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CHAPTER 

Synopsis 

The nature of electrical power supply is about to change significantly, during the next 
decades, under the influence of a number of factors. Environmental reasons underline a 
paradigm shift to renewable energy sources, though, the intermittency and uncertainty 
of those sources poses enormous challenges for the reliable and economic operation of 
electrical power systems. In parallel with the efforts for decarbonising the generation 
system, the liberalisation process of the electricity sector and the directives for non-
discriminatory access to the power network, drive the creation of competitive markets 
and a restructuring of the electricity sector. Introducing competition in the electricity 
sector is based on the notion that electricity can be treated as any other commodity. 
Though, the physics behind the generation, transport, storage and use of electrical 
power, make electricity a distinctive commodity. 

These developments enforce that future electrical power systems are designed to func-
tion in an unprecedented way compared to contemporary systems, with emphasis on de-
centralised decision making, automation, high functionality, distributed control and 
bidirectional communications. As the power system organisation is transformed from an 
integrated vertical structure to a horizontal one, to accommodate an increasing amount 
of distributed generation and to take advantage of available demand side resources at the 
distribution level, it becomes evident that the organisation and operation of electrical 
power systems will change dramatically over the next years. Apparently, it becomes es-
sential with respect to future practical applications to devise methods for the manage-
ment of distributed resources that reflect the global objectives of power system control 
while allowing for distributed control and optimisation. Electricity end-use can become 
responsive to a wide range of control signals such as prices, resources availability and 
network constraints, and play an important role in future electrical power systems. 
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The scope of this research is about the management of distributed resources, i.e., the 
process of controlling supply and demand side resources that are connected to electrical 
power distribution systems. Given the contemporary architecture and established opera-
tional principles of interconnected electrical power systems, and the developments that 
are under way within the electricity sector, the main research objective of this thesis is to 
explore the possibilities for the energy management of available distributed resources, to 
contribute to efficient power system operations, i.e., more economic for the actors in-
volved and less pollutant for the overall power system without jeopardising its reliability. 

A review of the historical developments at the demand side provides a thorough insight 
to applied cases of load management, and reveals the evolution of demand side man-
agement programmes. In future power systems, characterised by a large amount of re-
newable energy sources, the management of available distributed resources, such as con-
trollable loads and storage technologies, can be a significant option to cope with the chal-
lenges that the fluctuating nature of those energy sources impose to the system. How-
ever, there have been many different approaches in transforming this vision into practi-
cal applications. Previous research has been mainly focused on centralised architectures 
and the management of groups of homogeneous distributed resources. 

The management of available distributed resources shall be approached in the context of 
established power system control objectives. The main challenge is how to provide power 
system services through aggregation of large amounts of distributed resources while ac-
counting for both the objectives of the power transmission and distribution systems, and 
the objectives of individual system users and devices. Hierarchical control structures are 
considered as indispensable paradigms for the management of available distributed re-
sources, and information and communication technologies are seen as enabling tech-
nologies for the wide integration of intermittent energy sources. In this thesis, the focus 
is on the hierarchical management of distributed resources for the provision of system 
services through intermediaries, i.e., aggregation entities. A conceptual architecture is 
proposed that is flexible, uniform, and generic, for the energy management of distributed 
resources both from the supply and the demand side. 

An analysis of electricity markets and power system functions revealed that the involve-
ment of different timescales and types of system users imposes different constraints and 
results in various problems that must be formulated and solved separately. The proposed 
ideas capture the operational planning a priori, the real-time operation, the verification 
of the energy and service provision, and the a posteriori financial settlement. The opera-
tional planning phase addresses the interactions with electricity markets, and is subject 
to physical limitations and economic objectives. Real-time algorithms are devised to 
cope with system constraints, the variability of renewable energy sources and changing 
market conditions, and are subject to market contracts and bilateral agreements. Finally, 
the verification of the energy and service provision, and the financial settlement occur 
after the operational day. 
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Specific case studies were defined for further developing and evaluating the proposed 
conceptual architecture based on the intended application requirements and goals: 

 The first case study addresses the management of residential loads, and a decen-
tralised control structure for automated demand response is formulated. 

 The second case study addresses the management of distributed energy storage 
in combination with stochastic energy resources, and a multi-level economic op-
timisation problem is formulated for an integrated system. 

Since each market is characterised by different sets of rules and procedures, the eco-
nomic potential for both case studies was evaluated by focusing on two specific markets 
in the Netherlands, i.e., the day-ahead market, and the market for operating reserves. 
The main findings from the case studies are summarised below. 

Residential demand response: 

 Simulation results show that in an electrical power system where appropriate 
energy storage solutions are not available, residential demand response has the 
capacity, and the economic potential, to compete with conventional options in 
wholesale electricity markets and markets for the provision of operating re-
serves. Given that constructive regulating reforms are implemented to allow the 
active participation of the demand side in electricity markets, residential de-
mand response can become an interesting business case for new market entries 
such as aggregation entities.  

 The convergence of an aggregate residential demand response system under 
load-frequency control, i.e., secondary control for frequency restoration re-
serves, is investigated, and the outcome is compared with actual market and 
performance data from conventional balance suppliers in the Netherlands. 
Simulation results show that the response of the aggregate demand response 
system outperforms that of conventional balance suppliers, both in terms of 
higher achieved correlation, but also in terms of faster time response. However, 
the improved performance, as illustrated through computer simulations, does 
not result currently in additional rewards compared to conventional suppliers 
within the Dutch imbalance settlement system. In the future, the increasing utili-
sation of electronic meters for remote and online readings of electricity usage 
might support the development of more sophisticated and automated verifica-
tions methods, to assess the performance of service providers and allocate re-
wards accordingly. Although the case study is about a typical domestic appli-
ance, the presented ideas support the large-scale implementation of demand re-
sponse programmes for the provision of ancillary services to the system close to 
real-time.  
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Distributed energy storage and stochastic energy resources:  

 The possibility of changing the control strategies of an energy storage system 
depending on the market requirements could allow maximisation of revenues. 
By decomposing the control problem in the time domain, it becomes possible to 
utilise a distributed energy storage resource in different markets and applica-
tions, while accounting for uncertain and fast changing conditions close to real-
time.  

 The outcome of simulations provides an economic evaluation of the specified ap-
plications, i.e., energy arbitrage in the day-ahead market and passive contribu-
tion in system balancing, based on historical market data from the Netherlands, 
and including a sensitivity analysis about the effect of the storage system effi-
ciency on the overall economic performance. Simulation results provide a valu-
able insight about the different utilisation strategies of a distributed energy stor-
age resource. The application of energy arbitrage in day-ahead markets appears 
to be highly susceptible to the efficiency of the storage systems and the daily 
price development and volatility. Contrary, the contribution in system balancing 
appears to be a more effective strategy, which is mainly driven by the larger 
price spread in the imbalance settlement, and the alternating pattern of system 
regulation which allows the controller to perform more charging cycles during a 
day. However, the latter application involves higher risks due to the stochastic 
nature of the imbalance market and the inherent difficulty to accurately predict 
the system state a priori. The hierarchical approach, i.e., combined participation 
in both markets, appears to be on average a less effective strategy since the en-
ergy commitments that are made during the day-ahead scheduling might re-
strict the full potential of the energy storage resource to maximise revenues in 
real-time markets. 
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CHAPTER 

Synopsis in Dutch 

De aard van de elektriciteitsvoorziening zal, onder invloed van een aantal factoren, aan-
zienlijk gaan veranderen komende decennia. Milieuredenen onderstrepen een para-
digma verschuiving naar duurzame energiebronnen, maar het fluctuerende en onzekere 
karakter van die bronnen vormt een enorme uitdaging voor de betrouwbare en econo-
mische bedrijfsvoering van elektriciteitsvoorzieningsystemen. Parallel aan de inspannin-
gen voor decarbonisering van de energieopwekking, leiden de liberalisering van de elek-
triciteitssector en de richtlijnen voor niet-discriminerende toegang tot het elektriciteits-
netwerk, tot de totstandkoming van concurrerende markten en een herstructurering van 
de elektriciteitssector. De invoering van concurrentie in de elektriciteitssector is ge-
baseerd op de gedachte dat elektriciteit kan worden behandeld als iedere andere handel-
sartikel. Echter, de fysische aspecten van de productie, transport, opslag en het gebruik 
van elektrische energie, maken elektriciteit tot een bijzonder product.  

Deze ontwikkelingen vereisen dat toekomstige elektriciteitsvoorzieningsystemen, ont-
worpen worden om te functioneren op nog ongekende wijze, in vergelijking met heden-
daagse systemen, met de nadruk op gedecentraliseerde besluitvorming, automatisering, 
hoge functionaliteit, gedistribueerde besturing en tweerichtingen communicatie. Door de 
transformatie van de organisatie van het elektriciteitsvoorzieningsysteem van een inte-
grale verticale structuur naar een horizontale structuur, om een toenemende hoeveelheid 
verspreide opwekking te faciliteren en om te profiteren van aanwezige middelen aan de 
vraagzijde op distributieniveau, wordt het evident dat de organisatie en de bedrijfsvoer-
ing van elektriciteitsvoorzieningsystemen drastisch zal gaan veranderen in de komende 
jaren. Met betrekking tot toekomstige praktische applicaties wordt het essentieel om 
methodes te bedenken voor het managen van de gedistribueerde middelen, die de 
globale doelstellingen weerspiegelen van de besturing van het elektriciteitsvoorziening-
systeem en tegelijkertijd gedistribueerde regeling en optimalisatie toestaan. Het eindge-
bruik van elektriciteit kan gaan reageren op diverse regelsignalen zoals prijs, bechik-
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baarheid van middelen en netwerkbeperkingen, en kan een belangrijke rol gaan spelen 
in toekomstigeelektriciteitsvoorzieningsystemen.  

De scope van dit onderzoek is gericht op het managen van verspreide middelen, d.w.z., 
het proces van het besturen van middelen aan de aanbod en vraagzijde die zijn verbon-
den aan de distributienetten. Gezien de hedendaagse architectuur en de bestaande op-
erationele principes van onderling gekoppelde elektriciteitsvoorzieningsystemen en de 
ontwikkelingen die gaande zijn binnen de elektriciteitssector, is de belangrijkste onder-
zoeksdoelstelling van dit proefschrift de mogelijkheden te onderzoeken van energieman-
agement van verspreid aanwezige middelen, om zo bij te dragen aan een efficiënte 
bedrijfsvoering van het systeem, d.w.z., meer economisch voor de betrokken actoren en 
minder vervuiling voor het totale elektriciteitsvoorzieningsysteem, zonder daarbij de be-
trouwbaarheid in gevaar te brengen.  

Een overzicht van historische ontwikkelingen aan de vraagzijde geeft een grondig inzicht 
in de toegepaste gevallen van load management, en geeft de evolutie weer van vraagzijde 
management programma’s. In toekomstige elektriciteitsvoorzieningsystemen, die 
worden gekenmerkt door een grote hoeveelheid hernieuwbare energiebronnen, kan het 
managen van verspreid aanwezige middelen, zoals stuurbare belastingen en opslag tech-
nologieën, een belangrijke optie zijn voor het omgaan met de uitdagingen die de fluc-
tuerende aard van die energiebronnen oplegt aan het systeem. Echter, er zijn veel ver-
schillende benaderingen geweest voor het omzetten van deze visie in praktische toepass-
ingen. Eerder onderzoek is vooral gericht op gecentraliseerde architecturen en het man-
agen van groepen van homogeen verspreide middelen. 

Het managen van verspreid aanwezige middelen zal worden benaderd in de context van 
bestaande doelstellingen voor de regelingen in het elektriciteitsvoorzieningsysteem. De 
belangrijkste uitdaging is hoe systeemdiensten door aggregatie van grote hoeveelheden 
verspreide middelen kunnen worden aangeboden, met daarbij rekening houdend met de 
doelstellingen van zowel transport en distributiesystemen en de doelstellingen van indi-
viduele systeemgebruikers en apparaten. Hiërarchische regelstructuren worden 
beschouwd als essentiële paradigma’s voor het managen van verspreid aanwezige mid-
delen, en informatie- en communicatietechnologieën worden gezien als faciliterende 
technologieën voor de brede integratie van fluctuerende energiebronnen. In dit proef-
schrift is de focus op het hiërarchische management van verspreide middelen voor het 
leveren van systeemdiensten via tussenorganisaties, te weten, de aggregatie entiteiten. 
Een conceptuele architectuur wordt voorgesteld die flexibel, uniform en generiek is, voor 
energiemanagement van verspreid aanwezige middelen zowel aan de aanbod als aan de 
vraagzijde.  

Uit een analyse van elektriciteitsmarkten en elektriciteitsvoorzieningfuncties is gebleken 
dat de betrokkenheid van verschillende tijdschalen en typen systeemgebruikers, verschil-
lende beperkingen oplegt en verschillende problemen introduceert die individueel 
moeten worden geformuleerd en opgelost. De voorgestelde ideeën omvatten de a priori 
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operationele planning, de real-time bedrijfsvoering, de verificatie van de energielevering 
en dienstverlening en de a posteriori financiële afwikkeling. De operationele plannings-
fase richt zich op de interactie met elektriciteitsmarkten en is onderworpen aan de 
fysische beperkingen en economische doelstellingen. Real-time algoritmes worden ont-
worpen rekening houdend met de systeembeperkingen, the variabiliteit van de 
hernieuwbare energiebronnen en veranderende marktcondities, en zijn onderhevig aan 
de marktcontracten en bilaterale overeenkomsten. Tot slot, de verificatie van energielev-
ering en dienstverlening, en de financiële afwikkeling vindt na de operationele dag 
plaats.  

Specifieke case studies zijn gedefinieerd op basis van de beoogde toepassingseisen en 
doelstellingen, voor de verdere ontwikkeling en evaluatie van de voorgestelde concep-
tuele architectuur:  

 De eerste case studie richt zich op het managen van huishoudelijke belastingen, 
en een decentrale regelstructuur voor geautomatiseerde vraagresponse is ge-
formuleerd.  

 De tweede case studie richt zich op het managen van verspreide energieopslag-
systemen in combinatie met stochastische energiebronnen, en een multi-level 
economische optimalisatie probleem is geformuleerd voor een geïntegreerd sys-
teem.  

Iedere markt wordt gekenmerkt door verschillende sets van regels en procedures, 
daarom is het economische potentieel voor beide case studies geëvalueerd door te focus-
sen op twee specifieke markten in Nederland, te weten, de day-ahead markt en de markt 
voor operationele reserves. De belangrijkste bevindingen uit de case studies zijn hieron-
der samengevat.  

Huishoudelijke vraagresponse:  

 De simulatieresultaten laten zien dat in een elektriciteitsvoorzieningsysteem, 
waarvoor geen passende energieopslag oplossingen beschikbaar zijn, hu-
ishoudelijke vraagresponse de capaciteit en de economische potentie heeft om te 
concurreren met conventionele opties in de groothandelsmarkten voor elektric-
iteit en de markten voor de levering van operationele reserves. Wanneer con-
structieve hervormingen in de regulering worden doorgevoerd, om actieve deel-
name van de vraagzijde in de elektriciteitsmarkt mogelijk te maken, kan hu-
ishoudelijke vraagresponse een interessante business case worden voor nieu-
wkomers op de markt, zoals aggregatie entiteiten.  

 De convergentie van geaggregeerde huishoudelijke vraagresponse op basis van 
belasting-frequentieregeling, te weten, de secundaire regeling voor frequen-
tieondersteuning, is onderzocht en de uitkomst is vergeleken met de huidige 
markt- en prestatiegegevens van conventionele balanshandhavers in Nederland. 



viii  SYNOPSIS 

De simulatieresultaten laten zien dat de response van de geaggregeerde vraa-
gresponse beter is dan die van conventionele balanshandhavers, zowel in termen 
van hogere gerealiseerde correlatie als ook in termen van een snellere reactietijd. 
Echter, de verbeterde prestatie, zoals geïllustreerd door middel van computer-
simulaties, leidt momenteel nog niet tot extra beloningen in vergelijking tot de 
conventionele leveranciers binnen het Nederlandse onbalansverrekeningsys-
teem. In de toekomst kan het toenemende gebruik van elektronische meters voor 
het op afstand en online uitlezen van het  elektriciteitsverbruik de ontwikkeling 
van meer geavanceerde en geautomatiseerde verificatiemethodes ondersteunen, 
om de prestaties van  dienstverleners te beoordelen en overeenkomstig te be-
lonen. Hoewel de case studie gaat over een typisch huishoudelijke apparaat, 
ondersteunen de voorgestelde ideeën de grootschalige implementatie van vraa-
greponse programma’s voor de dichtbij real-time levering van systeemdiensten.  

Verspreide energieopslag en stochastische energiebronnen:  

 De mogelijkheid om regelstrategieën van een energieopslag systeem te ve-
randeren afhankelijk van de eisen van de markt, kan maximalisatie van op-
brengsten mogelijk maken. Door het ontleden van het regelprobleem in het 
tijdsdomein wordt het mogelijk om een verspreide energieopslag te gebruiken in 
verschillende markten en toepassingen, met daarbij rekening te houden met on-
zekere en zich snel wijzigende condities dichtbij real-time.  

 Het resultaat van de simulaties geeft een economische evaluatie van de specifieke 
toepassingen, te weten, energie arbitrage in de day-ahead markt en passieve bi-
jdrage in systeembalancering, gebaseerd op historische marktgegevens van 
Nederland, en inclusief een gevoeligheidsanalyse van het effect van de  opslag-
systeem efficiëntie op de totale economische prestaties. De toepassing van ener-
gie arbitrage in de day-ahead markten blijkt zeer gevoelig te zijn voor de effi-
ciëntie van de opslagsystemen en de dagelijkse prijs ontwikkeling en volatiliteit. 
Daarentegen lijkt het bijdragen in systeembalancering een meer effectieve 
strategie, hetgeen voornamelijk gedreven wordt door de grotere prijs spreiding 
in de onbalansverrekening en het afwisselende patroon van systeemregeling, 
waardoor het voor de controller mogelijk is om meer oplaadcycli uit te voeren 
gedurende de dag. Echter, de laatste toepassing brengt grotere risico’s met zich 
mee door de stochastische aard van de onbalansmarkt en de inherente 
moeilijkheid om a-priori nauwkeurig de systeemtoestand te voorspellen. De 
hiërarchische benadering, te weten, gecombineerde deelname in beide markten, 
blijkt gemiddeld een minder effectieve strategie, aangezien de commitments die 
tijdens de day-ahead zijn aangegaan het volledig benutten van het potentieel van 
de energieopslag kunnen beperken om opbrengsten te maximaliseren in real-
time markten. 
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CHAPTER 1 

1. Prologue 

1.1 Energy and the environment 
The use of energy has led the development of human societies by providing the means to 
control and transform our landscape and ecosystem. Primary energy sources such as fos-
sil fuels have been extensively exploited over the past two centuries offering unprece-
dented affluence to humanity. Since the industrial revolution, coal, oil and gas have been 
considered to be ideal energy sources, a notion which is based on the fact that the 
amount of effort put into fossil fuels extraction was imperceptible compared to the en-
ergy content of those resources. However, the use of fossil fuels is a controversial issue. 
The unsettling findings of recent scientific research, about the impact of anthropogenic 
activities to the environment [1], indicate that the greatest societal and technological 
challenges of this century will be to avert the worst effects of increased concentration of 
greenhouse gases in the atmosphere, global pollution and overconsumption of non-
renewable resources.  

As can be seen in figure 1.1, the demand for energy to meet social and economic devel-
opment is increasing since 1971 with an average annual rate of 3.3%. On the basis of sce-
nario studies defined in the world energy outlook [2], the global demand for energy is 
expected to continue to rise over the coming decades, and this is also shown in figure 1.1. 
The scenarios in [2] reflect different levels of governmental actions, and how new devel-
opments might affect energy trends over the period to 2035. In brief, the current policies 
scenario assumes no implementation of further policies beyond those adopted by mid-
2012. The new policies scenario takes into account existing policy commitments and as-
sumes that recently announced policies are also implemented. The efficient world sce-
nario reflects the adoption of all economically viable measures to improve energy effi-
ciency. According to the new policies scenario, i.e., the central scenario in [2], global en-
ergy demand will grow by more than one-third over the period to 2035, with China, In-
dia and the Middle East accounting for 60% of that increase. 



2  PROLOGUE  

 

 
Figure 1.1: Global total primary energy supply for several years from 1971 to 2010 [3], and primary 
energy demand scenarios for the years 2020 and 2035 [2], in million tonnes of oil equivalent. 

 

The increase for energy demand is mainly driven by both the population growth and the 
quest for higher standards of living. Human population has grown continuously over the 
past centuries, a development that is expected to be sustained throughout the 21st cen-
tury as depicted in figure 1.2. Since approximately 1850, global use of fossil fuels has in-
creased to dominate energy supply, leading to a growth of 40% in carbon dioxide emis-
sions since pre-industrial times primarily from fossil fuel emissions [1]. The electricity 
sector is inseparably linked with global energy and environmental challenges since over 
two-thirds of global electricity is generated from the combustion of fossil fuels [4]. As 
can be seen in figure 1.3, the share of fossil-fuelled electricity generation is expected to 
maintain its dominant position among other sources over the projection period in the 
various scenarios [2]. Though, electricity generation from renewable energy sources 
(RES), which is steadily increasing throughout the past years, is also expected to con-
tinue to grow both in terms of relative share and absolute terms [2].  

Global electricity demand increased by 40% between 2000 and 2010, and is expected to 
continue to grow faster compared to any other final form of energy over the projection 
period [2]. In the new policies scenario, world electricity demand increases by over 70% 
between 2010 and 2035, with an average annual growth rate of 2.2%. As can be seen in 
figure 1.4, the largest share in electricity demand, among other end-uses, is attributed to 
the industry. According to the new policies scenario, industrial demand is expected to 
increase by an annual rate of 2.3%, whereas the same annual growth rate is attributed to 
residential demand. Electricity demand for services increases at the lower annual rate of 
1.9%, whereas the transport sector is expected to have the fastest annual growth rate of 
3.5%, mostly due to the development of electric vehicle technology. Though, the share of 
transport in total electricity demand is expected to reach only 2.1% in 2035, compared 
with about 1.5% in 2010 [2]. 
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Figure 1.2: The world population growth history from 1950 to 2010, and prospects up to 2100 [5]. 

In 2010, about 1.27 billion people in developing countries did not have access to electric-
ity, compared to only 2 million people in transition economies and OECD member coun-
tries [6]. With the prospect of rising standard of living, the demand for energy is also ex-
pected to increase further while developing countries attempt to reach the electrification 
rates of developed countries (see figure 1.5).  

Primary energy sources, such as fossil fuels and renewable resources, can be converted 
into energy carriers. Electricity is an energy carrier that is characterised by many sensi-
ble features. Electrical power can be generated from various primary energy sources in 
relation to geography and weather conditions, whereas electricity is an efficient carrier at 
all stages from conversion to transmission and utilisation. In addition, most of the end-
uses of electrical power are pollutant free, which ranks electricity high enough to be con-
sidered as the energy carrier of choice for the future. Electricity is in fact the main energy 
carrier used around the world for residential, commercial and industrial processes next 
to fuels and heat [7]. 

 
Figure 1.3: World electricity generation share by source and scenario [2], figures are in TWh. 
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Figure 1.4: World electricity supply and demand by sector in the new policies scenario [2], where 
electricity supply is defined as gross generation, including power generation for own use, sufficient to 
cover demand in final uses and losses through transmission and distribution systems. 

 

 

Figure 1.5: Electricity access in developing and developed countries in 2010 [6]. 

 

1.2 Electricity 
Although, a plethora of phenomena associated with electricity were visible to the early 
humans, within their natural environment, it took a long period of observations and ex-
perimentation before adequate knowledge was gradually built up to lead to science and 
electrical power engineering. Thales of Miletus, a pre-Socratic Greek philosopher, is one 
of the earliest known researchers who investigated natural phenomena associated with 
electricity. Around 600 B.C., Thales experimented with static electricity by rubbing am-
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ber with silk. Note that the first particle known to carry electric charge, the electron, is 
named after the Greek word  which stands for amber. The early ex-
perimentation with electricity was followed by an era of silence, where electricity mainly 
remained a topic of intellectual curiosity, until the year 1600 when the English physicist 
W. Gilbert studied together the phenomena of electricity and magnetism, and published 
his primary scientific work. In the late 18th century, and during the 19th century, there is 
an intensive research period where prominent scientists, such as L. Galvani, A. Volta, M. 
Faraday, P.-S. Laplace, J. P. Joule, G. Kirchhoff, J. C. Maxwell, L. Lorenz, H. R. Hertz, A. 
Ampere and G. Ohm, worked systematically to unveil the mysteries of electricity. Since 
then, scientific knowledge was gradually built up and by the late 19th century and during 
the beginning of the 20th century the main foundations of the science of classical elec-
tromagnetism were established. The theory provided a solid ground for the development 
of the first comprehensive applications associated with electrical power. The foremost 
invention of incandescent filament lamp by J. Swan, laid the ground for urban lighting, 
whereas the complementary efforts of T. Edison and J. Watt on one hand, and G. West-
inghouse and N. Tesla on the other hand led to the first DC and AC power systems. It is 
not trivial to say that modern power systems have been developed based on the princi-
ples that were already established in the beginning of the 20th century [8]. Since then, 
electricity has powered our modern societies and transformed the energy outlook. 

1.3 Electrical power engineering 
Electrical power systems are complex systems with the main goal of delivering electrical 
power to all connected users in a secure and economical way, while ensuring high avail-
ability and power quality. However, beyond the many sensible features of electricity, 
electrical energy is difficult to be efficiently and economically stored in large quantities, 
which complicates the management of power systems. Power generation must respond 
fast in following variations of the demand, through control actions, otherwise a part or 
the whole power system will collapse. Once the demand for electricity, including system 
losses and auxiliaries in substations and power plants, exceeds the amount supplied into 
the network, kinetic energy is drawn from the rotating mass of rotating units, i.e., the 
power system inertia, resulting in a decrease in the rotational speed of generators, which 
subsequently drives the system frequency below the nominal value. Contrary, once the 
amount supplied in the network exceeds the demand for electricity, the system frequency 
will rise above the nominal value. Maintaining the system frequency close to the nominal 
value, i.e., fnom=50 Hz in Europe, is one of the main issues in power system control. The 
European Network of Transmission System Operators for Electricity (ENTSO-E) defines 
operating reserves for balancing actions in three categories [9]: frequency containment, 
frequency restoration, and replacement reserves (formerly primary, secondary and terti-

f within a synchronous area is a 
performance indicator of power system control.  
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The sophistication and age of electrical power systems throughout the world vary signifi-
cantly. Currently, it is a shared belief among scientists and engineers that future electri-
cal power systems will be designed to function in an unprecedented way compared to 
contemporary systems. Applications of information and communication technologies 
(ICT) are seen as enabling technologies for the wide integration of RES, for promoting 
low carbon technologies, and enabling responsive characteristics of the demand side [7], 
[8], [10]. The evolution of power systems must be seen as a continuous process of mod-
ernising existing infrastructure and of designing future systems. An evolution that is 
meant to address a number of key environmental, social and economic challenges that 
the electricity sector is currently facing such as the reduction of emissions, energy secu-
rity, rising global demand for electricity, and promoting consumers empowerment 
through market transparency [7], [10]. At the dawn of the 21st century, there is a move-
ment from traditional power engineering, where supply followed the demand at any 
moment, towards an integral approach of matching supply and demand, which will still 
be based on the fundamentals of power engineering, but combining advanced applica-
tions of control theory, ICT and computer science. System services such as power balanc-
ing, congestion relief, etc., which have been established at the transmission level are ex-
pected to be performed also at lower voltage levels, suggesting a structural shift in the 
role of system users connected at the distribution level towards the provision of system 
services. A more automated power system, both at the transmission and distribution 
level, can allow productive options to system operators and users for improving system 
reliability, asset utilisation, and efficiency in a secure manner [11]. 

1.4 Problem formulation 
In the past, power system operators have mainly relied on the resilience of bulk genera-
tion units, for providing the required control actions, to maintain system stability. Under 
the influence of a number of developments related to the electricity sector liberalisation, 
the aging of existing infrastructure, the rising demand for electricity and the increasing 
integration of RES, the electrical power system organisation is transformed from an in-
tegrated vertical structure to a horizontal one, to accommodate an increasing amount of 
distributed resources such as photovoltaic (PV) installations, wind turbines, electric ve-
hicles etc. Distributed resources are defined as demand and supply side resources that 
can be deployed throughout an electric distribution system to meet the energy and reli-
ability needs of the customers served by that system [12]. The integration of RES compli-
cates the operation and planning of power systems due to their variable and intermittent 
output. Figure 1.6, depicts the normalised power demand and generation from PV and 
wind energy installations over two weeks, from July and December 2013, for the service 
area of western Germany which is interconnected with the Dutch power system. As can 
be seen in this figure, the system load follows a daily pattern which is mainly driven by 
the economic activity and user behaviour, whereas the generation from solar and wind 
resources is mainly influenced by weather phenomena with seasonal characteristics.  
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(a) 

 
(b) 

Figure 1.6: Normalised per-unit (p.u.) power demand (max. at 29.9 GW), and generation from 
photovoltaic (max. at 5.3 GW) and wind energy (max. at 5.6 GW) installations, in the area of western 
Germany [13]. (a) One week starting at 00:00 on Monday 1st of July until Sunday 7th of July 2013.  
(b) One week starting at 00:00 on Sunday 1st of December until Saturday 7th of December 2013. 

The weak correlation between the system load and the generation from RES poses 
enormous challenges for the reliable and economic operation of electrical power sys-
tems. In contemporary power systems, the difference between supply and demand for a 
given service area (also termed control area) has to be provided by conventional genera-
tion units within the boundaries of that area or traded with other control areas. The 
matching of the demand with RES requires considerable flexibility. In the absence of en-
ergy storage, this flexibility is typically provided by conventional fossil-fuelled genera-
tion, but if these conventional units are taken out of service then there is a considerable 
complication. The problem, which is framed at a large extent by geography and weather, 
is about the integration of RES into the power system in an efficient way, without relying 
solely on conventional fossil-fuelled and nuclear power generation. Ultimately, as the 
power generation system is further decarbonised and decentralised, the inherent flexibil-
ity of fossil fuels is gradually taken out of the system, and has to be replaced, apparently, 
from distributed resources. Flexibility is considered as one of the intrinsic features that 
shall characterise future power systems. In this quest for flexibility, the problem that 
arises concerns the power and energy management of distributed resources, capable to 
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provide system services. Energy management systems (EMS) have to be developed to 
address the control of distributed generation [14], loads [15], and storage [16]. The vir-
tual power plant (VPP) concept [17] has been introduced for the management of geo-
graphically dispersed resources, which can be aggregated and operated as a single entity. 
Another proposed paradigm for the management of distributed resources is the micro-
grid concept [18], where a cluster of local distributed resources, installed behind a com-
mon coupling point of a distribution system, are represented to the system as a single 
entity, both electrically and in terms of trading capabilities [19]. A micro-grid can be op-
erated as part of the interconnected distribution network, but also in islanded mode. 

1.5 Research question 
The research question to be answered in this thesis is: 

 Given the contemporary architecture and established operational principles 
of interconnected electrical power systems, and the developments that are 
under way within the electricity sector, how can the energy management of 
distributed resources, both from the supply and the demand side, contribute 
to efficient power systems operations? 

