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Resumen

El sector eléctrico se halla actualmente sometido a un proceso de liberalizaciéon
y separacién de roles, que estd siendo aplicado bajo los auspicios regulatorios
de cada Estado Miembro de la Unién Europea y, por tanto, con distintas ve-
locidades, perspectivas y objetivos que deben confluir en un horizonte comun,
en donde Europa se beneficiard de un mercado energético interconectado, en
el cual productores y consumidores podran participar en libre competencia.

Este proceso de liberalizacién y separacién de roles conlleva dos conse-
cuencias o, visto de otra manera, conlleva una consecuencia principal de la
cual se deriva, como necesidad, otra consecuencia inmediata. La consecuencia
principal es el aumento de la complejidad en la gestion y supervision de un
sistema, el eléctrico, cada vez més interconectado y participativo, con cone-
xion de fuentes distribuidas de energia, muchas de ellas de origen renovable,
a distintos niveles de tension y con distinta capacidad de generacion, en cual-
quier punto de la red. De esta situacién se deriva la otra consecuencia, que es
la necesidad de comunicar informacién entre los distintos agentes, de forma
fiable, segura y rapida, y que esta informacion sea analizada de la forma maés
eficaz posible, para que forme parte de los procesos de toma de decisiones
que mejoran la observabilidad y controlabilidad de un sistema cada vez més
complejo y con mas agentes involucrados.

Con el avance de las Tecnologias de Informacién y Comunicaciones (TIC),
y las inversiones tanto en mejora de la infraestructura existente de medida
y comunicaciones, como en llevar la obtencion de medidas y la capacidad de
actuacién a un mayor nimero de puntos en redes de media y baja tension,
la disponibilidad de datos sobre el estado de la red es cada vez mayor y més
completa. Todos estos sistemas forman parte de las llamadas Smart Grids, o
redes inteligentes del futuro, un futuro ya no tan lejano.

Una de estas fuentes de informacién proviene de los consumos energéticos
de los clientes, medidos de forma periddica (cada hora, media hora o cuarto
de hora) y enviados hacia las Distribuidoras desde los contadores inteligentes
o Smart Meters, mediante infraestructura avanzada de medida o Advanced
Metering Infrastructure (AMI). De esta forma, cada vez se tiene una ma-
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yor cantidad de informacién sobre los consumos energéticos de los clientes,
almacenada en sistemas de Big Data. Esta cada vez mayor fuente de informa-
cion demanda técnicas especializadas que sepan aprovecharla, extrayendo un
conocimiento 1til y resumido de la misma.

La presente Tesis doctoral versa sobre el uso de esta informacién de consu-
mos energéticos de los contadores inteligentes, en concreto sobre la aplicaciéon
de técnicas de mineria de datos (data mining) para obtener patrones tempo-
rales que caractericen a los usuarios de energia eléctrica, agrupandolos segiin
estos mismos patrones en un nimero reducido de grupos o clusters, que permi-
ten evaluar la forma en que los usuarios consumen la energia, tanto a lo largo
del dia como durante una secuencia de dias, permitiendo evaluar tendencias
y predecir escenarios futuros. Para ello se estudian las técnicas actuales y,
comprobando que los trabajos actuales no cubren este objetivo, se desarrollan
técnicas de clustering o segmentacion dindmica aplicadas a curvas de carga
de consumo eléctrico diario de clientes domésticos. Estas técnicas se prueban
y validan sobre una base de datos de consumos energéticos horarios de una
muestra de clientes residenciales en Espana durante los anos 2008 y 2009.
Los resultados permiten observar tanto la caracterizaciéon en consumos de los
distintos tipos de consumidores energéticos residenciales, como su evolucién
en el tiempo, y permiten evaluar, por ejemplo, cémo influenciaron en los pa-
trones temporales de consumos los cambios regulatorios que se produjeron en
Espana en el sector eléctrico durante esos anos.



Resum

El sector electric es troba actualment sotmes a un procés de liberalitzacio6 i se-
paracié de rols, que s’esta aplicant davall els auspicis reguladors de cada estat
membre de la Unié Europea i, per tant, amb distintes velocitats, perspectives
i objectius que han de confluir en un horitzé6 comt, on Europa es benefici-
ara d’un mercat energetic interconnectat, en el qual productors i consumidors
podran participar en lliure competeéncia.

Aquest procés de liberalitzacié i separacié de rols comporta dues con-
seqiiencies o, vist d’una altra manera, comporta una conseqiiencia principal
de la qual es deriva, com a necessitat, una altra conseqiiencia immediata. La
conseqiiéncia principal és 'augment de la complexitat en la gestio i supervisié
d’un sistema, ’electric, cada vegada més interconnectat i participatiu, amb
connexié de fonts distribuides d’energia, moltes d’aquestes d’origen renovable,
a distints nivells de tensié i amb distinta capacitat de generacid, en qualsevol
punt de la xarxa. D’aquesta situacié es deriva 'altra conseqiiéncia, que és la
necessitat de comunicar informacié entre els distints agents, de forma fiable,
segura i rapida, i que aquesta informacié siga analitzada de la manera més
eficag possible, perque forme part dels processos de presa de decisions que mi-
lloren I’observabilitat i controlabilitat d’un sistema cada vegada més complex
i amb més agents involucrats.

Amb lavang de les tecnologies de la informacié i les comunicacions (TIC),
i les inversions, tant en la millora de la infraestructura existent de mesura i
comunicacions, com en el trasllat de ’obtencié de mesures i capacitat d’actu-
acié a un nombre més gran de punts en xarxes de mitjana i baixa tensié, la
disponibilitat de dades sobre ’estat de la xarxa és cada vegada major i més
completa. Tots aquests sistemes formen part de les denominades Smart Grids
o xarxes intel-ligents del futur, un futur ja no tan llunya.

Una d’aquestes fonts d’informacié prové dels consums energetics dels cli-
ents, mesurats de forma periodica (cada hora, mitja hora o quart d’hora)
i enviats cap a les distribuidores des dels comptadors intel-ligents o Smart
Meters, per mitja d’infraestructura avangada de mesura o Advanced Mete-
ring Infrastructure (AMI). D’aquesta manera, cada vegada es té una major
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quantitat d’informacié sobre els consums energetics dels clients, emmagatze-
mada en sistemes de Big Data. Aquesta cada vegada major font d’informacié
demanda técniques especialitzades que sapiguen aprofitar-la, extraient-ne un
coneixement 1til i resumit.

La present tesi doctoral versa sobre 1'is d’aquesta informacié de con-
sums energetics dels comptadors intel-ligents, en concret sobre I'aplicacié de
tecniques de mineria de dades (data mining) per a obtenir patrons temporals
que caracteritzen els usuaris d’energia electrica, agrupant-los segons aquests
mateixos patrons en una quantitat reduida de grups o clusters, que permeten
avaluar la forma en que els usuaris consumeixen ’energia, tant al llarg del dia
com durant una seqiiencia de dies, i que permetent avaluar tendeéncies i predir
escenaris futurs. Amb aquesta finalitat, s’estudien les técniques actuals i, en
comprovar que els treballs actuals no cobreixen aquest objectiu, es desenvo-
lupen tecniques de clustering o segmentacié dinamica aplicades a corbes de
carrega de consum electric diari de clients domestics. Aquestes tecniques es
proven i validen sobre una base de dades de consums energetics horaris d’u-
na mostra de clients residencials a Espanya durant els anys 2008 i 2009. Els
resultats permeten observar tant la caracteritzacié en consums dels distints
tipus de consumidors energetics residencials, com la seua evolucié en el temps,
i permeten avaluar, per exemple, com van influenciar en els patrons temporals
de consums els canvis reguladors que es van produir a Espanya en el sector
electric durant aquests anys.



Abstract

The electricity sector is currently undergoing a process of liberalization and
separation of roles, which is being implemented under the regulatory auspices
of each Member State of the European Union and, therefore, with different
speeds, perspectives and objectives that must converge on a common horizon,
where Europe will benefit from an interconnected energy market in which
producers and consumers can participate in free competition.

This process of liberalization and separation of roles involves two conse-
quences or, viewed another way, entails a major consequence from which other
immediate consequence, as a necessity, is derived. The main consequence is
the increased complexity in the management and supervision of a system, the
electrical, increasingly interconnected and participatory, with connection of
distributed energy sources, much of them from renewable sources, at different
voltage levels and with different generation capacity at any point in the net-
work. From this situation the other consequence is derived, which is the need
to communicate information between agents, reliably, safely and quickly, and
that this information is analyzed in the most effective way possible, to form
part of the processes of decision taking that improve the observability and
controllability of a system which is increasing in complexity and number of
agents involved.

With the evolution of Information and Communication Technologies (ICT),
and the investments both in improving existing measurement and communi-
cations infrastructure, and taking the measurement and actuation capacity to
a greater number of points in medium and low voltage networks, the avail-
ability of data that informs of the state of the network is increasingly higher
and more complete. All these systems are part of the so-called Smart Grids,
or intelligent networks of the future, a future which is not so far.

One such source of information comes from the energy consumption of
customers, measured on a regular basis (every hour, half hour or quarter-
hour) and sent to the Distribution System Operators from the Smart Meters
making use of Advanced Metering Infrastructure (AMI). This way, there is an
increasingly amount of information on the energy consumption of customers,



XVI

being stored in Big Data systems. This growing source of information demands
specialized techniques which can take benefit from it, extracting a useful and
summarized knowledge from it.

This thesis deals with the use of this information of energy consumption
from Smart Meters, in particular on the application of data mining techniques
to obtain temporal patterns that characterize the users of electrical energy,
grouping them according to these patterns in a small number of groups or
clusters, that allow evaluating how users consume energy, both during the
day and during a sequence of days, allowing to assess trends and predict fu-
ture scenarios. For this, the current techniques are studied and, proving that
the current works do not cover this objective, clustering or dynamic segmen-
tation techniques applied to load profiles of electric energy consumption from
domestic users are developed. These techniques are tested and validated on
a database of hourly energy consumption values for a sample of residential
customers in Spain during years 2008 and 2009. The results allow to observe
both the characterization in consumption patterns of the different types of
residential energy consumers, and their evolution over time, and to assess, for
example, how the regulatory changes that occurred in Spain in the electric-
ity sector during those years influenced in the temporal patterns of energy
consumption.
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Motivation and objectives

0.1 Motivation

The development of the present thesis is mainly motivated by the works de-
veloped in two different research projects: the Profesion@l Project and the
GAD project:

The Profesion@l project, arranged under the auspice of the European
Union (European Union EQUAL Initiative, code ES-ES20040550, 2004),
aimed to study the issues behind the creation of gender stereotypes about
the different careers and professions, starting from the days at school, until
the students access to university. Through the use of a specifically designed
software, information gathered from groups of students at different educa-
tional stages was analyzed, applying clustering algorithms and fuzzy logic
inference, with the objective of developing a model able to characterize,
predict and evaluate the different motivations for the selection of a profes-
sional career, and the influence of gender stereotypes in this decision.
The GAD or “Active Demand Management” (in Spanish) project was a
project supported by the Spanish Government, and participated by 14 dif-
ferent companies and 14 research centres. It was sponsored by the CDTI
(Technological Development Centre of the Ministry of Science and Innova-
tion of Spain), and financed by the INGENIO 2010 program. The objective
of the GAD project was to investigate and develop solutions to optimize
the electrical consumption in low and medium voltage users, by the re-
search and development of new tools for the Demand Side Management.
The data analyzed in this thesis has been provided by the Spanish Distri-
bution System Operator Iberdrola Distribucién Eléctrica S.A.U. and the
GAD project, in form of a database with load profile registers from smart
meters, gathered from the sample of Spanish users selected.

