of the
probability of symbol error P E, the number of symbols M that collide with an
36

Generally, the message preamble differs from the message data, so that the transmission quality
is defined by the data portion of the packet. However, as the interfering signal growth in strength,
problems in the preamble could start to appear [137].
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interference pulse, with probability mass function fM (m), and the packet length N ,
as follows:
P ER = P (P E) =

N
X

P (P E|m)fM (m)

(6.1)

m=0

Since the conditional probability of not having a packet error is the probability
of all symbols being correct, the conditional probability of packet error is equivalent
to one minus the probability of no symbol errors, in which case the equation can be
rewritten as:
P ER =

N
X

[1 − (1 − p)m ]fM (m)

(6.2)

m=0

where p denotes the probability of symbol error rate (SER).
Finally, following the methodology used in [137] the P ER formula can be
simplified and rewritten as:
P ER = c2

(K)(p) − 1 + (1 − p)K
+ c3 [1 − (1 − p)K ]
p

(6.3)

where K is the maximum number of symbols collisions, or K = min(N , Ni ); while
c2 and c3 are constants given by:
c2 = fM (m)
c3 = fM (K)

m = 1, 2, . . . , K − 1

(6.4)

Now, in order to calculate the packet error rate the probability of symbol error
of the AWN is required (see eq. (6.3)). However, this probability depends on the
modulation scheme used by the communication protocol. Table 6.1 shows the symbol
and bit error probability for some of the most common modulation formats [138],
which are used by both the IEEE 802.11 and IEEE 802.15 protocols. In the table,
Q(x) is the Q-function which represents the tail probability of the standard normal
distribution, and formally described as:
Z ∞
u2
1
Q(x) = √
e− 2 du
(6.5)
2π x
In contrast to analog communications where the average signal power to average
noise power ratio (SNR) is often used, in digital communication the Eb /N o is more
often used, which is a normalized version of SNR [140]. Eb is the bit energy, and it
can be described as the received signal power Psr times the bit time Tb . The noise
power spectral density No can be described as the noise power divided by the signal
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Table 6.1: Symbol and bit error probability for coherent (BPSK,QPSK, and MQAM) and non-coherent (M-FSK) modulation [139].

Modulation

p(Es /N o)

BPSK
QPSK
M-QAM
M-FSK

i2
h
p
Es /No
1− 1−Q
h
q
i2
√
3Es
1 − 1 − 2( √MM−1) Q
N0 (M −1)



 N E(j−1)
s
PM
1
i M
0
i=2 (−1)
M
i e

b /N0 ) 
p(E
p
Q
2Eb /No
p

Q
2Eb /No
q

3Eb log2 M
4
log2 M Q
N0 (M −1)

bandwidth Bs . Since the bit time is inversely proportional to the bit rate Rb , the
Eb /N0 ratio can be expressed as follows:
Eb
P r Bs
= s
N0
PN R B

Eb
Bs
= SN R
N0
Rb

⇒

(6.6)

Furthermore, the bit energy Eb can be also described as the symbol energy Es
times the number of bits log2 (M ). Thus, the Es /N0 can be expressed as:
Es
Eb
= log2 (M )
N0
N0

⇒

Es
Bs
= SN R
N0
Rs

(6.7)

where Rs is the symbol rate.
In coexistence studies, it is common to assume that the only source of noise is
the interference source, in which case SN R ' SIR. Let γ denote the SIR, then:
γ=

Psr
PIr,f

(6.8)

where Psr is the power of the received signal; and PIr,f is the power of the received
interference signal after a noise filter. Commonly, both power are expressed in [dB],
thus, eq. (6.8) can be rewritten as:
γdB = Psr − PIr,f

(6.9)

where, γ = 10γdB /10
Furthermore, as PIr,f depends on the noise filter, the interference power can be
written as piecewise function depending on the bandwidth of the interferer BI , and
the bandwidth of the noise filter BF , and expressed as follows:
(
PIr ,
if BI ≤ BF
r,f
PI =
(6.10)
F
PIr B
,
if BI > BF
BI
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Figure 6.3: Transmitting and interfering network geometry.

Finally, using the geometric model [137], a relation can be defined for the
interference power before any filter, PIr , and the received signal power Psr as functions
of the distance between the two networks, and between the network nodes, expressed
as follows:
Psr = Pst − pl(xs )
PIr = PIt − pl(xi )

(6.11)

where, pl(xs ) and pl(xi ) represent the signal attenuation over a distance; xs is the
distance between the sending and receiving nodes of the affected wireless network;
and xi is the distance between the affected and interfering networks, as illustrated
in Fig. 6.3.
The signal attenuation value can be obtained using the path loss model, which
describes the signal attenuation as a function of the network separation. In
general, different models can be obtained depending on the environment and type
of communication band. However, for indoor environments a free space path loss
is preferred, defined as piecewise function depending on the network separation.
The first line is for the line of sight (LOS), while the second is for the nonline of sight (NLOS) region. Fig. 6.4 shows the dual-slope path loss model for
free space communication using the data in Table 6.2 for the 2.4GHz and 5GHz
communication bands.
(
Lo + 10η1 log10 (x),
if xo ≤ x ≤ xbp
pl(x) =
(6.12)
Lo + 10η1 log10 (xbp ) + 10η2 log10 (x/xbp ), if x > xbp
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Table 6.2: Free path loss model parameters based on the IEEE standard 802.15.2.

frequency
2.4GHz
5.0GHz

x0
0.5m
0.5m

Lo
40.2
46.0

xbp
8m
8m

η1
2
2

η2
3.3
4
IEEE 802.11b PER

0.4

2.4GHz
5.0GHz

Packet error rate

path loss [db]

40
60
80

QPSK-IEEE802.11
16QAM-IEEE802.11
64QAM-IEEE802.11
QPSK-IEEE802.15.4
16QAM-IEEE802.15.4
64QAM-IEEE802.15.4

0.3
0.2
0.1

100
100

101
distance [m]

2.4GHz and 5.0GHz path loss curves.

102
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distance [m]

102

Packet error rate for the IEEE 802.11b.

Figure 6.4: Path loss model and packet error rates for the IEEE 802.11b, showing
on the left the path loss curve for the 2.4GHz and 5GHz bands, and on the right
PER under three modulation formats and two IWN.

Nowadays, the IEEE 802.11 and the IEEE 802.15.4 are two of the most widely
used communication standards for local area networks. The first one is better known
as WLAN/Wifi and it establishes the MAC and PHY specification for implementing
a LAN in the 900M Hz and 2.4, 3.6, 5 and 60GHz bands. This protocol has received
different updates, from its legacy mode IEEE 802.11-1997. The second standard,
IEEE 802.15.4, is a low rate (low power) wireless personal area network protocol.
Defined in 2003, this protocol is the basis for known communication technologies
like ZigBee, Zwave and MiWi. Based on the theoretical framework developed in this
section, a simple coexistence study can be made for communication networks based
on these two protocols. Fig. 6.4 also shows the estimated packet error rate for the
IEEE 802.11b communication network, with two interferers. The figure shows the
effect of distance, power, and data rate in the PER of an AWN. Higher interference
power means a longer influence of the IWN on the AWN, this means that the IWN
can affect the AWN at longer separations. Higher data rates increase the probability
of symbol collisions, and thus, the PER.
Furthermore, the probability of bit error cannot only be used for the PER, but
also it helps defining the throughput of a communication network. Although it is
a property of that depends strictly on the AWN source, higher bit error rates will
affect the successful transmission events in the network. Thus, the throughput can
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be roughly defined as:
T = (1 − p(Eb /N0 ))Rb

(6.13)

In this section a simple coexistence model was presented. However, in real
environments the assumption that SIR ≈ SER is not valid, and a more complex
geometric model is required. Thus, the results presented here can only give an
indication of the reliability of the communication network. The next section
introduces the experimental set-up used to obtain a more comprehensive view of
the performance of the SG-BEMS platform.