In the light of the research question, it is important to build a representation of the prob-
lem on the basis of a literature review. The scope of this review is to analyse the architec-
ture of contemporary power systems and the fundamental procedures involved in power 
systems operations, and to document previous approaches related to the energy man-
agement of distributed resources. To answer the main research question, a number of 
associated sub-questions are defined, which are addressed in the subsequent chapters: 

 Which are the major developments that are under way within the electricity 
sector?  (Chapters 2 & 3) 

 Which are the desired characteristics of energy management systems for 
distributed resources with respect to future practical applications?       
(Chapter 4) 

 What would be an appropriate generic framework to address practical ap-
plications for the energy management of distributed resources in power sys-
tems operations?  (Chapter 4) 

 How the generic framework can be applied while focusing on specific types 
of distributed resources, i.e., residential loads, and distributed energy stor-
age systems?  (Chapters 5 & 6) 

 What is the economic potential of residential loads, and distributed energy 
storage systems participation in electricity markets?  (Chapters 5 & 6) 
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1.6 Scope 
In line with the defined research question, the scope of this research is about the man-
agement of distributed resources, i.e., the process of controlling supply and demand side 
resources that are connected to electrical power distribution systems, for the provision of 
power system functions in an efficient manner, i.e., more economic for the actors in-
volved and less pollutant for the overall power system without jeopardising its reliability. 
The focus is on power systems operations including the short-term operational planning 
for energy, the (close to) real-time power management, and the ex-post financial settle-
ment. The management of distributed resources shall be approached in the context of 
established power system control objectives. Thus, the main challenge is how to provide 
power system services through aggregation of large amounts of distributed resources 
while accounting for both the objectives and constraints of the power transmission and 
distribution systems, and the objectives of individual system users and devices. 

Traditionally, power system control has been approached through the centralised control 
of bulk generation units. Though, a centralised approach is impractical for a large aggre-
gation of devices in the order of thousands or millions of distributed resources. Contrary 
to centralised control schemes, the management of distributed resources could theoreti-
cally be addressed through completely decentralised approaches, for example by ena-
bling distributed resources to operate as frequency responsive resources as in the context 
of primary frequency regulation provided by generation units through droop control. 
Such a decentralised control scheme could address the operation of an autonomous sys-
tem operated in islanded mode, but it becomes impossible to carry all necessary control 
actions within a large interconnected power system solely based on a set-point value 
such as system frequency. Frequency is the common control feature in an interconnected 
power system but it mainly concerns primary control actions which contribute insignifi-
cantly to the total required control energy volumes. Most control energy volumes con-
cern secondary and tertiary control actions [20], which cannot be centrally optimised 
within an environment with many actors and entities. Therefore, contemporary power 
system control in interconnected systems has evolved into collaborative structures, 
whereas a typical hierarchical approach is applied within each control area. Obviously, it 
is essential with respect to future practical applications to devise methods for the man-
agement of distributed resources that reflect the global objectives of power system con-
trol while allowing for distributed control and computation.  

In this context, hierarchical control structures are considered as indispensable para-
digms for the management of distributed resources [15]. Integrated information and 
communication systems drive the development of new value chain entrants and business 
models within the electricity sector [7]. A prominent example is that of aggregator com-
panies operating a VPP [17]. Aggregator companies are envisioned legal organisations, 
with functions similar to independent retailers and brokers, which hold contracts with 
prosumers. An aggregator is responsible for the operation of a number of facilities at-
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tributed to its associated prosumers by means of resources aggregation. Prosumer is a 
blend word derived by combining the word provider (or producer, or professional) with 
the word consumer. The term prosumer refers to the evolution of the passive electricity 
end-user towards a more active role in electricity generation and the provision of ancil-
lary services to the system [21]. 

In this thesis, the focus is on the hierarchical management of distributed resources for 
the provision of system services through intermediaries, i.e., the aggregation entities. 
This is illustrated in figure 1.7 where the grey highlighted areas indicate the research fo-
cus. In figure 1.7, the aggregator companies can be seen as service providers that repre-
sent groups of prosumers to the markets and the system operators. Prosumers might not 
have the financial, time and human resources to access all the necessary information. 
Therefore, the aggregator has a central role in this conceptual hierarchical control 
scheme, and provides the associated prosumers with all the necessary information to 
perform their energy management, such as weather forecasts, predicted prices, predicted 
system states, and other control inputs. 

The topic of controlling demand and supply side distributed resources is covering a wide 
scope of subjects. The multidisciplinary nature of the problem, which involves a combi-
nation of several disciplines and methods related to the fields of electrical power engi-
neering, electricity economics, computer science and control systems, makes it necessary 
to further elucidate the scope of research. The control problems treated in this thesis are 
about the optimisation of the energy demand and generation of distributed resources 
during the short-term operational planning and close to real-time operations. The opti-
misation processes occur over a prediction horizon and utilise as inputs recent measured 
quantities and available forecasts about energy demand and generation, system states 
and market developments. Technical constraints are considered within the mathematical 
models, thus ensuring a safe operation of electrical equipment. The optimisation criteria 
for the problems treated in this thesis have both an economic and a technical nature, 
since those reflect the economic optimisation within certain electricity markets and the 
fulfilment of technical requirements for designated services. The boundary conditions of 
this research are stated below. 

Active power – In AC power systems, a phase difference between the voltage and the 
current results into two components, i.e., the active and the reactive power. In this re-
search the focus is only on active power flows. The proposed concepts can be extended 
naturally to address voltage control, though this is beyond the thesis scope. 

Energy carriers – In this work, the focus is on electricity, whereas other energy carri-
ers such as fuels and heat, which also consist of vital elements within the global energy 
mix, are not within the scope of this thesis. Nonetheless, the integration of other energy 
carriers, e.g., natural gas, can be addressed in this work through appropriate conversion 
models and strategies. 
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Figure 1.7: Hierarchical management of distributed resources through intermediary service provid-
ers, i.e., the aggregator companies, adapted from [15]. The grey highlighted areas indicate the research 
focus in this thesis. 

 

Information security – Information security entails a number of aspects related to 
the secured transmission of data within computer networks. The expanded capabilities 
of a system introduce more complex security concerns [11]. Even though, the topic of 
confidentiality and privacy of system users is addressed, information security aspects are 
beyond the scope of this thesis. 

Forecasting methods – Sufficiently accurate forecasts of both power generation and 
load over a prediction horizon are essential for the effective control of distributed re-
sources. Different techniques can be employed for creating forecasts such as time series 
prediction methods, or artificial neural network models. The development of prediction 
techniques is not within the scope of this thesis. For computer simulations, historical 
data are utilised to resemble the actual forecasts and to evaluate the conceptual frame-
work. The economic performance of the investigated case studies is assessed on the basis 
of an ex-post evaluation of the specified applications based on historical market data, 
thus reflecting the theoretically maximum generated revenues or cost-savings under the 
considered assumptions. To demonstrate the performance of the real-time algorithms 
under uncertain and fast changing conditions, some experiments incorporate a manipu-
lated error which is imposed in the considered forecast to show the adaptable character-
istics of the developed algorithms.  

Network congestion – In a non-discriminatory environment for third party access to 
the network, power congestion management becomes a new challenge. Congestion relief 
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is a potential application for distributed resources that is not excluded from the pro-
posed framework. Though, the power flow management in transmission and distribution 
systems is outside the scope of this thesis. The distribution and transmission of electrical 
power involve natural monopolies, and the network management is a responsibility of 
the associated system operators. Thus, it is assumed that services related to congestion 
relief shall be procured by the system operators, if necessary, and then provided by dis-
tributed resources. 

Power system control – The overall power system involves a complex control struc-
ture, which consists of a number of nested loops that control or regulate different system 
quantities. In most cases, it is possible to decouple and study the different control loops 
individually, and through appropriate simplifications, to use standard control theory 
methods to analyse the operation of these controllers based on non-functional require-
ments. In practice, the term of control is used in a broad sense related also to the optimi-
sation of system quantities. In this context, the control problems treated in this thesis 
are about the optimisation of the energy characteristics of distributed resources. The fo-
cus is on formulating the functional requirements that drive the application architecture 
of aggregation control systems, i.e., definition of the interfaces, behaviours and goals, 
and not on the non-functional criteria of control systems related to performance, stabil-
ity and robustness.  

Timescales – The focus is on power systems operations including the short-term op-
erational planning a priori, i.e., day-ahead, the real-time operations, i.e., close to real-
time, and the financial settlement a posteriori, i.e., after the operational day. Long-term 
planning referring to optimal investment conditions over a long time horizon, i.e., years 
and months ahead, and dynamics referring to power system oscillations ranging from 
milliseconds to a second or several seconds are beyond the scope of this thesis. 

1.7 Methodology 
The methodology followed in this research can be outlined in five steps which are further 
described below, i.e., the scope definition, the problem space formulation, the develop-
ment phase, the evaluation phase and the discussion part. After having defined the scope 
of the research the focus is on building the problem space, i.e., a representation of the 
problem in which the phenomena of interest reside and in which the search for the solu-
tion can take place [22]. During the process of building the problem space, it is essential 
to focus on the particular properties and conditions that are relevant to the problem, but 
to omit those that are irrelevant.  

The problem space is composed of the contextual and relevant scientific knowledge. For 
power system research, that knowledge should consist, at least, of these properties that 
are related to the physical power system, the system organisation, and employed or envi-
sioned technologies. The physical power system consists of the power network, system 
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assets and connected entities such as generation, consumption and storage units. The 
system organisation refers to the interactions between the users and the operational and 
market institutions associated with the electricity sector. Framing research activities to 
address not only the technical but also the institutional and economic aspects of electric-
ity supply ensures the relevance of the research. In this direction, power systems and 
electricity markets are analysed in chapter 2, whereas technologies related to demand 
side management (DSM) are discussed in chapter 3. The problem space is completed by 
a review of the relevant scientific literature to acquire that applicable knowledge, i.e., 
theories, models, techniques etc., which is about the energy management of distributed 
resources. 

The formulation of the problem space leads to the conceptual development which is dis-
cussed in chapter 4. At the outset of the conceptual development phase, a set of criteria is 
defined, on the basis of a literature and technology review, which should guide the de-
sign of any energy management system for the control of distributed resources. Based on 
these criteria, a conceptual architecture is proposed, which is inspired to some extent by 
the interoperability guide for energy and information technology operation with the elec-
trical power system, end-use applications, and loads [11]. The scope of the conceptual 
architecture is to provide a framework that is flexible, uniform, and generic, that aligns 
policy, business, and engineering approaches, to enable all electrical energy distributed 
resources to contribute to efficient and reliable power systems operations. 

The proposed framework identifies the interfaces between functional domains and enti-
ties of power systems and describes the relationships and interactions among them, in-
cluding the characteristics of the data flows. Emphasis is given on the semantic interop-
erability between entities and domains, i.e., the transmitted data between entities share 
an unambiguous meaning, and not on the syntactic interoperability, i.e., specified com-
munication protocols and format of transmitted information. Therefore, interfaces are 
defined in a technology-agnostic manner to allow the flexibility provided by a generic 
framework. 

On the basis of the conceptual framework proposed in chapter 4, the main development 
and evaluation phase of this research is presented in chapters 5 and 6, where the pro-
posed architecture, employing forecast-based control methods, is applied to two distinct 
case studies. The case studies refer to the management of residential loads and distrib-
uted energy storage systems, and are presented in chapters 5 and 6 respectively. The 
evaluation of the proposed design involved analytical methods, laboratory experiments 
and computer simulations. The results of this assessment led to refining details of the 
design, and eventually to the verification and first proof of concept. The thesis is con-
cluded in chapter 7 with a synopsis of the main contributions and discussion over poten-
tial applications. 
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1.8 Thesis schema 
The thesis schema is graphically depicted in figure 1.8. The contents have been treated in 
chapters that are aligned with the research methodology presented in section 1.7. The 
main notation and the definitions of the acronyms used in this dissertation are listed in 
the nomenclature which can be found in page 157. 

 

 
 

Figure 1.8: Schematic of the thesis layout. The chapters are aligned with the research methodology.
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CHAPTER 2 

2. Power systems and electricity 
markets 

The history of electricity supply and its organisation stretches over a century. A century 
that is dominated by vertically integrated monopolies for the supply of electrical power. 
Technical and organisational challenges, economies of scales and natural monopolies all 
favoured the development of vertical utilities. Currently, in the advent of the electricity 
sector liberalisation and the increasing integration of RES, among other universal ser-
vices, related to water and fuel supply or transportation and communication networks, 
the electrical power service provision is perhaps the one most challenged. As the power 
system organisation is transformed from an integrated vertical structure to a horizontal 
one, to accommodate an increasing amount of distributed resources, both at the genera-
tion and the demand side, it becomes apparent that the organisation and operation of 
electrical power systems will change dramatically over the next years. Still, there is con-
siderable uncertainty about consistent policy frameworks and adequate stimuli to ac-
commodate this transition [23]. Introducing competition in the electricity sector is based 
on the notion that electrical power can be treated as any other commodity. Though, the 
physics behind the generation, transport, storage and use of electrical power make it a 
distinctive commodity [24]. In this chapter, the main contextual knowledge for this re-
search is formed. Power systems and electricity markets are elucidated, while focusing 
on both the physical layer and the system organisation. In section 2.1, the overall system 
architecture is presented, i.e., the physical power system, the organisational structure of 
the sector, and the principles governing the design and evolution over time. In section 
2.2, a review of power system control and operational rules in contemporary systems is 
given. In section 2.3, an overview of electricity markets is provided, emphasising on two 
developed markets in the Netherlands.  The chapter is concluded with a discussion sec-
tion on the ongoing developments within the electricity sector. 
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2.1 System architecture 
Power system architectures can vary substantially across different countries and conti-
nents. Most of these variations are not linked to the physical infrastructure and the op-
erational principles behind the physics of electrical power, but to the system organisa-
tion, the design of markets and procedures. A physical power system consists of a power 
network, i.e., the transmission and distribution lines, system assets, i.e., the equipment 
installed in substations, and connected entities, i.e., the energy generation, consumption 
and storage units. System organisation refers to the interactions between the users and 
the operational and market institutions associated with the electricity sector. Note that, 
within a system organisation, interactions refer to data flows between system entities 
and not to physical power flows.  

In this section, the physical power system and the system organisation are presented. 
The focus is on developments in Europe and specifically on the electricity sector of the 
Netherlands which is used as a reference. This particular consideration assists in bound-
ing the problem space while avoiding an extensive analysis on market design variations. 
Furthermore, the electricity sector in the Netherlands is characterised by some challeng-
ing features that make it an interesting case for this study [25]. The Dutch electricity 
market is open to competition for end-users, including small and residential customers, 
since July 2004 [26], whereas electricity generation from RES in the Netherlands is 
steadily increasing throughout the past years [27]. In addition, the Dutch power system 
is highly interconnected (within the ENTSO-E area) with Germany, Belgium, the United 
Kingdom and Norway, whereas a connection with the Danish system is under considera-
tion [25]. Nonetheless, even the focus is on the Dutch power system, the generic frame-
work of this research is maintained by addressing those operational rules that are uni-
versally applicable in power systems operations. 

2.1.1 The physical power system 

Electrical power systems are three-phase AC systems operating essentially at constant 
frequency and voltage levels [28]. An integrated electrical power system consists of dif-
ferent control areas interconnected through high voltage (HV) synchronous or asyn-
chronous tie-lines. Figure 2.1 provides an illustration of the basic elements in a contem-
porary power system which is operated as a single control area, distinguishing between 
the transmission, the sub-transmission, and the distribution systems [28]. The transmis-
sion system forms the foundation of the interconnected power system and connects all 
bulk generation stations, and main load centres. In the Netherlands, the extra high volt-
age (EHV) transmission system typically involves voltage levels at 220 and 380 kV. Volt-
age levels are stepped down to 110 or 150 kV in transmission substations, which provide 
the physical interface between transmission and sub-transmission systems. Large indus-
trial consumers are commonly supplied directly from the sub-transmission system. Note 
that, overall, there is no clear demarcation between transmission and sub-transmission 
systems [28]. 
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Figure 2.1: The physical power system. Basic elements of a power system that consists of a single 
control area, indicating typical voltage levels involved in the Dutch system, adapted from [28]. 

The voltage level is further stepped down in distribution substations. The primary distri-
bution voltage is typically at the level of 10 kV. The distribution system concerns both 
medium voltage (MV) and low voltage (LV) systems, and is designed to supply electrical 
power to each customer in an efficient, reliable, and economic way. Power flows on typi-
cal distribution systems are mostly unidirectional with the power flowing from the dis-
tribution substations to the end-users. In recent years, distribution systems are increas-
ingly characterised by bidirectional power flows due to their design topology or the fact 
that customer-owned distributed generation (DG) is in excess of the customer’s load [11]. 
Medium size industrial consumers and DG units are commonly connected directly to the 
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MV level. MV electrical networks are connected to LV networks through MV/LV distri-
bution transformers, which subsequently feed a large number of residential and com-
mercial customers at the LV level through secondary feeders at 0.4 kV. At present, small 
scale DG and distributed energy storage units are often connected directly to the secon-
dary feeders. Single phase loads and generation units, typically residential customers 
and small scale PV installations, are distributed among the three phases to form a bal-
anced three-phase system. 

2.1.2 System organisation 

In this section, the organisational structure of the electricity sector is presented, with 
emphasis on the main actors and domains, the relationships, and the principles that 
govern power systems operations. Terminology and definitions within the power system 
society can differ substantially among different systems and countries, therefore, some 
basic definitions are provided in the appendix in section A.1. The reader who is not fa-
miliar with power system definitions and organisational terminology is advised to look at 
these definitions prior to proceeding with the descriptions below. 

2.1.2.1 Domains and roles 

The objective of decomposing the electricity sector organisation, into a set of domains 
and roles, is to enable the development of business processes where a relevant role ad-
dresses a specific transaction. Business processes should be designed to meet the re-
quirements of the roles and not of the actors [29]. In this thesis, system domains are 
classified between four categories that are necessary for information interchange within 
the electricity sector, i.e., the domains of the system operators, the electricity markets, 
the service providers, i.e., the acknowledged market participants, and the system users. 
The system domains, roles and interactions are further described below. 

System operators’ domain – The system operators’ domain is composed of the enti-
ties that are associated with the administration and operation of the transmission and 
distribution systems, and the markets. The main actors involved in this domain are the 
transmission system operator (TSO), the distribution system operators (DSO), and the 
market operators (MO). The system operators undertake their activities within semi-
automated control centres (CC). 

 Transmission system operators – In Europe, each control area is operated by the 
associated TSO, the legal institution that monitors the transmission network, ensures the 
connections with other control areas, and organises the markets for operating reserves 
and cross-border capacity and exchanges. A control area is composed of one or more 
market balance areas under the same technical load-frequency control (LFC) responsi-
bility [29]. The TSO has a central role in managing the power system operation for each 
associated control area [30]. In the Netherlands, the TSO role includes the role of imbal-
ance settlement as defined in [29]. 
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 Distribution system operators – DSO companies are the operators of regional 
distribution systems [29], which connect individual users to the power system and pro-
vide the distribution of electricity. A single control area might involve a number of differ-
ent DSO companies, but every regional distribution system is associated to a single DSO 
company that operates as a natural monopoly. Even though a DSO physically connects 
system users to the power system, those companies are excluded by regulation from di-
rectly managing the energy resources within their customers’ premises and behind the 
meters. Therefore, it is expected that, if regulation does not change dramatically in the 
future, a DSO shall procure ancillary services, if needed, from system users via desig-
nated local markets, in a similar way that the TSO procures ancillary services for balanc-
ing purposes. This is illustrated in figure 2.2, through the dashed lines that connect the 
DSO entities with the ancillary services markets (ASM) and with providers for ancillary 
services. Distribution systems are physically connected to the HV transmission system, 
and the TSO and DSO companies are both physically and organisationally linked. None-
theless, apart from emergency situations, such as in the case that part of the distribution 
system fails and has to be reenergised, there is minimum interaction between transmis-
sion and distribution system operators during normal operational conditions. 

 The market operators – The operators of the energy exchange markets (EEM) 
carry the responsibility of receiving and processing the purchase and sale orders from 
acknowledged market participants [29]. In the Netherlands, the MO of the day-ahead 
spot market (see section 2.3.2), shall notify the Dutch TSO about all trades. The MO de-
termines the market energy price for the market balance area after applying technical 
constraints from the system operator [29]. For simplification purposes, in this thesis, it 
is assumed that the wholesale energy trade occurs only in structured energy exchange 
markets, excluding over-the-counter (OTC) bilateral contracts between service providers 
and system users. Bilateral trade concerns significant volumes of energy supplied in the 
network, but the exact details of the agreements between producers and consumers (or 
their associated service providers) do not become publicly available. This particular con-
sideration assists in bounding the problem space while avoiding a number of hypotheses 
concerning OTC trade and contracts. 

Markets’ domain - The markets’ domain reflects market-based operations associated 
with the generation, transmission, distribution, and consumption of electrical power. A 
basic classification of electricity markets distinguishes those between energy exchanges 
and ASM. For simplification purposes, retail markets which are about the provision of 
energy and services from service providers to system users, are left outside the scope of 
this thesis. Retail markets are generally segmented by customer type, i.e., residential, 
commercial, and industrial [11]. Though, the pricing scheme for electricity retail is de-
fined by the service providers, in combination with regulators, which can result in many 
pricing variations that differ substantially among different countries, regions, service 
providers and types of customers.  
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 Energy exchange market – The wholesale electricity trade (see section 2.3.1.1) 
mainly refers to exchanges, highly organised market places where standardised products 
are sold and purchased. An exchange is the central counter party that allows anonymous 
trading of electricity, whereas most operations are automated and take place within inte-
grated trade platforms (TP). In Europe, some examples of exchanges for electricity are 
the Amsterdam Power eXchange (APX), i.e., the Anglo-Dutch energy exchange operating 
the spot and derivatives markets in the Netherlands, the United Kingdom, and Belgium, 
the European Energy Exchange (EEX), i.e., the German energy exchange with a main 
role in Central Europe, the European Power Exchange (EPEX), i.e., the exchange for 
power spot trading in Germany, France, Austria and Switzerland, the OMEL, i.e., the 
Iberian spot market, and the Hungarian Power Exchange (HUPX), i.e., the Hungarian 
exchange with a main role in the Central-Eastern-European region. 

 Ancillary services market – The wholesale trade of electricity is often comple-
mented by markets for ancillary services (see section 2.3.1.2). According to [31], “Ancil-
lary services are all services required by the transmission or distribution system opera-
tor to enable them to maintain the integrity and stability of the transmission or distri-
bution system as well as the power quality”. Ancillary services such as the provision of 
operating reserves for balancing purposes are procured by the TSO and are provided by 
system users, i.e., producers and consumers of electricity, or system assets [31]. In the 
future, it is expected that markets for local ancillary services might evolve, e.g., services 
for congestion relief or voltage control, where the DSO might be able to procure these 
services in a similar manner that the TSO is currently procuring balancing services. 

Service providers’ domain – This is the connection domain between the system op-
erators and the markets, and the system users [11]. The service providers’ domain refers 
to acknowledged market participants. In this thesis, acknowledged participants in energy 
exchanges are defined as energy services providers (ESP), whereas acknowledged par-
ticipants in ASM are defined as ancillary services providers (ASP).  

 Energy services providers – An ESP is defined as an acknowledged market par-
ticipant in energy exchanges. The role of an ESP is the only one that allows for energy 
nomination on a wholesale level. Therefore, all system users should be represented to the 
wholesale level by an ESP. The term ESP is equivalent with the term programme re-
sponsible party (PRP) in the Netherlands (see section 2.3.3). In Europe, the TSO and 
DSO companies must also be represented by an ESP for purchasing the amount of en-
ergy that corresponds to losses and auxiliaries in substations for their systems [30]. 

 Ancillary services providers – An ASP is defined as an acknowledged participant 
in ASM. The provision of operating reserves for balancing, as part of ancillary services, 
requires the representation of system users by acknowledged market participants, i.e., 
the balance suppliers (BS). A BS is a party that markets the difference between actual 
metered energy consumption (and production) and the energy purchased (and sold) with 
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firm energy contracts by system users [29]. Therefore, the role of an ASP includes, but is 
not limited to, the role of a BS. The current market situation in Europe has led to the de-
velopment of large companies that participate in different markets for wholesale trade 
and ancillary services. Therefore, an institution can carry both the roles of an ESP and an 
ASP, and this is represented by the linkage in figure 2.2, i.e., the interface I.12. 

System users’ domain – The system users’ domain includes all the users that are 
connected to electrical power distribution or transmission systems. The system users’ 
domain consists of the merging of two distinct domains as defined in [11], i.e., the bulk 
generation and customers’ domain. Essentially, the system users’ domain includes users 
with any combination of loads, generation, and storage, which are connected at the 
transmission or distribution level. Each type of system user may have several different 
entities employed in its application, such as generation units and loads that interface 
with the user’s EMS. Prosumers, which were introduced in the first chapter, can be seen 
as an evolution of traditional system users. 

 System users – System users are the natural or legal persons that supply, or are be-
ing supplied by, a transmission or distribution system [30]. Essentially, the system users 
are all the producers and consumers of electricity that own and operate within their 
premises any energy resource such as generation units, loads and storage devices. Each 
system user must be represented up to markets by an acknowledged market participant 
such as an ESP, and if appropriate also by an ASP. The system users that are associated 
with an ASP are the ones that actually provide the ancillary services to the system, upon 
request by the TSO (or the DSO).  

Having provided the basic definitions of the actors and domains that characterise power 
systems operations, the main system entities and their interfaces can be graphically de-
picted. In figure 2.2, a schematic of the organisation of the electricity sector is provided, 
in terms of a logical representation of the major entities involved in power systems op-
erations. This figure illustrates the main domains, entities, and data flow interfaces in a 
single control area. The entities are connected with communication links represented by 
single lines. Note that a single line between two entities might represent a single inter-
face or an aggregation of interfaces. In table A.1, in the appendix, a list of the depicted 
interfaces in figure 2.2 is provided, specifying the direction of the identified data flows. 

2.2 Power system control 
In this section, the evolution of power system control is discussed. A historical review of 
automation integration in power system control assists in identifying established opera-
tional rules of contemporary systems, which subsequently evoke fundamental require-
ments for applications related to the energy management of distributed resources. Tradi-
tionally, the electrical power load is determined by the consumers and this must be 
matched by the generators in the steady state, including system losses and auxiliaries in 
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substations and power plants. Prior to the wide adoption of overall automatic control, 
the system was under manual control for the dispatch of generation units. System fre-
quency was sensed locally and generators were performing primary regulation through 
the operation of the mechanical governor gear. The interconnection of autonomous sys-
tems through tie-lines, introduced the next logical conception in power system automatic 
control, i.e., the frequency-bias tie-line control [32]. Automation in power system con-
trol brings technical benefits and contributes in simplification of operating procedures. 
The fundamental argument for the adoption of automatic frequency control techniques 
in power systems operations was driven by the interconnection of large systems by tie-
lines, with the resulting improvement in overall efficiency and economy [32]. In fact, the 
wide adoption and implementation of novel technologies within established socio-
technical systems is mainly driven by economy and regulation. Economy provides a 
natural incentive for the development of proven technologies, whereas a consistent pol-
icy framework is required to maintain adequate investments for supporting the devel-
opment of technologies which are at the demonstration or validation stage. 

2.2.1 Multi-area interconnected power systems 

The principles of frequency-bias tie-line control (or LFC) dictate that generation and 
consumption within each control area has to be adjusted to meet all changes that occur 
within its boundaries. Each area that faces a temporary power imbalance shall be as-
sisted by the remaining interconnected areas to restore its balance. That situation led to 
the apparent need for performing control actions, within each interconnected area, 
based both on the cross-border power transfer and the system frequency, which has been 
formulated as the area control error (ACE): 

actual scheduleACE P P f  2.1 
 

where Pactual is the actual cross-border flow, Pschedule is the scheduled cross-
is the frequency bias constant of the control area under consideration in (MW/Hz), and 

f=f-fnom is the frequency deviation from the nominal value in (Hz). Note that defined 
count for control area characteristics [28]. The 

power system control, based on ACE calculations, requires sensing devices for measuring 
frequency and power transfer deviations, and a communication infrastructure which en-
ables the transmission of this information to the TSO CC. Subsequently, ACE values are 
processed to derive the required control instructions, i.e., the individual LFC signals 
which are forwarded to the distinguished units that perform the regulation actions. The 
process of communicating the individual LFC signals imposes the requirement for an 
underlying communication infrastructure between the TSO CC and the regulating units. 
The calculation of ACE values and the determination of LFC signals for a given control 
area is performed by the associated system operator. Through the LFC system, the TSO 
determines the required collective control action within the control area and forwards 
the individual LFC signals, but is not concerned with how this action is actually per-
formed by the participating regulating units [32]. 
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Figure 2.2: Schematic of the electricity sector organisation for a single control area with reference to 
the Netherlands. The main domains, entities and interfaces are graphically illustrated. The solid lines 
represent the data flows between system entities during power system operations. The dashed lines 
represent envisioned interactions of DSO companies with local ancillary services markets. For a de-
scriptive list of the depicted interfaces see table A.1 in the appendix. 

2.2.2 Power system control in deregulated environments 

The next logical step in automated power system control was that of economic dispatch 
of generation units, under the automatic generation control (AGC) scheme [33]. In the 
early days, the AGC problem was dealt with using a centralised approach. However, in 
the context of an ever growing system, physical limitations related to communication 
technologies and data storage, and computational requirements paved the way for the 
formulation of decentralised AGC concepts [34]. In deregulated environments, the AGC 
concept is replaced by market-based operations, and acknowledged suppliers place bids 
for participation in LFC [35]. In the case that a bid is called by the system operator, the 
associated BS decides in a decentralised manner which units from its portfolio will be 
committed to provide the requested operating reserves. 
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The market-based participation in LFC, made apparent the need for the establishment of 
robust verification processes for assessing the service provision [35]. The establishment 
of robust and harmonised verification processes can enhance international trade, and 
enable the active participation of distributed resources in electricity markets. An ac-
knowledged BS shall participate in market-based LFC under a set of predefined rules. In 
section 2.3.3, operating reserves that are currently traded in the Netherlands are exam-
ined and classified, and the principles under which the provision of regulating power ca-
pacity is verified by TenneT, the Dutch TSO, are presented. An illustrated example of the 
verification process of TenneT can be found in [35].  

2.3 Electricity markets 
The electricity sector liberalisation has contributed significantly towards the creation of 
competitive markets. In economic terms, electricity is a commodity, in terms of both 
power capacity and energy volumes, which can be purchased, sold and traded within 
electricity markets. The wholesale trading of electricity consists of a market-based seg-
ment often complemented by markets for ancillary services, including the provision of 
operating reserves for balancing purposes. In this section, an overview of electricity mar-
kets is provided, distinguishing between wholesale trade (section 2.3.1.1) and ASM (sec-
tion 2.3.1.2). In section 2.3.2, the procedures of the wholesale APX day-ahead auction 
are presented, whereas in section 2.3.3, the procedures of the imbalance settlement sys-
tem in the Netherlands are examined. These two markets comprise the main focus of the 
case studies which are investigated in chapters 5 and 6. 

2.3.1 Architecture of electricity markets 

Since the electricity market liberalisation process was initiated in the European Union in 
1996, i.e., Directive 96/92/EC repealed by Directive 2003/54/EC which was subse-
quently repealed by Directive 2009/72/EC [30], many Member States have pioneered 
the creation of competitive markets. However, not all segments of the electricity business 
are market capable, i.e., the distribution and transmission of electrical power involve 
natural monopolies where competition cannot work, due to the large investment costs 
and the dominant economies of scale. The electricity market architecture is a map of its 
component submarkets [24]. This map includes the type of each market and the linkages 
between them. The submarkets of the electricity market include the wholesale forward 
markets, wholesale spot markets, and markets for ancillary services. The sequence of ac-
tions within electricity markets and power systems operations can be distinguished be-
tween three phases: 

 The operational planning and scheduling (a priori) 

 The real-time operations 

 The verification and financial settlement (a posteriori) 
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In figure 2.3, the electricity markets and power systems operations are depicted in the 
time domain. According to the ENTSO-E network code [36], the operational planning 
and scheduling phase shall address at least the time horizons corresponding to year-
ahead, week-ahead, day-ahead, and intra-day. In this research the focus is on the day-
ahead operational planning, the real-time operations, the day-ahead market settlement 
and the imbalance settlement.  

 
Figure 2.3: Representation of electricity markets and power systems operations in the time domain. 
The grey highlighted area indicates the research focus in this thesis. 