The Profesion@] project provided, through its developments and works, a

first insight to the data mining techniques and the clustering algorithms and
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fuzzy inference. On the other hand, the GAD project was the initial scenario
of data analysis and characterization of profiles of energy consumption from
electrical energy customers. From the developments and results on load pro-
filing that were obtained in the GAD project, and the knowledge gained from
the Profesion@I project, the following step was to apply this knowledge to
pursue the objective of characterizing customers and evaluating their evolu-
tion in patterns through time. These are the motivations and the initial steps
that have evolved in the developments presented in this thesis.

0.2 Objectives

As will be discussed in this document, there is no specific work currently
in the literature that addresses the dynamic clustering of load profiles as a
daily time series data. As will be also described, this will be a need that
companies in the sector of electrical energy will have to address, if they want
to extract useful knowledge or information from huge volumes of data that are
being increasingly measured and stored. This is, therefore, the objective of the
present thesis: to study, develop, test and evaluate methods and techniques to
perform clustering, obtain centroids or prototypes and visualize the results,
on time series of daily load profiles.

0.3 Main Contributions

The main contributions that have been produced during the development of
this thesis are the following:

e The development of a common framework to a dynamic cluster analysis
of time series data of load profiles, applying different clustering techniques
and distance measures, has been presented. This work has also been de-
scribed in the following communication: “Ignacio Benitez, Alfredo Quijano,
José-Luis Diez, Ignacio Delgado. Clustering of Time Series Load Profiles
for Grid Reliability. International Conference on Condition Monitoring,
Diagnosis and Maintenance 2015 (CMDM 2015). Bucharest, Romania, Oc-
tober 5th -8th, 2015”.

e A graphical method for the visualization and representation of the
clusters, and a methodology for the interpretation of the results,
by means of specific indices, have been described. This methodology is
presented in the following article: “Benitez, 1.; Quijano, A.; Diez, J.-L.
and Delgado, I. Dynamic clustering segmentation applied to load profiles
of energy consumption from Spanish customers. International Journal of
Electrical Power & Energy Systems , 2014, 55, 437 - 448”7, which also
presents the first approach for dynamic clustering developed, along with
the results from the first test described in this thesis.



0.3 Main Contributions XXXIII

e A selection and modification of cluster validity indices appropriate
to evaluate the clustering results in this proposed framework has been
performed.

e An approach to compare two load profiles time series as the comparison
between two 3D surfaces has been presented.

e A proposal to obtain the distance between the two surfaces as the decom-
position in a number of smaller linear surfaces and the application of a
new Hausdorff-based similarity measure has been explained.

The three last contributions are described in a new article with the follow-
ing title: “Dynamic Clustering of Residential Electricity Consumption Time
Series Data Based on Hausdorff Distance”, by Ignacio Benitez, José-Luis Diez,
Alfredo Quijano and Ignacio Delgado. This paper has been sent to the Elec-
tric Power Systems Research Journal for publication and is currently under
review.

In order to reach the contributions listed above, two introductions to differ-
ent fields of knowledge and two different states of the art have been produced.
These are the following:

e An introduction to the changing environment of the current power sys-
tems and the Smart Grids is presented. The current scenario regarding
the energy market and the regulatory situation in Spain and the Euro-
pean Commission is so dynamic that, probably while these lines are being
written, part of the information described in this thesis is becoming ob-
solete. However, this introduction has been considered necessary in order
to understand the needs of data analysis and the objectives approached in
this thesis.

e An introduction to the field of Knowledge Discovery in Databases, and
Data Mining as being part of this process and, more recently, the shift
towards Big Data systems and Big Data Analytics, has also been described.
Clustering and dynamic clustering techniques are presented, as a specific
objective of the Data Mining.

e A state of the art on current algorithms and techniques on dynamic clus-
tering has been performed, and is presented in this thesis.

e Complementing this review, a state of the art on clustering, classification
and forecasting algorithms focused on the analysis of energy consumption
data is also presented. Conclusions are obtained and discussed from both
states of the art. As a result, the developments previously described have
been obtained.

All the developments presented in this thesis have been programmed mak-
ing use of the Matlab™ software, and its Database Toolbox, in order to access
the data, stored in a MySQL database.

The sole exception regards the developments made for the paper on
“Clients segmentation according to their domestic energy consumption by the
use of Self-Organizing Maps”, cited in this thesis, where the SOM 2.0 toolbox
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provided by the Aalto University (http://www.cis.hut.fi/somtoolbox/)
was used.

0.4 Publications

A number of publications have been produced through the development of
this thesis. Some of them are a direct presentation of the works developed.
Other publications are a result of the application of some of the developments
done to a different field of knowledge or on data of a different nature than the
ones presented here. Following, all these publications are introduced:

1. Ignacio Benitez, José Luis Diez, Pedro Albertos. Applying Dynamic Min-
ing on Multi-Agent Systems. In Proceedings of the 17th World Congress of
the International Federation of Automatic Control (IFAC). Seoul, Korea,
July 6-11, 2008. This paper represents the foundational work on dynamic
clustering from the authors, that is the basis for all the developments
presented in the thesis. It approaches the dynamic analysis and segmen-
tation of a group of agents with dynamical characteristics, i.e., a varying
location.

2. 1. Benitez Sanchez, 1. Delgado Espinés, L. Moreno Sarrién, A. Quijano
Lopez, and 1. Navalén Burgos. Clients segmentation according to their
domestic energy consumption by the use of Self-Organizing Maps. In Pro-
ceedings of the 6th International Conference on the European Energy
Market, EEM09, 2009. This is a work developed under the GAD project,
which approached the static classification of energy consumption load pro-
files from residential users, in this case making use of Self-Organizing Maps
(SOM). This initial work of classification was the basis to the extension
to the dynamic analysis of the data proposed and developed in this thesis.

3. Benitez, I.; Quijano, A.; Diez, J.-L. and Delgado, I. Dynamic clustering
segmentation applied to load profiles of energy consumption from Spanish
customers. International Journal of Electrical Power & Energy Systems ,
2014, 55, 437 - 448. This paper presents the first approach and conclusions
developed in this thesis, for the dynamic clustering of time series load
profiles.

4. Benitez, 1.; Blasco, C.; Mocholi, A. and Quijano, A. A Two-Step Pro-
cess for Clustering Electric Vehicle Trajectories. Proceedings of the IEEE
International Electric Vehicle Conference (IEVC 2014), 2014. This paper
makes use of the development of a two-step dynamic clustering proposed in
this thesis, but to a different field or area of knowledge (Electro-mobility),
and with different techniques applied, due to the different nature of the
data. In the development presented in the thesis, a two-step dynamic
clustering algorithm is proposed, which makes use of a Hausdorff-based
distance to compute similarity between data objects. In this paper, the
Hausdorff-based distance is replaced by a dynamic time warping distance,
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and the objective is to cluster Electric Vehicle trajectories, given in se-
quences of spatial coordinates (longitude and latitude).

5. Ignacio Benitez, Alfredo Quijano, José-Luis Diez, Ignacio Delgado. Clus-
tering of Time Series Load Profiles for Grid Reliability. International
Conference on Condition Monitoring, Diagnosis and Maintenance 2015
(CMDM 2015). Bucharest, Romania, October 5th -8th, 2015. This paper
presents the developments made in this thesis of a common framework for
the Type 3 dynamic clustering of time series load profiles. In this case the
analysis is oriented to the objective of serving as a predictive maintenance
tool.

6. I. Benitez, A. Quijano, I. Delgado, J.L. Diez. Classification of customers
based on temporal load profile patterns. CIGRE Session, Paris. 21-26 Au-
gust, 2016. This paper, accepted for publication but not presented yet,
describes the results of the development of a classifier of consumers based
on their temporal patterns, obtained with the framework developed in this
thesis, and the definition of some indicators regarding trends and shapes
of temporal energy consumption in the resulting patterns.

0.5 Document structure

The present document focuses on the approach of data mining techniques,
specifically dynamic clustering of time series data, to the analysis of energy
consumption data. It is structured in five differentiated Parts, which are the
following:

1. The first Part of this document presents the current scenario of today’s
power grids and their new management models, that have arisen as a
result of an unbundling process, in order to convert the classical scenarios
of oligopolies or State-owned electrical networks in frameworks to compete
on equal terms, that guarantee the participation of private companies and
third parties in the generation, transport, distribution and consumption
of electrical energy. A main need will be identified in this Part, as a “side
effect” that comes with the integration of the Smart Grids: the adequate
management of the information from smart metering data, or how to
properly manage and benefit from large amounts of data that are being
available.

2. Part II describes which can be considered as the main path towards a
solution: the structured and ordered analysis of the data, or, in other
words, how to obtain the desired information from large sets of time series
data. For this reason, the broad research field of Knowledge Discovery in
Databases (KDD) is presented and, as a main component of KDD, Data
Mining objectives and techniques are described. It is the cluster analysis
and, more specifically, the cluster evolution analysis, or the dynamic
clustering of time series data, the data mining objective which is
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considered of relevance for the analysis of the Smart Metering data from
energy consumption, arranged in daily vectors of 24 hours or dimensions.
For this reason, a state of the art in clustering techniques are described
in this Part. The main conclusion of all the reviews performed in this
Part II is that, as indicated previously in Section 0.2 of Objectives, no
specific development has been found that addresses the dynamic
clustering and visualization of energy consumption load profiles
time series data.

3. The development of these specific techniques, therefore, are presented in
the following Part of this document, Part III. The development made, as
will be explained, is a flexible framework that can make use of different
clustering techniques for raw data dynamic clustering presented in the
state of the art, extended to process time series data of n dimen-
sions, where all the dimensions have the same magnitude (energy —kWh)
and, as an innovation perspective, they are processed as a daily time series
(for a week, or a month, or a year...). This development is presented and
tested on a dataset of energy consumption load profiles from a sample of
domestic users in Spain.

4. In Part IV, the results obtained in the previous Part are evaluated and
the main conclusions are presented, along with future works that can be
followed from the developments made and presented in this thesis.

5. Part V, finally, gathers the different Annexes produced and the references
cited throughout this thesis.



Part 1

The Smart Grid. Current scenario and future
trends
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The first Part of this document presents the current scenario of today’s
power grids and their new management models, that have arisen as a result of
an unbundling process, in order to convert the classical scenarios of oligopolies
or State-owned electrical networks in frameworks to compete on equal terms,
that guarantee the participation of private companies and third parties in the
generation, transport, distribution and consumption of electrical energy.

The creation and liberalization of the energy market and the free trading
between agents is one of the key pillars of this structure. The supervision and
maintenance of power quality and voltage levels among all the nodes in the
network, dealing with a dynamic real-time balancing between generation and
consumption, could be identified as the second key pillar of this structure. Fi-
nally, the need for a close interconnection between the technical management
of the network and the trades of energy would be the third key pillar of this
structure.

Information and Communication Technologies (ICT) are able to capture
the state of the grid and much more related information in real time. Big Data
and data warehousing systems are able to conveniently store and have the data
available for future analysis and specific queries. The challenge arises, however,
in how to adequately manage the huge amounts of data that are beginning to
be available, in order to extract useful knowledge from them, that can be of
profit for the different agents involved in the management of power systems
and energy trading, providing a valuable return of the investment being done
in the ICT and Advanced Metering Infrastructure (AMI). These three fields
represent the future of the power grids or, in another words, the Smart Grids
of the short-term and medium-term future.