6.4

Experimental coexistence study

Using the geometric model shown in Fig. 6.3, and the coexistence methodology
described previously, the role of transmission interval, interference transmission
interval, communication channel, and network separation in the QoS of the IEEE
802.11 communication protocol is investigated in this section. In general, the set
of experiments presented here aim to establish the level of reliability of the agent
platform when in the presence of noise sources and interference networks. The Fig.
6.5 shows the general experimental setup, identifying the different components.

Hardware
The experiment set up includes three RaspberryPi 3-B used as the hardware platform
for the AWN and the IWN. The raspberry pi is credit card-sized single-board

Figure 6.5: Image of the laboratory set-up.
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computer. Which includes a 64-bit quad-core ARM compatible central processing
unit (CPU), and CPU speed ranges from 700MHz to 1.2GHz for the Pi3. The Bmodel have an 8P8C Ethernet port and the Pi 3 has on board Wi-Fi 802.11n/b and
Bluetooth 4.1 and Bluetooth Low Energy (BLE). Furthermore, a laptop is used to
complete the AWN and to sniff the communication.

Middleware
The IEEE 802.11 communication protocol is used for the experiments. This protocol
is better known as WLAN/Wifi and it establishes the MAC and PHY specification
for implementing a LAN in the 900M Hz and 2.4, 3.6, 5 and 60GHz bands. This
protocol has received different updates, from its legacy mode IEEE 802.11-1997.

Software
Simple python codes are created to exchange messages between the AWN and IWN
elements. Furthermore, Wireshark, a free to use network protocol analyzer, is used
to sniff the AWN data exchange. This software allows to see the data exchange
between communication devices down to the packet level.

Results
Using the Power Quality and Smart Grids lab of the Electrical Energy Systems
group of the Eindhoven University of Technology, two communication networks were
created. The IWN is formed by two Raspberry Pi 3-B exchanging messages at a
variable rate and through a variable channel. However, the distance between the
IWN nodes is kept constant. The AWN is formed by a Raspberry Pi 3-B as the
receiver and a laptop as the transmitter. Between the two nodes of the AWN the
transmission rate is varied. Furthermore, the separation between the IWN and the
AWN is also varied.
In total four different experiments are conducted to define the role of the
aforementioned parameters in the QoS of a communication network.
The
characteristics of each experiment are defined as follows:
a) AWN transmission interval variation (tAW N ): For this experiment a network
separation of d < 1m is used, with an AWN node separation of D = 8m, an
interference interval (tIW N ) of 25ms, and the AWN communication channel
11 (2.462GHz). Two hundred messages were exchanged in the AWN using a
packet length of 540Bytes at different tAW N .
b) IWN channel variation: For this experiment two IWN channels were tested,
the channel 6 (2.437GHz) and the channel 11 (2.462GHz), while the AWN
used the 11 channel. The AWN node separation used is D = 12m; the network
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separation is set at d < 1m; the transmission interval used is tAW N = 35ms;
and the interference interval is tIW N = 35ms.
c) IWN transmission interval variation (tIW N ): For this experiment a network
separation of d < 1m is used, with an AWN node separation of D = 8m, a
transmission interval (tAW N ) of 35ms, and the AWN communication channel
11 (2.462GHz). One thousand messages were exchanged in the AWN using a
packet length of 540Bytes at different tIW N .
d) Network separation variation (d): For this experiment the distance between the
interferer and the AWN receiver is varied between 0m < d ≤ 6m, limited by
the physical geometry of the laboratory. To enhance the separation distance, a
smaller distance between the AWN transmitter and receiver is used (D = 6m);
the communication channel of both the IWN and AWN is set as the channel 11;
the transmission interval used is tAW N = 35ms; and the interference interval
is tIW N = 35ms. A total of 1000 messages are exchanged in the AWN using a
packet length of 540Bytes .
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Figure 6.6: Transmission quality relation to the transmission interval.

As mentioned in the first series of experiments, the AWN transmission interval
was varied from 25ms to 1s. The results show that at fast transmission rates
the AWN have the highest error rates and thus the lowest throughput, but the
quality of transmission as the transmission rate slows down, as it is shown in Fig.
6.6. In the figure, Transmission error refers to unsuccessful communication events,
i.e., messages missed at the receiver, while packet error refers to the error in a
received message, which is equivalent to the throughput of the system, i.e., number
of successful communication events. Furthermore, the experiments show that this
depends mainly on the receiver’s capacity to process the messages at the rate the
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transmitter sends them, making the quality of the transmission depends also on the
length of the message packet.
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Figure 6.7: Transmission quality depending on the channel and interference interval.

Fig. 6.7 shows the effect of the IWN interval and communication channel on
the transmission quality. The figure on the left-hand side shows the result for the
interference packet interval. As is shown in the figure, at slower intervals both the
transmission and packet error rates are the lowest. This can be explained by the
resulting low probability of colliding symbols with the AWN data packet. This
is also supported by higher error rates around interval times close to the AWN
transmission interval, i.e., tIW N = 4ms. The right-hand side figure shows the results
obtained after varying the IWN communication channel from the 2.437GHz to the
2.462GHz band, or from channel 6 to 11, while the AWN uses the channel 11. As
the figure suggest, interference has a higher impact while sharing the same band as
the communication network under study.
Finally, the effect of the distance between the IWN and the AWN is investigated.
As mentioned, this experiment is limited by the available free space at the laboratory.
Thus, the separation between the AWN transmitter and the receiver was reduced by
2 meters, which might influence the QoS of the network. The network separation was
varied from a real close range d < 1m to about 6 meters. At each distance multiple
experiments were carried out, and the results can be seen in Fig. 6.8. The lefthand side figure shows the average results for each distance. This figure shows that
IWN has a bigger impact over the packet error, as it shows a steeper decrease with
the distance, from about 32% to about 15%. This is also shown by the throughput
results. In turn the transmission error is reduced from about 3% to 0.7% in the same
distance. Finally, the figure on the right-hand side shows the distribution of results.
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Figure 6.8: Transmission quality depending on the network separation.

As it is shown, there is a rather high variability of the results at each distance. The
reason for this is not only the probabilistic nature of the symbol collisions, but also
the effect of other noise sources in the lab environment.

6.5

Congestion management experiments

This experiment aims to test the capabilities of the agent platform and control
algorithms to enable the inter-operation of the BEMS and the SG. The general
schematic of the set-up implemented is shown in Fig. 6.9. Moreover, in order to
create a non-residential building representation in the laboratory, a thermal and
electrical model of a building are developed in Simulink and used in combination
with raspberry pi agents. The computer models give both the comfort status and
power demand of the virtual building, while the agents are responsible for model
behavior.