2.3.1.1 Wholesale trade 

The wholesale trade of electricity refers to energy volumes traded over different time pe-
riods, and can be distinguished between long-term and short-term trade. Long-term 
trade occurs in forward markets, i.e., OTC financial markets, and futures exchanges (or 
futures markets) that trade standardised futures contracts. Short-term trade occurs in 
spot markets either OTC or through an exchange, i.e., day-ahead spot and intra-day spot 
markets. OTC trade refers to bilateral contracts, where the conditions and time of supply 
are defined in an agreement which is signed by both contracted parties. Such markets 
are considered very flexible, since each trading party can specify its own terms. However 
this flexibility comes at a price, the costs involved in the negotiation phase are relatively 
high, while assessing the credibility of the contracting party involves high risks. That is 
why there is a tendency to moving towards more standardised market structures, sup-
ported by power exchanges that mitigate financial risk for market participants [24]. In 
section 2.3.2, the day-ahead market in the Netherlands is presented, as a spot market 
which is referred in the case studies investigated in chapters 5 and 6. 

2.3.1.2 Ancillary services markets 

Ancillary services refer to a range of functions that support the transmission of electrical 
energy from generation resources to end-use applications, while maintaining a secure 
operation of the power system [31]. These functions include the black-start capability 
following a black-out, frequency response, i.e., to maintain system frequency with auto-
matic droop control, the provision of operating reserves, i.e., energy provision upon re-
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quest, the provision of reactive power and various other services. In section 2.3.3, the 
market for operating reserves in the Netherlands is presented, as an example of an ASM 
that is referred in the case studies investigated in chapters 5 and 6. 

2.3.2 Day-ahead market in the Netherlands 

The APX-ENDEX Power NL day-ahead market [37] is based on the two-side auction 
model, and trade takes place every day for the delivery of electricity on the following day. 
Market participants submit their offers and orders electronically, after which purchase 
and sale order volumes are arranged in descending and ascending order respectively and 
the market price is calculated for each market settlement period of the following day, i.e., 
hourly instruments, as depicted in figure 2.4. All contracts are traded anonymously by 
APX, then cleared and settled on behalf of the participants. Contracts on the exchange 
are fully collateralised, i.e., secured against the condition that a market participant might 
fail to meet its legal and financial obligations. All trades are notified to the Dutch TSO, by 
double-sided nominations to be sent by APX and the trading participants [37]. 

2.3.2.1 Operational planning and scheduling phase  

During the day-ahead operational planning, every ESP constructs an energy schedule 
dasE h( ) for the day ahead which can be represented by a piecewise function with a finite 

value for each settlement period of the day-ahead ma h= 1 hour), with h=1,…, 24, 
whereas h=1 corresponds to the first hour of the operational day, i.e., from 00:00 to 

01:00. The day-ahead energy schedule dasE h( ) is actually constructed based on a day-
ahead prediction of the net aggregate generation and consumption for all the resources 
within the ESP portfolio. The development of demand and supply curves on the APX 
spot market is completely determined by the market participants themselves. Partici-
pants are production and supplying companies, large consumers, industrial end-users, 
brokers and traders. All of them can be active as buyers or sellers. The bids from buyers 
and sellers must be made known to APX one day in advance. After the gate closure time 
(GCT) of the day-ahead bidding, i.e., at 12:00 p.m., APX provides the matching, and 
sends the result to the market participants. In the case that the submitted day-ahead 

(energy) schedule dasE h( ) is cleared at market prices, then it is automatically transformed 

into a day-ahead contract dac dasE h E h( ) : ( ), which dictates the power transfer with the 
power system during the actual delivery day. Therefore, following the clearing of the day-
ahead market, an ESP has to comply with the day-ahead (energy) contract. 

2.3.2.2 Real-time operations 

In real-time operations an ESP has to comply with the a priori defined day-ahead energy 

contract dac dac
hE h P h( ) ( ) , where dacP h( ) is the average power value for the hth hour. 

However, the verification of the energy provision and the financial settlement by the sys-
tem and market operators are performed on the basis of settlement periods s=15 min. 
each. Therefore, the hourly day-ahead energy contract is transformed on the basis of 15 

min., typically by dividing the total hourly figures by four, i.e., dacE l( ), with l=1, …, 96. 
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Any energy imbalance E(l) must be internally solved by the ESP before the end of the 
lth settlement period, or settled with the TSO through the imbalance settlement. 

2.3.2.3 Verification and financial settlement phase 

The verification of the energy service provision by the TSO and the financial settlement 
by the associated MO are performed after the operational day. Any energy imbalance 
with respect to the day-ahead contract is settled with the TSO through the imbalance set-
tlement. The energy imbalance E(l) for the lth settlement period can be expressed as: 

dac msrE l E l E l( ) ( ) ( ) 2.2 

 

where dacE l( ) refers to the day-ahead energy contract, and msrE l( ) denotes the net meas-
ured energy volume during the lth settlement period, with l=1, …, 96. 

 

 
(a) 

 
(b) (c) 

Figure 2.4: APX day-ahead auction data from August 15, 2013 [37]. (a) Market clearing prices and 
volumes. (b) Aggregated purchase and sale orders for the 10th hour, and (c) focus on the clearing point 
of that hour. Purchase and sale volumes are arranged in descending and ascending order respectively. 
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2.3.3 The imbalance settlement system in the Netherlands 

The Dutch TSO organises and operates a single-buyer market for ancillary services 
where market participants place bids of operating reserves for balancing purposes [38]. 
In the context of liberalised electricity markets, maintaining the power system security in 
an efficient way implies that proper mechanisms are in place to assess the service per-
formance of market participants. In this section, the operating reserves that are currently 
traded in the Dutch electricity market are examined and classified. The principles, under 
which the provision of regulating power capacity is verified by the TSO, are presented, 
and inefficiencies of the current approach are identified. 

2.3.3.1 Provision of primary reserves 

Primary (or frequency containment) reserves are activated automatically to stabilise the 
system frequency after a contingency event. These fast reserves are activated through the 
application of droop control (proportional to the frequency deviation) on predefined 
generation units, and have to be fully operational with a response time of less than thirty 
seconds [9]. The minimum size required per area for primary contributions is deter-
mined annually by the ENTSO-E regional group for continental Europe, and proportion-
ally to the total production volume in each control area. For the year 2014 the frequency 
bias setting for the Netherlands has been set to 911 MW/Hz, which corresponds to 3.4% 
of the frequency bias for the synchronously interconnected system of continental Europe 
[39]. On April 2013, the Dutch regulator agreed to a proposed change in the system code, 
related to the procurement of primary reserves in a market-based manner [40], which 
was meant to align the level playing field with neighbouring countries, i.e., Germany, 
Belgium and France, where the procurement of primary reserves was already part of a 
market mechanism. Since January 13, 2014, the Dutch TSO, TenneT, has joined the ex-
isting German platform of weekly auctions for primary reserves [41]. Initially, from the 
total required amount of 101 MW for the year 2014, only 35 MW are placed in the com-
mon auction, whereas the remaining 66 MW are procured only from Dutch suppliers via 
a separate auction. The exact criteria for the provision of primary reserves in the Nether-
lands are defined in the system code [42]. 

2.3.3.2 Active and passive contribution in system balancing 

In the Netherlands, TenneT, the national TSO, is the authorised institution to procure 
balancing services for maintaining the system balance. TenneT transfers part of this re-
sponsibility to market participants by implementing a system of programme responsibil-
ity. Accordingly, all parties connected to the Dutch power system are required by law to 
submit daily energy programmes, to TenneT. These energy programmes specify the 
amount of electrical energy, per settlement period, that the connected party expects to 
take from and feed into the power system on the following day. In the Netherlands, the 
settlement period is termed programme time unit (PTU) and is defined in a 15 minutes 
basis. The energy programmes must also specify any trade transactions per settlement 
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period [43]. Connected parties can outsource their programme responsibility to an ac-
knowledged PRP which is recognised by TenneT. The above does not apply to small-scale 
consumers, whose programme responsibility must be arranged by their supplier, i.e., an 
ESP. This means that the supplier is an acknowledged PRP, or outsources its programme 
responsibility to an acknowledged PRP. An acknowledged PRP has the responsibility to 
keep its energy programmes balanced for each settlement period [38]. A PRP is essen-
tially an ESP, whereas in Europe, also the term balance responsible party (BRP) is used, 
for the actors that carry the role of energy nomination at the wholesale level [29]. 

A PRP can use information from the imbalance settlement system to act and internally 
solve its own imbalance, or to accept the imbalance adjustment by the TSO, or to con-
tribute to system balancing without being actively selected via the bidding ladder, i.e., 
having an internal imbalance in the opposite direction of the system imbalance [35]. This 
last form of participation to restore the system balance is known as passive contribution 
and is also rewarded in the Dutch balancing framework. However, for the provision of 
operating reserve capacity by active contribution, TenneT acknowledges market partici-
pants that place bids in the market for operating reserves as Regulating and Reserve 
Power Suppliers (RRPS), and/or Emergency Power Suppliers (EPS) [38]. A RRPS or an 
EPS can be seen as an acknowledged BS [29].  

In the Netherlands, decentralised market participants have an incentive to assist the TSO 
in correcting system imbalances, which is largely attributable to the institutional organi-
sation of the system.  The Dutch TSO publishes the table entitled bid price ladder bal-
ancing1, which shows price information for capacity bids of regulating and reserve power 
capacity offered for real-time balancing, and the balance delta table2, which shows the 
most recent quantities of regulating and reserve capacities (for each minute of the most 
recent half hour) that were requested for its operations. The bid price ladder balancing 
can be used in combination with the balance delta table, to a limited extent, to estimate 
the settlement prices, and this information is used by market participants to voluntary 
contribute to system balancing by utilising non-contracted regulating power. This ap-
proach is called passive contribution and is believed to result in a substantial reduction 
in the required control energy. The Dutch balancing mechanism seems likely to reveal 
higher-level macro-economic efficiencies and the passive contribution in system balanc-
ing seems to create more competition without jeopardising the system’s stability [44]. An 
example of the bid price ladder for the imbalance settlement system is illustrated in fig-
ure 2.5. The TSO monitors on real-time the system imbalance and selects bids for the 

                                                      

 

1 TenneT web-site (Bid price ladder balancing): 
http://energieinfo.tennet.org/Maintenance/RVVBidPriceLadder.aspx?language=en-US 
2 TenneT web-site (System balance information): 
http://www.tennet.org/english/operational_management/System_data_relating_implementation/system_bala
nce_information/index.aspx 
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P+ P–) reserves. In figure 2.5, 

+ is the settled price for upward regulating balancing P+, – is the price for 
downward P–, and mid is the price which corresponds to the mid 
price, i.e., the midpoint between the lowest bid price at the upward and the highest bid 
price at the downward regulating side. In the case of imbalance, the TSO will call in real-
time as many bids as necessary to restore the system balance, and finally all the service 
providers are paid the same price which is equal to the most expensive bid called. 

2.3.3.3 Operational planning for secondary and tertiary reserves 

Before the liberalisation of the electricity market, a central administrator was responsi-
ble for the coordination of selected generation units providing secondary reserves 
through AGC. In liberalised markets however, generation units are no longer controlled 
by a central operator and secondary control actions are performed in a decentralised 
manner by independent market participants. For the trade of secondary and tertiary re-
serves, three different balancing capacities are distinguished in the Netherlands, each 
one with specific characteristics (see table 2.1 for an overview). Market participants can 
place bids for regulating and/or reserve capacity on the single-buyer market [45], which 
is organised by TenneT, i.e., capacity that they can produce or consume per PTU, over or 
under the amount reported in their submitted energy schedules, i.e., the energy pro-
grammes, with a dispatch time of The bids, both for positive and negative 
balancing capacity, are basically portfolio-based and are becoming available to TenneT 
for each PTU through different ways: all connections (generators) with a nominal capac-
ity larger than 60 MW are obliged to make bids for regulating and/or reserve capacity for 
all the power they can increase or decrease, smaller connections can place bids volun-
tary, whereas to ensure that there are adequate available reserves for secondary control, 
i.e., according to ENTSO-E requirements, TenneT contracts annually a specified amount 
of regulating capacity for secondary control, ca. 300 MW. The latter capacity is only of-
fered by controllable generators since part of the verification process entails the sum of 
the production values to be metered on real-time, while the requirements for high avail-
ability exclude small players. Furthermore, apart from regulating, also emergency capac-
ity is contracted by TenneT to cope with uncertainties during significant contingency 
events, ca. 300 MW of load shedding which can be utilised in total for 40 hours per year 
and with a maximum of 8 hours for a single call. 

2.3.3.4 Activation of secondary and tertiary reserves 

After the dynamic response of loads and primary control actions, secondary reserves are 
activated automatically, through the LFC system, whereas tertiary reserves are mostly 
activated manually. Secondary and fast tertiary reserves, i.e., frequency restoration re-
serves, are activated indirectly through changing the set-points of generation units after 
a disturbance and for a certain control area in the interconnected system. Fast tertiary 
reserves are those which can be fully activated within 15 min. and are either scheduled or 
directly activated.  
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Other tertiary reserves, i.e., replacement reserves, are in principle deployed manually to 
free utilised secondary reserves. Their deployment time ranges from minutes to hours 
and their contribution is to optimise the available operating reserve capacity for the area 
involved. The aim of secondary and tertiary reserves is to restore inter-area exchanges to 
their target values, and to drive the ACE to zero within 15 minutes. In the case that fre-
quency deviations and/or deviations of inter-area exchanges occur, bids for regulating 
capacity are called and the TSO sends an automatic control signal, which is updated 
every 4 sec., to the associated supplier of regulating power, i.e., the RRPS, and if needed 
a manual signal to the suppliers of reserve capacity. 

Currently the Dutch power system is operated as a single control area, and the TSO cal-
culates the ACE, and communicates changes of power set-points, i.e., the delta-signals, 
with the RRPS. However, instead of directly defining the individual control signals based 
on the ACE, the TSO uses signals based on a Processed Area Control Error (PACE). The 
reason behind this choice is that ACE values capture fast random deviations that would 
result in increased wearing of governors/turbines by forcing generation units to respond 
to these fast deviations [28]. Furthermore, these fast deviations might also result to very 
volatile market prices. The delta-signals are only sent to the market participants that ac-
tively place bids in the TenneT market for operating reserves. The formulation of the 
PACE signal and the distribution of individual delta-signals to RRPS, are considered to 
be confidential information but some basic descriptions can be found in [47]. In practice, 
during normal system operation, mainly regulating capacity is called, but in some cases 
the response must be sufficiently large, e.g., in the case that ACE increases significantly 
due to outages of generation units, and also reserve capacity is activated, e.g., only a few 
times per month. In even more rare cases, also emergency capacity is activated, e.g., only 
a few times per year. 

 
Figure 2.5: Schematic of the bid price ladder in the Dutch imbalance settlement system. 
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Table 2.1: Main characteristics of the secondary and tertiary reserves in the Netherlands [45], [46]. 

Capacity Regulating Reserve (Balancing/Other purposes) Emergency 

Type Secondary Tertiary Tertiary 

Bid size    

Activation method Automatic Automatic/manual Manual 

Deactivation method N/A Systematically at end of 1st full PTU 
Manually at the end 

of the PTU 

Activation ramp rate    

Activation minimum step 1 (MW) Full Full 

Activation duration    

 

2.3.3.5 Monitoring and verification 

Submitted energy programmes are verified on a PTU basis, based on measurements 
taken by acknowledged companies having electricity metering responsibility. For large 
generation units, i.e., , TenneT has available real-time measurements at the 
point of connection to the power system, whereas for relatively small consumers, e.g., 
residential customers, a different approach is followed. Behind a transformer, different 
consumers might hold contracts with different service providers. In this case, the meas-
urements occur at the transformer level and a conservative approach defines 
proportionally the share of residential customers per service provider based on meas-
ured load profiles for a sample of customers.  

However, for the verification of the provision of regulating capacity, energy figures on a 
PTU basis are not sufficient and a different verification approach is followed. For units 
providing regulating capacity, sampled analogue measurements with intervals of 4 sec. 
are taken at the point of connection. Each supplier has to measure the analogue net-
production value and the net-load value in MW for each installation (separately) that 
provides regulating power. In theory, the net generation and load of a supplier is the re-
sult of three components: a set-point trajectory signal which is based on the submitted 
energy programme, a set-point trajectory signal which consists of a short-term forecast 
and accounts for the corrective actions of the supplier to limit its internal imbalance but 
excluding the request for secondary control, and the regulating power requested by the 
TSO through the delta-signals for LFC. To verify the realisation of the latter point the 
sum of the former two components, i.e., the reference signal, must be sent to TenneT be-
fore realisation. Balance suppliers will try to keep the time period between forwarding 
the reference signal to TenneT and the realisation, as short as possible, to have the op-
portunity to act fast on changed situations. However, a short time period decreases the 
value of the reference signal as a verification signal for TenneT, since the difference be-
tween the three above-mentioned components can disappear. Therefore, it has been de-
cided that the time period between forwarding the reference signal and the real-time net-
production and net-load measured values, is one minute. The suppliers forward to Ten-
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neT one value every 4 sec. corresponding to the sum of all the reference set-points, i.e., 
for all the units in their portfolio, for the next minute, i.e., one minute ahead. TenneT can 
assess the reference signals by asking an independent party to do an audit at the sup-
plier. Furthermore, for the verification and settlement process, TenneT maintains a daily 
record for each supplier requested to provide regulating capacity.  

In practice, the criteria which define whether a supplier fulfilled (or not) the obligation 
for the provision of regulating capacity when requested, are not explicitly defined. The 
approach to verify the provision of regulating power is in terms of a visual ex-post in-
spection that involves the following three signals: the reference set-point trajectory sig-
nal that has to be sent to TenneT before realisation, the TenneT delta-signal for LFC, and 
the actual power measurements. The verification process involves a comparison between 
two signals: the sum of the TenneT delta-signal and the reference trajectory signal, and 
the actual power output. Finally the two graphs are plotted together, and the verification 
process for the provision of regulating power occurs in terms of a visual ex-post inspec-
tion of the two above-mentioned signals. An example of the verification process is illus-
trated in figure 2.6. 

 

 

Figure 2.6: Illustration of the verification process for the provision of regulating capacity (Data pro-
vided by TenneT: characteristics of an anonymous supplier and for the duration of one hour). The 
sum of the TenneT LFC signal and the reference trajectory signal is plotted together with the actual 
measured power output, and the verification process occurs in terms of a visual ex-post inspection of 
those two signals. The TenneT LFC signal is plotted on the bottom figure for comparison purposes. 
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The verification process takes into account (among others) the following aspects: the 
time response delay, and the situation of inadequate response. Taking as a reference the 
time instant that the TSO sends the LFC signal to an acknowledged supplier, the actual 
service provision will occur with some inevitable delay, i.e., the time response delay, 
which is mainly due to physical limitations, e.g., communication delays and technical 
limitations of the power plants. The time duration of the response delay has to be within 
certain limits but no exact criteria have been defined. Another situation is when the re-
sponse of the supplier is less compared to the actual request by the TSO, i.e., the situa-
tion of inadequate response, which occurs mainly due to technical limitations of the 
power plants, e.g., saturation of the generation unit output. 

2.3.3.6 Imbalance financial settlement 

For the financial settlement of bids for regulating capacity, based on the volume called, 
the selected bids are paid the marginal price and this determines the imbalance settle-
ment prices. The imbalance settlement in the Netherlands for market participants that 
contribute through passive contribution is based on the net-energy volumes of provided 
control energy per PTU. Note that when both upwards and downwards regulation is re-
quested during the same PTU, no rewards are applicable for passive contribution and for 
any deviations from their energy programmes the market participants are faced with the 
imbalance adjustment. However, for the active provision of regulating power by ac-
knowledged suppliers, the imbalance settlement is applied separately for positive and 
negative volumes. 

The basic formulas for calculating the financial settlement for providers of operating re-
serves can be found in [38]. For a market participant that acts both as a PRP and a 
RRPS, the regulating energy volumes are not actually measured but are calculated based 
on the LFC signals that are sent to each supplier by the TSO. Subsequently, these energy 
volumes are adjusted to the submitted energy programmes of the market participants. 
That means that if a market participant actually did not provide the regulating capacity, 
which was requested by TenneT, then this will result into an imbalance in its energy pro-
gramme that will eventually be settled during the imbalance adjustment. However, when 
the system is short or long then market participants might try to maximise the net 
amount of energy traded per settlement period disrespectful of the actual requests of the 
system operator, e.g., via the individual delta-signals. In such a case, the provision of 
more regulating capacity than requested is simply passive contribution which is deliv-
ered at the participant’s own risk. Furthermore, such actions might jeopardise any con-
tractual payments and slow down a possible increase in the marginal price, thus have a 
negative economic impact for contracted suppliers of operating reserves. At the same 
time, this can be beneficial for market participants that are subjected to deviations from 
their own energy programmes since it can result in reduced costs for the imbalance ad-
justment. Even though the system state will be known only ex-post, still certain market 
participants can try to estimate the balancing situation on real-time based on the delta-
signals and historical data, and benefit from passive contribution. However, increasing 
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participation in passive balancing might drive the system state to bidirectional power 
regulation more frequently and thus to an increase in the marginal price for control en-
ergy in the opposite direction.  

For tertiary reserves, the settlement occurs through the adjustment imbalance (adjust-
ments on the energy programmes) and their provision determines the imbalance settle-
ment prices. For each PRP the net import/export of energy per PTU should match with 
the submitted energy programme. In the case that a market participant is selected for the 
provision of reserve capacity, the expected energy for providing reserve power is cor-
rected on its energy programme. For the financial settlement of bids for reserve capacity, 
based on the volume called, the selected bids are paid the marginal price, i.e., the clear-
ing price which corresponds to the most expensive activated bid. The exact criteria with 
respect to monetary transactions among market participants, due to deployment of op-
erating reserves, can be found in [38]. The TSO will call as many bids as necessary to re-
store the system balance, and finally all the service providers (RRPS and/or EPS) are 
paid the same price in (€/MWh) which is equal to the most expensive bid called during 
that specific PTU. In table 2.2, the price interdependences for market participants in the 
Dutch imbalance settlement system are presented. A PRP with a surplus (or shortage) 
faces an imbalance price surpl (or short) which is dependent on the system state. The sys-
tem state for the lth settlement period, denoted as S(l)={0, 1, -1, 2}, can take four differ-
ent values which correspond respectively to a balanced state ‘0’, i.e., neither upward nor 
downward regulation, exclusively upward regulation ‘+1’, exclusively downward regula-

[38]. The incentive component 

ic is the component of the imbalance price that is intended to encourage market partici-
pants to actually submit bids for regulating and reserve capacity which are called by 
TenneT to maintain and restore the balance, and as an incentive to minimise the imbal-
ance to be settled. An analysis of the data for the year 2012 shows that the incentive 
component was non-zero for about 2.73% of the total time3.  

Passive contribution can only be identified, and rewarded, in case of unidirectional dis-
patch during a settlement period, e-
fore, if the system is expected to be short or long during certain settlement periods, then 
a PRP (or an ESP equivalently) can decide to maintain an amount of internal imbalance 
which can be regarded as passive contribution and result into additional revenues. An 
analysis of the data for the year 2012, indicate that the Dutch system was either in short 
or long position for about 81.47% of the total time3. As can be seen in figure 2.5, the 
prices for upwards and downwards regulation, i.e., + and –, can be either positive or 
negative which indicates the flow of payments from a PRP to the TSO and vice versa. For 
example, for negative volumes of control energy, positive price values refer to a payment 

                                                      

 

3 TenneT, Dutch Transmission System Operator, imbalance data from Jan. 1, 2012 to Dec. 31, 2012  [114]. 
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from the PRP to the TSO, while negative values refer to a payment from the TSO to the 
market participant. In the case that the system is long, during the lth settlement period, 

E(l)<0 whenever 
the following condition is true for the shortage price short = -+ ic < 0. An analysis of 
TenneT data for the year 2012 shows that while the system was long, the latter condition 
was fulfilled for about 13.5% of the total time3. Contrary, in the case that the system is 
short, during the lth settlement period, then a PRP has an interest to maintain an inter-

E(l)>0 whenever the following condition is true for the surplus 
price surpl = +– ic > 0. An analysis of TenneT data for the year 2012 shows that while 
the system was short, the latter condition was fulfilled for 100% of the total time3. This 
information indicates that there are opportunities for a PRP to receive additional reve-
nues through passive contribution in system balancing. 

As mentioned in section 2.3.2, following the clearing of the day-ahead market, each PRP 
submits its positions to the TSO in terms of energy programmes, one value for each PTU 
of the day-ahead. These energy programmes include energy volumes traded and settled 
on wholesale (forward, future and spot) markets. The TSO receives the energy pro-
grammes of each PRP and performs consistency checks. Furthermore, before approval, 
the TSO performs a network security analysis. Then, during operation, each PRP is sub-
jected to adjustment imbalance (difference between actually allocated values and sub-
mitted positions in energy programmes) or accepts the consequences of imbalance pay-
ments. The TSO might also contract on beforehand balancing capacity to ensure system 
security. Specifically, TenneT contracts a part of the operating reserve capacity with sup-
pliers, from which the suppliers will have the obligation to offer this minimum capacity 
on the market for operating reserves. Finally, the financial settlement between the TSO 
and market participants occurs ex-post, i.e., after the operational day [38].  

 

Table 2.2: Price dependencies for market participants in the Dutch imbalance settlement [38]. 

System 
State 

Time
(%)d 

Regulation 
Actions 

EPS 

Upward 

RRPS 

Upward 

RRPS 

Downward 

PRP 

Surplus 

PRP 

Shortage 
em + - surpl short  

0 06.99 None N/A N/A N/A mid– ic mid+ ic 

+1 36.27 Upwardsa N/A + -, N/A +– ic ++ ic 

–1 45.03 Downwardsb N/A +, N/A - -– ic -+ ic 

2 11.50 Bidirectional N/A + - -– ic ++ ic 

+1, emc 00.17 Upwardsa em + - 
max( +, em) 

– ic 
max( +, em) 

+ ic 

-1, emc 00.01 Downwardsb em + - -– ic -+ ic 

2, emc 00.03 Bidirectional em + - -– ic 
max( +, em) 

+ ic 
a If + > 0, then the TSO pays the PRP, else the PRP pays the TSO. 
b If - > 0, then the PRP pays the TSO, else the TSO pays the PRP. 
c The acronym ‘em’ indicates that ‘emergency power’ was called. 
d For the reference year 2012 based on TenneT Data3. 
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A PRP can benefit from the aggregation of producers and consumers and consequently 
from the cancelling out of imbalances. Since a PRP is not constrained by transmission 
limitations or costs, there is a natural tendency for strategic growth [20]. Furthermore, a 
PRP might acquire and utilise resources for internal balancing purposes, and as its port-
folio expands to operate also as a RRPS or EPS and to place bids for operating reserves. 

2.4 Discussion 
Historically, the vertical integration of the electricity sector was driven by both economi-
cal and technical circumstances. During the last decades, the liberalisation process of the 
electricity sector and the directives for non-discriminatory third party access to the net-
work, implemented in Europe [30], have contributed significantly towards the creation 
of competitive markets and a restructuring of the electricity sector. Introducing competi-
tion in the electricity sector is based on the notion that electricity can be treated as any 
other commodity. Though, the physics behind the generation, transport, storage and use 
of electrical power make electricity a distinctive commodity [24]. 

The design and operation of electricity markets deviates from the standard economic 
theory, mainly due to the fact that the demand side is largely disconnected from the 
market [24]. At the supply side, the incorporation of economic optimisation for the dis-
patch of generation units, in combination with the imperfect market design of electricity 
wholesale trade have resulted to interferences with the technical operation of the system, 
as can be seen through periodic system frequency excursions [48]. The wholesale trade 
of electricity is often complemented by markets for ancillary services, where specialised 
electricity products and services must be defined, characterised by extrinsic properties, 
e.g., activation rate, duration time etc., alongside with the introduction of harmonised 
public rules for the provision, monitoring, verification and settlement of these products 
and services [35].  

At the transmission level, the interconnection of autonomously operating power systems 
by tie-lines was driven by the improvement in overall efficiency and economy of the 
power system operation [32]. Recent initiatives, such as the netting of imbalances be-
tween different control areas in Central Europe [49], reveal opportunities for the effi-
cient utilisation of available cross-border reserves in real-time. However, in the case of 
network constraints in tie-lines, and correlated imbalances in the different control areas, 
then each area has to internally solve any imbalance within its boundaries.  

Furthermore, in parallel with the restructuring of the sector, environmental issues un-
derline a paradigm shift to RES. In recent years, an increasing number of distributed 
generators, such as PV systems and wind energy installations, are connected directly to 
distribution systems, introducing bidirectional power flows, in a system that was histori-
cally characterised by unidirectional power flows from bulk generation to the end-users. 
In this rapidly changing environment, both technical and economical reasons suggest 
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that future electrical power systems will be designed to function in an unprecedented 
way compared to contemporary systems. In this context, research emphasis is given on 
both the energy management of distributed resources, with special focus on the demand 
side [50], which is discussed on the following chapter, and control conceptions for novel 
markets [51]. 

In this chapter, the evolution of electrical power systems and the procedures of electric-
ity markets were examined, and a model of the system organisation was provided. This 
model, which is used as a reference for presenting the conceptual architecture in chapter 
4, specifies the main domains, entities, interfaces and the interactions between the users 
and the operational and market institutions associated with the electricity sector. Em-
phasis is given on two specific developed markets in the Netherlands, i.e., the APX 
wholesale day-ahead auction, and the ASM for the provision of operating reserves, which 
comprise the basis for the case studies formed in chapters 4 and 5. The main reason be-
hind the choice of using the electricity market design in the Netherlands as a reference is 
to be able to define a set of specifications that result in rigorous case studies, and to be 
able to compare the proposed solutions with historical and actual market data. 

The market-based provision of operating reserves in the Netherlands was analysed and 
the verification process of the Dutch TSO, TenneT, was illustrated. The verification proc-
ess of TenneT takes into account specific conditions, but the criteria for assessing the 
quality of the service provision are not explicitly defined. Furthermore, only a limited 
number of cases can be assessed due to the non-automated nature of the verification 
process. In this context, a proposal was made for the development of an automated 
analysis tool for assessing the service provision of market participants, and specifically 
for determining the time response delay of a supplier, following a request of the TSO for 
the provision of operating reserves [35]. Determination of the response delay is one of 
the main aspects involved in the process of assessing the service provision. The devel-
oped analysis tool is presented in section 5.4.2.1. In the future, the increasing utilisation 
of electronic meters for remote and online readings of electricity usage might support the 
development of more sophisticated and automated verifications methods. 

The liberalisation of the electricity sector dictated the restructuring of incumbent energy 
utilities, with the creation of parent holding companies and expanded networks of sub-
sidiaries and affiliates. The current market situation in Europe has led to the develop-
ment of large investor-owned power companies with geographically diversified assets 
and participation in different markets for wholesale electricity and for the provision of 
operating reserves. Still, these companies can be seen as evolutions of the former verti-
cally integrated utilities, which essentially deliver the same products and services but 
under a different framework for the planning, operational and settlement phases. Appar-
ently, there is a need for the development of robust and harmonised verification proc-
esses to enhance international trade, and to enable the active participation of the de-
mand side in electricity markets. 
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CHAPTER 3 

3. Demand side management 

The topic of DSM is currently becoming more important than ever, in parallel with the 
further deregulation of the electricity sector, and the increasing integration of RES. DSM 
is a field that came into being in the late 1970s, and is broader in scope than either en-
ergy efficiency or load management [52], [53]. DSM includes the management of re-
sources at the customer side of the meter such as DG, energy storage, controllable loads 
and other on-site resources [52]. Therefore, a review on the topic of DSM provides a 
plethora of information on the topic of managing distributed resources. This chapter is 
based on a review article on the topic of DSM [50]. Although much experimentation has 
taken place, the technology of DSM is still in developing state and this provides the op-
portunity to influence this development [54]. In this chapter, the aim is to provide a re-
view of historical DSM developments and to link those with the most recent advances in 
the field, in an effort to support the process of establishing standards and procedures. 
The developments at the demand side are analysed, and control schemes are classified 
based on the applied procedures and employed technologies. 