An introduction Chapter (Chapter 1) first presents the current scenario
in the shift towards the liberalization of the energy market, in the European
Union and in Spain, regarding legislative actions. Chapter 2 then provides a
view of the current electrical power grids, and the main generation or elec-
tricity production sources and their integration in the grid, specifically for
renewable and distributed energy resources. Chapter 3 describes the new fea-
tures that the Smart Grids bring to the management of the power systems,
such as standardization and interoperability aspects, and the availability of
information through ICT and AMI. New concepts that derive from the imple-
mentation of these technologies, such as Demand Response and Demand Side
Management, are described. Finally, Chapter 4 identifies the benefits of the
Smart Grids and also one of its main “drawbacks”: the growing availability
of information, in daily and hourly streams of data, which makes necessary
the availability of systems able to properly manage the information first, and,
following, to analyze it. A specific objective is identified, which can provide
valuable knowledge for decision taking to the different agents: to evaluate
trends in temporal patterns of energy consumption from end users in the
electricity distribution network, grouping the users by their temporal electric
signature, or the way the energy is used and its amount variation in time.
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Introduction

The different sectors of generation, transportation and distribution (and com-
mercialization) of electric energy are currently undergoing a slow process of
transition towards a new paradigm of liberalized, competence-free market,
where the power grid is managed by all the interested parties and agents in
two ways: physical and virtual. The physical management is performed by all
the agents that ensure that the electricity is generated, transported and dis-
tributed to the end users under the required conditions of power quality. This
power grid of the (not so far) future is distributed in control areas at differ-
ent aggregation levels (Wide Area Networks, Local Area Networks), managed
locally by the different agents, from Transport Network Operators (TNO), to
Distribution Network Operators (DNO) to the smaller owners of the low volt-
age electrical grids where the end users are connected (microgrid managers,
neighborhoods, districts). The local management of the power grid in con-
trol areas of different size, by different agents or companies, makes necessary
the standardization and deployment of robust, fast and interoperable commu-
nication protocols, to allow at the same time a local management of power
networks, following local needs or directives, and a global, centralized super-
vision by a supervision agent, responsible of guaranteeing grid stability and
balance between generated and consumed energy under real time constraints
[1].

As the need for communication and management in real time rises, the
need to monitor and measure the state of the grid with the smallest period
of time also rises. The requirements for monitoring and metering of energy at
all the voltage levels of the grid (High Voltage, Medium Voltage, Low Volt-
age) have progressed in parallel with the technology readiness level to comply
with these. Besides, the local generation (and consumption) of electricity has
gained interest in the recent years, particularly with the integration of gen-
eration from renewable energy resources (mainly photovoltaic, solar thermal
and wind) of different sizes and installed power (from low voltage and a few
kilowatts to medium voltage and Megawatts of power injected to the grid).
The energy storage vector has also gained interest, as the technology pro-
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vides advanced resources of smaller dimension and higher density devices to
store and deliver energy from and to the grid, making use of electro-chemical
principles or other forms of energy conversion [2]. The integration of these
local resources imply the need for the development and validation of more
complex, fast and robust management and control systems, able to integrate
controllable and non-controllable energy sources, with different technologies,
constraints and power connections to the grid, most of them through specific
electronics equipment.

The visibility and controllability of power networks is gradually increasing
at all levels. As the needs to monitor, supervise and control these energy
flows increase, so does the complexity of the Information and Communication
Technologies (ICT) infrastructure needed for this purpose, and the software
architectures, systems and algorithms implemented of Information Systems
and Data Analysis or Data Mining.

Regarding the virtual management of electricity, this is performed by all
the agents that interact in a (regulated but free) market, where the electric
energy is traded as an asset or good (a commodity), under the supervision of
an agent or agents that ensure: 1) that the energy transactions are performed
following specific regulations and 2) that the energy sold and purchased at
all times fills the predicted energy demand for a defined window frame and
falls under the technical requirements of energy balance and power quality (in
voltage and frequency) either at global and local scale in the power grid. If
this is not the case, specific mechanisms are activated to suppress this foreseen
situation, such as the provision of extra demand or generation of electricity
in intra-day or operation markets. These are ancillary services [3], needed to
stabilize the grid.

The energy market behaves, as other markets do, as an offer-demand
model, with a clear exception: the electricity demand is not elastic, i.e., it
cannot be substituted by any other commodity (at least, not immediately)
[4]. The energy is traded in two main scenarios or time scales: in the following
period, or at medium or long term. The energy traded for the next period,
typically for the 24 hours of the following day, is sold and purchased in the
spot (i.e., “on the spot”) market. The energy traded in medium or long terms
is sold and purchased by means of forward contracts between seller and buyer,
or at forward or Over-The-Counter (OTC) markets. These contracts are al-
legedly of a lower risk. In the spot markets, the energy pool model has been
implemented: for each hour of the day, all the producers submit their bids
of estimated generation capacity and production price per unit of energy. All
the retailers submit the demand expected and the price they would pay for
it. Both quantities are ranked: the generation in order of increasing price and
the consumption in order of decreasing price. The point of intersection of the
supply and demand curves sets the market clearing price and fixes the system
marginal price for that hour. Figure 1.1 depicts an example of the energy
pool market clearing price for the Iberian (Spanish and Portuguese) Energy
Market Operator, OMIE ( Operador del Mercado Ibérico de Energia).
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Fig. 1.1. Example of market clearing price in the Spanish Energy Market Pool.
Source: OMIE (Operador del Mercado Ibérico de Energia).

The market clearing price, for the hour 9 of the day 23rd of March, 2015,
displays four curves: the offered generation (in orange) and purchase bids (in
blue), and the final cleared offer and demand curves (in red and magenta
colors). The discrepancy between the offered and cleared generation is due to
the aggregation of generation offer imposed by the System Operator to meet
technical requirements.

1.1 Liberalization of the energy market in the European
Union

This process of transition towards liberalized energy markets is progressing
globally, although with different speeds, in the different countries worldwide.
Regarding the deployment of Advanced Metering Infrastructure (AMI) in Eu-
rope, the current 28 Member States of the European Union are requested to
deploy intelligent metering systems for at least the 80 % of consumers before
2020 [5], subject to a positive economical assessment of the long-term costs
and benefits of the roll-out, performed by each country. The last report from
the European Commission (EC) addressing the progress of this deployment
states, among other conclusions, the following [6]:

e “16 Member States (Austria, Denmark, Estonia, Finland, France, Greece,
Ireland, Italy, Luxemburg, Malta, Netherlands, Poland, Romania, Spain,
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Sweden and the UK) will proceed with large-scale roll-out of smart meters
by 2020 or earlier, or have already done so. In two of them, namely in
Poland and Romania, the Cost-Benefit Analyses (CBAs) yielded positive
results but official decisions on roll-out are still pending;

e In seven Member States (Belgium, the Czech Republic, Germany, Latvia,
Lithuania, Portugal, and Slovakia), the CBAs for large-scale roll-out by
2020 were negative or inconclusive, but in Germany, Latvia and Slovakia
smart metering was found to be economically justified for particular groups
of customers;

e For four Member States (Bulgaria, Cyprus, Hungary and Slovenia), the
CBAs or roll-out plans were not available at the time of writing; and

e Legislation for electricity smart meters is in place in the majority of Mem-
ber States, providing for a legal framework for deployment and/or regu-
lating specific matters such as timeline of the roll-out, or setting technical
specifications for the meters, etc. Only five Member States (Belgium, Bul-
garia, Hungary, Latvia and Lithuania), have no such legislation in place.”

The document emphasizes the need for a cybersecurity and data privacy
framework [7] in the smart metering infrastructure being deployed, following
EU legislation on this issue. It also recommends the use of available standards,
to ensure technical and commercial interoperability.

Regarding the implementation of liberalized energy markets in Europe, the
same EC Directive 2009/72 that encouraged the deployment of AMI, defined
also the main rules for the energy market liberalization and the unbundling
of the system in the European Union [5], therefore allowing both producers
and consumers to participate in the energy market transactions. The EC en-
courages the Member States to ensure that an adequate “playing field” is set
up for this purpose. For instance, its 35" paragraph states:

“In order to ensure effective market access for all market players, in-
cluding new entrants, non-discriminatory and cost-reflective balanc-
ing mechanisms are necessary. As soon as the electricity market is
sufficiently liquid, this should be achieved through the setting up of
transparent market-based mechanisms for the supply and purchase
of electricity, needed in the framework of balancing requirements. In
the absence of such a liquid market, national regulatory authorities
should play an active role to ensure that balancing tariffs are non-
discriminatory and cost-reflective.”

Each EU Member State has, therefore, a national regulatory authority
that supervises and “watches” the adequate functioning of the markets. In
Spain, for instance, the Comisidn Nacional de los Mercados y la Competencia
or National Commission for Markets and Competition (CNMC) performs this
task.

Regarding the energy markets in the EU, there are 7 regional electricity
wholesale markets operating in year 2014 [8]:
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e Central Western Europe (CWE). Formed in 2010 as a result of the cou-
pling of energy power exchange markets from Austria (EXAA), Belgium
(Belpex), France (EPEX SPOT SE), Germany (EPEX SPOT SE), the
Netherlands (APX) and Switzerland (EPEX SPOT SE).

e British Isles. Formed by two power exchange markets, APX Power UK
(United Kingdom) and SEMO (Single Energy Market Operator for the
Republic of Ireland and Northern Ireland).

¢ Northern Europe (NordPool). Formed by a single market (Nord Pool Spot
AS), that performs power exchange trading for Denmark, Estonia, Finland,
Latvia, Lithuania, Norway and Sweden since 1996.

e Apennine Peninsula. Formed by the Gestore del Mercato Elettrico S.p.A.,
or Italian Power Exchange, from Italy.

e Iberian Peninsula. Formed by the Operador del Mercado Ibérico - Polo
Espanol S.A. / - Polo Portugués SGPS (OMIE/OMIP), which operate the
spot market (OMIE) and forward and OTC market (OMIP) for Spain and
Portugal since 2007.

e Central Eastern Europe. Formed by the PXE (Power Exchange Central
Europe), which integrates the trading markets for Czech Republic, Hun-
gary, Poland, Romania, Slovakia and Slovenia since 2007.

e South Eastern Europe. Formed by Lagie, the Operator of the Electricity
Market from Greece.

The objective of the EC progresses towards a future common power ex-
change market, involving not only trading but also a physical interconnection
between electrical systems. New power exchange connections are planned to
accomplish this objective [9]. Regarding the power exchange trading, the ini-
tiative called Price Coupling of Regions or PCR has been launched in 2009
[10], with the objective of developing a single price coupling framework for all
the power exchange markets in the European Union, by the development and
application of a common algorithm, which has been called EUPHEMIA (Pan-
European Hybrid Electricity Market Integration Algorithm). EUPHEMIA
works on the principle that in a market coupling scenario, markets with lower
prices can export electricity to the markets with the highest prices. The algo-
rithm is based on the market coupling algorithm called COSMOS, developed
by the CWE power exchange operator [11]. This algorithm uses branch-and-
bound optimization techniques [12] to provide the most feasible solution of
price coupling, given a specific Available Transmission Capacity or ATC de-
fined by the TSOs.

1.2 Liberalization of the energy market in Spain
The liberalization of the energy market in Spain was formalized through the

national regulation RD 54/1997, in year 1997 [13]. This Law declared the
unbundling of the electrical power network in Spain, alienating it as a whole



10 1 Introduction

from the public service, and distributing the necessary competences among
the following roles:

. The Producers of electricity, or generating companies.

. The Market Operator.

The System Operator.

The Transmission System Operator.

. The Distribution System Operators.

. The Retailers.

The Consumers.

. The System Load Managers. These are entities that, being consumers of
electricity, are allowed to trade with the supplied energy, for purposes of
load charging or storage.

[ R N N N

These roles are further described in the following Chapter. The System
Operator has to guarantee that the electricity is supplied under conditions of
continuity and power quality. Another of its obligations is to provide the cor-
rect coordination between production plants and the transmission network.
Thus, the System Operator in the Spanish case is also the Transmission Sys-
tem Operator. In Spain this role is performed by the company Red Eléctrica
de Espana S.A.U. (REE). The transmission network is formed, according to
the Law, by cables, systems and installations which transport voltage equal or
higher than 380 kV (primary transmission network), and by cables, systems
and installations which transport voltage equal or higher than 220 kV (sec-
ondary transmission network), or below this value but they perform a trans-
mission purpose. Interconnections with electrical systems from other countries
or insular connections are also managed by the System Operator.