Hardware
The experiments are carried out using the Power Quality and Smart Grids lab of the
Electrical Energy Systems group of the Eindhoven University of Technology. Fig.
6.10 shows the schematic of the laboratory (top illustration), it consists of five LV
busbars that can be operated independently. For the purposes of this chapter, only
busbar S1 and S5 are used, as shown in the figure (bottom illustration). These two
busbars are connected through 4x50mm2 cables with an approx. length of 100m. At
busbar S5 six connection points make the load of the laboratory distribution network.
Each connection point has a separation of 10m. Furthermore, a 4x16Cumm2 cable of
about 60m connects the POC and the actual devices. Furthermore, this experiment
includes:
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Figure 6.9: Single line diagram of the laboratory set-up.

STAEC EM133 Smart Power Meter provides multi-functional 3-phase power
metering, revenue metering and basic power quality information. If offers remote
data acquisition and control through the Power Analysis Software (PAS).
Raspberry Pi 3-B is used as the hardware platform for the agent implementation.
The raspberry pi is credit card-sized single-board computer. Which includes a 64-bit
quad-core ARM compatible central processing unit (CPU), and CPU speed ranges
from 700MHz to 1.2GHz for the Pi3. The B-model have an 8P8C Ethernet port
and the Pi 3 has on board Wi-Fi 802.11n/b and Bluetooth 4.1 and Bluetooth Low
Energy (BLE).
ConnectPort X4 is an embedded system which provides gateway functionality for
Zigbee based networks (IEEE 802.15.4), and used here as the ZigBee coordinator,
enabling others devices to join the mesh network. Furthermore, it counts with a
Python development environment that enables custom applications to run locally
while interfacing across different systems in the network.
Pikkerton ZBS-110V2 smart plug is a device capable of data collection and
remote switching (ZX-U/I) using the ZigBee communication protocol, and through
a Zigbee gateway.
BENEXT gateway acts as a bridge between the Zwave devices and the user. It
acts as the Zwave coordinator, enabling others devices to join the network. It can
be controlled through a web-based application, or through commands from other
devices in the LAN.
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Figure 6.10: Power quality and Smart Grids lab schematic.

BENEXT Energy Switch is a plug-in device that allows data collection and
remote switching using the Zwave communication protocol, and through an internet
gateway.

Middleware
As in the previous experiment, the agent communication is based on the IEEE
802.11 communication protocol. However, between the device agents and the actual
devices, two low power technologies based on the IEEE 802.14.5 are used. Using the
ConnectPort X4 and the BENEXT gateway, the device agents can connect to the
smart plugs using ZigBee and Zwave communication protocols. Both are based on
the IEEE 802.15.4 standard, which is a low rate (low power) wireless personal area
network protocol.

Software
The agent algorithms are implemented in each RbPi-3 using the programming
language Python. As it was mentioned, the TCP/IP communication is used between
the RbPi-3 agents based on the IEEE 802.11b protocol. Four type of agents are used
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for the experiments: a) feeder agent; b) BEMS agent; c) comfort agent; and d) device
agent.
The feeder agent is located at the beginning of the busbar S1 , and it collects
the data from the EM133 Smart Power Meter using the Power analysis software
PAS. The BEMS agent is located at the beginning of the busbar S5 , receiving
information from the device agents and the comfort agent, and possible request
from the feeder agent. Two device agents are used to emulate two rooms. Each
device agent uses a different low power communication protocol, i.e., ZigBee and
Z-Wave, to communicate with the domotic controllers. Finally, the comfort agent is
responsible for the flexible operation of the HVAC model.

Results
As described in Chapter 4, congestion is an issue proper of the transportation and
distribution of power, and defined by the physical characteristics of the components
of the power system. The importance of congestion management lies on the relation
between overloading to the decrement of asset life-time, thermal stress, fire hazard,
and black-out events. Mathematically, it can be formulated as constraint in an
optimal power flow or economic dispatch (see eq. 4.11) as follows:
Pj,min ≤ Pj ≤ Pj,max

(6.14)

where Pj is the power flow of the line/element j; Pj,min the minimum power allowed
through that element; and Pj,max the maximum power allowable. Due to the limited
power demand of ZigBee and Z-wave devices, i.e., the devices connected via the smart
plugs, the congestion management experiments are divided into two separated set
of experiments.
Congestion and comfort management
In the first set of experiments, only the feeder, BEMS, and comfort agents are
used. In these experiments the BEMS and the comfort agents are used to modify
the behavior of the building model in Simulink in response of a request of the feeder
agent. In turn, the feeder agent reacts to power measurements received from the
Simulink model. Furthermore, an extra source of inflexible power demand is used
to enhance the results.
Furthermore, two different building models are used in these experiments. Both
model correspond to envelope models that mainly differ in size and construction
materials. A small and light building is compared against a large and heavy building.
The first model corresponds to a 1-floor building with an area per floor of about
350m2 following the 2004 construction standard for the Netherlands. The second
model corresponds to a 3-floor building with an area per floor of about 550m2
following the 2009 construction standard for the Netherlands.
Finally, two congestion management algorithms are compared to a scenario
without control. The first management strategy corresponds to a simple control

Congestion management experiments

Power [kW]

Power [kW]

5

30
20
10

0
5

10

15

No control
Simple control
intelligent control
Limit

40

No control
Simple control
intelligent control

10

121

0

20

5

10

time [hr]

15

20

time [hr]

a) Small and light building.

b) Large and heavy building.

Figure 6.11: Agent based congestion management, showing the results for the feeder
agent.
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Figure 6.12: Agent based congestion management, showing the power and comfort
output of the comfort models.

algorithm that follows a reactive logic, i.e., a flexibility request in created only when
the maximum allowable power is exceeded and equal to |P (t) − Pmax |/Pmax . In the
next control step a new request is created if the limit is exceeded using the same
formula. This type of system results in a switching behavior of the power demand,
result of the time varying flexibility request. To reduce this, the intelligent control
strategy uses the information of past requests to decide the new request, as follows:
(
|P (t) − Pmax |/Pmax , if f lex(t − 1) = 0
f lex(t) =
(6.15)
≈ f lex(t − 1),
if f lex(t − 1) > 0
Fig. 6.11 shows the result of the power measured by the feeder agent. In both
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Figure 6.13: Power quality and Smart Grids lab schematic.

building models, the intelligent control results in a reduction of the switching events
of the simple control strategy, resulting in a smoother power profile, and a bigger
reduction of energy. The figure also shows the limit used, which is different for each
building model used. However, the smoother profile obtained in under the intelligent
control strategy comes at a bigger comfort cost, as shown in the Fig. 6.12. This is
the result of a prolonged flexibility action, and while it is not significant for either
building model, it needs to be taken into account to minimize the negative impacts
on the human satisfaction and performance.
Congestion and comfort management
In the second experiment the use of the room level devices for congestion
management is assessed. To do so, the feeder agent is used to monitor the
feeder behavior using the EM133 energy meter, while the BEMS agent is used to
monitor and control the building operation through the room agents. In turn, each
room agent uses a different set of domotic devices based on ZigBee and Zwave
communication protocols. If a congestion situation is detected by the feeder agent,
a request is created and sent to the BEMS agent to reduce the building’s power
demand. In turn, the BEMS collects the data from the different room agents. i.e.,
power use, and occupancy, and decide the appropriate the appropriate strategy to
reduce the power demand. This means that if a request is received by the BEMS, it
will determine which of the available switches to switch off based on the information
collected, i.e., which switches are on and which room is being occupied. In this
experiment it is assumed that at least one of the rooms is occupied, i.e., room 1,
while the power limit is set to 50W .
Fig. 6.13 shows the power information observed by the feeder agent. At
the beginning of the experiment both rooms are unoccupied. However, after the
occupancy starts increasing so does the power consumed by the building. The figure
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shows that once a request is received, the system is able to reduce the power in
the unoccupied room, while the occupied room is kept operating. The figure also
shows a switching behavior of the building power demand due to low assumed power
limit. The figure also shows some issues due to communication delays. However,
the system is capable of reacting in the second time range.