3.1 Terminology 
DSM refers to a series of policies and measures which cover from long-term energy effi-
ciency programmes and incentive pricing schemes, to real-time control of energy re-
sources [52], [53], [55], [56]. According to [55]: “Demand-side management encom-
passes the entire range of management functions associated with directing demand-
side activities, including programme planning, evaluation, implementation, and moni-
toring”. With the advent of competitive electricity markets, several terminology shifts 
have occurred. Among them, load management is increasingly being replaced by the 
term demand response (DR), and DSM is being replaced by the term demand side inte-
gration [52]. DR is a term used in economic theory to identify the short-term relation-
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ship between price and quantity when the actions and interactions of substitutes and 
complements are taken into account. In an early reference of the term from Steiner [57], 
in the context of the electricity sector and the peak load problem, it is mentioned that “It 
is common for writers in this field to view the problem of demand response as a series 
of shifts in short-run demand curves in response to a change in prices”. DR pro-
grammes are designed to incentivise end-users to alter their short-term electricity usage 
patterns by scheduling in time and levelling the instantaneous power demand in re-
sponse to power system or market conditions. Currently, the term DR is used in a broad 
sense, in relation to electricity end-use, and as part of DSM [52]. This broad meaning is 
also maintained in this thesis, where the term DR is attributed, apart from price signals, 
to a variety of control inputs related to market developments, system states, resources 
availability and network constraints. Despite the above mentioned terminology shifts, 
load shaping concepts originally devised by vertically integrated utilities are still applica-
ble in deregulated environments. In figure 3.1 a basic categorisation of DSM is provided, 
with associated load shape objectives. 

 
Figure 3.1: Demand side management categorisation, adapted from [52]. 

3.2 History of demand side management 
The load-levelling problem was already recognised from the early days of the power sys-
tem, and various measures have been devised with the objective to encourage electricity 
use at off-peak periods [58]. However, traditionally the power system load has been 
something to follow by all means, and if absolutely necessary to shed and to restore at a 
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later time [32], [54], [59]. The design and operation of electricity markets tends to devi-
ate from the standard economic theory, mainly due to the fact that the demand side is 
largely disconnected from the market [24]. It was not until the 1970s when critics argued 
that, at some large extent, it would be more cost effective to reduce the peak demand for 
electricity rather than to increase supply by expanding the generation capacity. Follow-
ing the oil embargo in 1973 and the subsequent cost increase in the electricity supply 
service, DSM programmes started slowly to appear within the strategic plans of electric 
utilities [60]. By that time, industry organisations such as IEEE and CIGRÉ realised the 
importance of load management.  

Prior to the market deregulation, an attempt was made to take into account resources at 
the demand side as an alternative to the supply side, and this resulted into integrated 
resource planning procedures [61]. Until now, demand side resources were mainly used 
during emergency situations, e.g., contracted capacity called for a few times per year 
[35], however with an increasing integration of RES it is expected that the call for DR 
actions will become more frequent [62]. In December 2012, the ENTSO-E released the 
network code on demand connection [63], to support the tasks of facilitating the further 
integration of RES, ensuring system security and implementing the internal electricity 
market. The demand connection code has been initiated to define the functional re-
quirements with main focus on the connection of industrial loads and distribution net-
works. In October 2013, the draft code was followed by the implementation guidelines 
[64], which support the code by emphasising on the impact of specific technologies, the 
relations with local network characteristics, and the need for coordination between net-
work operators and system users. The current status of DR in electricity markets is dis-
cussed in section 3.2.2. 

3.2.1 Control schemes 

A historical review of the developments at the demand side reveals procedures and tech-
nologies that have a direct impact to electricity use in response to a stimulus. This review 
provides the basis for the classification of control schemes in DSM, while emphasising on 
both the developments related to applied cases and research efforts. Note that some of 
the referred technologies, in the following paragraphs, are not primarily concerned with 
DSM activities, but with (special) protection schemes and methods. Still, the technolo-
gies and implementation options that are listed in this section have a direct impact to 
electricity use in response to a stimulus, irrespectively of their primary purpose and the 
form of the stimuli, and therefore deserve attention and consideration within the broad 
context of DSM. 

3.2.1.1 Frequency-based control 

Prior to the wide adoption of AGC, the system was under manual overall control. System 
frequency was sensed locally and generators were performing local primary regulation 
through the operation of the mechanical governor gear [32]. 
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Application of frequency relays - In the 1970s, electric utilities started to implement 
frequency actuated automatic schemes for load shedding and restoration as an operating 
tool for the provision of frequency regulation reserves in the case of fast declining system 
frequency [59]. Automatic load shedding and restoration based on frequency relays was 
used as an emergency measure, to protect assets from overloading or to command roll-
ing blackouts [53]. 

Dynamic demand control - Dynamic demand control refers to controlling a large ag-
gregation of frequency-responsive loads, similar to the frequency adaptive power energy 
re-scheduler concept [65], [66], which is a frequency-responsive switching device that 
employs a governor-type action on certain types of loads [67]. 

 

3.2.1.2 Direct control over utility equipment 

In most of the cases, the term DSM is attributed to control over the equipment of end-
users. Nevertheless, a review in the technical literature shows that vertically integrated 
electric utilities implemented several measures to influence the demand side by control-
ling system assets such as transformers and feeders, in an effort to secure the system un-
der critical conditions [53]. 

Voltage regulation - One option of applying DSM by controlling system assets is 
through voltage regulation. Normal tolerances for voltage regulation through trans-
former tap changers are between 0.95 – 1.05 (p.u.). A case of applying voltage reduction, 
as part of a hybrid DSM activity from 1981, has been reported in [53]. Nevertheless, the 
application of active power reduction through voltage reduction is considered a contro-
versial measure. Even though some vertically integrated utilities demonstrated success-
fully this application in the past, some of them kept this information undisclosed from 
the public, while many others opposed to this measure [68]. 

Application of protection devices - Other direct control options over utility equip-
ment that might have an impact on the demand side are related to the application of pro-
tection practices in distribution systems, such as the operation of current limiting fuses 
and automatic opening of distribution circuit breakers [69]. However, these installations 
are not primarily concerned with DSM, but with protection schemes. 

Application of under-voltage relays - In the early 1990s, electric utilities in the U.S. 
applied under-voltage load shedding schemes to address voltage stability [70]. Under-
voltage load shedding provides protection for unusual disturbances, as with the applica-
tion of under-frequency load shedding. However, due to the possibility of undesirable or 
unnecessary operation of under-voltage load shedding, other solutions such as distribu-
tion automation and load management have also been considered as more desirable 
means for load shedding to overcome voltage instability issues. 
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Application of remote controlled relays - The application of protective relays can 
be coordinated under a central EMS for fast acting load shedding to prevent a blackout. 
In [71], a developed EMS is presented that was put in service in 1985 to coordinate ac-
tivities over a wide geographical area with the objective to correctly determine and shed 
the proper amount of load. 

Application of phasor measurement units - Phasor measurement units are devices 
that provide synchronised measurements of real-time phasors of voltages and currents, 
and are primarily intended for monitoring purposes, ex-post analysis, and special pro-
tection schemes. The application of phasor measurement units has also been proposed to 
address load shedding and load control applications within the broad scope of DSM ac-
tivities. The authors in [72], propose a centralised method for adaptive load shedding, 
based on combined voltage and frequency information, to address both voltage and fre-
quency stability. 

 

3.2.1.3 Direct control over end-use equipment 

Direct control over end-use equipment refers to the management of resources at the cus-
tomer side of the meter, i.e., on-site installations and users’ assets behind the meter. 

Application of protection fuses - Protection fuses were developed in the late 1950s 
and were installed at the consumers’ premises to reduce the effect of overloading of elec-
trical equipment [73]. The application of protection fuses is mainly meant to protect sen-
sitive electrical equipment and is not directly related to DSM activities. 

Time switches - Clock based controllers have been applied over end-use equipment 
since the 1970s [74]. Time switches can be applied partially for system optimisation dur-
ing the operational planning phase but not for real-time support. The operation of time 
switches does not allow control by the utility in response to emergency situations, and 
their application is limited within DSM activities. 

Remote controlled relays - Other technologies allow remote control of distributed 
loads by the utility through a communication system [74], [75]. Communication tech-
nologies for direct load control are: communication via power lines, including ripple sys-
tems, power-line carrier [75], and waveform modification; via the public switched tele-
phone network; radio systems; and via the internet [76]. In 1967, the Detroit Edison 
company pioneered the installation of a unidirectional radio control system to remotely 
control water heaters [60]. During the same period, similar systems were installed in 
Europe and elsewhere [77], utilising ripple control, i.e., low frequency power-line carrier 
communications [53], and are successfully operated since their deployment. A signifi-
cant ongoing effort in establishing communication standards for DR applications is the 
Open Automated DR (ADR) standard [78]. 
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3.2.1.4 Price-based control 

In the 1980s, electric utilities followed a different approach by minimising direct control 
over end-use equipment, and by inducing end-users to control their own resources 
through incentives and penalties [53]. Price-based control involves indirect load control 
in the form of differentiated retail pricing structures such as Time of Use (ToU), Critical 
Peak Pricing (CPP) and Real Time Pricing (RTP). These developments are supported by 
bi-directional communication systems between the service providers and the end-users. 

Static tariffs - ToU tariff schemes refer to time-invariant pricing structures that are 
utilised in an attempt to lower peak demand by providing price signals which encourage 
users to shift their consumption from peak demand periods to off-peak periods [75]. 

Dynamic tariffs - CPP tariffs is a dynamic pricing scheme that extends the time-
invariant rate scheme of ToU tariff with a flexible pre-set high price during periods of 
system stress [79]. 

Real-time tariffs - RTP of electricity refers to frequent adaptation of retail electricity 
prices to reflect variations in the cost of the energy supply [80], [81], [82]. 

 

3.2.1.5 Market-based control 

Compared to the application of price-based control, in the form of differentiated retail 
pricing structures which are mentioned above, other methods aim to the direct participa-
tion of prosumers in electricity markets. Software agent platforms have been proposed 
for the market-based participation of distributed resources in wholesale and ASM [83]. 
Cost and profit functions can be attributed to distributed resources, in dependence to 
their states, and these resources can be represented by agents within market environ-
ments. Even though there is a plethora of definitions about the concept of an agent, a 
general notion attributes a degree of autonomy to agents, and attaches importance to 
their reactive characteristics in response to changes within their environments [84]. In 
the context of the energy management of distributed resources, the concept has been 
mainly associated with strategic behaviours within market environments [85]. 

 

3.2.1.6 Forecast-based control 

A software agent can represent a process, or a group of processes, and utilise internal 
models to optimise certain quantities over a prediction horizon. The incorporation of a 
prediction horizon within the optimisation problem can address the planning under sto-
chasticity and the real-time adaptability under dynamic conditions. Predictive control 
schemes are compatible with the notion of deregulated power systems since the system 
planning (a priori) and real-time operations, as well as the market-based settlement (a 
posteriori) are interrelated with the predictions over a prediction horizon [35]. In [86], a 
conceptual predictive control scheme has been proposed to address the management of 
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an aggregation of distributed resources, under hierarchical coordination, where the 
agents strive towards a common goal, while satisfying local constraints and objectives.  

Model predictive control (MPC) has also been proposed as an appropriate tool for power 
system applications related to the management of distributed resources. MPC refers to a 
class of control algorithms that utilise an internal model to predict the future response of 
a process [87], and transforms a control problem into an optimisation problem, which 
can be solved over a prediction horizon, subject to system dynamics, an objective func-
tion, and constraints. At each sample time period an MPC algorithm optimises the proc-
ess behaviour, over a prediction horizon, by computing a sequence of future inputs. The 
first value in the optimal sequence of inputs is applied to the process and the entire cal-
culation is repeated at subsequent sample time periods. The inherent benefits of MPC 
approaches are that constraints related to physical limitations and users’ preferences are 
explicitly taken into account. The application of MPC has been studied for the load man-
agement in a power system with a high penetration of RES and proved to be an appro-
priate tool for supporting different technologies and goals [88].  

3.2.1.7 Classification of control schemes 

DR programmes have been mainly triggered by economic or reliability criteria [52], and 
the historical review of applied cases provides the basis for the classification of control 
schemes. In table 3.1, an overview of control schemes in DSM is provided, distinguishing 
between different methods, accompanied by indicative references. The classification in 
table 3.1 follows a historical ordering approach and provides a basic categorisation of DR 
control schemes. This approach does not imply a strict division, due to the interdepend-
encies, since different classes can be combined under another one. For instance, fore-
cast-based and direct control schemes can be combined and qualified as a price-based or 
market-based control scheme. As can be seen in table 3.1, depending on the utilised 
method and available means, some control schemes are limited to specific applications, 
e.g., frequency or voltage regulation, whereas some others are characterised by the flexi-
bility to address multiple goals, i.e., multi-objective, in relevance to the requirements of 
the intended application. 

3.2.2 Demand response in electricity markets 

At the dawn of the 21st century, electricity markets have made significant progress in in-
tegrating DR resources by allowing participation in economic, emergency and ancillary 
service programmes [62]. At the European Union level, it has been recognised that the 
demand side consists of an important part of the internal electricity market, but its po-
tential is currently underutilised [89]. Therefore, a number of aspects have been identi-
fied by the Commission [90], which are essential for the further development and the 
wide implementation of DR programmes in Europe. 
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Table 3.1: Control schemes classification in demand side management.  

Methods Means 
Control  

input 
Control 
signal 

Control  
goal 

References 

Frequency-
based 

Frequency         
relays 

Frequency 
deviation 

Frequency 
Frequency 
regulation 

[59] 

Dynamic  
demand 

Frequency 
deviation 

Switching              
commands 

Frequency 
regulation 

[65], [66] 

Direct control 
over utility 
equipment 

Voltage  
regulation 

Voltage 
deviation 

Tap changer            
set-points 

Voltage 
regulation 

[68] 

Protection  
devices 

Fault signal Fault dependent Protection [69] 

Voltage  
relays 

Voltage  
deviation 

Voltage 
Voltage  
stability 

[70] 

Remote controlled 
relays 

Application  
dependent 

Switching           
commands 

Multi-
objective 

[71] 

Phasor measure-
ment units and 

protection devices 

Voltage and  
frequency  
deviation 

Switching           
commands 

Voltage and 
frequency 
stability 

[72] 

Direct control 
over end-use 
equipment 

Protection       
fuses 

Overloading Overloading Protection [73] 

Time           
switches 

Application  
dependent 

Time schedule 
Multi-

objective 
[74] 

Remote controlled 
relays 

Application  
dependent 

Switching            
commands 

Multi-
objective 

[74] 

Price-based 

Static  
tariffs 

Price schedule 
Switching          

commands and       
set-points 

Multi-
objective 

[75] 

Dynamic  
tariffs 

Price schedule 
and frequent 

updates 

Switching             
commands  and      

set-points 

Multi-
objective 

[79] 

Real-time  
tariffs 

Frequent 
price adapta-

tions 

Switching           
commands and      

set-points 

Multi-
objective 

[80]-[82] 

Market-based 
Market  

bidding agents 
and strategies 

Market 
clearing price     
and volume 

Switching           
commands and      

set-points 

Market 
dependent 

[83], [85] 

Forecast-
based 

(Model-based) 
predictive       
techniques 

Application 
dependent 

Sequence of     
switching commands 

and set-points 

Multi-
objective 

[88], [86] 
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Currently, many regional transmission organisations (RTO), independent system op-
erators (ISO) and TSO institutions are structuring the public rules of ASM such that de-
mand side resources can participate alongside with conventional supply side resources. 
In North America, the Pennsylvania - New Jersey - Maryland (PJM) RTO and the New 
York ISO (NYISO) have been on the forefront of market design with respect to demand 
side developments, and currently offer a wide range of programmes that allow DR re-
sources to participate in these markets [62]. PJM started allowing DR resources to par-
ticipate in ASM in 2006. In 2008, the Federal Energy Regulatory Commission (FERC) 
issued Order No. 719 which adopted measures to improve the operation of wholesale 
electricity markets in the area of DR. In 2009, NYISO also opened the ASM for DR [62]. 
End-use retail customers have access to PJM’s wholesale electricity market through ac-
knowledged curtailment service providers (CSP). However, there are difficulties for utili-
ties and system operators to assess and correctly count for the DR capacity of specific 
assets and customers, and this was pointed out in a FERC report [91]. For instance, in 
February 2011, PJM and its market monitor issued a joint statement including com-
plaints that unnamed CSP have been practicing the so-called double counting of cus-
tomer’s assets. That problem originated from the methods used for measuring DR capac-
ity in the PJM region. Initially FERC sided with CSP companies by issuing Order 745 in 
March 2011, which called for full integration of DR into electricity markets. Nevertheless, 
this dispute underlines the complications in verifying DR resources as commodities. 

Another example illustrating the complications of DR participation in deregulated mar-
ket environments comes from France. The French company Voltalis offers to residential 
customers a device which switches off electric heating appliances and space conditioning 
units. The company aggregates residential customers, and submits bids to the French 
TSO, i.e., RTE, Réseau de Transport d'Electricité, market for operating reserves. When-
ever upwards regulation is required, RTE calls Voltalis to reduce demand in real-time 
[4]. From a legal standpoint, it is uncertain who has to pay for electricity that is produced 
but is not delivered by suppliers in the event of a major withdrawal of demand. Even 
though the French energy regulator, i.e., Commission de régulation de l'énergie, ruled in 
favour of the utility Électricité de France that Voltalis should compensate the utility for 
the electricity generated and supplied to the network but not consumed, the dispute will 
be settled in the Council of State (Conseil d'État) [4]. In deregulated environments, the 
interdependence between wholesale electricity markets and real-time markets for ancil-
lary services indicates the need for mutual consideration of commodities provided by a 
specific system user. 

3.2.3 Customer classes 

Opportunities for DSM can be found in all customer classes that are connected to electri-
cal power distribution or transmission systems, including residential, commercial, and 
industrial customers [11], [55], [56]. During the early developments, the focus of DSM 
programmes was placed on domestic use of electricity, and the reason behind that choice 
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was twofold [53]: residential load profiles are characterised by inefficient patterns, e.g., 
large daily variations, that allows significant room for improvements, and residential 
customers comprise the largest customer load group for most utilities or service provid-
ers. However, the economic effectiveness of those programmes was limited, or even 
negative, mainly due to the relatively low capacity of individual domestic loads, their dis-
tributed nature and the high requirements for the underlying communication infrastruc-
ture. Even though, utilities never abandoned the implementation of load management 
programmes for residential customers, since the 1980s the focus was placed on commer-
cial and industrial consumers that are characterised by large and concentrated loads, 
which subsequently results in reduced cost for the communication, information and con-
trol infrastructure [54], [92]. Recent advances in ICT create new opportunities for the 
large-scale implementation of DSM programmes for residential customers and for close 
to real-time adaptation of the demand for electricity to the actual system needs [8]. 

3.3 Prospects for demand response 
In the early 1980s, in an effort to address the vision for power system control in the 21st 
century, Fred Schweppe and his co-workers addressed topics such as price-based con-
trol, real-time interaction between the customer and the utility, and the introduction of 
DG at the customer’s premises [67]. Since then, research and development activities to-
wards the large-scale implementation of DR concepts have been intensified. However, 
there have been many different approaches in transforming this vision into practical ap-
plications. The utilisation of an aggregation of non-homogeneous distributed resources 
during the a priori operational planning, the real-time operations, and the a posteriori 
settlement is a challenging topic. Previous research has been mainly focused on central-
ised architectures and the management of groups of homogeneous distributed resources, 
e.g., identical electrical space heaters in [88], and electric vehicles charging with a fixed 
charging power rate in [93]. 

The power system was traditionally designed around a central optimisation approach. 
However, the increasing integration of RES and the deregulation of the electricity sector 
have stirred research activities towards decentralised solutions. In this context, the topic 
of price-based control is currently getting increasing attention [80]. Prices can be broad-
casted in real-time to a number of system users within a certain area or connected to a 
network node. In most of the references in the technical literature, which are dealing 
with RTP, the focus is on utilising DR as an hourly energy resource [80], [81], [82]. Even 
though the scheduling of the demand on an hourly basis can provide an efficient re-
source for many applications, the challenge is to shape the demand for electricity to sup-
port also fast regulation. Today DR resources are mainly used in emergency situations, 
however, with the further integration of RES it is expected that the call for DR actions 
will become more frequent and mature [62]. A hierarchical structure for the manage-
ment of an aggregation of residential customers has been proposed in [94], to address 
the planning a priori, based on predicted demand profiles, and the real-time control of 
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domestic appliances. The operational planning optimisation is performed under a global 
objective of cost minimisation in the spot market, and is complemented by a local real-
time algorithm that utilises as input price-based signals from the global level, but pre-
serves the comfort at the residence level. The authors conclude that it is viable to plan 
day-ahead under a global objective, and propose the incorporation of a prediction hori-
zon in the real-time algorithm to minimise inefficient operations due to prediction errors 
[94]. Predictability is a highly desirable characteristic for DR control schemes that can be 
used during the operational planning, in real-time operations, but also for verification 
purposes. 

Furthermore, with respect to customer acceptance, experience shows that end-users 
might perceive in a more positive way the concept of voluntary load control which refers 
to customers’ use of load control devices or response to pricing signals [56]. Ultimately, 
non-professional end-users are seeking for a protective pricing environment and means 
to avoid high risks, e.g., during emergency situations, and incentive pricing schemes can 
be employed to encourage voluntary participation. In general, consumers do not have 
the same motivations, understanding or technology awareness as professionals in the 
energy sector, and policy interventions are most effective when designed from the con-
sumer’s perspective. By engaging the consumer in the design process of system-wide 
DSM programmes, an indirect benefit derived from this approach is related to education, 
whereas through this approach the main barriers to behavioural change can also be iden-
tified [95]. The integration of controllable loads and renewable generators, within the 
built environment, is expected to increase customer awareness in energy related issues, 
and this might enhance the involvement of end-users in the energy supply and the provi-
sion of system services. 

3.4 Discussion 
DSM exploits a resource latently present in the system. From the early 1980s, DSM pro-
grammes were providing an opportunity to alleviate increasing capital and operational 
costs, and to preserve scarce fuels [53], [54]. However, the economic justification for the 
implementation of load management programmes had been difficult [60]. Nevertheless, 
the economic performance of DSM programmes and the potential revenues of market-
based DR are subject to environmental and market policies [62]. A bibliographic review 
on the topic of DSM provided insights to applied cases, while the discovery of new evi-
dences calls for reconsideration of the design of DR systems.  

In this chapter, the developments at the demand side were analysed, and control 
schemes in DSM were classified based on the applied procedures and employed tech-
nologies. Even though much experimentation and research has taken place, the technol-
ogy of DSM is still in developing state. Price-based control is getting increasing attention 
since prices can formulate an effective control signal. Still, price-based control schemes 
utilise a mask, often through estimated price elasticity figures, to connect DR actions to 
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price updates, and this approach can result in a rather uncertain aggregate response as a 
consequence of users’ objectives and employed technology [15]. The trends for envi-
sioned DR systems are towards decentralisation, automated functions, high controllabil-
ity, predictive schemes and bidirectional communications. 
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CHAPTER 4 

4. System design 

In this chapter the conceptual framework is presented, i.e., a generic control architecture 
for the energy management of distributed resources both from the supply and the de-
mand side. Following the formulation of the problem space, a number of phenomena as-
sociated with the operation of power systems and electricity markets have been eluci-
dated in chapter 2, whereas technologies and control schemes in DSM have been re-
viewed in chapter 3. This knowledge is crucial in the effort to answer the main research 
question of this thesis, which is how the energy management of distributed resources can 
contribute to efficient power systems operations.  

In section 4.1, a set of criteria is defined, on the basis of a literature and technology re-
view [96], which should guide the energy management of distributed resources. In sec-
tion 4.1.4, based on these criteria, certain design choices are made that lead to the devel-
opment of the conceptual framework in section 4.2, i.e., a generic control architecture for 
the energy management of distributed resources, which meets the requirements of mod-
ern power systems. The scope of the conceptual architecture is to provide a framework 
that is flexible, uniform, and generic, that aligns policy, business and engineering ap-
proaches, to enable all electrical energy distributed resources, both from the supply and 
the demand side, to contribute to efficient and reliable power systems operations. The 
proposed framework identifies the interfaces between functional domains and entities of 
electrical power systems and defines the interactions among system actors and entities 
during power systems operations. Note that interactions refer to the characteristics of 
the data flows between system entities. The design process is inspired by the guide for 
interoperability of energy and information technology operation with the electrical 
power system, end-use applications, and loads [11]. Though, a different approach is fol-
lowed in some aspects and the domains have been adjusted appropriately to reflect the 
focus of this thesis which is about the control of distributed resources while allowing for 
novel applications and business models to evolve at the customer side. 
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In section 4.3, specific case studies are defined for further developing and evaluating the 
proposed framework based on the requirements and goals of the intended application. 
The developed case studies, are not solely based on the application of the generic frame-
work, but are characterised by intrinsic innovative aspects with respect to the implied 
business and the approach to the specified control problems. Therefore, the developed 
case studies are not solely meant for evaluating the conceptual architecture, but also for 
demonstrating how the generic framework can be applied to address specific applica-
tions and businesses. 

4.1 Criteria for control schemes of demand response 
An essential element for the synthesis and design of effective control schemes for dis-
tributed resources is that their operation must be compatible with the actual power sys-
tem design and operation [54], and be able to address expected developments in future 
power systems. In this section, a set of criteria is provided, to support the process of es-
tablishing standards and procedures, and to support the design and integration efforts 
for the wide development of energy management systems for distributed resources. In 
this direction, an effort is made to address the views of system and market operators, de-
regulated utilities, service providers and customers.  

Note that in this work, the word criterion is defined as a philosophical term, i.e., a char-
acteristic of an artefact or system, that is taken into account prior to making a judgement 
or a decision or that is useful in the procedure of making a choice. Therefore, criteria 
should be read as characteristics of energy management systems that are useful in the 
procedure of making design choices for practical applications, rather than rigorous stan-
dards or rules. The approach in defining the criteria is based on literature and technol-
ogy review. The review of contemporary power systems, presented in section 2.2, assists 
in identifying established operational rules, which evoke fundamental requirements for 
the design of energy management systems for distributed resources. Furthermore, the 
review of DSM related activities, presented in section 3.2, indicates future trends for the 
energy management of distributed resources.  

The developments at both the supply and demand side are analysed, and a set of criteria 
is defined. The criteria are categorised as infrastructural with respect to the underly-
ing physical infrastructure, operational which address requirements originating from 
established functions and procedures in electricity markets and power systems, and ar-
chitectural with respect to the control system architecture. The defined criteria are 
discussed in the following paragraphs. 

4.1.1 Infrastructural criteria  

As discussed in section 2.2, the successful implementation of novel technologies within 
established socio-technical systems is subject to the economic impact and the associated 
capital costs. This leads to the first infrastructural criterion for the adoption of systems 
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for the energy management of distributed resources, i.e., criterion - capital costs. 
The required investments might create an entry barrier for the wide adoption of energy 
management systems for distributed resources. In the past, the economic justification 
for the implementation of load management programmes had been difficult [60]. From 
the early 1980s, DSM programmes were providing an opportunity to alleviate increasing 
capital and operational costs, and to preserve scarce fuels [54]. Nevertheless, the eco-
nomic performance of DSM programmes is subject to environmental and market policies 
[62]. Furthermore, some DR systems, e.g., direct control over utility equipment, require 
modifications in communication mainly at substations and feeders, while other designs 
require modifications up to the end-use of electricity. The latter implies the incorpora-
tion of sensors, communications and artificial intelligence within the customers’ prem-
ises which results in higher capital costs. 

The second architectural criterion, i.e., criterion - sensing devices, addresses the in-
corporation of sensors for monitoring purposes. Power system control requires an un-
derlying sensing and monitoring infrastructure, e.g., as discussed in section 2.2.1 for the 
case of LFC. Different control schemes impose different requirements for sensing and 
monitoring, dependent on the system design, therefore, sensing devices might be re-
quired to monitor power and energy flows in the network, system assets and/or the in-
stallations behind the meter. 

DSM intended for a power system serving a large number of users spread over a large 
geographical area requires a bidirectional communication infrastructure. The control of 
distributed resources can be successfully implemented using unidirectional signals. 
However, functions such as monitoring and metering require bidirectional communica-
tions to support operational, verification and settlement procedures [97]. This leads to 
the third architectural criterion, i.e., criterion - bidirectional communications. 
The sample time and the data flow characteristics are dependent on the application. In 
general, applications characterised by fast dynamics such as the provision of secondary 
frequency regulation reserves require a short sampling interval in the range of a few sec-
onds, whereas applications characterised by slow dynamics can be monitored with a 
sample time in the range of minutes to hours.  

4.1.2 Operational criteria 

Automated actions in power system control are dictated by the requirements for system 
security with respect to the time response of ancillary services provision. Automation in 
DSM is also driven by the requirement to minimise user intervention and to increase 
user acceptance. This leads to the first operational criterion for energy management sys-
tems for distributed resources, i.e., criterion - automation. Automatic control is a 
necessity to ensure a fast response that is not compromised by manual actions, and to 
minimise the user intervention during setup and operation of equipment.  Successful 
applications for the management of distributed resources must minimise the level of cus-
tomer inconvenience [54]. 
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Depending on the intended application, the automatic control actions shall take into ac-
count many different aspects. For example, as discussed in section 2.2.1, the determina-
tion of the LFC signals shall take into account both the power transfer through the inter-
connections with other control areas and the system frequency. This leads to the second 
operational criterion for the adoption of management systems for distributed resources, 
i.e., criterion - controllability. Controllability refers to the ability of flexibly shaping 
the power profile during the a priori operational planning and for the provision of ancil-
lary services in real-time. It is important to design DSM programmes with as much op-
erational capabilities. The response time of direct load control, e.g., switching devices, is 
obviously faster than starting conventional generators, and the provision of operating 
reserves appears to be an excellent application of DR. DSM can provide a broad range of 
operating uses, in line with the power system requirements, whether or not the system 
operating state refers to normal, emergency or restorative conditions [54]. 

The operation of electricity markets (see section 2.3), requires the uniform representa-
tion of all electrical energy resources by the associated service provider, during the op-
erational planning phase, whether that refers to futures and spot exchanges or ASM. 
Furthermore, the deregulation process in electricity markets indicates the need for ro-
bust verification methods to support the financial settlement mechanism (see section 
2.2.2). In the case that a system user participates concurrently in wholesale trade and 
markets for ancillary services then the associated actions should be coordinated by the 
same service provider or at least communicated between the different service providers 
involved due to the interdependence of commodities. This reflects a potential problem-
atic situation where system users might hold contracts with different service providers 
that have different objectives, e.g., energy or ancillary services provision, such as in the 
example described at the end of section 3.2.2. The communication between system enti-
ties during real-time operations dictates the need for the definition of uniform interfaces 
for system representation. Operational criterion - uniformity addresses the aspect of 
uniform interfaces for inhomogeneous resources during the a priori operational plan-
ning, the real-time operations, and the a posteriori verification and settlement. Specifi-
cally, uniformity implies that data can be aggregated from a large number of resources 
and be represented to the system and market operators in a manageable and usable form 
for planning, (close to) real-time system representation, and for verification and settle-
ment purposes. 

As discussed in section 3.3, a DR system has to be characterised by some kind of predict-
ability to support planning, operational and verification processes. This point leads to 
the next operational criterion, i.e., criterion - predictability. Predictability over a 
forecasting horizon is a highly desirable characteristic for a DSM control scheme that can 
be used during planning, real-time operations [54], but also for verification purposes 
[35]. However, a time-series forecast will always involve predictions errors, therefore, a 
service provider involved in DR should apply risk management to identify, assess and 
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prioritise the risks related to the positive or negative effect of forecast uncertainty on the 
overall objectives.   

The last operational criterion, i.e., criterion - objectives & constraints, addresses 
the objectives and constraints of all the actors involved in power systems operations. An 
ideal control scheme for distributed resources shall take into account the interests of all 
the actors, whether those reflect the objectives and constraints of the system users and 
the service providers or the system and market operators. 