The structure of the power exchange markets are also stated in the RD
54/1997, being the following:

. Forward.

. Day-ahead.

. Intra-day.

. Resolution of technical constraints.
. Ancillary services.

. Deviations management.

. Non-organized.

~N O Ot W N~

The first two (forward and day-ahead markets) are managed by the Market
Operator, and the other ones due to resolution of technical constraints and real
time imbalances in the power grid (intra-day, technical constraints, ancillary
services and deviations management markets) are managed by the System
Operator. In Spain, the Market Operator role is performed by the company
OMIE (Operador del Mercado Ibérico de Energfa).

Subsequent regulations have modified some articles from this Law, un-
til year 2013, when a new Law, 24/2013 [14], has derogated the one from
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1997. This Law on the electrical sector maintains the main definitions of the
structure of the liberalized energy market and introduces new concepts such
as the regulation of self-consumption. Other articles are complemented with
new paragraphs, such as the structure of the power exchange market, where
now bilateral and forward contracts are described.

1.3 Conclusions

It can be said that the liberalization of the energy market in Spain and the EU
is today a reality; however there are yet difficulties and issues that need to be
solved. Technical and regulatory limitations still may pose barriers for a truly
accessible, interconnected and open European energy market. Recently the EC
has launched a public consultation process on a new energy market design [15].
In this communication, the EC acknowledges that Europe’s electricity system
is “in the middle of a period of profound change”. The following critical paths
that need to be addressed are identified:

1. New models for electricity markets. With actions such as fostering the
power interconnections, and allowing a better integration of renewables in
the energy market.

2. Improving the cooperation among Regions and TSOs. Including a common
alignment of national policies and regulations for the integration of energy
markets.

3. Ensuring security of supply.

At least two of these issues have a special significance due to their complex-
ity: the seamless integration of renewable generation in the grid, especially the
one coming from distributed resources, and the common agreement on poli-
cies and regulations in the member States for the integration of the energy
markets. As will be seen in the following Chapter, the injection of energy from
distributed energy resources at different voltage levels, together with “classi-
cal” generation technologies in large production plants, in a network which
was designed as a one way energy flow, is still a non-resolved issue [16].
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The current power grid

2.1 The different roles involved in the management of
Power Systems

With the unbundling of the management of power systems, in favor of lib-
eralized, free competence markets, traditional electricity companies have had
to adapt their organizational structure to embrace specific roles or purposes,
which from now on become in most cases exclusive from other roles. These
are mainly four: production, transmission, distribution and commercialization
of electricity. The rules of the — now liberalized — markets do not allow that
the same company, for instance, performs distribution and commercialization
activities. A typical list of agents or roles in power systems, extracted from
Kirschen and Strbac [4] is given below:

e “Generating companies produce and sell electrical energy. They may
also sell services such as regulation, voltage control and reserve that the
system operator needs to maintain the quality and security of the electric-
ity supply. A generating company can own a single plant or a portfolio of
plants of different technologies.

e Distribution companies own and operate distribution networks. Ini-
tially called Distribution Network Operators (DNO), their definition has
shifted for the sake to embrace a broader scope to Distribution System
Operators or DSO.

¢ Retailers buy electrical energy on the wholesale market and resell it to
consumers who do not wish, or are not allowed, to participate in this
wholesale market. Retailers do not have to own any power generation,
transmission or distribution assets. Some retailers are subsidiaries of gen-
eration or distribution companies. All the customers of a retailer do not
have to be connected to the network of the same distribution company.

e The Independent System Operator (ISO) has the primary responsi-
bility of maintaining the security of the power system. It is called indepen-
dent because in a competitive environment, the system must be operated
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in a manner that does not favor or penalize one market participant over
another. An ISO would normally own only the computing and communi-
cations assets required to monitor and control the power system. An ISO
usually combines its system operation responsibility with the role of the
operator of the market of last resort.

A Market Operator (MO) typically runs a computer system that
matches the bids and offers that buyers and sellers of electrical energy
have submitted. It also takes care of the settlement of the accepted bids
and offers. This means that it forwards payments from buyers to sellers
following delivery of the energy. The independent system operator (ISO)
is usually responsible for running the market of last resort, that is, the
market in which load and generation are balanced in real time. Markets
that close some time ahead of real time are typically run by independent
for-profit market operators.

Transmission companies own transmission assets such as lines, cables,
transformers and reactive compensation devices. They operate this equip-
ment according to the instructions of the ISO. In some cases the same
company has both responsibilities; in this case they are called Transmis-
sion System Operators or TSO.

The Regulator is the governmental body responsible for ensuring the fair
and efficient operation of the electricity sector. It determines or approves
the rules of the electricity market and investigates suspected cases of abuse
of market power. The regulator also sets the prices for the products and
services that are provided by monopolies.

Small consumers buy electrical energy from a retailer and lease a con-
nection to the power system from their local distribution company. Their
participation in the electricity market usually amounts to no more than
choosing one retailer among others when they have this option.

Large consumers, on the other hand, will often take an active role in
electricity markets by buying their electrical energy directly through the
market. Some of them may offer their ability to control their load as a
resource that the ISO can use to control the system. The largest consumers
are sometimes connected directly to the transmission system.”

However, this description may have become a simplistic view. The Har-

monised Electricity Market Role Model [17] is a document developed and
maintained by ebIX (European forum for energy Business Information eX-
change), EFET (European Federation of Energy Traders) and ENTSO-E
(European Network of Transmission System Operators for Electricity). It de-
scribes a model identifying all the roles that can be played for given domains

within the electricity market, where a domain represents “a delimited area

that is uniquely identified for a specific purpose and where energy consump-

tion, production or trade may be determined”. The roles are of a logical na-
ture, and represent the “external intended behavior of a party”. A role must

represent a relatively autonomous function.
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In its current version (year 2014), the complete role model defines 37 roles

and 23 domains. However, the same party can play several of these roles. The
full list of these roles and domains is described below. Regarding domains, the
following are defined [17]:

1.

10.

11.

“Accounting Point. An entity under balance responsibility where bal-
ance supplier change can take place and for which commercial business
processes are defined. These entities are usually defined in a contract. Typ-
ical business processes where this would be used may be “compensation
managemen”, “calculation of energy volumes”, etc.

. Allocated Capacity Area. A market area where the transmission ca-

pacity between the Balance Areas is given to the Balance Responsible
Parties according to rules carried out by a Transmission Capacity Alloca-
tor. Trade between balance areas is carried out on a bilateral or unilateral
basis. Examples are France and Spain (the Pyrenees) and Portugal and
Spain.

Balance Group. A collection of Metering Points for imbalance settlement
within a Market Balance Area.

Capacity Market Area. A market area where the transmission capacity
between the Market Balance Areas is given to the Balance Responsible
Parties in a price based process separated from trading carried out by a
Transmission Capacity Allocator. Trade between Market Balance Areas
is carried out on a bilateral or unilateral basis.

Certificate Area. A Certificate Market Area where a common set of
rules relative to taxes and pricing for defined types of energy production
are applied.

Common Capacity Area. A Market Area where the available transmis-
sion capacity between the Market Balance Areas is given to the Balance
Responsible Parties based on their bidding to the Market Operator. Trade
between Market Balance Areas is carried out through the Market Opera-
tor.

Control Area. The composition of one or more Market Balance Areas
under the same technical load frequency control responsibility.

Control Block. The composition of one or more Control Areas, working
together to ensure the load frequency control on behalf of Regional Group
Continental Europe (RGCE) System Operation Committee.

Control Entity. A geographic area consisting of one or more Meter-
ing Grid Areas with an energy delivery responsibility. Each area is syn-
chronously connected to another area. In most cases such areas have a
load frequency responsibility and therefore may have to report to a higher
level control entity.

Coordination Center Zone. The composition of a number of Control
Blocks under the responsibility of the same Coordination Center Operator.
Functional Group. A collection of Metering Points for consumption and
generation within a Market Balance Area.
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13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.
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ITC. The Inter TSO Compensation (ITC) market is composed of a group
of System Operators that accept a common set of rules for the invoicing
of energy flows over the border.

Local Market Area. A Market Area where there is no transmission
capacity restrictions between the Market Balance Areas.

Market Area. An area made up of several Market Balance Areas inter-
connected through AC or DC links. Trade is allowed between different
Market Balance Areas with common market rules for trading across the
interconnection.

Market Balance Area. A geographic area consisting of one or more
Metering Grid Areas with common market rules for which the settlement
responsible party carries out a balance settlement and which has the same
price for imbalance. A Market Balance Area may also be defined due to
bottlenecks.

Meter. A physical device containing one or more registers.

Metering Grid Area. A Metering Grid Area is a physical area where
consumption, production and exchange can be metered. It is delimited by
the placement of meters for period measurement for input to, and with-
drawal from the area. It can be used to establish the sum of consumption
and production with no period measurement and network losses.
Metering point. An entity where energy products are measured or com-
puted.

National Area. An area covered by a single set of national electricity
arrangements established at government level. This is not necessarily the
same as the geographical boundaries of a nation.

Register. A physical or logical counter measuring energy products.
Reserve Object. A resource technically pre-qualified using a uniform set
of standards to supply reserve capabilities to a System Operator associated
with one or more Metering Points and tele-measuring devices.
Resource Object. An object that represents a grid asset, a consumption
resource or a production resource related to the energy industry. A Re-
source Object can represent for example a generating unit, a consumption
unit or a virtual power plant defined in a contract.

RGCE Interconnected Group. The composition of a number of coor-
dination center zones, operating under RGCE rules, where the exchange
and compensation programmes within the zone must sum up to zero.”

Regarding roles, the following roles are described [17]:

. “Balance Responsible Party. A party that has a contract proving fi-

nancial security and identifying balance responsibility with the Imbalance
Settlement Responsible of the Market Balance Area entitling the party to
operate in the market. This is the only role allowing a party to nominate
energy on a wholesale level. The meaning of the word ”balance” in this
context signifies that the quantity contracted to provide or to consume
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must be equal to the quantity really provided or consumed. This term is
equivalent to "market agent” in Spain.

Balance Supplier. A party that markets the difference between actual
metered energy consumption and the energy bought with firm energy
contracts by the Party Connected to the Grid. In addition the Balance
Supplier markets any difference with the firm energy contract (of the Party
Connected to the Grid) and the metered production. There is only one
Balance Supplier for each Accounting Point.

Billing Agent. The party responsible for invoicing a concerned party.
Block Energy Trader. A party that is selling or buying energy on a
firm basis (a fixed volume per market time period).

Capacity Coordinator. A party, acting on behalf of the System Opera-
tors involved, responsible for establishing a coordinated Offered Capacity
and/or Net transfer capacity (NTC) and/or Available transfer capacity
(ATC) between several Market Balance Areas.

Capacity Trader. A party that has a contract to participate in the Ca-
pacity Market to acquire capacity through a Transmission Capacity Allo-
cator. Note: The capacity may be acquired on behalf of an Interconnection
Trade Responsible or for sale on secondary capacity markets.
Consumer. A party that consumes electricity.

Consumption Responsible Party. A party who can be brought to
rights, legally and financially, for any imbalance between energy nomi-
nated and consumed for all associated Accounting Points. This is a type
of Balance Responsible Party.

Control Area Operator. Responsible for : 1. The coordination of ex-
change programs between its related Market Balance Areas and for the
exchanges between its associated Control Areas. 2. The load frequency
control for its own area. 3. The coordination of the correction of time
deviations.