6.6

Summary

In this Chapter the implementation of SG-BEMS platform in a laboratory
environment is investigated. The chapter shows that under the Smart Grid context
the SG-BEMS system needs to coexist with different communication technologies,
and sources of noise. Furthermore, being a distributed control system, the SG-BEMS
relays heavily on the QoS of its communication network, especially on receiving
reliable data. Therefore, first a theoretical coexistence analysis is made for the
IEEE 802.11 communication protocol, i.e., wifi, with interference from the same
technology and low power communication, i.e., ZigBee/ZWave. The analysis shows
that interference with faster transmission rate and high power affects the most, the
first influences the error probability, while the latter determines the influence over
the distance. Moreover, the Chapter continues to do an experimental verification of
the QoS of the SG-BEMS platform. The results show that there is a big difference
between transmission and data reliability, and while transmission reliability is
important, data reliability is key for an agent based system. Furthermore, the
results also shows that the rate at which the messages are transmitted has the biggest
influence over the network QoS. However, this is due to the receiver’s capacity to
buffer the message before a new one arrives. It is worth mentioning that in the
lab environment the AWN is not only affected by the IWN, but also but multiple
uncontrollable noise sources that have an effect over the QoS of the communication
network.

7
Research contributions, conclusions,
and recommendations
7.1

Thesis contributions

The recent developments in the power system and engineering motivate this thesis
research which is aimed at revealing the role of demand flexibility in the future power
system, while looking closely at the demand side. The emerging active distribution
grids call for an active participation of the demand side in the monitor, control,
and operation tasks. However, to enable proper inter-operation it is required to look
closely at the objectives of the customer, adopting a bottom-up approach. The main
contributions of the thesis research are as follows:
• The SG-BEMS framework
This thesis proposes an inter-operation framework based that extend existing
frameworks to ensure the correct inter-operation between non-residential
buildings and the smart grid. The proposed framework defines extensions
to the current power system, i.e., new roles and control strategies, but also
defines how demand flexibility can be used, i.e., demand flexibility services.
• Demand flexibility definition and quantification methodology
The research conducted in this thesis shows the intrinsic relation between
comfort and energy use, by means of a simple comfort formulation. Based
on this, a systematic definition and quantification methodology for demand
flexibility is proposed based on thermal comfort alone. Furthermore, this
thesis shows the benefits of having a quantification methodology by extending
the concept of operational flexibility. The proposed method results in a clear
demand flexibility metric that can be applied to existing building, while taking
into account weather, construction and occupancy variations.
• Method for unlocking demand flexibility from active comfort systems
Being occupant comfort an essential part of the SG-BEMS framework, this
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thesis investigated the role of computational intelligence in the optimization
of both energy and comfort. Focusing on active comfort systems, the research
conducted shows that the smart operation of such systems can effectively
contribute to the grid operation, while minimizing negative impacts on the
building operation.
• Overview of the demand flexibility role in support services
Based on the SG-BEMS framework, this thesis shows the positive impacts as
well as the challenges of the use of demand flexibility under varied scenarios.
In general, it is shown that non-residential buildings can effectively offer grid
support services, such as voltage support, congestion management, and RES
integration, without significant comfort loss.
• Method for the coordination of demand flexibility sources
Recognizing that flexibility from the demand requires aggregation, this
thesis proves that adequate decision making strategies can be deployed,
both in a centralized or decentralized way, to coordinate the flexibility
response of multiple flexible resources. Furthermore, it is shown that selforganizing structures are possible based on knowledge sharing and selfinterested behaviors.
• A novel operational structure based on Multi-agent system
technology
By the end of this thesis it is proven that MAS technology offers a suitable
control structure for the management of the inter-operation between the Smart
Grid and the building. The hierarchical structure proposed in this thesis offers
a scalable, flexible, open, and distributed system for a wide range of conditions
and applications.
• The verification of the SG-BEMS agent platform and an indication
of the readability requirements of such system
Finally, this thesis goes beyond simulation based studies en explores the
limitation of the SG-BEMS system. It defines the quality of service of such
system based on coexistence studies and communication reliability.

7.2

Conclusions

The inter-operation framework
Throughout Chapter 2, demand flexibility is highlighted as a suitable option to
assist the integration process of renewable and distributed generation, and to ensure
the reliable and economic operation of the power system. However, the use of
demand flexibility calls for an inter-operation framework to tackle the challenges
of the emerging smart grid. The proposed SG-BEMS framework identifies the
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required extensions to the current power system, and distinguishes the different
services that can be provided according to an operational regime. Furthermore,
this chapter identifies MAS as the backbone of the inter-operation, identifying the
possible implementation challenges and benefits.
Furthermore, it is recognized that the smart behavior of prosumers is paramount,
to benefit not only their own goals but also other involved stakeholders like DSO.
A multi-area and hierarchical agent structure is regarded as key to enable the
demand flexibility services, and manage the inter-operation. However, this calls for
appropriate control signals and decision-making strategies. In this emerging system,
not only the technical but also the social and economic aspect of the power system
and its stakeholders operation needs to be taken into account, new markets and
business models need to be developed and implemented. Finally, as prosumers vary
in interests and characteristics, both technical and social, demand flexibility should
be consider as a part of a more general approach, limited by the socio-technical
characteristics of both the power system and the prosumers.