4.1.3 Architectural criteria 

As discussed in section 2.2.2, the ever increasing interconnection of control areas and 
the deregulation of the electricity sector dictate the transition from centralised to decen-
tralised control schemes, i.e., criterion - decentralised control. Decentralisation in 
decision making refers to the situation where the optimisation for a group of resources is 
performed by the EMS of their associated users, and not directly by the service providers 
or system operators. Furthermore, in decentralised control schemes, the inputs defined 
by the EMS of a user for a group of associated resources are not influenced directly by 
the inputs of other controlled resources not belonging to that group. Decentralised con-
trol schemes ensure that no sensitive data, related to user behaviour, requirements and 
schedules, are transmitted outside the premises of a system user. All local objectives and 
constraints are processed locally and only aggregate and reference data are communi-
cated outside the users’ premises. Therefore, decentralised control schemes allow for dis-
tributed computing, tackle privacy concerns and therefore can contribute to higher user 
acceptance [83]. 

The power system structure dictates the need for certain central coordination over a 
given control area by the associated system operator. As discussed in section 2.2.1, the 
control of distributed resources must involve, at a minimum, coordination by the system 
operator [54]. The second architectural criterion, i.e., criterion - hierarchical coor-
dination, refers to the hierarchical approach applied within each control area, where it 
is essential that the responsiveness of distributed resources can be taken into account by 
the system operator. 

Finally, an EMS for distributed resources must be able to be expanded to accommodate 
growth, i.e., it must be scalable [97]. The third architectural criterion, i.e., criterion - 
scalability, is about the ability of a system to be enlarged in terms of capacity, ex-
tended in geographical terms, and upgraded in terms of functionality. 

4.1.4 Discussion 

Following the listing of criteria, in the previous paragraphs, a number of aspects seem 
relevant and applicable for the purpose of the conceptual development, i.e., the synthesis 
of a generic control scheme for the energy management of distributed resources.  
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In this section, an overview is provided of those design aspects that guide the develop-
ment of the conceptual architecture in section 4.2. In this thesis, the focus is on the func-
tional requirements that drive the application architecture of aggregation control sys-
tems. In the centre of the proposed control scheme is the automated and decentralised 
approach.  This means that the control actuation signals that are applied to a specific re-
source are defined from the EMS of the associated system user in a decentralised man-
ner. Physical power systems consist of entities that are characterised by large geographi-
cal separation. The economic and reliability aspects of communication links provide a 
natural force for the development of decentralised control schemes. Thus, for economic 
and possibly reliability reasons, there is a trend for decentralised decision making, dis-
tributed computation, and hierarchical control.  

The control of distributed resources must involve, at a minimum, coordination by the 
system operator. In the proposed control scheme, hierarchical coordination is achieved 
by preserving the electricity sector organisation, as depicted in figure 2.2, where the sys-
tem users can be influenced by the markets and system operators, through their associ-
ated service provider, i.e., the aggregator in this thesis. Emphasis is given on the scalabil-
ity of the proposed control architecture, but in some cases, as discussed in chapter 6, this 
is a characteristic that might be obstructed by requirements related to the business na-
ture, rather than to technology.  

In this work, the focus is on forecast-based approaches, which have the inherent advan-
tage that can address the planning under stochasticity and serve different optimisation 
objectives over a prediction horizon. As discussed in section 2.3.1, the sequence of ac-
tions in power systems operations is distinguished between three phases: the operational 
planning and scheduling phase (a priori), the real-time operations, and the verification 
and financial settlement (a posteriori). Any design for the energy management of dis-
tributed resources, within an interconnected power system, must be able to explicitly 
address these three phases.  

The utilisation of an aggregation of non-homogeneous distributed resources during the 
operational planning, the real-time operations, and the settlement, requires a uniform 
representation of those. For example, at system level, the TSO needs to know what oper-
ating reserves are available, but does not need to be informed with all the details of each 
distributed resource. Therefore, at the interface between the EMS of a system user and 
the CC of service providers, i.e., interfaces I.13 and I.14 in figure 2.2, each distributed re-
source is distinguished from another, not based on its physical specifications and opera-
tional functions, but in terms of energy capabilities, i.e., the characteristics of energy 
utilisation. These energy capabilities can be attributed to different markets and services, 
e.g., ancillary services, and subsequently distributed resources can be aggregated to form 
groups which deliver these services. 
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4.2 The conceptual framework 
In this section, the conceptual framework is defined, i.e., a viable control architecture for 
the automated energy management of distributed resources based on the application of 
predictive techniques. The elucidated ideas reflect a broad scope of services, provided by 
automated mechanisms, with respect to the requirements for power system control in 
liberalised environments. The proposed scheme considers a uniform representation of 
non-homogeneous distributed resources and allows the participation of virtually all sys-
tem users, irrespectively of their size, in electricity markets. The first ideas for an EMS 
for distributed resources were published in a conference proceedings [86]. The evalua-
tion of those ideas, through case studies and laboratory experiments, and the discussions 
during and after the conference led to the refinement of those initial conceptions. 

4.2.1 The operational architecture 

A decentralised control structure with a global coordinator, i.e., the aggregator, is pro-
posed. For the purpose of this work, the following terms are adopted from the Open ADR 
communication standard [78], to identify two conceptual entities: the virtual top node 
(VTN), and the virtual end node (VEN). A VTN or a VEN might represent a device or a 
group of devices within a domain. A VTN has one or more associated VEN, while a VEN 
can exchange communication signals, and can also monitor and control electricity end-
use and generation at a device level or for a group of associated devices. Therefore, a de-
vice or a system can be considered as a VTN, VEN, or a combination of those.  

One might envision a hierarchical node architecture, as the one illustrated in figure 4.1, 
where the entities that belong in the domains of the system operators and electricity 
markets are represented by a top node that communicates with the aggregator. The enti-
ties that belong in the domain of the aggregator, i.e., the service providers domain, can 
be seen as a VEN with respect to the system operators, but at the same time the aggrega-
tor can be considered as a VTN associated with a number of VEN. The VTN/VEN con-
cept provides a standardised way to represent any distributed resource or groups of re-
sources to the system level, while a VEN can control a resource or a group of resources 
[78]. As can be seen in figure 4.1, the aggregator is linked with a residence connected to 
the LV level which can be considered as a home area network connecting a number of 
controllable loads, e.g., a domestic freezer, an electric vehicle etc. Thus, in the latter case 
that residence can subsequently be seen as a VTN with a number of associated VEN. The 
recursive nature of this architecture provides a scalable and generic framework for the 
management of non-homogeneous distributed resources in a uniform manner. In this 
work, the focus is on the interactions between one VTN, i.e., the aggregator, and a num-
ber of associated system users, i.e., the VENj, where j=1, ..., N. An aggregator company is 
essentially a service provider that can perform the functions of both an ESP and an ASP 
by representing prosumers to the markets and system operators.  
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Since an aggregator is representing resources which are geographically dispersed, it is 
also important to account for the spatial dimension.  In the case that congestion relief or 
voltage control in distribution systems are some of the ancillary services that distributed 
resources might offer to a regional DSO, then resources should be aggregated in clusters 
which represent a limited geographical area. Thus, every VENj which resides down-
stream the aggregator, i.e., the VTN, collects information and forwards this to the upper 
level accompanied with a tag that captures the spatial dimension, e.g., postcode, substa-
tion, feeder, phase etc. The hierarchical architecture, which is depicted in figure 4.1, is in 
line with established functions and procedures in electricity markets and power systems. 
Nevertheless, the implementation of intelligence at the lower layers, e.g., at the VEN 
level, provides the basis for future system adaptations. For instance, in the advent of 
meshed communication architectures [98], the software agents at the lower levels can be 
reprogrammed to function as meshed agents and provide functions to the upper layer, 
e.g. the overall power system and electricity markets, through an intermediate node. Fi-
nally, the existence of sub-aggregators as intermediate actors between the aggregator 
and the prosumers depicted in figure 4.1, is not excluded from the proposal, but is kept 
out of the descriptions for simplification purposes. 

 
Figure 4.1: Schematic of the conceptualised operational control architecture. The aggregator is the 
coordinator of a virtual power plant which consists of an aggregation of distributed resources. The 
main domains, entities and interfaces are graphically illustrated. At the lower part of the figure the 
physical power system is depicted and the points of connection (PoC) with system users.  
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4.2.2 Operational planning 

During the operational planning [36], the aggregator can make agreements either OTC 
or in energy exchanges and has the option to participate in ASM. Eventually, the aggre-
gator has to schedule and clear the volumes for the expected energy supply and demand 
of all associated system users. For stochastic resources such as RES, the expected power 
output is estimated based on forecasting techniques, whereas distributed resources that 
are characterised by some form of controllability might be scheduled based on economic, 
reliability or availability criteria. The aggregator can influence its associated system users 
during the operational planning, e.g., by publishing day-ahead price predictions. 

4.2.3 Real-time operations 

The proposed conceptual control scheme is based on feedback control at the aggregator, 
i.e., the VTN, and predictive control at each associated VENj. The real-time operation 
under the proposed control scheme is illustrated in figure 4.2, where it is assumed for 
illustration reasons that each VENj represents only one process. The controller at the jth 
VEN has an internal model which is used to predict and optimise the behaviour of the jth 
process output yj(k) over a future prediction horizon starting at current time instant k. 
Furthermore, the CC located at the VTN can also incorporate models for creating predic-
tions about the future system state, e.g., predicted imbalances, and weather forecasts.  

 
Figure 4.2: The control scheme illustrating the real-time operations at time instant k. The VTN 
represents the aggregator, whereas the jth VEN is shown together with its EMS block. 
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In the proposed control scheme, the aggregator defines the control (coordination) trajec-
tory signal s(k+i|k) in real-time and then transmits this at time instant k to all associated 
VENj (under a certain control area). Each individual VENj obtains the trajectory signal 
s(k+i|k), and checks (based on predictions) whether it can contribute to the requested 
action. Then, VENj sends back to the aggregator the reference signal rj(k+i|k) which in-
cludes the information about the predicted response. The aggregator receives the refer-
ence signal rj(k+i|k) and performs consistency checks, e.g., overshooting avoidance. 
Then, it sends back to the VENj a discrete binary notification signal wj(k) {0,1} to indi-
cate rejection or acceptance (or simply receipt confirmation) with respect to rj(k+i|k). In 
case of acceptance (or confirmation), the VENj performs the control actions, i.e., the next 
input uj(k) is applied to the jth process. Then, the aggregator subtracts the fulfilled ac-
tions, based on the sum r(k+i|k jrj(k+i|k), recalculates and forwards the updated tra-
jectory signal s(k+i+1|k+1) and the whole process is repeated. This control strategy is 
called the receding horizon strategy, since the prediction horizon remains of the same 
length [87]. Alternatively, instead of the binary notification signal wj(k) the aggregator 
has also the option to send back to the VENj an adjusted reference trajectory signal 
wj(k+i|k) which indicates that the submitted reference signal rj(k+i|k) is partially ac-
cepted or should be shifted in time to get accepted. Note that the input signals at the 
VEN level can be either a set-point value or a switching on/off command. For stochastic 
and uncontrollable processes, the input signal u(k) is null. For example, in the case that 
the jth process corresponds to a PV system, the model of the jth process is not utilised for 
optimisation purposes but for creating a forecast of the process output. 

The sum of the net power use and generation at current time instant k is the VPP real-
time output y(k jyj(k). To overcome the control error, the feedback loop is structured 
at the VTN level, where the VPP real-time output y(k) and the predictive output rj(k+i|k) 
of each individual VENj are utilised. The goal of the VTN is to comply with contractual 
agreements and real-time requests from market and system operators. To achieve this, 
the VTN monitors the aggregate VPP output y(k) and coordinates the collective future 
response through the trajectory signal s(k+i|k) so that all associated individual VENj can 
contribute to the future output y(k+i). Therefore, each individual VENj optimises the en-
ergy management of its associated distributed resources in a decentralised manner.  

Overall, convergence of the aggregate VPP output to the VTN goal is expected to be 
achieved, given that sufficient resources are available within the VPP portfolio to con-
tribute to the required collective objective. However, DR capacity is relatively erratic and 
it is essential to continuously maintain a forecast of resource availability. The incorpora-
tion of a sufficiently long prediction horizon has inherent benefits in anticipating future 
saturation of the VPP output. In the case that the aggregate DR capacity is getting de-
pleted fast, e.g., due to long and large requests for regulation, the aggregator has to un-
dertake the necessary actions to minimise the possibility of negative impact, either in-
ternally by utilising own means, or through external support, e.g., through markets. 
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4.2.4 Verification and financial settlement 

During the financial settlement, the aggregator is subject to contractual agreements that 
have been made a priori, either OTC or in energy exchanges. Note that each market has 
a distinct design and is characterised by different sets of rules and procedures. The fi-
nancial settlement between the aggregator and associated system users is based on bilat-
eral contractual agreements. The aggregator can organise and operate an internal single-
sided market for system users, and the specific agreements can vary depending on the 
system users’ preferences. For example, system users can participate in the aggregator’s 
single-sided market under a pay-as-bid scheme or on a voluntary basis. Under a scheme 
of voluntary engagement, the aggregator can define a participation function for assessing 
the performance of associated system users, and the economic benefits can be distrib-
uted among system users in relation to their participation performance. Though, regard-
ing the financial settlement phase, the focus in this work is on the interactions between 
the aggregator and the market or system operators, whereas the transactions between 
the aggregator and its associated prosumers are left outside the scope of this thesis. 

4.2.5 The control signal 

Essential for the design of a control scheme is to specify the required information which 
should be available to the controller, as well as the information that the controller is re-
quired to communicate to other entities in the system. However, the specification of this 
information is dependent on the relevant application, since each application and busi-
ness model imposes different requirements and constraints. In a resource-based system, 
the control signal shall be based on weather conditions and fuel availability, in an eco-
nomic system on prices, and in a congested system on network loading. If all these con-
ditions coexist in the system environment then the control signal might be a mixture of 
all the above-mentioned aspects. 

Therefore, the control signal is effectively formed upon the application, and subject to a 
number of factors related to market design, objectives of the involved actors, etc.  As dis-
cussed in section 4.2.3, the control signal is defined, close to real-time, as a trajectory 
signal s(k+i|k) which is constructed by the aggregator, i.e., the VTN, and is sent to asso-
ciated system users, e.g., each VENj, at sample time period k. Then, each system user can 
decide internally and in a decentralised manner how to respond to this signal. The nota-
tion s(k+i|k) indicates that the trajectory signal depends on the conditions at time in-
stant k [87]. The trajectory signal s(k+i|k) actually represents the information that is 
necessary for the short-term optimisation of distributed resources, and it might be con-
structed based on information about: a) real-time conditions such as measured data or 
requests from system operators for the provision of ancillary services, b) short-term pre-
dictions about the system state, market prices, weather conditions etc., and c) past con-
trol errors. 
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In general, the optimisation problems for the management of distributed resources at 
the VEN level should be built in relevance to the application and subject to established 
rules and procedures in electricity markets and power systems operations. In wholesale 
electricity markets the commodity is energy traded over certain time periods, i.e., the 
settlement periods. However, for ensuring the system security, it is essential to continu-
ously maintain the power balance (system wide and per control area) through the activa-
tion of different types of operating reserves. To address these requirements, the control 
signal can be formed in terms of power and energy figures, accompanied with prices. An 
example is illustrated in figure 4.3, considering that the control signal is sent at current 
time instant k=0, and is discretised in i steps to address the prediction horizon. In figure 
4.3, positive power values (denoted as active period) are followed by negative values 
(denoted as recovery period). The reason behind this choice is to illustrate the possibil-
ity of how load-shifting actions can be incorporated in the control signal. A load process 
can be curtailed, e.g., energy not served, or can be shifted in time, e.g., postponed. In the 
latter case, the load profile is characterised by a load reduction at the point where the 
load cycle would occur in the absence of control, and this load reduction is followed by a 
load increase at the point where the load cycle eventually occurs in response to the con-
trol signal. In power system control an action of load reduction or increase is equivalent 
to upward regulation or downward regulation respectively. As can be seen in figure 4.3, 

rec. 

rec the aggregator can define a minimum time period 
after which the loads can recover their operation following a load-shifting action. Note 
that, in this figure, negative prices refer to a payment from the system users to the aggre-
gator and vice-versa. In figure 4.3, the control signal is formed of power set-points and 
energy figures, accompanied with prices to address market-based operations. However, 
depending on the application, the control signal s(k+i|k) might be formed by a combina-
tion of trajectory signals such as forecasted system states, prices, weather parameters, 
etc., and this is elucidated in the investigated case studies in chapters 5 and 6. 

4.2.6 Objective functions and constraints 

A control scheme for the energy management of distributed resources can be approached 
as an optimisation problem which can be formulated and solved over a prediction hori-
zon, and subject to system dynamics, an objective function, and constraints. In this sec-
tion, emphasis is given in identifying the main objectives and constraints of the aggrega-
tor and associated prosumers. The role of the aggregator, i.e., the VTN, is to represent 
system users to market and system operators. For the VTN, the objective function can be 
a cost function that minimises costs, or a profit function that maximises profits for trad-
ing electricity in wholesale markets, and/or that maximises the revenues from the provi-
sion of ancillary services to the system. Thus, the aggregator submits energy schedules a 
priori for electricity wholesale trade and options for ancillary services, subject to the in-
dividual system users’ requirements and capabilities. Then, during real-time operations, 
the VTN has to respect the submitted schedules and options.  
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(a)                                                   (b) 

Figure 4.3: (a) Example of the control (coordination) trajectory signal s(k+i|k) which is sent at time 
instant k=0. (b) Three dimensional plot of the trajectory signal s(k+i|k) accompanied with prices.      
In both figures time is discretised in i steps, while the x-axis represents the prediction horizon. 

 

The VTN can influence the behaviour of individual system users, i.e., the VENj, by defin-
ing in real-time the trajectory signal s(k+i|k). Once the trajectory signal s(k+i|k), has 
been transmitted, then it is up to each individual system user, i.e., the VENj, to react in 
an appropriate way so that the global objectives of the VTN are fulfilled. Since system 
users, e.g., industrial, commercial, residential customers, have different objectives the 
individual formulations will result in various problems to be solved. The challenge for 
the VTN is to define the control (coordination) trajectory signal s(k+i|k) in a way that 
incentivises each individual VENj so that the future output yj(k+i|k) contributes to the 
global objectives of the VTN. To achieve this, the aggregator might devise different 
methods, which are also dependent on the organisational structure of the VPP. In a 
price-based structure, the VTN shall provide the individual VENj with appropriate eco-
nomic incentives which motivate the individual system users to act under their own eco-
nomic objectives while contributing to the global VPP objective. Then, each system user 
is subject to its own imbalances and associated economic penalties. In a community 
based VPP structure, all individual VENj might have a common interest to voluntary con-
tribute to the global objective, under the VTN coordination, and eventually share bene-
fits and costs. Finally, the aggregator might act as a VPP facilitator with a central role in 
supporting the individual VENj (or a group of VENj) with the necessary information and 
tools to seek their own interests and objectives. The latter two conceptual VPP structures 
are treated as distinct case studies which are presented in section 4.3, and are formu-
lated in chapters 5 and 6 respectively. In DSM activities, the objective function of an in-
dividual system user, i.e., the VENj, is defined with respect to the DR programme speci-
fied in the bilateral contractual agreement with the aggregator, i.e., the VTN.  
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Each system user has different needs and different options are required to address those 
diverse needs. Thus, customer segmentation and the definition of tailored DR pro-
grammes are required. For example, under a price-based programme such as ToU tariffs 
or RTP with hourly resolution, the objective function can be formulated as a function 
that minimises the total costs for purchasing an amount of electrical energy over a given 
time horizon. Ideally end-users are still in control of their assets, and they can define 
their preferences and constraints, e.g., define maximum time for postponing a load cycle, 
but at the same time they provide flexibility to the system. Furthermore, the objective 
function of the jth VEN can also take into account trade-offs. For example, a user might 
be willing to accept less comfort levels in response to more monetary benefits by defining 
a cost function, or can maintain specific comfort levels by defining restrictive con-
straints, e.g., for a space conditioning unit the objective function can be formulated to 
also minimise the difference between the indoor air temperature and a given reference 
temperature. For fast regulation actions, such as the provision of operating reserves for 
secondary control, system users, e.g., industrial and large commercial customers, can 
submit bids, i.e., offers accompanied with prices, in an internal single-sided market 
which is organised by the aggregator. Then the objective function can be formulated as a 
weight function that combines both objectives: the minimisation of the total costs for 
purchasing electricity in wholesale markets, and the maximisation of revenues attributed 
to the provision of operating reserves and other ancillary services.  

However, for residential customers or any other category of vulnerable customers that 
have limited capacity and controllability over the processes that run within their prem-
ises, a different approach might be proposed. The aggregator can define programmes 
that incentivise participation and at the same time provide a protective pricing environ-
ment for system users. In the latter case the objective function can be formulated as a 
function that maximises the participation performance, e.g., maximises the service pro-
vision. This problem is examined in the first case study which is described in the follow-
ing section. In a different situation, the aggregator might have no interest in coordinat-
ing an aggregation of prosumers, but in supporting them with the necessary information 
and tools to seek their own interests and objectives. In this case the aggregator acts as a 
facilitator, and such a problem is examined in the second case study which is also de-
scribed in the following section. 

4.3 Case studies 
Specific case studies are defined for refining and evaluating the proposed framework. An 
analysis of electricity markets and power system functions reveals that the involvement 
of different timescales and types of system users imposes different constraints and re-
sults in various problems that must be formulated and solved separately. Since each 
market is characterised by different sets of rules and procedures, in the case studies 
treated in this thesis, two specific markets are examined during the operational plan-
ning, i.e., the day-ahead market, and the market for operating reserves in the Nether-
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lands. As mentioned earlier, this particular consideration assists in bounding the prob-
lem space while avoiding an extensive analysis on market design variations. Neverthe-
less, the implementation of intelligence at the lower layers, e.g., at the VEN level, pro-
vides the basis for future system adaptations in the light of market reform. In the advent 
of new market architectures and rules, e.g., introduction of local balancing markets, the 
software agents at the lower layers can be reprogrammed to address additional or modi-
fied requirements. 

The developed case studies, are not solely based on the application of the generic frame-
work, but are characterised by intrinsic innovative aspects with respect to the implied 
business and the approach to the specified control problems. At the same time, the de-
veloped case studies are not only meant for evaluating the conceptual proposal, but also 
for demonstrating how the generic framework can be applied to address specific cases, 
applications and businesses. The focus is on two distinct case studies which are pre-
sented in chapters 5 and 6 respectively. The developed case studies address two emerg-
ing topics in power systems and electricity markets, i.e., the aggregation of a large num-
ber of residential customers with controllable loads, and the optimisation of distributed 
energy storage integrated with stochastic energy resources: 

 Case study 1: The aggregator is representing and coordinating a number of one 
thousand residential customers who are equipped with controllable freezers. 

 Case study 2: The aggregator is representing and facilitating a consumer coopera-
tive, i.e., an association which consists of 240 residential customers, PV generation (186 
KWp) and a distributed battery storage system (ca. 230 kWh). 

The main control characteristics of both case studies are presented in table 4.1. Accord-
ing to this table, the basic logic for the optimisation of the distributed controllable re-
sources in the first case study is the voluntary participation, which means that the aggre-
gator’s control (coordination) signal s(k+i|k) refers to a power trajectory signal that is 
not accompanied by prices, and the underlying assumption is that there are adequate 
incentives for the residential customers to participate in the proposed control scheme, 
and to respond to this control (coordination) signal under the objective of maximising 
their individual energetic contribution. This logic is driven by the particular characteris-
tics of residential customers, which are further discussed in chapter 5. Contrary, the logic 
behind the optimisation of the battery system in the second case study is based on eco-
nomic criteria, as elucidated in chapter 6. Furthermore, in the first case study, the day-
ahead energy commitments are assumed to become available through forecasting tools, 
and no optimisation is applied during the day-ahead operational planning. This is 
mainly related to the characteristics of the considered controllable resource, i.e., the do-
mestic freezer, which is characterised by low capabilities for energy storage due to the 
relatively low thermal mass, and this feature restricts its applicability for day-ahead op-
timisation. However, the domestic freezer can be ideal for short-term DR, and for par-
ticipation in market-based LFC, which is the main focus of the first case study. Contrary, 
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the day-ahead optimisation is applied in the second case study, since the considered dis-
tributed storage resource is appropriate for the intended application. Finally, the pro-
posed ideas in this thesis, are in accordance with the European directive concerning 
common rules for the internal market in electricity [30], where it is mentioned that it is 
within the scope of the Union policy to strengthen “…the market position of the house-
hold, small and medium-sized consumers by promoting the possibilities of voluntary 
aggregation of representation for that class of consumers”. However, it is important to 
ensure that customers’ participation within aggregation schemes is implemented in non-
discriminatory terms, and that the decision criteria are uniform for all customers. This is 
a valid point for both investigated case studies, and the residential customers are consid-
ered to participate within the aggregation control system under harmonised private rules 
and irrespectively of their particular characteristics. Specifically, in the first case study, 
the dispatch of a customer’s controllable loads, following a request of the aggregator at a 
given time instant, is performed on a first in-first out basis. The latter is a standard term 
in computer science which describes a method for organising and processing data struc-
tures or buffers, where the oldest entry is processed first. Therefore, the customer that 
reacts faster to the aggregator’s request is expected to be selected first to provide the ser-
vice and to contribute to the collective control action, and this is driven by the nature of 
the specified application, i.e., market-based LFC, where a fast response consists of a 
technical requirement for the designated service. In the second case study, the only deci-
sion criterion for the customers’ participation within the specified aggregation control 
system, is that they are physically connected to the considered distribution substation.   

 

Table 4.1: Case studies and control characteristics. 

Control scheme Case study 1 Case study 2 

Basic optimisation logic Voluntary Economic 

Optimisation input Energy forecasts 
Energy, system states and 

prices forecasts 

Optimisation objective 
Maximise energetic    

contribution 
Maximise revenues and/or 

minimise costs 

Controllable resource(s) 
A large aggregation of 
electrical appliances 

One battery energy storage 
system 

Stochastic resource(s) Base (residential) load 
Residential load and 

photovoltaic generation 

Control step 4 sec. 1 min. 

Day-ahead optimisation N/A Yes 

Balancing market Active contribution Passive contribution 

References [86], [99], [100] [16], [101], [102] 
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CHAPTER 5 

5. Residential load control 

In this chapter, a novel control scheme for residential DR is elucidated. The proposed 
control architecture considers a uniform representation of non-homogeneous distributed 
resources and allows the participation of virtually all system users in electricity markets. 
Real-time applications for residential DR are defined which include participation and 
verification in wholesale electricity trade and real-time markets for ancillary services, 
i.e., provision of operating reserves for LFC. The objective function of an individual 
process and the control signal for real-time ADR are formulated. This section is based on 
a journal article [100], and the main contribution is the proof of concept of the DR archi-
tecture proposed in section 4.2, by utilising the model of the domestic freezer as the basis 
for a case study. The research involves the experimental verification of the proposed con-
trol and communication architecture between the aggregator and a system user in a 
laboratory environment. The convergence of the aggregate DR system under LFC is in-
vestigated through computer simulations, and the results are compared with actual mar-
ket and performance data from a conventional BS in the Netherlands. Although the case 
study is about just one typical domestic appliance, the presented ideas support the large-
scale implementation of DR programmes. 

In section 5.1, an overview of residential DR is provided, including a capacity assessment 
and an economic evaluation for the case study of the Netherlands. In section 5.2, the 
proposed control architecture is presented, and the implemented forecast-based control-
ler is described for the case of the domestic freezer. Section 5.3 is about aggregation of 
distributed resources through computer simulations, distinguishing between the opera-
tional planning, the real-time operations, the verification of the energy and service pro-
vision, and the financial settlement. In section 5.4, the simulation results are presented 
and an assessment of the aggregate DR system is performed. This chapter is concluded 
with a discussion part in section 5.5. 
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5.1 Residential demand response 
The development of DR mechanisms can provide a suitable option for the proper inte-
gration of RES and the efficient delivery of electrical power. DR can provide the means to 
limit the market power of conventional suppliers under conditions of resource scarcity, 
and to improve operational reliability in the presence of intermittent generation [24], 
[103]. The full potential of DR can be significant, but its exploration still remains a chal-
lenge, mainly due to the non-homogeneity and the distributed nature of energy re-
sources. Even though the first load management programmes were designed and imple-
mented for residential customers, their economic effectiveness was limited, or even 
negative, mainly due to the relatively low capacity of individual domestic loads, their dis-
tributed nature and the high requirements for the underlying communication infrastruc-
ture. Recent advances in ICT create new opportunities for the large-scale implementa-
tion of DSM programmes for residential customers and for close to real-time adaptation 
of the demand for electricity to the power supply [11], [104]. Residential loads that have 
been identified as applicable for DR programmes are, among others, electric vehicles, 
washing machines, dish washers, tumble dryers, electric boilers, refrigerators, freezers, 
heat pumps, and space conditioning units [77], [99], [105], [106], [107], [108]. 

The energy management of distributed resources of residential customers is a complex 
topic that shall be approached on the basis of understanding the energy utilisation char-
acteristics of residential loads (section 5.1.1), the impact of user behaviour on electricity 
demand (section 5.1.2), the capacity potential under aggregation (section 5.1.3), and the 
economic potential of residential DR participation in electricity markets (section 5.1.4). 
Given that adequate and appropriate knowledge has been formed on the above men-
tioned aspects, the question is how to effectively control a large aggregation of residential 
loads, which is the main topic of section 5.2. 

5.1.1 Residential load characteristics 

In this section, the main characteristics of residential loads are discussed, i.e., their 
physical specifications, operational functions, and energy utilisation characteristics. Dur-
ing the early developments in DSM, the focus was placed on residential customers, and 
there are two main reasons behind that choice [53]. Residential customers comprise one 
of the largest customer load segments for most utilities or service providers, as can be 
seen in figure 5.1, and residential load profiles are characterised by inefficient patterns 
that allow room for significant improvements. The point of inefficient load patterns is 
illustrated in figure 5.2, where the concept of aggregation is illustrated, based on energy 
measurements for a number of 1, 10, and 100 residencies. Measurement data were pro-
vided by a Dutch DSO company, and include energy demand figures, with a resolution of 
15 min. time intervals, for residential customers connected to a typical medium size LV 
distribution system in the Netherlands. The power demand of individual residential cus-
tomers is characterised by high irregularity, both in amplitude and frequency, as can be 
seen in figure 5.2 for the daily load profile of a random residence. However, aggregation 



5.1 RESIDENTIAL DEMAND RESPONSE  69 
 

 

of loads mitigates such phenomena, as can be seen in the plot for the aggregated profile 
of 100 random residencies. Residential demand consists of a significant fraction of the 
overall demand for electricity. The diversity among the energy requirements of different 
types of residencies are resulting mostly from variations at the lower level of electricity 
end-use, i.e., user behaviour, time-schedules, appliances characteristics, etc. As can be 
seen in figure 5.3, domestic appliances are characterised by distinct load profiles in 
terms of power patterns. The power demand of individual appliances is influenced by a 
number of different parameters attributed to technical characteristics, user behaviour, 
weather conditions, operational modes, etc., which further complicate the aggregate 
management of such resources due to their inhomogeneity. Nevertheless, the large share 
of residential customers in the overall electricity demand illustrates the opportunities for 
aggregate load management. 

 

 
(a)                                               (b) 

Figure 5.1: Energy use share by sector in the Netherlands in 2008. (a) Primary energy use [109], and  
(b) Electrical energy use [110]. 