Control Block Operator. Responsible for : 1. The coordination of ex-
changes between its associated Control Blocks and the organisation of
the coordination of exchange programs between its related Control Ar-
eas. 2. The load frequency control within its own block and ensuring that
its Control Areas respect their obligations in respect to load frequency
control and time deviation. 3. The organisation of the settlement and/or
compensation between its Control Areas.

Coordination Center Operator. Responsible for : 1. The coordination
of exchange programs between its related Control Blocks and for the ex-
changes between its associated Coordination Center Zones. 2. Ensuring
that its Control Blocks respect their obligations in respect to load fre-
quency control. 3. Calculating the time deviation in cooperation with the
associated coordination centers. 4. Carrying out the settlement and/or
compensation between its Control Blocks and against the other Coordi-
nation Center Zones.
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Data Provider. A party that has a mandate to provide information to
other parties in the energy market. For example, a data provider may be
a Transmission System Operator or a third party agreed by a TSO.
Grid Access Provider. A party responsible for providing access to the
grid through an Accounting Point and its use for energy consumption or
production to the Party Connected to the Grid.

Grid Operator. A party that operates one or more grids.

Imbalance Settlement Responsible. A party that is responsible for
settlement of the difference between the contracted quantities and the
realised quantities of energy products for the Balance Responsible Parties
in a Market Balance Area. The Imbalance Settlement Responsible has not
the responsibility to invoice, it may delegate the invoicing responsibility
to a more generic role such as a Billing Agent.

Interconnection Trade Responsible. He is a Balance Responsible
Party or depends on one. Recognised by the Nomination Validator for
the nomination of already allocated capacity.

Market Information Aggregator. A party that provides market re-
lated information that has been compiled from the figures supplied by
different actors in the market. This information may also be published
or distributed for general use. The Market Information Aggregator may
receive information from any market participant that is relevant for pub-
lication or distribution.

Market Operator. The unique power exchange of trades for the actual
delivery of energy that receives the bids from the Balance Responsible
Parties that have a contract to bid. The Market Operator determines the
market energy price for the Market Balance Area after applying technical
constraints from the System Operator. It may also establish the price for
the reconciliation within a Metering Grid Area.

Meter Administrator. A party responsible for keeping a database of
meters.

Meter Operator. A party responsible for installing, maintaining, testing,
certifying and decommissioning physical meters.

Metered Data Aggregator. A party responsible for the establishment
and qualification of metered data from the Metered Data Responsible.
This data is aggregated according to a defined set of market rules.
Metered Data Collector. A party responsible for meter reading and
quality control of the reading.

Metered Data Responsible. A party responsible for the establishment
and validation of metered data based on the collected data received from
the Metered Data Collector. The party is responsible for the history of
metered data for a Metering Point.

Metering Point Administrator. A party responsible for registering the
parties linked to the metering points in a Metering Grid Area. He is also
responsible for maintaining the Metering Point technical specifications.
He is responsible for creating and terminating metering points.
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Merit Order List (MOL) Responsible. Responsible for the manage-
ment of the available tenders for all Acquiring System Operators to es-
tablish the order of the reserve capacity that can be activated.
Nomination Validator. Has the responsibility of ensuring that all ca-
pacity nominated is within the allowed limits and confirming all valid
nominations to all involved parties. He informs the Interconnection Trade
Responsible of the maximum nominated capacity allowed. Depending on
market rules for a given interconnection the corresponding System Oper-
ators may appoint one Nomination Validator.

Party Connected to the Grid. A party that contracts for the right to
consume or produce electricity at an Accounting Point.

Producer. A party that produces electricity. This is a type of Party
Connected to the Grid.

Production Responsible Party. A party who can be brought to rights,
legally and financially, for any imbalance between energy nominated and
produced for all associated Accounting Points. This is a type of Balance
Responsible Party.

Reconciliation Accountable. A party that is financially accountable
for the reconciled volume of energy products for a profiled Accounting
Point.

Reconciliation Responsible. A party that is responsible for reconcil-
ing, within a Metering Grid Area, the volumes used in the imbalance
settlement process for profiled Accounting Points and the actual metered
quantities. The Reconciliation Responsible may delegate the invoicing re-
sponsibility to a more generic role such as a Billing Agent.

Reserve Allocator. Informs the market of reserve requirements, receives
tenders against the requirements and in compliance with the prequalifi-
cation criteria, determines what tenders meet requirements and assigns
tenders.

Resource Provider. A role that manages a resource object and provides
the schedules for it.

Scheduling Coordinator. A party that is responsible for the schedule
information and its exchange on behalf of a Balance Responsible Party.
System Operator. A party that is responsible for a stable power sys-
tem operation (including the organisation of physical balance) through a
transmission grid in a geographical area. The System Operator will also
determine and be responsible for cross border capacity and exchanges. If
necessary he may reduce allocated capacity to ensure operational stabil-
ity. Transmission as mentioned above means “the transport of electricity
on the extra high or high voltage network with a view to its delivery to
final customers or to distributors. Operation of transmission includes as
well the tasks of system operation concerning its management of energy
flows, reliability of the system and availability of all necessary system ser-
vices.” (definition taken from the ENTSO-E RGCE Operation handbook
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Glossary). Additional obligations may be imposed through local market
rules.

36. Trade Responsible Party. A party who can be brought to rights, legally
and financially, for any imbalance between energy nominated and con-
sumed for all associated Accounting Points. A power exchange without
any privileged responsibilities acts as a Trade Responsible Party. This is
a type of Balance Responsible Party.

37. Transmission Capacity Allocator. Manages the allocation of transmis-
sion capacity for an Allocated Capacity Area. For explicit auctions: The
Transmission Capacity Allocator manages, on behalf of the System Op-
erators, the allocation of available transmission capacity for an Allocated
capacity Area. He offers the available transmission capacity to the mar-
ket, allocates the available transmission capacity to individual Capacity
Traders and calculates the billing amount of already allocated capacities
to the Capacity Traders.”

It could be concluded that the process of unbundling has brought an in-
crease in the complexity of the system. Probably some of the listed roles and
domains were also present in the bundled systems, managed by oligopolies and
State-owned companies. However the liberalization process has made clear
that the interaction among all the different agents and roles must be defined,
and the communication must be made making use of international standards
that assure systems’ interoperability.

2.2 The electrical energy network and the Smart Grid

The classical topology approach divides the electrical energy network, accord-
ing to voltage levels, in the following distribution:

e Very high voltage network: voltages with more than 145 kV, from the
central generation plants.
High voltage network: with voltages between 36 kV and 145 kV.
Medium voltage (MV) network: with voltages between 1 kV and 36 kV.
Low voltage (LV) network: with voltages lower than 1 kV.

Very high and high voltage networks are typically associated to the trans-
mission network, with the objective to transport the electricity from the sites
where it is being generated to the electrical substations where the energy is
transformed at MV level and dispatched through distribution networks to fi-
nal users, such as industrial consumers, or at LV levels to residential, medium
and small enterprises or services consumers. Figure 2.1 depicts as an exam-
ple a diagram of the Spanish power distribution grid with the typical voltage
values.

Transmission networks are usually meshed, i.e., with redundant physical
connections, whereas distribution networks are typically operated in a radial
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way, where from each feeder from a primary substation the energy is dis-
tributed following a tree structure, in branches and nodes [18]. The typical
large production plants that can be found in generation systems are the fol-
lowing:

Hydroelectric generation.
Thermal plants.
Combined cycle plants.
Nuclear thermal plants.
Solar farms.

Wind farms.
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Fig. 2.1. Diagram of the Spanish power distribution, with the typical voltage lev-
els in generation, transmission and distribution. Source: Red Eléctrica de Espana
(REE), the Spanish TSO. Translated to English by Ignacio Benitez.

This scenario, however, is changing. Due to the increasing number of con-
nections of distributed generation, mainly to the medium voltage network,
with a range of different installed power magnitudes (typically from a few kW
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up to 50 MW), the power flow can no longer be restricted to just one direction
(from central generation to final customers) but can be bidirectional, at least
at a MV network level. This means that the power grids must be prepared for
bidirectional generation and consumption flows. There is, therefore, a need to
reinforce the existing infrastructure with protection components able to op-
erate in both directions, and to integrate monitoring devices and measuring
equipment in lower voltage levels of the grid. Information and Communica-
tion Technologies (ICT) become the backbone of this system of the future,
and will be the base for new Information Technology (IT) systems, able to
analyze large amounts of distributed data and provide advanced services, such
as the prediction of events and voltage or power levels for given conditions;
identification of patterns in energy data; or condition monitoring for the man-
agement of assets. All these systems, being integrated at generation, transmis-
sion and distribution levels, are the components of the future Smart Grids
[19]. A Smart Grid does not currently have a unified description. Following,
two descriptions are included. The first one is from the Electric Power Re-
search Institute (EPRI), in the United States, and the second one is from the
European Commission:

“A Smart Grid is one that incorporates information and communica-
tions technology into every aspect of electricity generation, delivery
and consumption in order to minimize environmental impact, enhance
markets, improve reliability and service, and reduce costs and improve
efficiency.” (http://smartgrid.epri.com/)

“A Smart Grid is an electricity network that can cost efficiently in-
tegrate the behaviour and actions of all users connected to it — gen-
erators, consumers and those that do both — in order to ensure eco-
nomically efficient, sustainable power system with low losses and high
levels of quality and security of supply and safety.” (EC M/490)[20]

As can be seen in Fig. 2.2, the main applications provided by the Smart
Grids, besides power quality and reliability, are the following [21]:

Demand Response and Dynamic Pricing.

Distributed Generation and Alternate Energy Sources.
Self-Healing Wide Area Protection and Islanding.

Asset Management and On Line Equipment Monitoring.
Real-Time Simulation and Contingency Analysis.
Participation in Energy Markets.

To achieve these objectives, The International Energy Agency defined, in
year 2011, the following technology areas where the Smart Grids rely on:

e Wide Area Monitoring and Control.
e Integration of ICT.
e Integration of renewable and distributed generation.
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Fig. 2.2. Smart Grid applications in the future schema of electricity generation,
transmission and distribution. Source: MyISM3004 blog and Sean Dempsey, 2011.

Transmission enhancement applications.
Distribution grid management.

Advanced Metering Infrastructure (AMI).
Electric Vehicle (EV) charging infrastructure.
Customer-side systems.

Figure 2.3 depicts these areas and the power grid level that they adhere
to. Cybersecurity has also been added to these objectives in the last years
[22], as a major and increasing concern, as more information and data from
assets and consumers is being measured and managed.

2.3 Distributed Energy Resources (DER)

In recent years, distributed generation is gaining relevance, as the number of
dispersed, medium power generation plants connected to the medium voltage
network, increases. These plants obtain their generation mostly from renew-
able energy resources, such as wind, photovoltaic or solar energy. Therefore, a
production uncertainty is associated to this generation, adding another issue
of complexity to be dealt with.

Currently there is not a unique, established definition for distributed gen-
eration. Trebolle [23] gathers some definitions given by different authors and
associations, such as the following:
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Fig. 2.3. Technology areas in the Smart Grids. Source: Smart Grids Roadmap,
International Energy Agency, 2011.

“Distributed generation is an electric power source connected directly
to the distribution network or on the customer site of the meter.” [24]

“Distributed generation is (a) generating plant serving a customer on-
site or providing support to a distribution network, connected to the
grid at distribution-level voltages.The technologies generally include
engines, small (and micro) turbines, fuel cells, and photovoltaic sys-
tems. It generally excludes wind power, since that is mostly produced
on wind farms rather than for on-site power requirements.” [25]

“Some common attributes of embedded or dispersed generation may
be listed as:

e Not centrally planned (by the utility)

e Not centrally dispatched

e Normally smaller than 50 — 100 MW

e Usually connected to the distribution system

The distribution system is taken to be those networks to which cus-
tomers are connected directly and which are typically of voltages from
230/400 V up to 145 kV.”[26]

Jenkins et al. [26] make use of the definitions embedded and dispersed gen-
eration, to indicate a generation that is embedded in the distribution network
and does not come from a central generation.