Demand flexibility quantification
In Chapter 3, the need for a quantification methodology and definition for demand
flexibility is discussed. Despite of being object of recent research in the context
of demand response and integration, the concept of flexibility is well known to
power engineers. Thus, this thesis proposes a demand flexibility definition and
quantification methodology by elaborating on the concept of operational flexibility,
and extending it to include different parameters that define the building energy
behavior. Doing so, it enables not only to quantify how much energy a building
can shift, or shed given power system’s conditions, but also to define when and for
how long flexibility is available. Also, it allows system operators, and flexibility
aggregators, to optimally dispatch demand flexible resources to solve expected or
unexpected issues.
Nonetheless, the concept of demand flexibility requires a better understanding
of the comfort and energy dynamics of non-residential buildings. Using a simple
comfort and energy formulation, based on the thermal characteristics of buildings,
the quantification methodology is able to include the effects of weather, construction
materials, and standards on the demand flexibility potential of non-residential
buildings. The result, a methodology that allows not only the definition of a time
varying flexibility, but also a methodology that allows the comparison of flexible
resources, including the geographical context of the power system.
Moreover, the Chapter shows the comparison of between the flexibility potential
of non-residential buildings in two different climates, and using different construction
standards. The results show that the buildings in the hot climate give higher
flexibility capacity for shorter durations, while the buildings in the cold climate
give less capacity for longer durations. The results show that the analyzed buildings
in the hot climate have an average power capacity of 11% of the total power demand,
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with an average ramping rate of 13.3kW/min, available in average for 60min, and
with an average recovery time of 71min. In contrast, the analyzed buildings in the
cold climate have a flexibility power capacity of 7% of the total power demand, with
an average ramping rate of 3.8kW/min,available for 75min, and with an average
recovery time of 62min. However, these results are limited to the buildings analyzed,
and dependent on the type and capacity of the comfort systems, construction
materials, and building functionality. Generalizing the results obtained in this work
would require a more extensive study that includes a high number of variations
in the comfort systems type, construction materials, and building functionality.
Nonetheless, these results open the possibility for assessing the potential benefit of
non-conventional flexibility resources, not only for specific services, but also during
specific times of the year.

Comfort optimization and demand flexibility services
In Chapter 4, the use of the SG-BEMS platform and comfort optimization for
grid support is presented, showing that demand flexibility services like, voltage
support and congestion management, are possible without significant effects on
the building operation. However, it is also shown that such a framework requires
an adequate flexibility request signal and an appropriate agent decision making
strategy. Otherwise, switching behaviors and rebound effects are observed due to
the uncoordinated operation of the flexible resources.
By the end of the chapter the key role of computational intelligence and MAS
in uncovering demand flexibility is demonstrated. It is shown that the PSO
algorithm offers great potential for improving the building operation, reduce the
negative impacts of demand flexibility on the building, and to offer grid support
services. Furthermore, occupancy information can be used to further enhance the
performance of the PSO algorithm, through the modification of the weight value in
the optimization problem. This enables a dynamic system that is able to adapt in
time, and offer benefits for both domains.
Furthermore, the flexibility provided by the MAS structure allows for the easy
integration of new systems, like electric vehicles. It is shown that uncontrolled EV
charging does not only worsen the voltage profile at the building point of connection,
due to the huge power demand increase, but also could create power congestions.
However, smart charging strategies offer the advantage of distributing the charging
load over time by limiting the peak power demand. It increases also the demand
flexibility potential of a building while reducing the impact of this flexibility in
the building comfort. It is shown that with the use of basic operation rules, the
proposed system can effectively improve the voltage profile of the feeder, while
ensuring acceptable comfort levels and the supply of the required energy to the
EVs.
In summary, there is a strong correlation between comfort and demand flexibility
in non-residential buildings. However, the positive impacts on the grid operation
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achieved by the SG-BEMS platform might be affected by rebound and switching
effects, consequence of poor coordination and planning. Thus, the results presented
highlight the importance of agent coordination and demand flexibility scheduling.

Demand flexibility aggregation and the role of decision making
In Chapter 5, the use of different agent decision strategies for demand flexibility
aggregation is investigated. By comparing decentralized strategies based on
reinforcement learning to a centralized approach, the chapter shows the potential
of self-organizing structures in fair distribution of a demand flexibility obligation.
However, it is also shown that having supervisory control over the flexible resources
leads to a better match between flexibility offer and request. But either way, the
Chapter shows that a group of buildings can be organized and scheduled in order to
satisfy as much as possible the grid operator’s flexibility request, while taking into
account the buildings’ objectives and constraints, and reducing the communication
burden.
The Chapter also investigates the role of cooperative behavior in demand
flexibility aggregation. By introducing a joint reward function in joint action
learning (JAL), a novel type of cooperative and at the same time decentralized game,
dubbed extended JAL (eJAL) is proposed. The analysis performed showed that noncooperative decision making processes leads to worse results than centralized, and
decentralized cooperative methods. This highlights the role of information in the
MAS. Furthermore, a clear advantage of the decentralized approaches investigated is
that they do not require the aggregating agent to have complete information of the
participating buildings, which is a clear advantage from a scalability perspective,
while achieving higher fairness indexes, which is crucial in a fully decentralized
system such as the smart grid.
Furthermore, this chapter also shows the potential of demand flexibility to
mitigate the wind power generation forecast errors. In this case, it is clear that
the SG-BEMS platform and the SG-BEMS framework have the potential to invoke
the demand flexibility of the built environment and assist the integration process
of RES technologies into the power system. However, a major issue in the use
of demand flexibility is the synchronization and dispatch of the flexible resources.
Time delays could potentially result in energy being shifted in times in which is not
required. Therefore, the use of demand flexibility requires fast response systems, and
reliable communication. In conclusion, it is clear that an inter-operation framework
that enables the smart behavior of prosumers in benefit of not only local goals but
also the grid operation, requires an adequate flexibility dispatch and an appropriate
agent decision making strategy.

130

Research contributions, conclusions, and recommendations

SG-BEMS reliability and implementation
In Chapter 6, the performance of the SG-BEMS agent platform is investigated.
The Chapter shows that in a distributed control system, data reliability is key for
adequate decision making and operation. Especially, because such control systems
are required to coexist with multiple and different communication networks. The
Chapter shows that while errors in the communication events are low, when looking
at the data structure, the error rate is significantly increased, especially at fast
transmission rates.
From the findings presented in the Chapter it is clear that the agent design is
key to define the performance of the SG-BEMS platform. Not only measures against
communication failures, but also against faulty data. Furthermore, the results
suggest that despite being able to communicate a fast rates, raspberry pi based
agents are limited by the rate at which messages can be received. Nonetheless, the
IEEE 802.11 communication protocol offers high reliability, with high transmission
rates, and high immunity to noise.

7.3

Recommendations for future research

The research presented in this thesis is completed by opening several new questions.
These are highlighted in the following section:
• Agent proactive behaviors
Throughout the thesis agent based control is used as a key element of the
SG-BEMS framework. However, the potential of agent based systems is
not fully explored. The research presented focuses on the reactive and
social characteristics of agents, leaving aside proactive agent behaviors. As a
consequence, it is relevant to explore the role of productivity in the SG-BEMS
framework.
• Market based control
The research presented in this thesis centers on the use of direct signals for
uncovering demand flexibility. However, it is recognized that the use of direct
signals is one of the multiple control schemes that can be followed. Thus, the
integration of market based control may lead to new actors/roles that were
not explored in this work such as, market agents.
• New business models
Throughout the literature it is recognized that one of the weakest points of
demand flexibility is the lack of clear business models and mechanisms for
mechanisms for settling the market and operational benefits. As a consequence,
researching what type of business model can be developed under the SG-BEMS
framework is paramount to the deployment of the framework. This also needs
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to include the different settling mechanisms, as well as participation tools for
small flexible sources.
• The extension of the demand flexibility concept
In this thesis a definition and quantification method for demand flexibility is
developed based on thermal comfort. However, this definition is specific to nonresidential and commercial buildings, where the use of energy is mostly meant
for comfort management. Exploring the different economic sectors in the
demand side may lead to a more comprehensive demand flexibility definition.
• An energy based system
The SG-BEMS framework focuses on services and applications based on
electric power. However, there is an increasing trend towards multi-commodity
systems. Thus, the inclusion of district heating networks could potentially
increase the benefits that the SG-BEMS framework brings.