 

 

Figure 5.2: Normalised per-unit (p.u.) daily power demand from residential customers in the Neth-
erlands (15 min. intervals), for different levels of aggregation, based on anonymous measurement data 
from March 2009 (Source: Dutch DSO).  
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(a)                                              (b) 

 
(c)                                              (d) 

 
(e) 

Figure 5.3: Measured power profiles of typical residential loads. (a) A tumble dryer. (b) A dish 
washer. (c)-(d) Two types of a washing machine, one of an old type and one of newer technology, 
where the energy efficiency improvements are visible. (e) Three different types of refrigerator systems, 
where the short-duration (~1-2 min.) power peaks (~10 W) are due to the user intervention with the 
switching on of the internal light bulb during the door openings. For illustration purposes, the inrush 
currents at the beginning of the cycles are clipped at 150 W.  
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5.1.2 User behaviour 

Residential customers consist of a particular customer class, and the diversity among 
their individual electricity demand patterns is mainly attributed to user behaviour. There 
are a number of factors that dominate the behaviour of electricity prosumers that subse-
quently shape the load profile. In engineering design processes, the importance of taking 
into consideration the user behaviour has recently been recognised not only by power 
engineers [21], but also by architects with respect to the performance of buildings [111]. 
In this thesis, the model input regarding the user behaviour consists of probability dis-
tributions of appliances use, transport and mobility patterns, etc., but in a practical ap-
plication this information could be computed locally and in a decentralised manner. In 
real life applications, this information can be generated from incorporated sensors and 
meters within the built environment, then processed in a decentralised manner, and 
transferred to the upper levels in reduced forms. It would be ideal if future EMS can be 
trained on the actual requirements of each customer, based on historical data, and opti-
mise the operation of residential loads according to the needs of the user, the devices and 
the system. Figure 5.4 illustrates the division of electricity consumption among specific 
end-uses in an average residence. Residential end-uses of electricity can be characterised 
as critical, i.e., loads which are difficult or impossible to be displaced in time and amount 
without creating a sense of discomfort to the users, or non-critical loads which are char-
acterised by some degrees of flexibility and thus are appropriate for DR programmes. 

5.1.3 Capacity assessment 

A capacity assessment of residential DR has been performed for a case study of the 
Netherlands [106], [112]. A discrete-event model was developed for this purpose, to gen-
erate samples of load profiles for different types of domestic appliances and users, based 
on probability distributions, and to simulate aggregate load-shifting actions triggered by 
an external operator. The residential loads were modelled as finite state machines, with 
the finite states representing a deterministic power demand over 15 min. time periods. A 
load-shifting action, as implemented in the model, involves two parts: an aggregate load 
reduction, and a sub-sequent energy recovery. 

Synthesis of aggregate residential load profile - In order to perform a capacity 
assessment of residential DR, it is important to create a realistic representation of the 
residential load in terms of energy volumes and time schedules. Overall, for the process 
of modelling the aggregate residential load, the following factors were considered: 

 number of residencies, 
 base-load profiles, 
 ownership rate of appliances (penetration levels), 
 probability distributions of appliances use, 
 characteristic load profiles of appliances. 
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An illustration of the synthesised load profile of an average residential customer in the 
Netherlands is provided in figure 5.5. These profiles are a product of various data 
sources related to the use of specific domestic appliances, i.e., washing machines, tumble 
dryers, dish washers, refrigerators and freezers [106], [113]. The base load profiles that 
were incorporated in the model, were constructed based on past electricity consumption 
patterns of typical residential consumers in the Netherlands [114]. 

Furthermore, charging profiles for electric vehicles were constructed, based on statistical 
data about mobility and transport in the Netherlands, as discussed in [21], [105]. The 
parameters used to construct the charging power profiles of electric vehicles were: pre-
defined user groups, arrival and departure time of users, distance driven per vehicle, ve-
hicle location, energy use per vehicle and per distance, and charging power rates. In fig-
ure 5.5, the illustrated charging profile for electric vehicles represents the situation of 
domestic uncontrolled charging, assuming that the users plug-in their vehicles when 
they return to their residencies. Note that the synthesised load profile illustrated in fig-
ure 5.5 is constructed based on aggregate data, and represents the average daily profile 
of one residential customer. Therefore, the irregularities observed in the actual daily load 
profile of a random residence (see figure 5.2) are not visible. 

 

 

Figure 5.4: Electricity demand division of an average residence in the Netherlands in 2005 [109]. 
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Figure 5.5: Synthesised average load profile for a residential customer in the Netherlands. 

 

Load-shifting actions - The effect of performing load-shifting actions is similar to that 
of utilising energy storage devices. However, contrary to energy storage technologies, 
load-shifting actions are not only capacity constrained (in terms of power and energy), 
but are also time-constrained. For instance, following a load reduction, the energy has to 
be recovered within a certain time period. The concept of load-shifting is illustrated in 
figure 5.6, where the measured power profile of the charger of a portable personal com-
puter is depicted. In this figure, around 0:30, the computer is disconnected from the 
mains and operates in battery mode. Then, around 1:24 the charger is reconnected to the 
computer and the recovery period of the load-shifting action becomes apparent. At 1:25, 
the power demand (~82 W) is almost double compared to the power levels during nor-
mal operation (~32 W). Then, after approximately 15 min., the power demand starts to 
decrease inversely proportional to the state of charge (SoC) of the battery. Around 2:22, 
the battery is fully charged and the power demand returns to normal operational levels 
(~32 W). Even though the user does not sense any inconvenience, since the computer is 
fully operational for the whole period, the power demand at the point of connection ac-
tually resembles a load-shifting action, where the load reduction while the computer op-
erates in battery mode, i.e., the active period, is followed by an increase of the load, i.e., 
the recovery period. The effect during the recovery period is similar to the cold load pick 
up effect, i.e., the power demand effect which occurs when electricity networks are reen-
ergised following a black-out. The recovery of the load, during a load-shifting action, can 
become a major concern for system operators due to the irregularity of the power de-
mand and the duration of the effect. If not controlled in an appropriate manner it can 
lead to severe network contingencies. The aggregate effect of load-shifting actions was 
assessed for different types of residential loads [106], and the aggregate load profile dur-
ing the recovery period was found to result into distinct patterns in terms of shapes and 
duration for the different types of investigated loads, as a consequence of their technical 
characteristics and the assumptions related to user behaviour. 
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Figure 5.6: Illustration of the load-shifting concept. Measured power profile of the charger of a port-
able personal computer, where from 0:30 to 1:24 the computer operates in battery mode. 

Assessment - Residential DR was assessed for the case study of the Netherlands, and 
verified to be a significant resource in terms of capacity. Considering only a fraction of 
the total residential customers participating in DR programmes, i.e., 30% from a total of 
7.2 million residencies equipped with controllable loads, the aggregate capacity was 
found to be comparable to a power plant of ~580 MW during peak afternoon hours, 
while the load reduction could be sustained for approximately one hour [112]. The simu-
lation scenarios revealed two potential applications, the utilisation of residential DR to 
cope with contingencies, and to follow stochastic generation from RES [112]. The avail-
able capacity of residential DR was quantified for large aggregation of customers, and 
subject to certain constraints related to user behaviour and technical aspects. Individual 
customers have limited capacity thus aggregation is required, but at the same time ag-
gregation of resources reduces uncertainty since variations in power demand from indi-
vidual customers are cancelled out with each other. Furthermore, each electrical appli-
ance has specific characteristics, subject to technical constraints and user acceptance. 
For the available time of load interruption, which in general is defined by the user, some 
rational assumptions were made [106], [112]. Aggregation of even a few thousands cus-
tomers can make residential DR uniform enough to be considered as a system resource. 
Though, it differs from conventional operating reserves, e.g., from a single large thermal 
power plant, since the aggregate available capacity varies during the day. However, even 
with the simple and non-intrusive intervention approach of applying a short interrup-
tion, it is considered a significant resource in terms of capacity [106].  

5.1.4 Economic potential 

An economic assessment of residential DR has been performed and presented in [113], 
with focus on the potential cost-savings that might arise due to participation of residen-
tial customers in the APX day-ahead auction [37], and the Dutch balancing market [35]. 
For this purpose, a model for residential DR was developed that utilised as input histori-
cal market data. The model was built around the concept of the aggregator that contracts 
large amounts of residential customers and coordinates them under different objectives.  
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Basically, the model synthesises a daily load profile of Dutch residential customers with a 
resolution of 15 min. time periods, similar to the one depicted in figure 5.5, to represent 
the aggregate energy demand of domestic appliances and electric vehicles. For the day-
ahead optimisation, the model utilises as input historical day-ahead market clearing 
prices, and the model is run with the objective of cost minimisation, whereas the output 
is an updated time schedule for each group of appliances. For the real-time balancing, 
historical market data of the Dutch TSO were utilised as input [115]. The model consid-
ers the system state at each settlement period, i.e., 15 min. time intervals, and acts ac-
cording to the system imbalance, and subject to the technical constraints and user be-
haviour. An overview of the computed annual economic benefits is provided in figure 5.7. 
Given the assumptions made in this study [113], regarding the technical capabilities of 
controllable loads and user behaviour, the depicted values in figure 5.7 provide an esti-
mation of the potential economic benefits. Overall, simulation results show that the po-
tential economic benefits of residential DR participation in the Dutch day-ahead and 
balancing markets are relatively low on a per residence basis, but not negligible for the 
business case of the aggregator. Note that the potential cost-savings of residential DR 
depicted in figure 5.7 are calculated by utilising historical day-ahead market clearing 
prices as reference values, and assuming that residential customers are allowed to oper-
ate on these markets. Nonetheless, by taking into account the differences between retail-
ing tariffs for residential customers and clearing prices in forward, future and spot mar-
kets, there is an additional margin for the aggregator to further maximise revenues or to 
minimise costs. Furthermore, the utilisation of historical market data as input for simu-
lations cannot capture the uncertainty of future price developments, especially for elec-
tricity which is currently traded in increasingly deregulated environments and in parallel 
with the further integration of intermittent energy sources. 

A major barrier for the wide development of residential DR control schemes is the re-
quired capital investment associated with residential EMS and the underlying communi-
cation infrastructure. To overcome this issue, additional sources of revenues should be 
identified, perhaps through complementary applications, e.g., by linking electricity DR 
with other energy carriers such as natural gas, and thermal energy, and by addressing 
mutually the energy management with building automation systems. In buildings, there 
are a number of interactions between architectural characteristics, user comfort, and en-
ergy use [116]. Apparently, an EMS for buildings should be able to consider mutually all 
these aspects. In this respect, an integral building automation system could address mul-
tiple applications, such as multi-objective optimisation of energy use, e.g., electrical 
power management, and buildings characteristics, e.g., controlling shading devices 
mounted on facades. A holistic approach could lower the amount of the required invest-
ments for both applications, and result to increased user comfort and acceptance. Con-
cluding, in an electrical power system where large scale energy storage solutions are not 
available, residential DR can become an interesting business case for new market entries 
such as aggregator companies, provided that constructive regulating reforms are imple-
mented to allow the active participation of the demand side in electricity markets. Pri-
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mary, the aggregator is expected to take advantage of price differences between forward, 
future, spot markets and the retailing price for electricity. The aggregator can utilise the 
controllable loads to reduce risks while planning under uncertainty, especially with re-
spect to the integration of intermittent generation, whereas participation in ASM can 
provide additional revenues. 

 
Figure 5.7: Estimated annual cost reduction per residence from residential load control participation 
in the Dutch day-ahead and balancing markets [113]. 

5.2 The control architecture 
In this section, a decentralised control structure with a global coordinator, i.e., the ag-
gregator, is presented. The aggregator is the operator of a VPP which consists of an ag-
gregation of distributed resources. The focus is on the interactions between the aggrega-
tor and a number of associated system users (or groups of system users), i.e., the VENj, 
with j=1, ..., N. The proposed scheme considers a decentralised control structure and a 
uniform representation of non-homogeneous distributed resources, since each resource 
is not distinguished from another based on its physical specifications and operational 
functions, but based on the characteristics of energy utilisation. As discussed in chapter 
4, the developed case studies are not solely based on the application of the generic 
framework but are characterised by intrinsic innovative aspects with respect to the im-
plied business and the approach to the specified control problem. Prior to proceeding 
with the detailed design, the main characteristics of the proposed residential load control 
system are outlined. 

5.2.1 Background 

Based on the overview of residential DR which is provided in the previous paragraphs, it 
becomes apparent that residential loads of individual customers are characterised by 
limited capacity and controllability. Therefore, aggregation is required to consider resi-
dential DR as a system resource. The topic has been approached by many researchers 
through central optimisation architectures and direct load control techniques. Though, 
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centralised approaches for the control of a large aggregation of devices are restricted in 
terms of time response due to the associated computational burden which is increasing 
with an increasing number of controlled devices. Furthermore, central optimisation ar-
chitectures require the transmission of all input data from distributed resources to a cen-
tral controller, which introduces additional burden on existing communication networks. 
User acceptance is also confronted by centralised load control architectures due to pri-
vacy concerns, whereas users oppose to direct load control schemes which might inter-
fere with their comfort levels. 

The proposed control scheme is characterised by decentralised decision making, distrib-
uted computation, and hierarchical control, and ensures that no sensitive data, related to 
user behaviour, requirements and schedules, are transmitted outside the premises of a 
system user. All local objectives and constraints are processed locally and only aggregate 
and reference data are communicated outside the users’ premises. Therefore, the pro-
posed control scheme can tackle privacy concerns and contribute to higher user accep-
tance. Furthermore, the existence of the EMS located within the premises of a system 
user entails another advantage; a scalable and generic architecture, where models, objec-
tives and constraints can be revised through software updates, ensuring that the applica-
tion of the proposed framework will not become obsolete in the future due to unforeseen 
developments. 

Considering the special characteristics of residential customers, who are in principle 
non-professionals seeking for a protective pricing environment and means to avoid high 
risks, the concept of voluntary participation in DSM appears to be rather attractive. Ex-
perience shows that end-users might perceive in a more positive way the concept of vol-
untary load control which refers to customers’ use of load control devices or response to 
pricing signals [56]. In the proposed control scheme, the objective function of an indi-
vidual user reflects a voluntary nature (see section 5.2.3), which ensures a fast response 
to the aggregator’s request, subject to the technical constraints and the capabilities of the 
user’s associated distributed resources. Price-based approaches also reflect a voluntary 
nature, but might result in a rather uncertain aggregate response as a consequence of 
users’ objectives and employed technology. Furthermore, in most of the references in the 
technical literature, which are dealing with price-based control, the focus is on utilising 
DR as an hourly energy resource [80], [81], [82]. Even though the scheduling of the de-
mand on an hourly basis can provide an efficient resource for many applications, the 
challenge is to shape the demand for electricity to support fast regulation.  The applica-
tion of a price-based control scheme with a shorter time resolution, e.g., on a minute ba-
sis, will most probably be opposed by relatively small users, i.e., the case for most resi-
dential customers, since they will have to adjust their activities within this narrow time-
scale. The main idea behind the proposed control scheme is to be able to exploit the 
flexibility, which is inherent in an aggregation of residential customers, for the provision 
of system services, while the responsibility is spread among all system users. To achieve 
this, the control signal has to be effectively formulated to address all those diverse needs 
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originating from the lower level, i.e., the device or the user, to the global level, i.e., the 
system. Furthermore, the incorporation of a prediction horizon for optimisation pur-
poses is particularly useful, especially considering the uncertainty related to intermittent 
energy sources in the power system.  

5.2.2 Predictive control 

An internal model is utilised to predict the future response of the freezer appliance, 
which forms the basis for the investigated case study. The domestic freezer operates in 
two states depending on whether the compressor is turned on or off. Given the state of 
the appliance, the developed software model of the freezer operation is based on a dy-
namic energy balance equation [108]: 
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where T(k+1) is the temperature inside the freezer at sample time k - con) is 

sample time period in hours con=M/A is the time constant, 
M is the total thermal mass in Wh/°C, A is the overall thermal conductivity in W/°C, o

kT  

is the ambient temperature in °C at time period k
and Pk is the electrical power demand in W at time period k. Given the state of the appli-
ance, the temperature inside the freezer is typically assumed to evolve according to a 
first-order ordinary differential equation of the form [104]:  
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During computer simulations, described in (5.3), the electrical power demand pk is as-
sumed to be constant at 70 W when the state is on, and 0 W when the state is off. During 
the experimental phase, Pk is modelled as an exponential function, according to (5.3), to 
improve the forecast accuracy (see figure 5.8b). 
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where Pcon and Pnom are power constants, i.e., Pcon=16 W and Pnom=64 W, kon corresponds 
to the sample time that signifies the beginning of the most recent on 
is the decay constant. The constants in (5.3) are defined based on experimental data. The 
developed software model of the freezer operation is verified based on measurements 
obtained from the experimental setup. During computer simulations, the sample time 
period is set to four seconds. The forecast-based controller of the jth process receives in 
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real-time an external signal from the aggregator which consists of a trajectory signal 
s(k+i|k) over a receding prediction horizon, i=1,…, ihorizon. The notation s(k+i|k) indicates 
that the trajectory signal depends on the conditions at current time instant k [87]. The 
trajectory signal s(k+i|k) actually represents short-term requests for collective DR ac-
tions. Thus, when upwards regulation is requested the energy consumption of the freezer 
over the prediction horizon is minimised and the internal temperature of the freezer is 
kept on the upper temperature boundary, whereas when downwards regulation is re-
quested the energy consumption is maximised and the internal temperature is kept close 
to the lower temperature boundary (see figure 5.8). 

5.2.3 Objective function 

Once the aggregator has transmitted the trajectory signal s(k+i|k), then each system user 
can respond in a decentralised manner based on a local optimisation problem. The jth 
system user performs a model-based optimisation over the prediction horizon and sends 
back to the aggregator the reference trajectory rj(k+i|k) about the part of the request that 
can be fulfilled. The reference trajectory of the jth process is equal to the difference be-
tween the optimised power output Popt,j(k+i|k), and the predicted power output trajec-
tory Pth,j(k+i|k) under the standard thermostatic control, over the prediction horizon, 
i=1,…, ihorizon. An example of the model-based predictions, both for the power and tem-
perature profiles, is given in figure 5.8. The reference trajectory rj(k+i|k) can be written: 

j opt j th jr k i k P k i k P k i k, ,( | ) ( | ) ( | ) 5.4 

 
The objective of the optimisation that lies at the basis of the controller of the jth process 
is formulated as a process that maximises the service provision offered to the aggregator, 
i.e., maximises the energetic contribution, over a time horizon of i steps, i=1,…, ihorizon, 
starting at current time instant k and subject to constraints, while contributing to the 
signal s(k+i|k). In a classical problem formulation, the objective function should account 
for the sum over the prediction horizon:  
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However, in this work, a different approach is followed. The objective function of an in-
dividual user has been formulated to account separately for each discrete time interval i 
over the prediction horizon, and the optimised power profile Popt,j(k+i|k) is generated in 
an iterative way. The optimisation goal is to minimise or maximise the objective function 
depending on the sign of the trajectory signal s(k+i|k): 
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Initially the controller of the jth process looks at the first time interval i=1, over the pre-
diction horizon, and depending on the sign of the set-point s(k+1|k) defines the input 
uj(k+1) which satisfies the objective function. The input uj(k+1) actually consists of a 
switching on/off command for the jth process, i.e., the jth freezer. Then the iteration step 
increases i=i+1 and the whole process is repeated. Therefore, the objective function re-
flects a voluntary nature, and even though the power profile Popt,j(k+i|k) might not be 
optimal over the whole prediction horizon, the reason behind this design choice is two-
fold; first to provide a fast response to the aggregator’s request, starting at the next sam-
ple time k+1, subject to constraints and the capabilities of the jth freezer at time instant 
k, and second to cope with the uncertainty related to the length of the prediction horizon 
since both the power system state and the domestic freezer operation are characterised 
by high dynamics. Furthermore, the freezer is characterised by low controllability due to 
the relatively low thermal mass and the user intervention. 

5.2.4 Constraints 

The operation of an individual freezer is locally controlled in order to comply with the 
request received by the aggregator, while dealing with system constraints and external 
influencing factors such as ambient temperature and user behaviour. The temperature 
limits inside the freezer are considered as hard constraints, to ensure that the stored 
food items are properly preserved. The quasi-steady-state evolution of the temperature 
Tj  inside the compartment of the jth freezer is bounded within the range of  °C to 

18 °C. Furthermore, in order to avoid any mechanical stress to the compressor that 
might be caused due to fast actuations, a minimum on operational time of five minutes is 
considered during the simulations and experiments.  The constraints, related to the op-
eration of the freezer, can be written as: 

jT24 C 18 C 5.6 

on 5 min. 5.7 

 

5.2.5 Experimental research 

The experimental part of this research involved the empirical verification of the pro-
posed communication and control architecture between the aggregator and an individual 
system user in a laboratory environment. The case study refers to a system user, e.g., 
VENj, who is associated with the jth process, i.e., the controllable domestic freezer. In 
this section, the implemented communication and control architecture are described, 
and the experience gained during the experimental verification is analysed. The experi-
mental setup has been presented in [99], and comprised of three main parts: the sensing 
infrastructure, the communication infrastructure and the model-based predictive con-
troller. The sensing infrastructure was put in place to monitor all the concerned parame-
ters: the internal air temperature of the freezer and the ambient temperature were moni-
tored through integrated temperature sensors, while the power demand was monitored 
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by using an energy metering integrated circuit [117]. The communication infrastructure 
relied on the Zigbee low-power communication protocol which is based on the IEEE 
802.15.4 standard [118]. An actuator, composed of a solid-state relay circuit, was con-
trolling the freezer operation by turning its compressor on and off whenever it received a 
control signal from the implemented EMS. The latter actually consisted of a computer 
which was the physical accommodation of the controller that was processing the meas-
ured data and was defining the future inputs for the actuator based on a local optimisa-
tion problem. All software codes were written in Matlab [119].  

During the laboratory experiments, all measurements were conducted on a per second 
basis, whereas the control actions were performed on a per minute basis. This is a dis-
tinct case compared to the computer simulations, described in section 5.3, where both 
the sample time interval for performing the control actions and the sampling interval for 
analogue measurements is set to four seconds to address the Dutch LFC system. Even 
though, the experimental controller was initially designed to operate closer to real-time, 
i.e., with a time interval of 4 sec., it was eventually decided to apply the control inputs on 
a per minute basis due to practical reasons related to the laboratory ICT infrastructure. 
Specifically, the sampled measurements, i.e., temperature and power values, were acces-
sible by the experimental controller through a web-based interface located in a university 
server. Since this web-based interface was primarily designed for pedagogical purposes 
on the topic of energy use and not for supporting real-time applications, the time delay 
for accessing the sampled data could take values up to one minute, which restricted the 
application of faster control actions during the laboratory demonstration. Nevertheless, 
beyond this unavoidable adaptation, the ADR experiment was successfully demon-
strated, illustrating the possibilities for real-life applications. 

5.2.6 Automated demand response 

ADR refers to an automated notification process between the system operators and the 
system users. Considering an advanced sensing and communication infrastructure, 
automated functions can be effectively designed that require minimum user intervention 
[80]. The real-time operation of the experimental freezer, under ADR, was demonstrated 
in a laboratory environment. In figure 5.14, a histogram of all the measured temperature 
samples (scaled up by a factor of 102) inside the compartment of the experimental freezer 
is presented. As can be seen in this histogram a number of the measured temperature 
samples from the experimental freezer fall outside the temperature limits formulated in 
(5.6). The temperature inside the experimental freezer was found to evolve within the 

iolations observed with the measurement data 
are attributed to the time interval of one minute for performing the control actions and 
the accuracy of the temperature sensors. During the laboratory experiments, the control 
actions were performed on a per minute basis which might allow the temperature inside 
the freezer to evolve over the temperature limits, whereas the temperature sensor placed 
inside the freezer compartment had an accuracy of 0.25 °C. Nevertheless, it is expected 
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that in a designated practical system for real-time applications the control actions can be 
performed closer to real-time and operational constraints can be respected. 

An example of the real-time operation of the experimental freezer is illustrated in figure 
5.8, considering that the current time is t=0 min. and the prediction horizon covers a pe-
riod of one hour. In this example, from t=0 min. and until t=30 min. the aggregator re-
quests upwards regulation, i.e., generation increase or load reduction, whereas from 
time t=30 min. and until t=60 min. the aggregator requests downwards regulation, i.e., 
load increase. As can be seen in figure 5.8, following the request from the aggregator at 
t=0 min., the local controller of the jth process, i.e., the controllable experimental 
freezer, optimises the short-term power demand of the appliance to minimise the energy 
demand until t=30 min. and then to maximise the energy demand from t=30 min. until 
t=60 min., subject to constraints. In figure 5.8, it can be observed that around t=30 min. 
the actual freezer cycle starts earlier than indicated based on the model-based predic-
tion. This is due to a forecast error, considering that the particular model-based predic-
tion is performed at t=0 min. Forecast errors will inevitably occur due to model imper-
fections and other disturbances related to user intervention, and deviations are expected 
between the predictions and the actual operation of an individual freezer and pattern. As 
discussed in the following section, the proposed method counteracts this effect through 
the feedback loop that is structured at the aggregator level. 

During the experimental phase of the research it was observed that the objectives for DR 
can be in conflict with the general objectives for increasing efficiency, equivalently reduc-
ing electricity consumption. Specifically, when downward regulation is requested 
(equivalent to energy demand maximisation), the freezer is commanded to operate close 
to the lower temperature boundary. Thus, the average temperature difference between 
the interior of the freezer and the ambient environment is larger during downward regu-
lation. This can be translated to higher energy losses due to convective heat transfer. 
Simulation results indicate that the daily energy consumption of the freezer is increased 
by approximately 10% when downward regulation is performed throughout the day, 
given the ambient temperature o

kT  variations within the range of 20 °C to 28 °C in the 

laboratory environment. Contrary, when upwards regulation is performed, the daily en-
ergy consumption of the freezer is decreased by approximately the same percentage. 

5.3 Computer simulations  
The convergence of the aggregate DR system is investigated through computer simula-
tions. In an effort to demonstrate the potential of utilising DR resources in real-time 
electricity markets, the developed scenario addresses the LFC coordinated by the TSO. 
The simulation pseudo-code for the real-time operations is provided in the Appendix 
based on the descriptions in sections 5.2.3 and 5.3.4. 
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(a) 

 
(b) 

Figure 5.8: Illustration of the real-time operation of the controllable freezer, considering that at cur-
rent time t=0 min. and until t=30 min. the aggregator requests upwards regulation, i.e., generation 
increase or load reduction, whereas from time t=30 min. and until t=60 min. the aggregator requests 
downwards regulation, i.e., load increase. Predicted profiles under the optimised and thermostatic 
mode of operation, and measured profiles. (a) Temperature. (b) Power. 

5.3.1 Simulation scenario 

For analysing the response of the aggregate DR system, the developed simulation sce-
nario focuses on the Netherlands and covers a period of 24 hours. During the operational 
planning (a priori), which is described in section 5.3.3, the timescale corresponds to dis-
crete time periods of 15 minutes, in line with the defined settlement periods for energy 
scheduling and verification in the Netherlands. During real-time operation, which is de-
scribed in section 5.3.4, the sample time period is set to 4 sec., inspired by the Dutch sys-
tem design for LFC. The underlying business model in the developed scenario sets dis-
tinct roles among all system actors. The aggregator represents, up to markets and the 
system operators, one thousand residential customers equipped with controllable freez-
ers. Emphasis is given on the operational planning with respect to the day-ahead auction 
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in the Netherlands [37], and the real-time market for operating reserves which is organ-
ised by the Dutch TSO [35]. The interactions between the system actors during the op-
erational planning, the real-time operations, and the verification phase are further dis-
cussed in the following paragraphs. 

5.3.2 The load profile 

In order to assess the performance of the aggregate DR system, it is important to create a 
realistic representation of the aggregate residential load in terms of energy volumes and 
time schedules. The aggregate power demand can be distinguished between the non-
controllable base load and the controllable load due to the domestic freezers. The base 
load profiles that are incorporated in the simulation model, are constructed based on 
past electricity consumption patterns for typical customers in the Netherlands [114]. The 
aggregate load profile of the domestic freezers is constructed based on the model de-
scribed in section 5.2.2. For performing the day-ahead simulation, a population of 1000 
freezers is commanded to operate under standard thermostatic control for two consecu-
tive days. The reason for running the algorithms for two days sequentially is to initialise 
the simulation model during the first day and to describe in a satisfactory way the 
steady-state after one day of operation, to obtain a realistic aggregate behaviour of the 
freezers during the second day. The results of the first day of simulation are discarded 
whereas the states and internal temperatures of the population of freezers at the begin-
ning of the second day of simulation are recorded in two vectors for further use in the 
real-time simulations. The power demand predictions of individual freezers for the sec-
ond day of simulation are added up to generate a vector representing the aggregate 
power demand of the controllable freezers under standard thermostatic control. 

The user intervention has been integrated in the model by analysing the impact of the 
door openings and the thermal mass variations, based on experimental data [99]. Other 
disturbances due to external conditions, e.g., ambient temperature variations, are meas-
ured and used as input in the disturbance model which subsequently feeds the controller 
and the process model. Thermal mass values corresponding to minimum, medium and 
maximum load are equally distributed among the population of freezers. The user inter-
vention is assumed to occur in three distinct forms through door openings, load intro-
duction, and load removal. The user intervention is simulated based on data reported in 
[120] about the daily frequency of door openings of refrigerator systems in European 
residencies. Given the fact that, compared to refrigerator systems, freezers are less ex-
posed to user intervention [120], the data were adapted and a certain distribution of 
door openings during a period of 24 hours is assumed for the population of simulated 
freezers. Data regarding the introduction of new load into the freezers are also included 
in the model by assuming a certain amount of load introduction per freezer and per 
week. Figure 5.9a depicts the simulated load profile for 1000 residencies, distinguishing 
between the base load and the aggregate load of the domestic freezers. 
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(a) 

 
(b) 

Figure 5.9: Simulated aggregate load profiles in 15 min. time intervals for one thousand residencies 
equipped with controllable freezers. (a) The residential base load and the aggregate load including the 
freezers load. (b) Aggregate freezers load and energy capabilities for operating reserves. 

5.3.3 Operational planning 

According to the descriptions in section 2.3.2.2, during the day-ahead operational plan-

ning the aggregator defines an energy schedule dacE l( ) which can be represented by a 
piecewise function with a finite value for each settlement period, l=1, …, 96, of 15 min. 
duration. The energy schedule represents the energy volumes which have been cleared 
through long-term (forward and future markets) and short-term trade (spot markets), 
and an example is illustrated in figure 5.9a. The energy schedule is constructed based on 
individual prediction signals that are sent from the system users, i.e., the VENj, with j=1, 
..., N, to the aggregator, and cover a period of 24 hours starting at the first sample time 
period of the operational day. 
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Following the clearing of the day-ahead market [37], the system users submit to the ag-
gregator their energy capabilities for ancillary services, i.e., for the provision of frequency 
restoration reserves [35]. For the case of the domestic freezer which is represented by 
the jth system user, i.e., the VENj, the energy capabilities for upwards and downwards 
regulation correspond to the minimum and maximum energy consumption that can be 
achieved by the jth process. These energy capabilities are calculated for each lth settle-
ment period separately, considering that the investigated DR system is in steady-state at 
the (l 1)th settlement period. The aggregator collects and processes all information from 
associated system users, creates aggregate bids for frequency restoration reserves, and 
submits these bids to the operator of the real-time balancing market. The bids for fre-
quency regulation reserves are in the form of a piecewise function with a finite value for 
each settlement period of the day-ahead. 

An example of the aggregate energy capabilities of the investigated DR system for the 
provision of operating reserves is given in figure 5.9b, both for upwards and downwards 
regulation. Note that the plotted curves of energy capabilities for frequency regulation in 
figure 5.9b should not be directly interpreted as formulated bids to be submitted to the 
market for operating reserves. Actually, the aggregator should implement a strategy 
about transforming the energy capabilities for upwards and downwards regulations into 
market bids of operating reserves. This strategy should aim in the efficient utilisation of 
the aggregate DR resource. Since the demand for electricity varies as a function of time, 
the capacity that can be provided from DR mechanisms is also subjected to the timing 
and the duration of the request. 

In the case that a bid corresponding to the lth settlement period is activated, then the 
bids in consequent settlement periods will be affected. The latter holds especially for DR 
actions provided by controllable loads since a regulation-up or regulation-down action at 
time instant k will influence the functional specifications and energy capabilities at sub-
sequent time intervals k+i, where i=1,…, n. Therefore, the available DR capacity is rela-
tively erratic and it is essential to continuously maintain a forecast of resource availabil-
ity. To elucidate this point, consider the case that at current settlement period l, the jth 
freezer participates in ancillary services provision, e.g., upward regulation actions. In 
such a case, the day-ahead prediction regarding the energy capabilities of the jth freezer 
for the subsequent settlement periods, e.g., l+1, l+2, etc., is no longer valid. To overcome 
this problem, at each sample time period the VENj utilises the internal freezer model to 
create new forecasts about the energy demand and capabilities over the prediction hori-
zon, which are then forwarded to the VTN. The summation of those forecasts for j=1, …, 
N, at the VTN level provides the aggregator with the crucial information about modified 
energy demand and capabilities over the prediction horizon.  