As stated by Ackermann, Andersson and Soder [24], the environmental
impact is not considered in the definition of distributed generation, therefore
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both renewable and fossil-fuel based resources are included. These authors
establish categories for distributed generation according to the generation
power. These categories are the following:

Micro: up to 5 kW

Small: from 5 kW to 5 MW
Medium: from 5 MW to 50 MW
Large: more than 50 MW

All these definitions have two characteristics in common: 1) they all re-
fer to the distributed nature of the generation, and 2) the connection to the
network is done at the distribution level. However, the definition and char-
acteristics for distributed generation must be approached under the scope of
the specific regulations and network configurations for each country. The fol-
lowing characteristics can be considered, however, as common issues of the
distributed generation [23]:

Usually connected to the distribution network.
The generation can be either totally injected to the grid or partially con-
sumed locally.

e There is no centralized management of the production nor dispatchability
management.

e Power is usually less than 50 MW.

Regarding the different distributed energy resources, a distinction can be
made in those classified as renewable and non-renewable energies. From a
management and operation perspective, these resources can be classified in
controllable resources and non-controllable ones. Controllable resources are
those whose generation can be controlled. Non-renewable sources are all con-
trollable. Non-controllable resources are typically of a renewable nature; their
production although predictable to a variable extent, has an uncertainty as-
sociated, and cannot be directly controlled by an operator, unless other com-
plementary resources, such as an energy storage source, is integrated.

The current DER that can be found in the literature [27] are listed and
briefly described below. Their maturity or technology readiness level is also
indicated:

e Commercially available technology:
— Combustion engines.
— Gas turbines.
— Small Hydro.
-  Wind.
— Solar thermal.
— Photovoltaic.
e Commercially available, but not fully mature technology:
— DBiomass.
— Microturbines.
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—  Fuel Cells.

e Emergent technologies:
— Marine.
—  Geothermal.

Combustion engines generate electricity based on the rotational move-
ment powered by a thermal engine, typically fueled by diesel or gas. They are
versatile and controllable generators, mostly used in industries for cogener-
ation or Combined Heat and Power (CHP). However, they are powered by
fossil fuels and their combustion implies a significant impact in emissions and
carbon footprint.

Gas turbines are rotational machines propelled by gas expansion as a
result of the combustion of compressed air and gas. Their usual Coefficient
Of Performance (COP) is around 40%. This value, however, can be improved
if the turbine is enhanced with extra devices:

e CHP: the turbine retrieves heat from the exhaust gases. An improvement
of up 60% in the COP can be obtained.

e Combined cycle: A steam turbine is added to the exit of the gas turbine,
that makes use of the heat from the exhaust gases to generate more elec-
tricity with water steam. Usual COP of these combined cycles are between
70 and 90%.

Gas turbines are powered by fossil fuels and, even though they might
improve the carbon footprint compared to combustion engines, they also have
a significant impact in pollutant emissions.

Small Hydraulic generation, or mini-hydro generation, addresses sta-
tions of hydraulic generation of less than 10 MW of nominal power, being this
power a function of the available volumetric flow of water and the available
height or elevation.

The main components in mini-hydro generation plants do not greatly differ
from those of high-power hydraulic plants. The generation is produced by the
transmission of the potential energy from water to kinetic energy in a water
turbine, characterized by the available flow and elevation, and the type of
installation: a water reservoir or a water stream. Based on these data, there
are mainly three types of turbines for small hydro generation:

Pelton: suitable for high elevations.
Francis: suitable for medium elevations.
e Kaplan: suitable for low elevations and high flow volumes.

The main process of hydraulic generation produces no pollutant emissions,
therefore it can be considered of a renewable nature. One of the main con-
siderations of hydraulic plants, however, is their environmental impact, which
must be carefully studied.

Small Wind generation units, although being a mature technology, are
not common nowadays due to a number of reasons. Some of these reasons are:
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e They have a significant visual impact. In urban environments, the mounted
poles on roofs or isolated spaces contribute to a negative view of this kind
of technology.

¢ A minimum amount of wind is required. In urban environments, the wind
usually encounters more obstacles to reach the generators, which makes
the wind behave as a turbulent flow when it finally reaches the blades.
Besides, being installed at lower elevations, the wind can too low in speed
and availability, therefore the number of productive hours per year are
reduced.

These disadvantages have allowed that solar photovoltaic and solar ther-
mal distributed generation have gained more presence in urban environments
than wind, since their integration in rooftops and facades allow a minor vi-
sual impact and the availability of sun is usually more constant than that
of wind. The technology of vertical axis generation has allowed to mitigate
this gap. This technology implements the blades directly on the vertical pole,
which becomes rotational, removing the big blades present in horizontal axis
generation.

Small wind generation, as the big wind power plants, are renewable energy
sources, and therefore present no emissions nor carbon footprint.

Solar Thermal technology converts the energy from the Sun, by radi-
ation, to heat transferred to a fluid, usually water. The hot water can be used
for generation of electricity or for thermal uses. Their application as DER is
mainly for this last purpose, to be used in domestic hot water supply or for
HVAC (Heating, Ventilation and Air Conditioning) systems. These are called
low temperature applications, below 100 °C

Solar thermal energy used for production of electricity are large production
plants with a capacity production that can vary between 80 and 200 MW and
reach up to 800 2C. In these systems, solar thermal power uses various means,
such as parabolic trough, parabolic dish, or solar power tower to generate
heat, with the water being converted into steam that will be used to drive a
conventional steam turbine to produce electricity [2].

Photovoltaic energy is the most extended DER due to its ease of main-
tenance and its lower visual impact compared to other technologies such as
wind generation, among other reasons. Photovoltaic energy makes use of the
Sun’s radiation to induce a differential of potential between nodes of a diode
or solar cell. When these cells are connected on an electrical circuit wire, the
energy is obtained, in form of Direct Current (DC) which must be converted
to AC by means of inverters. The performance of photovoltaic systems is usu-
ally low (around 10-20%), and they require space for the solar panels to be
mounted, facing to the Sun with the appropriate angle. Its use, however, is
very extended due to the simplicity in maintenance and management and the
availability of rooftops and facades for the installation, from domestic users
to small and medium enterprises and big factories.



28 2 The current power grid

Biomass energy is the energy derived from organic matter. It is usually
used in a DER level for CHP generation, or as a source of heat in domestic
hot water or HVAC systems. Although biomass generates about the same
amount of carbon dioxide emissions when burned as do fossil fuels, its net
emission is considered to be zero since its origin is organic, from plants that
have previously removed carbon dioxide from the atmosphere [2].

Microturbines are small size turbines with power generation levels that
vary between 25 and 500 kW. Most of them use natural gas as the primary fuel.
The main difference with gas turbines is their size and their design, suitable
for small-scale applications of DER. Microturbines present a compact design
which incorporates all the components and devices needed for the electrical
generation, compressor, combustor, turbine, and generator, all along the same
shaft. The most typical applications of Microturbines include [2]:

Peak shaving and base load power (grid parallel).
Combined heat and power.

Stand-alone power.

Backup/standby power.

Ride-through connection.

Primary power with grid as backup.

Microgrid.

Due to their design, microturbines present very low emissions. However,
these are turbines powered mostly by gas and, therefore, of a non-renewable
nature.

Fuel cells produce electricity by an electro-chemical reaction (called in-
verse electrolysis) of a hydrogen-rich fuel and an oxidizer (such as oxygen or
air). In the reaction, exhaust gases or fluids may be obtained (like water in
an ideal reaction). There are different types of fuel cells, mainly classified by
the type of electrolyte used between anode and cathode in the cell. Some of
the main classes of fuel cells are the following [2]:

e Proton Exchange Membrane Fuel Cells (PEMFCs). Characterized by a
solid polymer membrane which separates the anode and the cathode. Tem-
perature of operation ranges between 70 and 90 °C.

e Phosphoric Acid Fuel Cells (PAFCs). With a liquid electrolyte, the tem-
perature of operation is around 220 °C.

e Alkaline Fuel Cells (AFCs) were the first workable power unit used by
NASA in the manned Apollo spaceship mission. With liquid electrolyte,
their characteristics and operation temperature are similar to PEMFC.

e Molten Carbonate Fuel Cells (MCFCs) use as electrolyte a mixture of
alkali carbonates of potassium and lithium. Their operating temperature
is around 650 °C.

e Solid Oxide Fuel Cells (SOFCs). uses yttria and zirconia as oxides to op-
erate at high temperatures (around 1000 ©C). This cell has an entirely
solid-state construction and a single side tube sealing.
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e Direct Methanol Fuel Cells (DMFCs). In these cells, methanol is oxidized
electrochemically by water at the anode to produce carbon dioxide and
positive and negative ions, in contrast to what happens in a PEMFC,
where the positive ions from the hydrogen are supplied directly to the
anode. Their main advantage is the use of methanol as fuel, therefore the
transport and storage of hydrogen is not required.

high-temperature operating cells are designed for large-scale electric power
generation. low-temperature cells, such as PEMFCs, AFCs, DMFCs, are suit-
able for their use as DER and portable generation units, and also in transport,
in fuel cell powered vehicles.

Marine technologies are emergent developments that make use of the ki-
netic and potential energy present in oceans and rivers to generate electricity.
The main sources are the following:

e Tidal energy, which make use of tides and the gradient in water levels in
a tide cycle.
Marine flows, make use of the natural flows in seas and oceans.
Waves energy, which make use of the waves.

Although some operational tidal energy plants can be found in the world,
this technology is still in an early stage of development. A number of pro-
totypes and R&D projects can be found regarding marine flows and waves
generation.

Geothermal energy makes use of the latent heat that can be found in
the inner layers beneath the Earth’s surface. By circulating liquid such as
water through these layers, the heat is transferred for either direct generation
of electricity or for hot water systems, such as domestic hot water or HVAC.
This is the most common case in geothermal DER, therefore its use as a direct
generation source is at higher power levels.

2.4 Renewable energies and their integration in the grid

Regarding technical issues for connection of Renewable Energy Sources or
RES, Trebolle [23], based on the Spanish Regulations, lists the following:

e The voltage level and network where the source will be connected depends
of the installed power. The power limit connection to the LV network is
established in 100 kVA; if the sum of net generators’ power is more than
this amount, the plant will have to be connected to the MV network.

e According to voltage level, the generator power and the shortcircuit power
of the node where the source is being connected, there is a fixed voltage
variation allowed (£V (%)), which cannot be exceeded.

e A minimum of evacuation capacity is requested, due to network require-
ments, usually stated as a percentage of the line or transformer’s nominal
capacity (RD2818/1998).
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e Regarding security and protection issues, little regulation is found among
the different Spanish Orders. One is the RD1663/2000, which states that
photovoltaic plants of up to 100 kVA connected to LV, should disconnect
when no voltage is detected at the line (islanding situation). Concerning
wind power, in order to avoid fluctuations in the network, the injected
power is limited to a maximum of 5% of the connection point shortcircuit
power.

Regarding losses in the electricity network due to the presence of DER,
the following issues are described by Trebolle [23]:

Proximity of DER to consumption nodes. The proximity of the energy
resources to the consumption reduces the losses due to transportation.

Topology and grid structure. The different topologies of HV, MV and LV
networks highly define the integrity and robustness of the network. Typ-
ically, in MV or LV networks with a radial structure, the losses are in-
fluenced by the distance where the DER is found with respect to both
consumption nodes and feeders.