JAva DEvelopment framework
(JADE)
MAS design involves dealing with issues of communication language, ontology,
toolkits, interoperability and scalability. Today, multiple agent development
platforms are available. Among them, JADE or the JAva DEvelopment framework
is one of the most widespread agent middleware. It offer clear documentation, and
a large development community. In this research, JADE is selected as the agent
development platform for the SG-BEMS.
JADE is a software framework implemented in the JAVA language, for the
implementation of multi-agent systems. It provides the tools required for a FIPA37
complaint MAS design. It provides a peer to peer agent communication based on
the asynchronous message passing parium, called Agent Communication Language
(ACL). Moreover, Java Development framework (JADE) provides a yellow pages
service supporting the subscription, discovery, among other services, that facilitate
the development of a distributed system.
Each running instance of the JADE runtime is called a container, which can
include several agents. A platform is a set of containers. In such platform, there must
be one container always active, i.e., main container, while the remaining containers
must register to this container as they start. A second main container will constitute
a second platform. A visual representation of this is given in Fig. A.1. Each main
container offers, besides accepting registrations from other containers, two special
agents, that are automatically generated with the main container. The Agent
Management System (AMS) agent provides the naming service of the platform,
giving a unique name to each agent in the platform. It also allows for the creation
or deletion of agents on other containers. The Directory Facilitator (DF) agent
provides the yellow pages services to the platform. It allow agents to find peers
based on their services or names.
37

The Foundation for Intelligent Physical Agents is an IEEE Computer Society standards
organization that promotes agent-based technology and the interoperability of its standards with
other technologies.
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Figure A.1: JADE containers and platform [141].

A.1

SG-BEMS ontologies

An ontology defines a common vocabulary for those who need to share information
in a domain. In the field of Multi Agent Systems, agent needs to communicate
with each other a lot within their domain. So the issue arises of understanding each
other, such a way which makes sense for them. Agents should agree on some common
vocabulary, terminology, protocols etc. on the domain they are communicating.
In JADE there are three ways to send these data:
a) In form of strings which is the basic way. In this case an agent needs to send
separate messages or a single string containing all of the information. Then the
receiving agent needs to parse the string to retrieve the needed information.
b) In form of serialized Java objects. As JADE is a part of JAVA so it can exploit
the JAVA features.
c) Through the string representation of an object or ontology object.
Ontology in JADE is an instance of jade.content.onto.Ontology class. In order
for JADE to function properly on checking the message content expression, it is
necessary to classify the content according to their characteristic. In JADE there
are mainly three kinds of ontology objects. They are:
a) AgentAction: If agent A requests agent B to perform a task in JADE this will
be done by a JAVA object which will implement the AgentAction interface.

JAva DEvelopment framework (JADE)

135

b) Predicate: If Agent A asks agent B to look for a proposition if it is true or
not then in JADE it is done by JAVA object implementing the Predicate
interface.
c) Concept: The rest of the agent actions which are neither proposition nor agent
action they are defined as Concept and in JADE they implement the interface
Concept.
There are four steps to be done to make an application-specific ontology.
a) Define vocabulary of the agents for communications.
b) Define the Java classes which implement the AgentAction, Concept and
Predicates. It mainly implements getter and setter methods.
c) Define schema of the object.
d) Registering the language and ontology.
The definition the vocabulary of the ontology, it is necessary to construct the
ontology classes. The vocabulary refers to the terms used by the ontology to refer
to the information handled by the agents. For instance, the string pwValue in
the ZoneStatus class, which is used by the bEMSOntology to refer to the power
consumption of zone in the building. Defining this term also helps defining the setter
and getter function for that variable, i.e., the functions used to access and modify
this field in the ontology.
In JADE the agents can send only messages of the Predicate or Action interfaces.
Therefore, to send a message with several fields, it is necessary to implement a
concept object first. The next piece of code shows an example of how to implement a
concept object called ZoneStatus. This object contains all the information collected
by a zone agent, and defines the setter and getter functions. For instance, if the agent
wants to store an occupancy reading, it would need to use the .setOccValue()
function of a ZoneStatus object. In turn, to read the occupancy information from
a ZoneStatus object, the agent needs to use the .getOccValue() function.

package bEMSOntology;
import jade.content.*;
import jade.util.leap.*;
import jade.core.*;
public class ZoneStatus implements Concept {
private String pwValue;
public void setPwValue(String value) {
this.pwValue=value;}
public String getPwValue() {
return this.pwValue;}
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private String occValue;
public void setOccValue(String value) {
this.occValue=value;}
public String getOccValue() {
return this.occValue;}
private String rhValue;
public void setRhValue(String value) {
this.rhValue=value;}
public String getRhValue() {
return this.rhValue;}
private int zoneID;
public void setZoneID(int value) {
this.zoneID=value;}
public int getZoneID() {
return this.zoneID;}
private String coValue;
public void setCoValue(String value) {
this.coValue=value;}
public String getCoValue() {
return this.coValue;}
private String tempValue;
public void setTempValue(String value) {
this.tempValue=value;}
public String getTempValue() {
return this.tempValue;}
}}

As it was mentioned, a predicate interface is required to send concept object.
Next, the ZoneStatusID interface is defined for the ZoneStatus object. To
do so, the agent needs to use the set, e.g., setZStatusID(), and get, e.g.,
getZStatusID(), functions of the predicate interface. The corresponding predicate
interface for the concept object described before is shown next.

package bEMSOntology;
import jade.content.*;
import jade.util.leap.*;
import jade.core.*;
public class ZoneStatusID implements Predicate {
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private ZoneStatus zonestatusID;
public void setZStatusID(ZoneStatus value){
this.zonestatusID=value;}
public ZoneStatus getZStatusID(){
return this.zonestatusID;}
}

Next step is to define schema of the classes. The class ConceptSchema,
PredicateSchema and AgentActionSchema have method add() where it takes two
arguments. One is the schema object and other is the class of that object. The
schema object also have add method which takes three arguments. First one is name
of the slot, the schema of the slot and optionality. The optionality can be either
of this two. MANDATORY or OPTIONAL. As name suggests, when mandatory is
given the value must be inserted, where in optional it is not compulsory.
package bEMSOntology;
import
import
import
import
import

jade.content.onto.*;
jade.content.schema.*;
jade.util.leap.HashMap;
jade.content.lang.Codec;
jade.core.CaseInsensitiveString;