In the case that the aggregate DR capacity is almost depleted, e.g., due to long and large 
request for regulation, it is important for the aggregator to be able to submit updated 
bids for frequency restoration reserves to the system operator. Given the particular char-
acteristics of DR resources, market design must be adapted to allow for frequent and 
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close to real-time updates of available reserves for ancillary services. For instance, this 
option is not possible in the current design of the imbalance settlement system in the 
Netherlands, where a conventional BS has to reserve capacity on an annual basis and 
submit bids for secondary frequency regulation during the day-ahead [35]. 

5.3.4 Real-time operations 

The proposed scheme is based on feedback control at the aggregator, i.e., the VTN, and 
predictive control at each associated system user, i.e., the VENj. The real-time operation, 
under the proposed control scheme, is illustrated in figure 5.10 where it is assumed that 
each VENj represents only one process. For example, the jth VEN, e.g., a residential cus-
tomer, has an internal model which is used to predict and optimise, based on local objec-
tives, the behaviour of the jth process output yj(k), i.e., the freezer power demand, over a 
future prediction horizon of discrete steps i=1, ..., n, starting at current sample time k. 

In discrete time control procedures, the calculations take place at discrete steps which 
are defi e-

ec. corresponds to 
n=21 600 discrete time periods. In the proposed control scheme, the aggregator defines 
in real-time a control (coordination) trajectory signal s(k+i|k), and then broadcasts this 
signal to all associated VEN (under a certain control area) at current time instant k. 
Then, each system user can decide internally and in a decentralised manner how to re-
spond to this control (coordination) signal. The trajectory s(k+i|k) actually represents 
the short-term objectives for DR, and is constructed based on information about: real-
time requests from system operators for the provision of ancillary services, short-term 
predictions regarding the system state, and past control errors. Past control errors refer 

to deviations from the average power day-ahead contract dacP l( ), where l=1, …, 96,  for 

s of the operational day, whereas the real-time requests from 
system operators can refer, among others, to the TSO signals for LFC. To represent the 
TSO requests towards the aggregator, and to simulate the LFC signal, actual data of Ten-
neT, the Dutch TSO, are utilised [115]. The actual LFC signal is scaled down, within the 
range of ±20 kW (see figure 5.13b), to fit the nominal capacity of the aggregate DR sys-
tem (see figure 5.9b). The trajectory signal s(k+i|k) at current sample time k consists of 
the sum of two trajectories; a short-term prediction trajectory of the power deviation 

P(k+i|k) which accounts for LFC requests, and a power deviation trajectory 
dP(k+i|k) which accounts for corrective actions in the case of deviations from the de-

fined power schedule dacP l( ): 

s k i k P k i k dP k i k( | ) ( | ) ( | )  5.8 
 

Since the focus of this work is not on the forecasting methods, it is assumed that a fore-
P(k+i|k) trajectory is available, resembled by the actual data of the Dutch 

TSO. In a real life application, a short-term forecast of the LFC signal can be generated 
based on time series prediction methods.  
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Figure 5.10: The simulation control model illustrating the real-time operations at time instant k. The 
VTN represents the aggregator, whereas the jth VEN is illustrated together with the EMS block. 

For the base load demand, it is assumed that the real-time power demand is equal to the 
forecast of the day-ahead, illustrated in figure 5.9a. The aggregate base load ybase(k) is 
summed up, at the aggregator level (see figure 5.10), with the power demand of all the 
controllable freezers yj(k), for j=1, …, N. During computer simulations, it is assumed that 
the internal model of the jth process also creates a perfect forecast for the power demand 
yj(k) of the jth freezer. This assumption does not influence the validity of the research 
but assists in illustrating the concept through computer simulations. As explained in the 
following paragraph, the trajectory signal s(k+i|k) that is defined by the aggregator at 
time instant k, takes into account any difference between the day-ahead energy schedule 
and the actual delivered energy up to time instant k. Even though forecast errors will in-
evitably occur due to model imperfections, the feedback loop is structured at the VTN 
level to overcome those errors. 

The power deviation trajectory dP(k+i|k) is defined by the aggregator in real-time based 
on an energy balance equation for each settlement period, that incorporates the day-
ahead energy contract, the actual VPP output y(i) up to current time instant k, and the 

P(i). Starting at the beginning of the lth 
settlement period and up to the current time instant k, the difference between the energy 
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contract dacE l( ) and the delivered energy (sum of the aggregate output but excluding the 
energy content due to the LFC requests) define the energy content that must be delivered 
until the end of the lth settlement period, i.e., the product v(k l s k : 

k
dac

s
i l

E l y i P i v k l k
225 ( 1) 1

( ) ( ( ) ( )) ( ) ( )  5.9 

 

where i l l, whereas the aggregator has to comply with the energy 
contract dac dac

sE l P l( ) ( ) , for each settlement period, l=1, …, 96, of the operational day. 

The value v(k), calculated at current time instant k, actually defines a new power set-
point for the remaining time until the end of the lth settlement period that accounts for 
any energy imbalance up to time instant k. Therefore, the value v(k) should be set to zero 
for all the time instants over the prediction horizon that correspond to the (l+m)th, set-
tlement periods, with m=1, …, M. The power deviation trajectory dP(k+i|k), for i=1,…, 
ihorizon, is formulated as: 

dacdP k i k v k P l( | ) ( ) ( ) 5.10 
 

The aggregator defines and broadcasts in real-time the trajectory signal s(k+i|k) to all 
associated system users, i.e., the VENj, with j=1, ..., N. Each individual VENj obtains the 
trajectory s(k+i|k), and checks based on predictions whether it can (partially) contribute 
to the requested action. Then, the VENj sends back to the aggregator the individual ref-
erence signal rj(k+i|k) which includes the information about the part that can be ful-
filled. The aggregator receives the signal rj(k+i|k) and performs consistency checks, e.g., 
overshooting avoidance. Then, sends back to the VENj a discrete binary signal, i.e., wj(k)

{0,1}, to indicate rejection or acceptance with respect to rj(k+i|k). In case of acceptance, 
the VENj performs the control action and the first input uj(k) is applied in the jth proc-
ess. Subsequently, the aggregator subtracts the fulfilled actions (based on the sum 
r(k+i|k jrj(k+i|k)), re-calculates and forwards the updated trajectory signal 
s(k+1+i|k+1) and the whole process is repeated. This is called the receding horizon strat-
egy, since the prediction horizon remains of the same length [87]. The aggregate net 
power use and generation at current time instant k is the VPP output y(k jyj(k). The 
aggregator’s goal is to control the future power output y(k+i) according to market con-
tracts (cleared volumes on long-term and short-term markets) and the real-time re-
quests from system operators. In figure 5.11, the operational architecture of the second 
case study is depicted, where the main entities and interfaces are graphically illustrated. 

5.3.5 Time response delay 

Advances in ICT can enhance the development of real-time control and automation 
schemes. However, closed-loop control systems, especially via the Internet, are very dif-
ficult to implement practically due to their stochastic nature [76]. The computational 
time delays due to algorithmic optimisation at the controllers and the time delays caused 
by data transmission can impact the performance of the control system. Taking as a ref-
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erence the time instant that the TSO sends the LFC signal to the aggregator, the actual 
provision of the requested operating reserves will occur with some inevitable time delay, 
i.e., the time response delay, mainly due to physical limitations. Therefore, in a practical 
system, it is important to account for computational and communication time delays. 
The time sequence of a full control cycle between the aggregator and an individual sys-
tem user is shown in figure 5.12. A control cycle is initiated by the system operator send-
ing a request to the aggregator, P(k). At the same time, the aggregator cal-
culates the aggregate power output y(k) and subsequently defines and broadcasts the 
trajectory signal s(k+i|k) to all individual system users. Then, the jth system user per-
forms a forecast-based optimisation of the jth process over the prediction horizon, i=1,…, 
ihorizon, and sends back to the aggregator the reference signal rj(k+i|k) about the part of 
the request that can be fulfilled. The aggregator receives the individual reference signal 
from the jth system user, checks if the aggregate response is larger than the actual re-
quest, and subsequently accepts (or rejects) the reference signal by sending back to the 
jth system user the binary notification signal wj(k). In case of acceptance, the jth system 
user performs the requested control action by applying the first input to the jth process.  

 

 
 

Figure 5.11: Schematic of the operational architecture of the first case study. The aggregator is the 
coordinator of a virtual power plant which consists of an aggregation of distributed resources. The 
main domains, entities and interfaces are graphically illustrated. 
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The total time delay of a full control cycle can be written as: 

delay AB BC CD DE EF FG GH HI  5.11 

 
delay AB CD EF GH HI refer to the 

one- BC is the computa-
tional time at the aggregator side for defining the trajectory signal s(k+i|k DE is the 
computational time at the system user side, (including the time delay in the channel be-

FG is the computational time at the aggregator 
side for performing consistency checks. At the aggregator side, the computational time 

BC for defining the trajectory signal s(k+i|k) FG for checking 
the reference signal of the jth system user are considered as negligible. The computa-

DE due to optimisation of the jth process, i.e., for generating the one hour 
predictions for the freezer power consumption and temperature profiles, is calculated by 
using Matlab measures for performance [119], and was found to be 0.47 seconds.  

In telecommunication systems the network latency in a packet-switched network is often 
measured round-trip. In [76], experimental results show that for internet-based control, 
where the controller and plant sides are placed at different locations, the round-trip time 
delay between the two sides varies from 0.32 to 0.56 sec., for the case where the plant 
side is located in Europe while the controller side is located in Asia. Therefore, assuming 
a one-way time delay of 0.50 sec. can be considered as a conservative assumption. In or-
der to account for the above mentioned time delays, in this work it is assumed that the 
total time delay due to data transmission and computational time accounts for 8 sec. in 
total. Given the reported figures in literature, and calculated values from the imple-
mented experimental controller, it can be stated that the assumed time delay of 8 sec. is 
considered realistic but rather conservative at the same time. 

 

Figure 5.12: Time sequence of a control cycle. A: Instant at which the system operator sends the 
value P(k) to the aggregator. B: Instant at which the aggregator receives the packet. C: Instant at 
which the aggregator sends the signal s(k+i|k) to the system users. D: Instant at which the jth system 
user receives the packet. E: Instant at which the jth system user sends the signal rj(k+i|k) to the ag-
gregator. F: Instant at which the aggregator receives the packet. G: Instant at which the aggregator 
finalises the consistency check and sends the signal wj(k) to the jth system user. H. Instant at which 
the jth system user receives the packet. I: Instant at which the actuator of the jth process receives and 
applies the future control input sequence. 

A B C D E F G H I

AB BC CD DE EF FG GH HI

delay
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5.3.6 Verification and financial settlement 

The verification of the service provision by the TSO and the financial settlement by the 
MO are performed a posteriori, i.e., after the operational day. Any imbalance with re-

spect to the energy contract dacE l( ) must be internally solved by the aggregator before 
the end of the lth settlement period, or settled with the TSO through the imbalance set-
tlement [35]. This can be expressed through the following equation: 

l
dac

s s
i l

y i P i E l z l
225

225 ( 1) 1
( ( ) ( )) ( ) ( )  5.12 

 

where i l l, whereas the aggregator has to comply with the day-ahead 

energy contract dacE l( ), l=1, s of the following day, 
while excluding the energetic contribution due to LFC requests. Any mismatch from the 
day-ahead contract will be regarded as an imbalance z(l) for the lth settlement period. 
For the verification of the provision of operating reserves by the TSO, apart from the 
real-time measurements of the VPP output y(k), a reference value r(k) is required, which 
must be sent by the aggregator to the TSO just before realisation. This reference signal 
indicates the planned output of the VPP in the short-term future, so that the TSO can 
verify whether the aggregator actually delivered the requested fast operating reserves in 
real-time. This reference signal can be constructed within the VTN block, i.e., the aggre-
gator, based on the incoming signals rj(k+iref|k) from each individual VENj: 

N

ref j ref
j

r k i k r k i k
1

( | ) ( | ) 5.13 

 

where iref is a constant that determines a number of sub-sequent sample time periods. 
iref ref defines the 

time period between forwarding this reference value to the TSO and the actual realisa-
tion. The aggregator has an interest to keep this time period as short as possible, to have 
the opportunity to act on fast changing conditions. However, as discussed in section 
2.3.3.5, a short time period decreases the value of the reference signal as a verification 
signal for the TSO. ref has been set to one minute 
for conventional BS [35]. The financial settlement between the aggregator and associated 
system users is based on bilateral contractual agreements. Especially for residential cus-
tomers that have limited capacity and controllability over the processes that run within 
their premises, the aggregator can define tailored DR programmes that incentivise par-
ticipation and at the same time provide a protective pricing environment. 

5.4 Simulation results 
Simulation results of the real-time operation are depicted in figure 5.13a, where the 
power profiles of the aggregate DR system, consisting of the controllable freezers, for 
both the uncontrolled scenario and the simulation scenario are plotted.  
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(a) 

  
(b) 

Figure 5.13: Simulation results for the aggregate demand response system consisting of one thou-
sand controllable freezers and for a period of twenty-four hours. (a) Power profiles for the aggregate 
freezers load for both the uncontrolled and the LFC scenarios. (b) The load-frequency control signal. 

 

In figure 5.13a, the simulated power profiles should be interpreted in parallel with the 
LFC signal plotted in figure 5.13b. Overall, as can be seen in figure 5.13, there is a high 
anti-correlation between the resulted load profile in the simulation scenario and the LFC 
signal, with respect to the scheduled load of the freezers in the baseline scenario. As can 
be seen in figure 5.13, the power demand is increased when downward regulation is re-
quested and vice versa. Convergence is overall achieved, but when the LFC signal 
changes significantly within short time periods then some deviations are observed, with 
respect to the requested DR actions, and these deviations are related to the artificially 
incorporated time delay of 8 sec., as described in section 5.3.5. Still, the correlation be-
tween the control requests and the response of the aggregate DR system is relatively high 
for the simulation period of 24 hours. Simulation results demonstrate the capability of 
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the DR system to flexibly shape the load, since the controllable freezers can cope with the 
LFC requests, and provide operating reserves with almost no ramp limitations. However, 
when the controlled period is prolonged, the DR system composed of the controllable 
freezers cannot cope with a long and large request for upwards or downwards regulation. 
In the latter case, a large number of freezers get synchronised, the aggregate resource is 
depleted and the DR system becomes unstable. The aggregator must define the range of 
the control signal appropriately to fit within the capabilities of the aggregate DR system. 
In order to achieve this, the operator has among other tools, the forecast over the reced-
ing horizon to check whether the DR system might reach an unstable condition at the 
end of the receding horizon due to depletion of the DR resource, and can command pre-
ventive actions to avoid that situation. 

5.4.1 Operational constraints 

In figure 5.14, a histogram of temperature samples is presented both for the simulation 
data and the measurements with the experimental freezer under ADR mode. As ex-
plained in section 5.2.6, during the laboratory experiments, a relatively large number of 
measured temperature samples was observed to deviate within 0.5 °C over the tempera-
ture limits and these violations are attributed to the accuracy of the temperature sensors 
and the duration of the time interval for performing the control actions. Regarding the 
simulation results, as can be seen in figure 5.14, the temperature constraints in the cool-
ing compartment of individual freezers are satisfied under the LFC scenario. A relatively 
small number of samples was observed outside the temperature limits formulated in 
(5.6), and these marginal violations are related to the user intervention and time delays. 
As explained in section 5.3.2, the user intervention is also integrated in the model based 
on available data from European residential customers and certain assumptions about 
user behaviour. User intervention occurs through door openings, load introduction, and 
load removal. In the situation that the door of a freezer is opened then the temperature 
inside that freezer rises due to the heat input of exchanging air, which can drive the tem-
perature Tj 
switched off.  Finally, some marginal violations, i.e., less than 0.05 °C, over the tempera-
ture limits occur due to the artificially incorporated time delay of 8 sec., as described in 
section 5.3.5. In the case that the temperature inside a freezer is close to the lower or up-
per temperature boundary, it can be expected that the temperature limits can be margin-
ally surpassed due to this artificially incorporated time delay.  

5.4.2 Time response delay 

Determination of the response delay is one of the main aspects involved in the process of 
assessing the service provision. As the TSO sends to the suppliers the delta-signals for 
regulation in real-time, the requested reserves will come online with some inevitable de-
lay due to physical limitations. Defining the response delay is important because once it 
is determined the verification signals can be synchronised, by time-shifting to compen-
sate for this delay, and further assessment of the service provision can be carried out. 
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Figure 5.14: Histogram of temperature samples from the performed simulations and the conducted 
measurements with the experimental freezer under automated demand response mode. 

 

5.4.2.1 Development of an automated analysis tool 

As discussed in section 2.3.3.5, since the current approach of the Dutch TSO to verify the 
provision of regulating power is in terms of a visual ex-post inspection, the development 
of an automated analysis tool could assist the TSO to assess the performance of market 
participants that provide balancing services. Thus, an effort was made towards develop-
ing an algorithmic tool for defining the response delay of a supplier that was requested to 
provide regulating power in real-time [35]. The approach for determining the response 

x,y between two variables (x, y) which 
correspond to the two input signals in the verification process. The correlation coeffi-

x,y are defined as the covariance cov(x,y) of the two variables divided by the prod-

uct of their standard deviations ( x, y): 

x y
x y

x y
,

cov( , )
 5.14 

 
where the variable x corresponds to the sum of the LFC signal P(t) and the reference 
signal r(t), and the variable y corresponds to the actual power output y(t) of the BS. The 
input data for this investigation were provided by TenneT and consist of daily profiles of 
anonymous suppliers with a resolution of 4 sec. By time-shifting respectively the two 
signals with discrete steps (time-lags) of 4 sec. and calculating the correlation coeffi-

x,y, the response delay is expected to be reflected at the corresponding time-lag 

x,y is maximised. Results suggest that, by applying sig-
nal analysis based on discrete correlation, the response delay of the suppliers can be de-
termined [35]. Furthermore, results show that the determined delay time varies as a 
function of the time of the day, which is realistic considering a portfolio-based supplier.  
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5.4.2.2 Aggregate response 

The response of the aggregate DR system is assessed and simulation results are com-
pared with actual data for a portfolio-based BS in the Netherlands. The input data for 
this analysis were provided by TenneT, and consist of daily profiles of anonymous BS 
with a resolution of 4 sec. for a random day of 2011. The daily profiles were split into 
hourly profiles and were assessed separately. A representative sample of the results is 
plotted in figure 5.15, and presented in table 5.1. The grey coloured cells in table 5.1  
identify the higher performance, either in terms of higher achieved correlation between 
the time series, or in terms of lower time response delay. Simulation results show that 
the response of the aggregate DR system outperforms that of the conventional BS, both 
in terms of higher achieved correlation, but also in terms of faster time response. The 
time response of the conventional BS was calculated to vary between 8 to 88 sec., for the 
investigated day [35], whereas the time response of the DR system was found to be 8 
sec., in line with the considered hypotheses for a total of 8 sec. of minimum time delay. 
Given the fact that the discrete time step in the considered con 4 sec., 
then the defined time response delay will always be a multiple of this time interval. 
Simulation results show that the DR system can shape the load profile in a flexible way, 
and provide secondary frequency regulation reserves almost with no ramp limitations. 

5.5 Discussion 
In this chapter, a novel control scheme for ADR mechanisms is demonstrated through 
experimental research and computer simulations. The proposed scheme considers a de-
centralised control structure, a uniform representation of non-homogeneous resources, 
automated functions, and distributed intelligence. Apart from the real-time operations, 
the proposed scheme also captures the operational planning, the verification of the en-
ergy and service provision, and the financial settlement. Although the case study is about 
a typical domestic appliance, the presented ideas support the large-scale implementation 
of DR programmes.  

Simulation results show the potential of utilising DR resources close to real-time for the 
provision of ancillary services to the system. The convergence of the aggregate DR sys-
tem under LFC is investigated, and the outcome is compared with actual market and per-
formance data from conventional BS in the Netherlands. Simulation results show that 
the response of the aggregate DR system outperforms that of a conventional BS, both in 
terms of higher achieved correlation, but also in terms of faster time response. However, 
the improved performance of the DR system, as illustrated through computer simula-
tions, does not result in additional rewards compared to conventional suppliers within 
the current imbalance settlement system in the Netherlands. Experimental and simula-
tion results indicate that the selected case study of the domestic freezer has relatively low 
capabilities for energy storage but can be ideal for short-term DR. However, when the 
controlled period is prolonged, the DR system composed of controllable freezers cannot 
cope with a long and large request for upwards or downwards regulation.  
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Figure 5.15: Correlation coefficients for the two verification signals and for different time-lags. Plot-
ted results include both cases of a conventional balance supplier and the simulated aggregate demand 
response system of 1000 residential customers. 

 

Table 5.1: Defined correlation coefficients and time response delays. 

 Balance supplier Demand response system 

Time period 
Max. correl. 

coeff. (-) 
Delay time (s) 

Max. correl. 
coeff. (-) 

Delay time (s) 

00:00 - 01:00 0.9630 88 0.9981 8 

04:00 - 05:00 0.9589 8 0.9998 8 

08:00 - 09:00 0.9929 28 0.9981 8 

12:00 - 13:00 0.9481 16 0.9987 8 

16:00 - 17:00 0.9921 12 0.9990 8 

20:00 - 21:00 0.9930 16 0.9997 8 

23:00 - 24:00 0.9967 8 0.9971 8 

 

The ideas described in this chapter can be extended to address other thermostatically 
controlled appliances, characterised by larger capabilities for energy storage, such as in-
dustrial freezers and space-conditioning systems. Relevant topics for future research 
would be to consider a diversified portfolio of electrical loads and distributed generators 
for the aggregator, and to investigate the effect of markets for the provision of localised 
ancillary services. In this context, the proposed control scheme can be extended to cap-
ture also reactive power control. The aggregator can define and broadcast, next to the 
trajectory signal s(k+i|k) for active power, a trajectory signal for reactive power control. 
Then, distributed resources such as inverters which connect DG and chargers for electric 
vehicles [121], could provide reactive power support to the power system. 
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In this work, the objective function of an individual user has been defined to reflect a 
voluntary nature. Future research on the proposed control scheme could incorporate 
prices. In a price-based control scheme, the energy schedules, energy capabilities and 
real-time requests for operating reserves should be accompanied with prices. Then, the 
objective function can be formulated as a cost function, whereas the optimisation goal 
shall be the minimisation of costs, or a profit function with the optimisation objective to 
maximise profits and revenues for trading electricity in wholesale markets and partici-
pating in markets for ancillary services. Finally, privacy concerns can influence signifi-
cantly the user acceptance with respect to the development of DR applications. In the 
proposed control scheme, the decentralised decision making which occurs at the local 
controllers ensures that no sensitive data, related to user behaviour, requirements and 
schedules, are transmitted outside the premises of a system user. All local objectives and 
constraints are processed locally and only aggregate and reference data are communi-
cated with the aggregator and system operators. 
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CHAPTER 6 

6. Distributed storage control 

Large-scale centralised as well as distributed small-scale energy storage technologies 
provide considerable options for the integration of RES and the efficient delivery of elec-
trical power. The main drivers for the development of energy storage solutions are mar-
ket opportunities through energy arbitrage, ancillary services provision, efficiency im-
provements of generation, transmission and distribution assets and multiple comple-
mentary applications [122]. However, a single functionality or application of energy stor-
age is unlikely to provide economic justification. Adapting storage control strategies de-
pending on the market requirements could allow maximisation of revenues.  

In this chapter, a multi-level control scheme is defined for the energy management of a 
battery system which is integrated in a LV distribution system with residential customers 
and PV installations, to address the provision of multiple services in different markets. 
The scope is the economic optimisation of the integrated system, i.e., the maximisation 
of profits or minimisation of costs within the context of certain applications, by employ-
ing predictive control techniques. The approach is based on hierarchical decomposition 
of the optimisation problem in the time domain, by composing a three-level control 
scheme, i.e., day-ahead, intra-hour, and real-time, where the initial and final states of 
each sub-problem are chosen as coordination parameters. The day-ahead and the intra-
hour problems address the interactions with electricity markets during the operational 
planning phase. The real-time algorithm is able to optimise the operation of the battery 
energy storage system (BESS) according to recent measurements and updated predic-
tions about market conditions, residential demand, and generation from intermittent 
energy sources, and subject to network and other technical constraints. The optimisation 
sub-problems are solved by utilising an internal model of the BESS to plan the future re-
sponse of the charging and discharging processes over a prediction horizon.  
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6.1 Background 
The economic optimisation of energy storage in combination with stochastic energy 
sources is a compelling research topic [123]. The wholesale trade of electricity is a seg-
ment for which a market can exist, and is often complemented by markets for ancillary 
services such as the provision of operating reserves for LFC [35]. A hierarchical time de-
composition approach for the economic optimisation of energy storage systems, through 
integrated resource planning approaches, has been proposed in [124], where a long-term 
scheduling phase is complemented by a short-term optimisation for the energy storage 
dispatch. A model-based approach, involving a prediction horizon, for the real-time 
management of an integrated system with PV generation and energy storage has been 
proposed in [125], with the objective to minimise economic penalties in the Spanish im-
balance settlement system. The incorporation of a sufficiently long prediction horizon 
has inherent benefits in anticipating future saturation of the energy storage resource, es-
pecially with respect to small scale systems. Though, in [125], the authors neglect the in-
fluence of the system efficiency on the overall economic performance, whereas in this 
thesis, emphasis is given on the effect of system losses during the charging and discharg-
ing modes, which significantly impact the overall economic performance. Furthermore, 
in [125], the authors assume that the a priori energy commitment is available via a 
higher energy management level. In this thesis, the lower control level, i.e., the real-time 
optimisation, is complemented by two higher control levels, i.e., the day-ahead and in-
tra-hour optimisations. 

6.2 The case study 
The case study is about a lithium-ion BESS integrated in a LV distribution system with 
residential customers and PV generation in Etten-Leur, in the Netherlands [126]. The 
BESS has been developed and commissioned by Enexis DSO to enable field-testing and 
research of distributed energy storage technologies in LV distribution systems. e-
matic of the investigated case study is depicted in figure 6.1. The implemented BESS is 
connected to the secondary side of a 400 kVA distribution MV/LV transformer (10/0.4 
kV). Approximately 240 residencies are connected to this MV/LV substation of which 40 
residencies have locally installed PV modules (in total 186 kWp). The main specifications 
of the case study are listed in table 6.1. 

6.2.1 Organisation 

The underlying business model in the developed scenario sets distinct roles among all 
system actors. The aggregator company, i.e., a service provider, is representing to the 
markets all the connected entities to the LV bus, i.e., the residential customers, the PV 
installations and the BESS. The organisation under the aggregator can be considered as a 
local consumer cooperative which consists of an aggregation of distributed resources, 
i.e., the residential loads and the PV installations which are regarded as non-controllable 
resources, and the BESS which is the only controllable process in this case study. 
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6.2.2 Technical description of the battery system 

The BESS consists of four main building blocks, i.e., the battery unit, the power conver-
sion system, the measuring system and the control system, which are presented in the 
following paragraphs. 

 

Figure 6.1: Schematic of the case study, illustrating the system setup and the control architecture. 
The solid black lines depict the physical power network, whereas the dashed lines represent the in-
formation and communication network. 

 

Table 6.1: Case study specifications [126], [127], [128]. 

Main characteristics Value Unit  Main characteristics Value Unit 

THE LOW VOLTAGE DISTRIBUTION SYSTEM  THE BATTERY ENERGY STORAGE SYSTEM 

LV busbar nominal voltage a 400 V  Nominal voltage 730 V 

Transformer capacity 400 kVA  Minimum (discharge) voltage 609 V 

Peak load measured b 385 kW  Maximum (charge) voltage 812 V 

Number of residencies 240 -  Nominal capacity 230 kWh 

Installed PV capacity 186 kWp  Nominal capacity c 328 Ah 

a Line to line voltage 

b Measured at the end of December 2012 
c Rating C/3 at 25°C 
d For thirty minutes 
e Only for a few seconds 

 Minimum capacity c 312 Ah 

 Maximum discharge power d 400 kW 

 Nominal discharge power 400 kW 

 Maximum charge power e 400 kW 

 Nominal charge power 100 kW 

 Operating temperature range 20 to +60 °C 
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6.2.2.1 The measuring system 

In this work, since bidirectional power flows are considered, by convention it is assumed 
that power values are positive for the energy flows from the MV/LV transformer to the 
BESS and the residential loads. As can be seen in the single-line diagram of figure 6.1, 
four network points (a)–(d) are defined: points (a)–(c) are at the AC side of the network, 
where rms values are considered for the AC voltages and currents, and point (d) is at the 
DC side where the DC voltages and currents are measured. As can be seen in figure 6.1, 
transducer devices [129], for measuring the voltages and currents, are installed on the 
secondary side of the MV/LV transformer at measuring point (a) and at the point of 
connection of the inverter and the battery system at measuring point (b). In this ar-
rangement it is possible to determine all relevant power flows in the investigated LV dis-
tribution system. The active power at the coupling point (c) of the residential customers 
and the PV installations at time instant t can be calculated, while neglecting network 
losses, by using: 

c a bP t P t P t( ) ( ) ( ) 6.1 

 
The AC apparent power |Sa(t)| at network point (a) can be calculated by using: 

a a aS t P t Q t2 2( ) ( ) ( )  6.2 

 
The implemented BESS is connected to the LV-side of the 400 kVA MV/LV transformer. 
Considering a P-Q decoupled control scheme, and under the assumption that the reac-
tive power through the transformer is zero, the capacity constraint related to the in-
stalled transformer can be written, based on (6.2), as follows: 

a aS t P t( ) 400 kVA 400 kW ( ) 400 kW  6.3 

 
By substituting (6.1), the constraint formulated in (6.3) can be rewritten as: 

c b cP t P t P t400 kW ( ) ( ) 400 kW ( ) 6.4 

 
6.2.2.2 The battery unit 

The battery unit consists of a number of lithium-ion battery modules in series and paral-
lel connections. Each module contains 14 cells which are assembled in two parallel 
strings, whereas each string is composed by 7 cells in series [130]. The BESS consists of 
four parallel battery strings, with each string comprising 29 lithium-ion battery modules 
in series. Each battery string results in a nominal voltage of 730 V with a rated energy 
capacity of 57 kWh, and is connected to a battery management module (BMM). This 
provides electronic control of the 29 individual battery modules during charge and dis-
charge, and monitors their SoC, state of health, the temperature and other operational 
data. The four parallel battery strings are controlled by a master battery management 
module (MBMM). Its main function is to ensure that there is an equal SoC in all parallel 
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strings and if unbalance is detected, or for maintenance purposes, it can bypass one or 
several strings. The MBMM provides the control interface with the power conversion 
system. The total capacity of the BESS is ca. 230 kWh, whereas the nominal permissible 
power charging and discharging rates are 100 kW and 400 kW respectively. 

6.2.2.3 The power conversion system 

The power conversion system, depicted between points (b) and (d) in the diagram of fig-
ure 6.1, consists of four separate inverter units, each connected to one of the four battery 
strings. During the discharging mode, the inverters convert the DC power into 3-phase 
AC power. During the charging mode, the AC power is converted to DC. A basic approach 
to consider the power losses of the energy flows during charging or discharging, is by in-
corporating an estimation of the efficiency for both the charging and discharging modes: 

b d ch dis d dis
ch

P t P t P t, ,
1

( ) ( ) ( ) 6.5 

 
where Pch ch, and Pdis dis are the power rates and the efficiency factors during the 
charging and discharging modes respectively. The charging and discharging efficiencies 
of a BESS are dependent on a number of parameters such as the power rate, the tem-
perature, the SoC and the internal resistance. Since the focus of this work is not on the 
exact modelling of the power losses, a simple representation is used. On the basis of a 
sensitivity analysis, the efficiency factors are considered as constants that vary from 0.5 
to 1, which correspond to different energy storage technologies.  

6.2.2.4 The control system 

The controller software is installed on server hardware, which offers flexibility and cus-
tomisation possibilities for implementing different control strategies by remotely updat-
ing the software. Among other basic functionalities, the controller executes the overall 
control algorithm that determines the inverter set-points (these set-points are sent to the 
inverters via a LAN connection), whereas there is the possibility to import external vari-
ables for executing the optimisation algorithm [126]. 