Penetration level. The mathematical relation between energy losses and
the DER penetration level follows a “U” shape: few DER at a network
with no generation improve the losses; however as the amount of DER
increase, the trend is inverted and the losses become higher. This is the
case, for instance, with wind generation; as the available power increased
with new turbines and more installations, the need for transportation
increased and so the losses at a distribution level.

Type and technology of DER. The origin and controllability of the DER
plays an important role on the demand management and the losses at the
network. A good prediction of production is needed for the provision of the
energy dispatch for the energy market, taking into account the expected
consumption. The energy from a DER can be obtained on a demand
basis, such as with CHP, or can be based on renewable, uncontrollable
resources (photovoltaic, wind energy), where the production is associated
to a certain level of uncertainty. In order for the generation plant not being
disconnected to avoid overproduction, an optimized schema of production
and demand side balance must be established. Energy storage has been
taken into account as an interesting option to approach this challenge in
recent years.

Distributed energy resources contribute to keep voltage levels within the
range (£7 % for MV and £3 % for LV). However, the voltage level at a node
with a DER connected is strongly dependant of its generation. This situation
can turn in an unpredictable voltage deviation at the node, and an increase in
maintenance costs of the primary substation feeding that node, which should
automatically adjust its tap changers to correct the voltage level variation
through the day [23].
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Besides, specific issues in safety have been reported in MV networks with
photovoltaic generation [28], turning in undesired islanding situations. In this
case, the grid was disconnected from the primary substation feeder for main-
tenance operations, finding that voltage was still measured in different points
of the MV network for periods of up to 40 minutes. A further analysis of this
situation pointed out that, even with a power mismatch between generation
and load in the network, there are some main factors that may negatively
affect the functionality of the active anti-islanding systems of the inverters,
making them inoperative [29]. These factors are, among others, the following:

e The variation of the protection delay trigger related to the interaction
among the inverters.

e The presence of dynamic loads, such as asynchronous motors and voltage-
dependent devices.

e The proper configuration of the gain factors (K) of the Sandia Frequency
Shift (SFS) Islanding Detection Method and the Phase Locked Loop (PLL)
systems in the inverters.

e The configuration and parametrization of the P-QQ power control loop of
the inverters.

2.5 Description of ancillary services

The Federal Energy Regulatory Commission (FERC) of the United States de-
fined the ancillary services in 1995 as “those services necessary to support
the transmission of electric power from seller to purchaser given the obliga-
tions of control areas' and transmitting utilities within those control areas to
maintain reliable operations of the interconnected transmission system” [31].
The six ancillary services described by the FERC were:

Reactive power and voltage control.
Loss compensation.

Scheduling and dispatch.

Load following.

System protection.

Energy imbalance.

In 1996, authors Hirst and Kirby stated that the overall cost of ancillary
services could roughly represent from 6 to 20% of the total generation and

! Control Area, as defined, for instance, by the Alberta Electric System Operator
(Canada), means “a geographic area comprised of an electric system or systems,
bounded by interconnection metering and telemetry, capable of controlling gen-
eration to maintain its interchange schedule with other control areas, and con-
tributing to frequency regulation of the interconnection, all in accordance with
the requirements of the WECC (Western Electricity Coordinating Council).” [30]
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transmission costs in the United States [31]. These authors reviewed the num-
ber and characteristics of ancillary services and defined a list of seven basic
ancillary services [3], from where more specific services, concerning manage-
ment and control issues, can be extracted. The seven basic ancillary services,
as described by Hirst and Kirby, are:

Scheduling and dispatch.
Load following.

Operating reserves.

Energy imbalance.

Real power-loss replacement.
Voltage control.

Other services.

Scheduling and dispatch refer to the need of planning and adequately
dispatching generated power to the end users or customers. The necessary
operations to achieve this objective must include a real-time supervision of
the system, conveniently scaled, along with real-time control of generation
and transmission resources available at any time. Scheduling and dispatch
are services associated to the system operator. Scheduling can have different
time windows, such as a one week ahead basis, one day ahead, or just a few
minutes ahead. Dispatching includes not only the control of all the available
generation and transmission resources, but also the control strategies to keep
their reliability within the control area.

Load following reserve service keeps instantaneous balance between
load and resources by assuring a sufficient capacity of generation at the control
area, at any time, plus a certain level of generating reserve, able to be used
on the event of an increase in the load. Since variations in loads affect the
frequency of the generators, frequency control, to keep the electric signal to
a constant value, is one of the ancillary services related to this service. Other
services that are closely related to load following are:

e Regulation.
e Energy imbalance.
e Spinning reserve.

Operating reserves are those generation units which can be used to
balance the energy demand when an unexpected shortage in the connected
generation occurs. These generation units can be divided in two, according to
their response time:

e Reliability reserves: generation that can be used immediately and is fully
available within the first ten minutes after the shortage. Generation re-
serves that are online are also referred as spinning reserve, whereas off-
line reserve, which can be connected and fully available within the first
ten minutes, is called non-spinning reserve. The term “spinning” refers
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to the state of the generation being connected and, therefore, synchro-
nized with the network. Their respond is usually based on an automated
frequency control, responding to a variation in generation setpoints. The
non-spinning reserve also applies to interruptible loads, which can be dis-
connected from the network within the first ten minutes due to balancing
issues.

e Supplemental operating reserves: generation units that can provide power
after ten minutes, and are fully available within the first thirty minutes
after the generation shortage. These reserves supply energy for a longer
term than reliability reserves.

Additionally, a third reserve, called replacement reserve, is also considered,
whose function is to replace reliability and supplemental operating reserves for
a longer term durability, until the contingency has been solved. Replacement
reserve allow reliability and supplemental operating reserves to restore to their
pre-contingency status [32].

Typically, operating reserves (and other ancillary services, such as load fol-
lowing and voltage control) are dimensioned for each Control Area, defined by
the Independent System Operator (ISO) as a variable percentage of the cur-
rent generation. Whereas load following reserve is considered as a continuous
regulation and balancing of small variations in energy consumption, operating
reserves are considered as a respond to more infrequent, but usually larger,
energy shortages, due to generation and transmission failures.

Energy imbalance refers to the difference between the scheduled gener-
ation and the final consumed energy within a specific time frame, typically
one hour. This imbalance must be provided by the System Operator, therefore
an energy imbalance tariff is applied, to both generators and loads, that pe-
nalize deviations of energy consumption from the scheduled generation, thus
promoting a better scheduling. Bandwidths may vary according to country
legislation. For instance, in 2007, the FERC established a 10% penalty for
energy imbalance that is outside the 1.5% deviation band [33]. The energy
imbalance service is critical in the presence of renewable, non-controllable
energy sources, such as wind and photovoltaics.

Real power-loss replacement refers to the the differences between gen-
erated real power and the real power delivered to customers [3]. These losses
are mainly due to the transmission losses in the cables that cover the distance
between the generator locations, either big production plants or DER, and
the customer locations and demands. The values of the losses along the elec-
trical network are usually estimated by the use of computer based models of
the grid, and verified by distributed measurements. With the implementation
of ICT and sensors at lower voltage levels of distribution, such as secondary
substation and LV nodes, losses are becoming more accurately computed.
These losses are dynamic and vary during the day, as a function of the energy
demand and other factors such as weather conditions. Since the main losses
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are from the transmission network, the System Operator has to have enough
available generation to balance the losses in real time.

Voltage control, or reactive power management, refers to the critical
need of maintaining all the voltage levels at their pre-specified values (within
an allowed tolerance) along the electrical network, from production to con-
sumption. This is accomplished by the management of the injection and ab-
sorption of reactive power by generators and electronic equipments distributed
along the network, known as FACTS (Flexible AC Transmission Systems).
One typical FACTS equipment is the SVC (Static Var Compensator), able
to store and dispatch reactive power automatically to maintain voltage at a
reference level.

As indicated by Hirst and Kirby [3], “Enough reactive-power capacity
must be available to meet expected demands plus a reserve margin for con-
tingencies. Voltage drops are predominantly caused by the inductance of the
lines and transformers (rather than the resistance), and can be compensated
by supplying reactive power (conversely, too much reactive compensation can
produce excessively high voltages). Because of the high inductance of lines
and transformers, reactive power does not travel well through the transmis-
sion system, so reactive support must be provided much closer to reactive
loads than real power needs to be provided to real loads.”

Other services. The authors include here services that they consider
beyond the basic services of energy supply, due to a number of reasons. These
services include the following:

e Black start. This service addresses the situation of restarting power supply
after a collapse, from generators that do not need to draw power from the
grid to start supplying.

e Time correction. This service deals with the need to monitor and syn-
chronize the generators frequency-based clocks, since small variations in
frequency can incrementally drift from the real time.

Concerning Spain, ancillary services managed by the Spanish System Op-
erator, Red Eléctrica de Espana (REE), are the following [34]:

e Primary regulation. This service deals with instantaneous balance be-
tween generation and load, within the first 30 seconds after an imbalance is
measured. It is, therefore, a load following service, supplied by the velocity
controls of the generators, by an adjustment of the setpoints.

e Secondary regulation. This service has as its objective to maintain the
energy balance beyond the 30 seconds horizon, up to 15 minutes. This
service is offered and managed by chosen generators that are available and
with enough capacity at given time, grouped by control areas, therefore it
is an operating reserve service, suited to already connected, fast-response
generators, i.e., spinning reserves.

e Tertiary regulation. This service is designed for a longer term supply of
energy, letting secondary regulation to be available again for future events
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or imbalances. Its time frame comprehends from 15 minutes to at least 2
hours, therefore, this is a supplemental operating reserve service.

¢ Deviation management. The deviation management market is a service
designed as a tool for REE to deal with prolonged energy imbalances which
occur between two sessions of the intradiary market. It is intended as a
service that allows REE to overcome an imbalance between energy and
generation without having to extend the use of tertiary and secondary
regulation, posing a risk on their availability.

e Voltage control. Its objective is to keep voltage control at transportation
nodes, to assure signal quality, by the use of generators with more than 30
MW of nominal capacity or other regulated production units.

e Black restart. On the event of a national or regional system shutdown,
the black restart service applies a sequence of generators injection to the
grid, in order to restore it to its previous state.

2.6 Conclusions

As stated at the beginning of this Chapter, it seems clear that the liberaliza-
tion process has brought to light the need to implement appropriate commu-
nication channels for the interaction among all the different agents, making
use of international standards that assure systems’ interoperability. Some of
these standardization efforts are described in the following Chapter (Chapter
3).

The Smart Grids have arisen, as a new concept that gathers Information
and Communication Technologies (ICT) as the backbone of the system, and
Information Technology (IT) systems, able to analyze large amounts of dis-
tributed data and provide advanced services, such as the prediction of events
and voltage or power levels for given conditions; identification of patterns in
energy data; or condition monitoring for the management of assets.

One of the main challenges of the Smart Grids is the integration of
Distributed Energy Resources (DER), especially Renewable Energy Sources
(RES) in the power grid. Due to the uncertainty in energy generation and the
dynamics of energy flows that can be given in the Points of Common Coupling
(PCCQ) for the existing generation technologies, there is a need to increase the
controllability of the network, which implies to increase the observability too,
to measure (or estimate) the current network state. The integration of these
energy sources have been associated in the literature to safety issues, due
to unintentional islanding, and to an added complexity in the regulation of
voltage and frequency and the provision of ancillary services.
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The impact of Advanced Metering
Infrastructure and the Smart Grids

3.1 Standardisation in the European Smart Grids

From the publication of the EC Directive regarding the liberalization of the
energy markets in the European Union [5], as part of what has been called the
“Third Energy Package”, The European Commission, concerned with the lack
of normalization and the use of common standards for truly interoperability
in power systems and the Smart Grids of the future, has issued different man-
dates on standardisation efforts to European standardisation organisations
(ESOs). The main three mandates are the following:

M/441: Standardisation Mandate to CEN, CENELEC and ETSI in the
field of measuring instruments for the development of an open architecture
for utility meters involving communication protocols enabling interoper-
ability [35].