public class BEMSOntology extends jade.content.onto.Ontology {
public static final String ZONESTATUSID_ZSTATUSID="ZStatusID";
public static final String ZONESTATUSID="ZoneStatusID";
public static final String ZONESTATUS_PWVALUE="PwValue";
public static final String ZONESTATUS_OCCVALUE="OccValue";
public static final String ZONESTATUS_RHVALUE="RhValue";
public static final String ZONESTATUS_ZONEID="ZoneID";
public static final String ZONESTATUS_COVALUE="CoValue";
public static final String ZONESTATUS_TEMPVALUE="TempValue";
public static final String ZONESTATUS="ZoneStatus";
public static final String ONTOLOGY_NAME = "BESMS";
private static ReflectiveIntrospector introspect = new
ReflectiveIntrospector();
private static Ontology theInstance = new BEMSOntology();
public static Ontology getInstance() {
return theInstance;
}
private BEMSOntology(){
super(ONTOLOGY_NAME, BasicOntology.getInstance());
try {
// adding Concept(s)
ConceptSchema ZoneStatusSchema = new ConceptSchema(ZONESTATUS);
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add(ZoneStatusSchema, bEMSOntology.ZoneStatus.class);
// adding Predicate(s)
PredicateSchema ZoneStatusIDSchema = new
PredicateSchema(ZONESTATUSID);
add(ZoneStatusIDSchema, bEMSOntology.ZoneStatusID.class);
// adding fields
ZoneStatusSchema.add(ZONESTATUS_PWVALUE,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusSchema.add(ZONESTATUS_OCCVALUE,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusSchema.add(ZONESTATUS_RHVALUE,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusSchema.add(ZONESTATUS_ZONEID,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusSchema.add(ZONESTATUS_COVALUE,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusSchema.add(ZONESTATUS_TEMPVALUE,
(TermSchema)getSchema(BasicOntology.STRING),
ObjectSchema.OPTIONAL);
ZoneStatusIDSchema.add(ZONESTATUSID_ZSTATUSID,
ZoneStatusSchema,ObjectSchema.OPTIONAL);
// adding name mappings
// adding inheritance
}catch (java.lang.Exception e) {e.printStackTrace();}
}}}

The last steps is to register the ontology and to use it. This is shown next:

package bEMS;
import bEMSOntology.*;
public class BEMSAgent extends Agent{
// Ontology
private Codec codec = new SLCodec();
private Ontology Bontology = BESMSOntology.getInstance();
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protected void setup(){
// register ontology
getContentManager().registerLanguage(codec);
getContentManager().registerOntology(Bontology);
// Add behavior
}
class BuildingAgentBehaviour extends SimpleBehaviour{
MessageTemplate mt = MessageTemplate.and(
MessageTemplate.MatchLanguage(codec.getName()),
MessageTemplate.MatchOntology(BOntology.getName()));
ACLMessage received = receive(mt);
if(received != null){
ContentElement el;
try{
el = getContentManager().extractContent(received);
if(el instanceof ZoneStatusID){
ZoneStatus status = new ZoneStatus();
status=(((Request) el).getZStatusID());
// reply using the ontology
ZoneStatusID msg = new ZoneStatusID();
msg.setZStatusID(status);
ACLMessage msg = new ACLMessage(ACLMessage.INFORM);
msg.addReceiver(new AID("TargetAgent", AID.ISLOCALNAME));
msg.setLanguage(codec.getName());
msg.setOntology(BOntology.getName());
try{
getContentManager().fillContent(msg, message);
send(msg);
}
catch(OntologyException e){e.printStackTrace();}
catch (CodecException e) {e.printStackTrace();}
}}
catch (OntologyException e){e.printStackTrace();}
}
}
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Figure A.2: BEMS ontology.
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Figure A.3: Smart Grid ontology.

jadesendOffer(String,FlexOfferID):void
flexEstimation(ZoneStatus,EVStatus,DERStatus):double
jadesend(String,Request):void

JADE and Matlab/Simulink

B.1

The agents

An essential part of any MAS is the environment each agent is situated in. For the
purposes of this thesis, such environments correspond to a virtual representation
of different systems. The system first establishes the connection between JADE
and Matlab/Simulink, assigning different ports to the different interface agents.
Communication intervals are defined to decouple the simulation run time of
Matlab/Simulink with JADE. For instance, a building model is simulated in seconds,
while the agent control is implemented in 15 or 5 minutes intervals. This cosimulation procedure is summarized in a general in Table B.1. It shows the pseudo
code of the entire system and the implemented agents.
Based on the rules implemented at different level agents, the BEMS will try to
affect the system response of the Matlab/Simulink models. The code presented next
gives the details on how to establish the sever-client connection between JADE and
Matlab/Simulink. It represents the part of the agent code used to establish the
connection, with the agent as the server.
public class NameAgent extends Agent{
// Class variables
ServerSocket srvrS = null;
Socket sktS = null;
ServerSocket srvrR = null;
Socket sktR = null;
DataInputStream in = null;
DataOutputStream action = null;
int portNumberS = 6800;
int portNumberR = 5800;
protected void setup(){
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try{
srvrS = new ServerSocket(portNumberS);
sktS = srvrS.accept();
srvrR = new ServerSocket(portNumberR);
sktR = srvrR.accept();
in = new DataInputStream(skts.getInputStream());
action = new DataOutputStream(sktsR.getOutputStream());
} catch (IOException e){e.printStackTrace();}
// add agent behavior }
// Agent behavior
class CommWithMatlab extends Simplebehaviour{
public void action(){
try{
while (in.available()>0){
// reads information from the port (coming from matlab)
msg = in.readDouble();
// echoes message to matlab
action.writeDouble(msg);
action.flush();}
catch (IOException e1) {}
}}
public boolean done(){
return false; }
} // End behavior
}

Table B.1: MAS-BEMS pseudo algorithm

% Cosimulation

% JADE agent behavior

Start JADE MAS-BEMS
Start Matlab environment
for t= tini ; t ≤ tend ; t + + do
env ← Start conditions
Run(env)
S ← env{T, Rh, P, CO2 , Occ}
SendtoJade(S, portN umber)
Receive(A)
vs ← a1
vr ← a2
vw ← a3
end for
SaveData
ShutDown Agents

Start JADE MAS-BEMS
AF ← function
Server ← PortNumber
Start Agent behavior
BlockReceiver
if msg != null then
addReceiver(sender )
P ← env
S∗ ← P × S∗
A ← P × S∗
Send(A)
end if
Gui ← env
ShutDown Agents
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Figure B.1: Simulink TCP/IP communication blocks.

B.2

The environment

Fig. B.1 shows the corresponding Simulink TCP/IP communication blocks to
complete the server-client link. The remote address field corresponds to the IP
address of the system where Simulink is running. In this case it runs in the same
machine, making the address "localhost". The port number must be the same port
as the one specified in JADE, i.e., PortNumberS. The same applies to the TCP/IP
receive block. Finally, a trigger block is used to allow the communication step to be
different from the simulation step of Simulink.

Lab equipment setting

C.1

Connect to the EM133 smart meter using Python

In order to read and processing data from EM 133, first it is required to install the
PAS software on a windows based system. This software allows the user to monitor
and record data in real time. Once it has been installed, open the PAS software and
use the RT Logging on/off function on the tool bar to select which access database
file to record data as illustrated in Fig C.1.

Figure C.1: PAS software interface.

Once logged in, the data record will look as shown next.
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Figure C.2: Data monitoring result.

While monitoring the data, a python program can be used to read the information
from Access database. The python program is based on the pyodbc python library.
Pyodbc makes it easy to connect to databases using ODBC. It implements the DB
API 2.0 specification. After import pyodbc library, the measurements can be sent
to the raspberry pi agent using the following python code:
import pyodbc
def func1():
cnxn = pyodbc.connect(r’Driver+{Microsoft Access Driver (*.mdb,
*.accdb)};DBQ=C:\Pas\Samples\Sample.mdb;UID=myusername;PWD=mypassword;’)
cursor = cnxn.cursor()
print ’start connect to database’
ms = socket.socket(socket.AF_INET,socket.SOCK_STREAM)
ainfo = socket.getaddrinfo("131.155.33.2",1239)
ms.connect(ainfo[0][4])
for row in cursor.execute(’select StringTime,V1,V2,V2,kW,kvar,kVA from
"RT Data Log #33_1"’):
print row
data = row
print data[4] # data[4] is the kW power information
b=str(data)
ms.sendall(b)
time.sleep(3)
ms.close()
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Using Python to control the programmable load

The California Instrument programmable load 3091LD can be controlled remotely
by means of the SCPI (Standard Commands for Programmable Instruments)
language, over the RS232 or IEEE 488 bus. In python, the PyVISA library is
used to control programmable load, using a suitable back-end is required. Before
using it, it is necessary to download and install the library. More information can
be found at http://pyvisa.readthedocs.io/en/stable/getting.html.
Using a GPIB-USB device to connect the California Instrument 3091LD to the
remote controller, the following Python script is used to set the parameters of
the load and remotely switch it on/off. In the program, the LOAD:CURR:AMPL
instruction is used to set the load current, by adding a string with the current value,
e.g., “LOAD:CURR:AMPL 10” for a current value of 10A. After defining the current
value, the load can be to switch on by the command “LOAD:STATe 1” or off by the
command ”LOAD:STATe 0”.
import visa, time, sys
command = ’LOAD:CURR:AMPL’
a = raw_input("input the current value: ")
b = str(a)
command = command + b
rm = visa.ResourceManager()
time.sleep(2)
rm.list_resources()
time.sleep(2)
inst = rm.open_resource(’GPIB0::3::INSTR’)
time.sleep(3)
inst.write(command)
print ’set the current’
time.sleep(3)
inst.write(’Load:STATe 1’)
print ’load on’
# inst.write(’Load:STATe 0’)
# print ’load off’
exit()

After connecting to the programmable load, a Python code is used to connect the
load to the Matlab building model. To do so, a UDP communication is established
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between the local host and Matlab, as shown next:
from socket import*
from threading import Thread
import sys, struct
PORT_MATLABRECIE1 = 5002
PORT_MATLABSEND = 5007
SIZE = 1024
hostName = gethostbyname(’0.0.0.0’)
MAC_IP = ’131.155.231.149’
# matlab sockets
mySocket1 = socket( AF_INET, SOCK_DGRAM )
mySocket1.bind((hostName,PORT_MATLABRECIE1))
# tcpip socket
tcpSocket = socket( AF_INET, SOCK_DGRAM)
tcpSocket.bind((hostName,PORT_NUMBERTCPIP))
dtaM = 0
flagM = 0
counter = 1
def sendmatlab(msg):
global counter
mySocket1.sendto(struct.pack(’<d’,counter), (’127.0.0.1’,
PORT_MATLABSEND))
counter += 1
def recvmatalb():
global dtaM, flagM
while True:
(data,addr) = mySocket1.recvfrom(SIZE)
data = struct.unpack(’d’,data)
dtaM= data[0]
flagM = 1
if __name__ == ’__main__’:
p1 = Thread(target = recvmatalb)
p1.start()
while True:
if flagM == 1:
sendmatlab(float(’send flex value’))
flagM = 0
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In Simulink, the respective UDP blocks are used to complete the connection,
taking care of using the right ports and IP configurations, as shown in the following
figure:

Figure C.3: Simulink UDP communication blocks.
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ACL

Agent Communication Language

ADP

Agent Decision Process

AHU

Air Handling Unit

AMS

Agent Management System

API

Application Programming Interface

APX

Amsterdam Power eXchange

ASP

Ancillary Service Provider

ASHRAE

American Society of Heating, Refrigerating and Air Conditioning
Engineers

AWN

Affected Wireless Network

BAU

Business as Usual

BEMS

Building Energy Management System

BLE

Bluetooth Low Energy

BPSK

Binaire phase shift keying

BRP

Balance Responsible Party

ce

Change of Error

CMS

Centralized Management System

CI

Computational Intelligence

CPU

Central Processing Unit

CV

Constant Volume

DB

Database Programming

DER

Distributed Energy Resources
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DF

Directory Facilitator

DMS

Distribution Management System

dMS

Device Management System

DOE

Department of Energy

DR

Demand Response

DSI

Demand Side Integration

DSM

Demand Side Management

DSO

Distribution System Operator

DX

Direct Expansion

EEX

European Energy Exchange

EHV

Extra High Voltage

eJAL

extended Joint Action Learning

ENDEX

European Energy Derivatives Exchange

ENTSO-E

European Network of Transmission System Operators for Electricity

EPBD

European Performance Building Directive

EPEX

European Power Exchange

ESP

Energy Service Provider

EU

European Union

EV

Electric Vehicle

FIPA

Foundation for Intelligent Physical Agent

FLC

Fuzzy Local Controller

HC

High Comfort

HV

High Voltage

HVAC

Heating Ventilation and Air Conditioning

IAQ

Indoor Air Quality

ICT

Information and Communication Technologies

IED

Intelligent Electric Device

IESNA

Illuminating Engineering Society of North America

ISO

International Organization for Standardization

IWN

Interfering Wireless Network

JADE

Java Development framework

Nomenclature
JAL

Joint Action Learning

KNMI

Koninklijk Nederlands Meteorologisch Institut

LC

Low Comfort

LOS

Line of Sight

LV

Low Voltage

MAS

Multi-Agent System

MC

Medium Comfort

MDP

Markov Decision Process

MFSK

Multiple frequency-shift keying

MQPA

Multi-Level Quadrature Amplitude Modulation

MV

Medium Voltage

NB

Negative Big

NC

No Comfort

NLOS

Non Line of Sight

NM

Negative Medium

NS

Negative Small

ODBC

Open DataBase Connectivity

PAS

Power Analysis Software

PB

Positive Big

PE

Probability of Error

PER

Packet Error Rate

PM

Positive Medium

PMV

Predictive Mean Vote

POC

Point of Connection

PPD

Percentage of People Dissatisfied

PRP

Program Responsible Party

PS

Positive Small

PSO

Particle Swarm Optimization

PTU

Program Time Unit

QoS

Quality of Service

QPSK

Quadruple phase shift keying
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RES

Renewable Energy Sources

RH

Relative Humidity

RL

Reinforcement Learning

RSoC

Required State of Charge

SER

Symbol Error Rate

SG

Smart Grid

SG-BEMS

Smart Grid - Building Energy Management System

SGAM

Smart Grid Architecture Model

SIL

Speech Interference Level

SIR

Signal to Interference Ratio

SNR

Signal to Noise Ratio

SO

System Operator

SoC

State of Charge

SCPI

Standard Commands for Programmable Instruments

T

Temperature

ToU

Time of Use

TSO

Transmission System Operator

µ−CHP

micro-Combined Heat and Power

USEF

Universal Smart Energy Framework

V2B

Vehicle to Building

Z

Zero

ZMS

Zone Management System
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