M/468: Standardisation Mandate to CEN, CENELEC and ETSI concern-
ing the charging of electric vehicles [36].

M/490: Standardization Mandate to European Standardisation Organisa-
tions (ESOs) to support European Smart Grid deployment [20].

The objective of the M /441 Mandate [35] is to define European stan-

dards that will enable interoperability of utility meters (electricity, water, gas
and heat), either using existing standards as a base, or describing new ones.
The mandate requires specifically the following:

1. A standard with a description on software and hardware open architec-

tures for utility meters (known as Smart Meters) to support secure bidi-
rectional communication flows through standardised interfaces and data
exchange formats, allowing advanced management, monitoring and con-
trol services (i.e., allowing and Advanced Metering Infrastructure or AMI).
Other standards containing harmonised solutions for additional function-
alities within an interoperable framework using where needed the above-
mentioned open architecture for communication protocols.
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The European Standards Organisations (CEN, CENELEC, ETSI) formed
the Smart Metering Coordination Group to work on this mandate. This work
is still ongoing. A report was published in 2011 describing a proposal of func-
tional reference architecture for communications in smart metering [37]. In
parallel, the SMCG has been working on reviewing and selecting standards
for smart metering in Europe; the same report lists existing communication
standards to be used for smart metering and identifies the possible gaps where
new standards should be developed. Above all of them, the DLMS - COSEM
(Device Language Message Specification - COmpanion Specification for En-
ergy Metering) and its standard specification, IEC 62056 [38], emerges as the
main standard for smart metering object modelling, and it is currently the one
being adopted by the PowerLine Communication (PLC) protocols developed
for smart metering communication by the different alliances of manufacturers,
vendors and DSOs. Such is the case, for instance, with PRIME (PoweRline In-
telligent Metering Evolution) protocol [39], G3 [40], or, more recently, Meters
& More [41].

The M /468 Mandate [36] encourages the Standardisation Organisations
in Europe to develop or review existing standards to ensure interoperability
and connectivity between the electricity supply point and the charger, and
between the charger and the electric vehicle. Following this mandate, the
eMobility Coordination Group (eM-CG) was creaated. Since then the eM-
CG has been reporting the development of standards for electric mobility in
Europe, such as the IEC 61851 [42], the IEC 62196 [43] and the ISO/IEC
15118 [44].

The IEC 61851 standard [42] describes four charging modes for electric
vehicles:

e Mode 1: The installation requires earth leakage and circuit breaker pro-
tection. The power supply is of a maximum of 16 A | 230 V AC per phase,
using standard common sockets.

e Mode 2: The installation requires earth leakage and circuit breaker protec-
tion, and a special device with a pilot control function. The power supply
is of a maximum of 32 A , 230 V AC per phase.

e Mode 3: A specific Electric Vehicle Supply Equipment (EVSE) is needed,
and also specific cable and connectors with dedicated communication pins.
The power supply can reach higher values than modes 1 and 2, such as 64
A, 380 V AC.

e Mode 4: the charge is in Direct Current (DC), therefore specific compo-
nents, such as cables, connectors and power converters are required.

The standard describes basic schemas for the implementation of the dif-
ferent modes and the hardware architecture for a basic control pilot function
communication between the Electric Vehicle (EV) and the EVSE, based on
Pulse Width Modulation (PWM). This pilot function allows the EVSE to
signal the available electric power to the vehicle, thus enabling simple load
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control by an external energy controller. This function acts as a handshake
mechanism prior to start supplying power.

The IEC 62196 standard [43] refers to the electrical connectors needed for
each of the charging modes described in the IEC 61851, describing the elec-
trical requirements. Connectors that fit with the descriptions in the standard
have quickly become adopted by manufacturers, such as the Schuko model,
the Yazaki connector or the Mennekes plug.

The ISO/IEC 15118 [44] standard specifies the communication between
the Electric Vehicle (EV) and the EVSE, for smart charging purposes. This
standard is beyond the simple handshaking mechanism of the control pilot
function, allowing vehicle-to-grid capabilities and the EV demand manage-
ment. The complete definition of the standard is still being developed. The
last part published, Part 3, describes the physical and data link layer require-
ments. Part 2 describes the network and application protocol requirements,
and Part 1 the general information and description of use cases.

The eM-CG has recognized the need to coordinate the standardisation
requirements with Smart Grids Coordination Group (SGCG), created after
the M/490 Mandate. A technical report issued by both groups [45] highlights
the current gaps in communication standards between charging stations and
central management systems, and among different management systems and
e-mobility services providers. The development of standards based on web
services data exchange is proposed in this report, such as the OCPP (Open
Charge Point Protocol) [46].

The objective of the M /490 Mandate [20] is to “develop or update a set
of consistent standards within a common European framework that integrat-
ing a variety of digital computing and communication technologies and elec-
trical architectures, and associated processes and services, that will achieve
interoperability and will enable or facilitate the implementation in Europe
of the different high level Smart Grid services and functionalities as defined
by the Smart Grid Task Force that will be flexible enough to accommodate
future developments.” The Mandate also states that there must be a close
coordination with the outcomes of M /441 and M/468.

The European Standardisation Organizations (CEN, CENELEC, ETSI)
formed the Smart Grid Coordination Group (SGCG) to address the require-
ments of this Mandate. Different works have been done by this Group, being
the main ones the definition of a common framework for Smart Grid Use
Cases, known as the SGAM, or Smart Grid Architecture Model [47], and
the elaboration of a roadmap of standards for the Smart Grids, where the
adoption of international standards, such as CIM [48] or IEC 61850 [49], is
encouraged. These standards and the SGAM are briefly described next.

3.1.1 The Smart Grid Architecture Model (SGAM)

In year 2012, following the mandate of the European Commission EC-M /490
to European Standardisation Organizations, to support the development of
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the European Smart Grid [20], the SGCG described the Smart Grid Archi-
tecture Model (SGAM), with the objective to “present the design of smart
grid use cases in an architectural but solution and technology neutral manner
[50]”. The model defines five layers, as can be seen in Fig. 3.1: component
layer, communications layer, information layer, function layer and business
layer. Each layer is spanned by smart grid domains and zones.

Business Objectives
Polit. / Regulat.. Framework

Business
Layer

Function
Layer

Information
Layer

Communication
Layer

Interoperability Dimension

Component
v Layer

Generation
Transmission

Distribution
Process
DER

Customer

Domains Premise

Fig. 3.1. The SGAM (Smart Grid Architecture Model). Source: Heise.de.

The domains are physically related to the electrical grid generation, trans-
mission and distribution, including the presence of DER and the “Customer
Premises” [50]. These last domains can include generation too.

The SGAM zones represent the hierarchical levels of power system man-
agement according to the standard IEC 62357-1 [51]. These zones reflect a
hierarchical model that considers the concept of aggregation and functional
separation in power system management. The SGAM zones, as defined in the
SGAM User Manual [47], are the following:
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. “Process. Includes the physical, chemical or spatial transformations of

energy (electricity, solar, heat, water, wind) and the physical equipment
directly involved (e.g. generators, transformers, circuit breakers, overhead
lines, cables, electrical loads, any kind of sensors and actuators which are
part or directly connected to the process).

. Field. Includes the equipment to protect, control and monitor the process

of the power system, e.g. protection relays, bay controller, any kind of
intelligent electronic devices which acquire and use process data from the
power system.

. Station. Representing the areal aggregation level for field level, e.g. for

data concentration, functional aggregation, substation automation, local
SCADA systems, plant supervision.

. Operation. Hosting power system control operation in the respective do-

main, e.g. distribution management systems (DMS), energy management
systems (EMS) in generation and transmission systems, microgrid man-
agement systems, virtual power plant management systems (aggregating
several DER), electric vehicle (EV) fleet charging management systems.

. Enterprise. Including commercial and organizational processes, services

and infrastructures for enterprises (utilities, service providers, energy
traders), e.g. asset management, logistics, work force management, staff
training, customer relation management, billing and procurement.

. Market. Reflecting the market operations possible along the energy con-

version chain, e.g. energy trading, retail market.”

For interoperability between systems or components, the SGAM consists

of five layers, defined in the SGAM User Manual as the following [47]:

“Business. The business layer represents the business view on the informa-
tion exchange related to smart grids. SGAM can be used to map regulatory
and economic (market) structures (using harmonized roles and responsi-
bilities) and policies, business models and use cases, business portfolios
(products & services) of market parties involved. Also business capabili-
ties, use cases and business processes can be represented in this layer.
Function. The function layer describes system use cases, functions and
services including their relationships from an architectural viewpoint. The
functions are represented independent from actors and physical implemen-
tations in applications, systems and components. The functions are derived
by extracting the use case functionality that is independent from actors.
Information. The information layer describes the information that is be-
ing used and exchanged between functions, services and components. It
contains information objects and the underlying canonical data models.
These information objects and canonical data models represent the com-
mon semantics for functions and services in order to allow an interoperable
information exchange via communication means.

Communication. The emphasis of the communication layer is to describe
protocols and mechanisms for the interoperable exchange of information
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between components in the context of the underlying use case, function or
service and related information objects or data models.

e Component. The emphasis of the component layer is the physical distri-
bution of all participating components in the smart grid context. This
includes system & device actors, power system equipment (typically lo-
cated at process and field level), protection and tele-control devices, net-
work infrastructure (wired / wireless communication connections, routers,
switches, servers) and any kind of computers.”

The SGAM has been defined with the purpose to serve as a tool in three
dimensions (layers, domains, zones) to test whether the Smart Grid use cases
are supported by the existing standards, allowing to identify possible gaps.
Mapping a system onto the SGAM will consist of:

1. The definition of the set of generic use cases the considered system can/-
may support.

2. The drawing of the typical architecture and components used by this
system (component layer).

3. A list of standards to be considered for interfacing each components within
this system.

3.1.2 The IEC-61850 standard

The international standard IEC 61850 [49] originally described the general
requirements for communications networks and systems in substations. How-
ever, its scope has broadened to include communication among power sys-
tem elements under substation automation requirements, such as DER (Dis-
tributed Energy Resources) or ES (Energy Storage). The standard describes
communication among Intelligent Electronic Devices (IED), over broadband
Ethernet. The IEC 61850 abstracts the definition of data objects and services,
therefore the models defined are independent of any underlying communica-
tion protocols [52].

However the standard is mapped to specific protocols, to comply with se-
curity and real time constraints, assuring interoperability in equipments from
different vendors or manufacturers. Each IED may include different function-
alities or services. The data objects or classes are named Logical Nodes or LN.
An IED is formed by aggregating LNs for specific purposes, such as measure-
ment, control and protection. The abstract services are defined in the ACSI
(Abstract Common Services Interface) model. This model defines a set of ser-
vices and the responses to those services that enables all IEDs to behave in an
identical manner from the network behavior perspective [52]. The standard
defines three hierarchical levels for substation automation:

e Process: the lowest level, integrates sensors, voltage and current transform-
ers and actuators, needed to operate and monitor the substations.
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e Bay: the intermediate level, includes control and protection systems with
a higher abstraction level by the aggregation of processes.

e Substation: the highest level, where Human Machine Interfaces (HMI) and
gateways to control centers are located, for supervision and management.

The following protocols are defined in the standard, to cover different
functionalities and services:

e GOOSE/GSSE (Generic Object Oriented Substation Event / Generic Sub-
station Status Event) at the station bus, between bay and substation levels.

e SV (Sampled Values) at the process bus, between process and bay levels.

e MMS (Manufacturing Message Specification), used to map the data object
and services model to the manufacturing ISO/IEC standard 9506 [53],