6.3 Scope and approach 
The scope is the economic optimisation of the battery system, i.e., the maximisation of 
profits or minimisation of costs within the context of certain applications, while account-
ing for the stochasticity related to the residential demand, the PV generation and market 
developments [16]. The considered applications refer to two developed electricity mar-
kets in the Netherlands, which involve different timescales and types of constraints, and 
therefore, result in two different sub-problems that must be formulated separately but 
solved integrally. The approach is through decomposition of the optimisation problem 
into three control levels which address different timescales, i.e., the upper, intermediate, 
and lower level. The upper and intermediate levels address the interactions with the day-
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ahead auction, and the balancing market, and are complemented by the lower control 
level which allows for corrective actions close to real-time. The logic is to control the ac-
tive power at network point (b), while accounting for any power deviations at point (c), 
to shape the exchanging power with the MV distribution system at point (a), as depicted 
in figure 6.1. The realised power transfer with the MV distribution system is subject to 
contractual agreements that occur prior to real-time operations, e.g., at the wholesale 
trade level. An overview of the hierarchical time sequence of the optimisation processes 
is illustrated in figure 6.2. The three optimisation sub-problems are solved over a predic-
tion horizon by utilising an internal state-space model of the BESS. 

 
Figure 6.2: Hierarchical time sequence of the optimisation processes for a given day. During the 
day-ahead, at time instant t', i.e., just before the gate closure time of the day-ahead market at 12:00, 
the day-ahead optimisation algorithm is executed over a fixed horizon of 24 hours. At time instant t", 
i.e., just before the beginning of the operational day, the intra-hour optimisation algorithm is executed 
for the first time over a receding horizon of 12 hours. At current time instant t''', i.e., within the first 
sample time period of the operational day, the real-time algorithm is executed for the first time over a 
decreasing horizon with a fixed endpoint at the end of the current settlement period of 15 min.   

6.3.1 Day-ahead scheduling 

The upper control level addresses one potential application for energy storage, i.e., en-
ergy arbitrage within the setting of a day-ahead auction [101]. Arbitrage involves pur-
chasing volumes of electrical energy when the price is low and selling those volumes 
when the price is high. Therefore, the objective of the BESS day-ahead optimisation is to 
maximise revenues from energy arbitrage in the day-ahead auction. The timescale corre-
sponds to discrete time periods of 1 hour, in line with the defined settlement periods for 
wholesale electricity trade in the APX day-ahead market [37]. Assuming accurate predic-
tions of the PV generation, the residential load and the market clearing prices, the con-
strained optimisation problem is formulated as the minimisation of a cost function, over 
a 24 hour horizon, with discrete time steps of 1 hour. The results of the day-ahead opti-
misation are optimised charging and discharging profiles of the BESS, which are further 
employed in the intra-hour optimisation. The aggregator is considered to be an active 
market actor that translates the optimised and forecasted profiles into traded hourly en-
ergy instruments, i.e., purchase and sell contracts for the day-ahead market. The sched-
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uling of the BESS during the short-term operational planning can be further detailed 
through the intra-hour optimisation which is discussed in the following paragraph. 

6.3.2 Intra-hour scheduling 

The intermediate control level, i.e., the intra-hour optimisation, addresses the passive 
contribution in the balancing market for the provision of operating reserves, which is or-
ganised by the Dutch TSO [102]. The timescale corresponds to discrete time periods of 15 
min., in line with the defined settlement periods for imbalance energy verification and 
settlement in the Netherlands [38]. Assuming certain predictions of the system state and 
imbalance prices, the optimisation objective is the maximisation of a profit function, 
over a receding horizon, e.g., 12 hours horizon, with discrete time periods of 15 min. The 
intra-hour optimisation accounts for updated forecast about the PV generation and the 
residential load, and defines a short-term schedule for the BESS. The choice of a reced-
ing horizon solution for the intermediate control level has two inherent advantages com-
pared to a fixed horizon approach, since the controller can take into account events that 
may happen to the system at some time over the future intervals, that were not initially 
predicted by the model, and the length of the horizon remains constant which allows for 
additional flexibility to optimise the objective function. The output of the intra-hour op-
timisation are charging and discharging schedules of the BESS which are further em-
ployed in the real-time algorithm. 

6.3.3 Real-time operations 

The lower level controller tracks any deviations from the day-ahead contract close to 
real-time, while taking into account the optimised profiles of the intra-hour schedule. 
The real-time optimisation is performed within each settlement period of the balancing 
market, over a horizon with a fixed endpoint at the end of each settlement period. The 
time interval for simulations and for sampling analogue measurements is set to one 
minute. At each time interval, the controller receives updated predictions and measured 
values, and reschedules the charging and discharging process over the prediction hori-
zon, subject to the expected economic impact and the technical constraints. 

6.4 State-space model of the battery system 
The state of energy (SoE) of a battery system is typically expressed as the ratio of the net 
amount of energy stored within the battery and the nominal battery capacity: 

nom

E t
SoE t

E

( )
( )  6.6 

 
where E(t) denotes the energy content that is present in the battery at time instant t, and 
Enom=230 kWh refers to the battery nominal capacity. The most popular model-based 
approaches for SoE determination are based on state-space models that have the SoE as 
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a state variable. Considering the BESS as a single input single output system, a state-
space first order linear model, in discrete-time domain, can be deduced: 

dE t E t P t( 1) ( ) ( )  6.7 

d d ch d disP t P t P t, ,( ) ( ) ( )  6.8 

d ch d disP t P t, ,( ) ( ) 0 6.9 

 

The constraint expressed in (6.9) ensures that the BESS is either in charging or discharg-
ing mode. For the charging and discharging power limitations Pd,min Pd(t Pd,max, the 
nominal permissible values are considered, i.e., Pd,min  and Pd,max=100 kW. For 
the state of energy limitations SoEmin SoE(t SoEmax, the maximum and minimum val-
ues are set to SoEmin=0.2 and SoEmax=0.9, to avoid overcharging or deep discharging of 
the battery. The above mentioned constraints can be written as follows: 

d min d disP P t, , ( ) 0  6.10a 

d ch d maxP t P, ,0 ( )  6.10b 

min maxSoE SoE t SoE( 1)  6.11 

 

Given the fact that – Pc(t , based on actual measurements, and the con-
straint expressed in (6.9), by substituting (6.5), the constraint expressed in (6.4) can be 
written as two inequalities: 

c dis d disP t P t,400 kW ( ) ( )  6.12a 

d ch c
ch

P t P t,
1

( ) 400 kW ( ) 6.12b 

6.5 Operational planning 
In this section, a proposal is presented about the day-ahead and the intra-hour schedul-
ing of the BESS during the operational planning phase. The simulation scenario ad-
dresses the interactions with the APX day-ahead auction [101], and the passive contribu-
tion in the imbalance settlement system of the Netherlands [102]. Both sub-problems are 
solved, over a prediction horizon, by utilising the discretised state-space model pre-
sented in section 6.4, whereas the discrete time periods corresponds to h=1 hour, and 

s=15 min., in line with the defined settlement periods in the day-ahead and balancing 
markets in the Netherlands respectively. 
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6.5.1 Day-ahead optimisation problem formulation 

The day-ahead problem addresses the economic optimisation of distributed energy stor-
age systems in combination with stochastic resources, within the setting of a day-ahead 
auction, whereas the optimisation objective is the maximisation of revenues through en-
ergy arbitrage. Assuming accurate predictions of the PV generation, the residential load 
and the market clearing prices, the constrained optimisation problem is formulated as 
the minimisation of a cost function, over a horizon of 24 hours, with a resolution of one 
hour. As mentioned in section 6.2, the aggregate power demand at point (a) can be dis-
tinguished between the non-controllable part measured at network point (c) and the 
controllable part due to the power injection and absorption of the BESS which is meas-
ured at network point (b). 

Accurate short-term forecasts of net generation and load are essential for the effective 
control of the BESS. Different techniques can be employed for creating short-term fore-
casts such as time-series prediction methods, or artificial neural network models. 
Though, since the focus of this work is not on the forecasting methods, it is assumed that 
a forecast of the hourly power schedule das

cP h( )  is available for any hour h, resembled by 

the actual measurements at network point (c), such as the power profile depicted in fig-
ure 6.3a. In this figure, the measured power is illustrated for one day, together with the 
hourly average power profile. Assuming a prediction with no error of the power profile 
on the DA, then the hourly averaged power profile depicts the energy volumes that the 
aggregator has to purchase from the day-ahead market, including the residential de-
mand and the PV generation, but excluding the BESS contribution. During the day-
ahead operational planning the aggregator defines an energy schedule das

aP h( ) which is 

constructed, according to (6.1), based on: the day-ahead prediction of the net PV genera-
tion and residential load das

cP h( ), and the BESS schedule das
bP h( ). The schedule das

bP h( ) is 

actually an optimised power profile of the BESS for the hth hour, h=1, …, 24, as the result 
of the optimisation problem which can be formulated as: 

 

das
dP h h

h
24

( ) 1
min  6.13 

prddas
a damh E h h  6.14 

das das
a a hE h P h( ) ( )  6.15 

das das das
a b cP h P h P h( ) ( ) ( )  6.16 

das das das
b d ch dis d dis

ch

P h P h P h, ,
1

( ) ( ) ( ) 6.17 

das das das
d hE h E h P h( 1) ( ) ( )  6.18 
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das
das

nom

E h
SoE h

E

( 1)
( 1)  6.19 

 

where h) is a cost function that represents the hourly costs for purchasing an amount 

of electrical energy das
aE h( ) in (Wh) at a predicted price prd

dam h  in (€/Wh) from the day-

ahead market. The optimisation variable das das das
d d ch d disP h P h P h, ,( ) ( ), ( )  refers to the BESS 

charging das
d chP h, ( ) and discharging das

d disP h, ( ) set-points for h=1, …, 24, which satisfy the ob-

jective function, i.e., das
dP h( ) is a 24x2 matrix. Constraints (6.16) and (6.17)-(6.19), are de-

rived from (6.1) and (6.5)-(6.7) respectively. For the predicted price values prd
dam h  it is 

assumed that a forecast is available, resembled by the actual market clearing prices of 
the day-ahead market in the Netherlands [37], such as those depicted in figure 6.3b. 
Given that das

cP h( ) is considered as a known and fixed parameter, e.g., forecasted values, 

by substituting (6.14)-(6.17) in (6.13), the optimisation problem can be rewritten as: 

das
d

prddas das
d ch dis d dis dam

P h h ch

P h P h h
24

, ,
( ) 1

1
min ( ( ) ( ))  6.20 

 

subject to constraints for h [1, 24]: 

das das das
d d ch d disP h P h P h, ,( ) ( ) ( )  6.21 

das das
d ch d disP h P h, ,( ) ( ) 0 6.22 

das
d min d disP P h, , ( ) 0  6.23a 

das
d ch d maxP h P, ,0 ( )  6.23b 

das
min maxSoE SoE h SoE( 1)  6.24 

das das
c dis d disP h P h,400 kW ( ) ( )  6.25a 

das das
d ch c

ch

P h P h,
1

( ) 400 kW ( ) 6.25b 

 

Constraints (6.21)-(6.25) are derived from (6.8)-(6.12) respectively. At the beginning of 
the day-ahead optimisation the SoE is initialised to its minimum value SoEmin, to allow 
the BESS to start with a charging cycle. This is motivated by the diurnal pattern of prices 
in contemporary day-ahead markets, which decline at the beginning of the day to arrive 
at the daily minimum at the early morning hours. A constraint to ensure that the  at 
the beginning and at the end of each day is maintained at the same level is not necessary. 
The optimisation outcome always respects this constraint by the default definition of en-
ergy arbitrage. Since a charging cycle, which incurs costs, is always followed by a dis-
charging cycle, which generates revenues, the BESS has to discharge the full amount of 
charge to minimise costs according to (6.20). Therefore, the sum of all charging power 
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set-points is equal to the sum of all discharging set-points, i.e., das das
d ch d dish hP h P h, ,( ) ( ). All 

algorithms were implemented in Matlab, and the optimisation problem was solved by 
employing the global optimisation toolbox and the fmincon function of Matlab [119]. 
Note that the global optimisation toolbox solver does not always results into the global 
optimum, however, constraints are satisfied and the precision of results is at an accept-
able level for the detail of this study. The output of the day-ahead optimisation problem 
are optimised power profiles of the BESS for h=1, …, 24, i.e., hourly power set-point val-

ues and energy states: das das das
d d ch d disP h P h P h, ,( ) ( ), ( )  , and dasSoE h( 1). 

6.5.2 Demonstration of the day-ahead optimisation 

An example of the day-ahead optimisation output is provided in figure 6.3d, where the 
optimised charging and discharging power profile and the corresponding SoE levels are 
illustrated. The input data for this particular optimisation are the APX day ahead clear-
ing prices depicted in figure 6.3b, and the hourly average power profile depicted in figure 
6.3a, which is calculated based on measurement data from December 1, 2012. As can 
been seen in figure 6.3d, the BESS is charged until it reaches its maximum allowed SoE. 
As it cannot reach it within one hour, due to maximum charging power limitations 
kW), the charging occurs at the two hours which correspond to the lowest daily prices, 
i.e., the 5th and 6th hours. As expected, the battery is discharged at the hour which cor-
responds to the highest daily price, i.e., the 19th hour of that day. In figure 6.3c, the final 
day-ahead schedule is illustrated, including the optimised power profile of the BESS. The 
economic principles that guide the BESS dispatch, and the characteristics of the consid-
ered BESS (fully charged within two hours and fully discharged within one hour), result 
to a day-ahead schedule that is not optimised based on the loading of the LV transformer 
and cables, so an increased loading appears between 4:00 a.m. and 6:00 a.m., and a re-
duced loading between 18:00 p.m. and 19:00 p.m. The constraint (6.25) related to the 
transformer capacity is fulfilled, though, the peak demand between 17:00 p.m. and 18:00 
p.m. is not influenced due to the in-coincidence with the higher priced hour. The case 
study is assumed to be small enough not to influence the market clearing price. This is a 
valid assumption given the fact that the total daily volumes concerning the investigated 
case study correspond to less than 0.003% of the daily market volumes. The aggregator 
has to ensure that the energy volumes depicted in figure 6.3c, will be cleared in the day-
ahead market, therefore, the purchase orders can be accompanied by relatively high 
prices to make that certain. 

6.5.3 Intra-hour optimisation problem formulation 

For the intra-hour scheduling of the BESS a strategy is proposed, which accounts for the 
stochasticity associated with the residential demand and the PV generation. The simula-
tion scenario addresses the passive contribution within the Dutch imbalance settlement 
system, i.e., a voluntary scheme for participation in system balancing which is attribut-
able to the organisation of the system [44]. 
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(c) (d) 

Figure 6.3: Demonstration of the day-ahead optimisation, based on data from December 1, 2012.   
(a) Measured and hourly average power for the residential load and the PV generation. (b) APX day-
ahead market clearing prices and volumes from December 1, 2012 [37]. (c) The resulted day-ahead 
schedule, including the residential demand, the PV generation and the BESS optimisation. (d) Typical 
BESS day-ahead economic optimisation, based on APX market clearing prices. 

 

Assuming certain predictions of the system state and the imbalance prices, the formula-
tion of the optimisation problem is the maximisation of a profit function, and is solved 
by utilising the state-space model of the BESS which is presented in section 6.4, to 
schedule the future response of the charging and discharging process over a receding ho-
rizon, while accounting for expected deviations from the programmed energy exchange 
with the MV network. The output of the intra-hour optimisation is an adapted charging 
and discharging schedule for the BESS, which can be further employed in the real-time 
operations. 

As described in section 2.3.3.2, an acknowledged market participant in the Netherlands, 
i.e., a PRP, has the possibility to voluntary assist the TSO in correcting system imbal-
ances, through passive contribution, by utilising non-contracted control energy. The im-
balance settlement in the Netherlands is based on the net volumes of provided control 
energy per settlement period. Therefore, market participants might try to minimise or 
maximise their internal energy imbalance per settlement period depending on whether 
the system state is expected to be explicitly short or long. As discussed earlier, following 
the clearing of the day-ahead market, the aggregator, i.e., a PRP, has to comply with the 
day-ahead contract for the power transfer with the rest of the system. The day-ahead 
contract dac

aE l( ), with l=1, …, 96, is a piecewise function with a finite value for each set-
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tlement period of the balancing market. Any energy imbalance must be internally solved 
by the aggregator before the end of the lth settlement period, or settled with the TSO 
through the imbalance settlement. The intra-hour optimisation is performed at each set-
tlement period and covers a horizon of 12 hours, i.e., 48 settlement periods. The length 
of the optimisation horizon determines the computational effort required to solve the 
control problem, and is subject to the accuracy of predictions. Even though, there are dif-
ferent methods to determine the optimal length of the optimisation horizon, dependent 
on the nature of the control problem, this is not within the scope of this thesis. There-
fore, the length of the prediction horizon is determined in a heuristic way and in rele-
vance to the time sequence of actions in the considered electricity markets. At current 
settlement period q [0, 95], the aggregator obtains a forecast about the net PV genera-
tion and residential load, i.e., ihs

cP q m q( | ), with m=1, …, 48. At the same time instant the 

aggregator generates a prediction about the system state prdS q m q( | )  and imbalance 

prices prd
imb q m q  for the forthcoming settlement periods. This combined information is 

forwarded to the agent of the BESS to perform the intra-hour optimisation. Note that the 
imbalance price is dependent on the sign of the net-energy imbalance aE l( ) . Therefore, 

imb surpl shortl l l  depending on whether an energy surplus aE l( ( ) 0) or shortage 

aE l( ( ) 0) is expected for the lth settlement period. During the intra-hour scheduling the 

expected energy imbalance ihs
aE l( ) for the lth settlement period can be expressed as fol-

lows: 

ihs dac ihs ihs ihs ihs ihs
a a b c s a b c sE l P l P l P l E l dP l dP l( ) ( ( ) ( ) ( )) ( ) ( ( ) ( ))  6.26 

ihs ihs ihs
b d ch dis d dis

ch

dP l dP l dP l, ,
1

( ) ( ) ( ) 6.27 

 

where ihs das ihs
b b bP l P l dP l( ) ( ) ( )  is the intra-hour power schedule of the BESS, i.e., the op-

timised set-point trajectory of the BESS, ihs das ihs
c c cP l P l dP l( ) ( ) ( )  is the most recent pre-

diction of the net generation and load at network point (c), and ihs
cdP l( ) is the deviation 

value with respect to the day-ahead schedule. dac
aP l( ) denotes the day-ahead contract 

which is equal to the day-ahead schedule das
cP l( ) in the case that das

bP l( ) 0 , i.e., no day-

ahead commitment of the BESS. Condition (6.27) is about the efficiency of the charging 
and discharging process and is based on (6.5). The objective function for the intra-hour 
optimisation problem can be formulated as a profit function  that represents the ex-
pected profits due to passive contribution during the lth settlement period. Considering 
the current settlement period q, the optimisation objective is the maximisation of the 
profit function over the prediction horizon, m=1, …, 48: 

ihs
dP q m q m

q m q
48

( | ) 1
max ( | ) 6.28 

prdihs
a imbq m q E q m q q m q( | ) ( | ) ( | ) 6.29 
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subject to constraints for l [1, 96]: 

ihs ihs ihs
d d ch d disP l P l P l, ,( ) ( ) ( ) 6.30 

ihs ihs
d ch d disP l P l, ,( ) ( ) 0 6.31 

ihs
d,min d disP P l, ( ) 0  6.32a 

ihs
d ch d maxP l P, ,0 ( )  6.32b 

ihs
min maxSoE SoE l SoE( 1)  6.33 

ihs ihs
c dis d disP l P l,400 kW ( ) ( ) 6.34a 

ihs ihs
d ch c

ch

P l P l,
1

( ) 400 kW ( ) 6.34b 

ihs ihs
refSoE l SoE l( 48) ( 48) 

6.35 

where prd
imb q m q  is the predicted imbalance price in (€/MWh) and ihs

dP q m q( | ) is the 

input trajectory which satisfies the objective function (6.28) and refers to the DC charg-
ing (and discharging) power set-points for the BESS. Constraints (6.30)-(6.34) are de-
rived from (6.8)-(6.12) respectively. Constraint (6.35) reflects the fact that during the 
intra-hour optimisation, the SoE at the end of the optimisation horizon should meet a 
reference value due to other commitments or contracts, e.g., day-ahead trade or other 
contractual agreements. Therefore, two specific cases can be distinguished. In the first 
case, the storage resource is utilised only in the specified application, i.e., stand-alone 

intra-hour optimisation, and the reference value ihs
refSoE q( 48)  is assumed to be constant 

at 55%. In the second case, the intra-hour optimisation is performed hierarchically in 

time, i.e., after the day-ahead optimisation, and the reference states ihs
refSoE l( )  at the in-

termediate optimisation level are obtained through linear interpolation of the day-ahead 
optimised states. The day-ahead optimised hourly states dasSoE h( ), for h=1, …, 24, are 

transformed on a 15 min. basis to ihs
refSoE l( )  through: 

das das
ihs das
ref

SoE h SoE h
SoE l SoE h l h

( 1) ( )
( ) ( ) ( 1 4 ( 1))

4
 6.36 

 

where l h h[4 ( 1) 1, 4 ] [1, 96] for each hour h. The imbalance prices are only known 
ex-post, therefore, an optimisation approach that is applied during the operational plan-
ning can only rely on price forecasting methods. Since the development of price forecast-

ing tools is not within the scope of this thesis, for the predicted price values prd
imb l  it is 

assumed that a forecast is available, resembled by historical data from the balancing 
market in the Netherlands [115]. Price dependencies for market participants in the Dutch 
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imbalance settlement system are listed in table 2.2, whereas the exact formulas can be 
found in [38]. Since prices for upwards and downwards regulation can be both positive 
and negative which indicates the flow of payments between a PRP and the TSO [38], the 
signs of the historical imbalance prices have to be adjusted appropriately to match the 
objective function in (6.28). A pseudo-code for the appropriate adjustment of the his-
torical imbalance prices is provided in the appendix, in table A.3.  

As illustrated in figure 6.2, the intra-hour optimisation is performed just before the be-
ginning of each settlement period. The first step of the optimisation output is applied at 
the process, whereas at the subsequent settlement period a new optimised schedule is 
generated by the algorithm while taking into account the updated predictions. This tech-
nique, where the prediction horizon is continuously being shifted forward, is called the 
receding horizon technique. The algorithms were implemented in Matlab, and the opti-
misation problem was solved by employing the global optimisation toolbox and the 
fmincon function of Matlab [119]. All simulations were performed on a standard per-
sonal computer (Intel Core 2 Duo processor E8500 at 3.16 GHz and 3.46 GB RAM), and 
the simulation for the intra-hour optimisation problem lasted on average less than 20 
seconds. Therefore, the calculations for the intra-hour optimisation can be performed 
fast enough to be implemented at the last minute before the beginning of each settle-
ment period and close to real-time operations.  

6.5.4 Demonstration of the intra-hour optimisation 

An example of the intra-hour optimisation is provided in figure 6.4, where the input and 
output data of the optimisation process are illustrated, based on data from December 1, 
2012. Figure 6.4a depicts the hourly and quarter-hourly average power profiles at net-
work point (c), which have been calculated based on actual measurements. These aver-
age profiles are utilised as optimisation inputs to resemble the day-ahead schedule 

das
cP h( ), i.e., the hourly average profile, and the intra-hour forecast ihs

cP l( ), i.e., the quar-

ter-hourly average profile. After subtraction of the hourly average from the quarter-
hourly average profile, the resulted imbalance in figure 6.4a, is assumed to be the devia-
tion profile ihs

cdP l( ), which is utilised as input in the optimisation algorithm. In figure 

6.4c, the imbalance prices for shortage and surplus, which are assumed to be forecasted, 
are depicted. These prices are based on historical data of the Dutch TSO [115], and are 
utilised as optimisation inputs. In figure 6.4b, the actual system states, which are as-
sumed to be forecasted, and the computed revenues related to these forecasts are de-
picted. In figure 6.4d, the optimised power and intra-hour SoE of the battery system over 
the optimisation horizon are depicted. 

In the example of figure 6.4, the sole focus is on the specified application, i.e., passive 
contribution in the imbalance settlement, while accounting for expected internal imbal-
ances due to residential demand and PV generation uncertainties. Therefore, the refer-

ence levels ihs
refSoE l( )  are considered to be constant at a level of 55%, i.e., no day-ahead 
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commitment of the battery resource. As can be seen in figure 6.4d, the optimised intra-
hour SoE at the end of the optimisation horizon, i.e., at 12:00, is at the level of 55%, and 
constraint (6.35) is satisfied. Passive contribution in system balancing can be an addi-
tional source of revenues for decentralised market participants. In contrast with active 
contribution, the requirements for the ICT infrastructure and the verification of the ser-
vice provision are considerably lower, whereas the voluntary character of this approach 
requires no commitment of resources’ capacity during the operational planning, thus, it 
is characterised by additional flexibility. Though, as discussed in section 2.3.3.6, there 
might be some implications due to the provision of regulating and reserve capacity 
through passive contribution. 

6.6 Real-time operations 
During real-time operations the aggregator has to comply with the a priori defined en-
ergy contract dac

aE l( )   for each settlement period, l=1, …, 96, of the operational day, 

whereas any mismatch will be regarded as an energy imbalance aE l( )  for the lth settle-

ment period: 

l

l

i
dac msr dac msr

a a a a a s
t i

E l E l P t P l P l
1 1

( ) ( ) ( ) ( ( ) ( ))  6.37 

 

where msr
aP t( ) is the actual measured power at network point (a) and at sample time t, 

with t  [il, il+1 - 1] for each l  [1, 96], with il l 1)+1 corresponds to the first sample 
time of the lth settlement period, whereas the sample time period is defined as one min-
ute. The control scheme and the operational architecture for the case study are depicted 
in figure 6.5. In figure 6.5a, the real-time operations at time instant k are illustrated, in 
line with the descriptions in section 4.2.3. As can be seen in figure 6.5b, the aggregator, 
i.e., the VTN, is associated with two end-nodes, VENb, and VENc. In figure 6.5, the out-
puts yb(k), and yc(k), represent the measured power values at network points (b) and (c), 
which are summed at the aggregator level. The VENc represents the stochastic resources 
of the case study, i.e., the residential demand and the PV generation, therefore, no opti-
misation is involved. The signal sc(k+i) that is sent from the VTN, captures that informa-
tion which is necessary for VENc to generate a forecast of the power output Pc over the 
prediction horizon, i.e., the reference trajectory signal rc(k+i). Therefore, the signal 
sc(k+i) might include predictions about solar radiation, temperature, etc. Contrary to the 
first case study, described in chapter 5, where the aggregator was associated with a large 
aggregation of controllable appliances, in this case study the VENb represents the only 
controllable resource, i.e., the BESS. The signal sb(k+i) that is sent from the VTN, cap-
tures that information which is necessary for VENb to schedule (optimise) the response 
of the battery system. The BESS optimisation is performed within the EMS block and the 
result is an optimised power trajectory Pb(k+i), i.e., the signal rb(k+i). 
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(a)                                               (b) 

 
(c)                                               (d) 

Figure 6.4: Demonstration of the intra-hour optimisation, based on data from December 1, 2012.  
(a) The hourly and quarter-hourly average power for the residential load and the PV generation for the 

first half of the day, and the assumed power imbalance ihs
cdP . (b) Predicted system states and com-

puted revenues. (c) Predicted imbalance prices for shortage and surplus. (d) Optimised power profile 
ihs

dP  and intra-hour energy states ihsSoE for the battery system.  

 
As discussed in section 4.2.5, during the process of synthesis of a control scheme, it is 
essential to specify the information that the coordinating entities are required to com-
municate to the distributed controllers in the system, which is also subject to the speci-
fied application. The control (coordination) signal sb(k+i|k) that is sent by the aggregator 

to the VENb , at time instant k, includes a prediction about imbalance prices prd
imb l , and 

system states prdS l( ) , similar with the inputs of the intra-hour optimisation. Though, as 
time proceeds close to real-time, the predictions might be updated. In addition, the sig-
nal sb(k+i) includes the past measured values msr

cP t( ) for t k, and a trajectory signal 

about the expected power imbalance at network point (c) due to residential demand and 
PV generation, over the remaining duration of the current settlement period, which is 
denoted as rts

cdP k i k( | ) . The latter is calculated by subtracting the day-ahead schedule 
das

cP k i( ) from the most recent forecast of the predicted power output at point (c), i.e., 

the trajectory signal rts
cP k i k( | ). Once the VTN has received the optimised power trajec-

tory rts
bP k i k( | ) ( )rts

bP k i  from VENb, can perform consistency checks and send back a bi-

nary signal notification signal wb(k) {0,1} to indicate rejection or acceptance. 
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(a) (b) 

Figure 6.5: (a) The simulation control model for the second case study, illustrating the real-time op-
erations at time instant k. The VTN represents the aggregator, the VENb represents the battery system 
and is illustrated together with the EMS block, whereas the VENc represents the stochastic resources 
of the case study, i.e., the residential demand and the PV generation. (b) Schematic of the operational 
architecture, where the main domains, entities and interfaces are graphically illustrated. 

6.6.1 Real-time optimisation problem formulation 

The real-time optimisation is executed over a decreasing horizon with a fixed endpoint at 
the end of the current settlement period. At current time instant k, within the lth settle-
ment period, the aggregator obtains the last recorded measurements and the forecast of 
the power trajectory rts

cP k i k( | ) over the prediction horizon with i=1, …, ihorizon, where 

ihorizon l k. Subsequently, the aggregator is tracking any deviations with respect to the 
day-ahead contract dac

aE l( ). At current time k, any expected energy imbalance rts
aE l k( | ) 

by the end of the lth settlement period can be expressed through an energy balance equa-
tion, which is based on (6.37): 

l kk
rts dac msr rts
a a a a

t l i
E l k E l P t P k i k

15

15 1 1 1
( | ) ( ) ( ) ( | )  6.38 

 

where the first term in (6.38) represents the energy volume which has been cleared at 
the wholesale level for the lth settlement period, the second term represents the accumu-
lated energy content up to current time instant k (based on actual measurements since 
the beginning of the lth settlement period), and the third term represents the expected 
accumulated energy from current time instant k until the end of the lth settlement pe-
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riod. In theory, the aggregator’s goal is to cancel any energy imbalance aE l( )  by the end 

of the lth settlement period. However, as mentioned in the previous section, when the 
system state is expected to be explicitly short or long during the lth settlement period, 
the aggregator might try to minimise or maximise the internal energy imbalance aE l( )  

to benefit from passive contribution. To achieve this, in real-time, the aggregator coordi-
nates the VENb to schedule the future response of the battery system by determining a 
set-point power trajectory that the BESS output should ideally follow from current time 
instant k and until the end of the lth settlement period. This set-point power trajectory 

rts
bP k i k( | ), for i l k can be calculated by using: 

l kk
rts dac msr rts rts
a a a c b

t l i
E l k E l P t P k i k P k i k

15

15 1 1 1
( | ) ( ) ( ) ( ( | ) ( | ))  6.39 

 

whereas 

rts das rts
b b bP k i k P k i dP k i k( | ) ( ) ( | ) 6.40 

rts das rts
c c cP k i k P k i dP k i k( | ) ( ) ( | ) 6.41 

rts rts rts
b d ch dis d dis

ch

dP k i k dP k i k dP k i k, ,
1

( | ) ( | ) ( | )  6.42 

rts das rts
d ch d ch d chP k i k P k i dP k i k, , ,( | ) ( ) ( | ) 6.43 

rts das rts
d dis d dis d disP k i k P k i dP k i k, , ,( | ) ( ) ( | )  6.44 

 

where das
bP k i( ) reflects the power set-point defined during the day-ahead optimisation, 

i.e., das
bP h( ), whereas rts

bdP k i k( | )  is a power adjustment trajectory for the BESS which is 

defined in real-time. Considering the current sample time k, within the lth settlement 
period, the optimisation objective of the real-time problem is the maximisation of the 
profit function decreasing prediction horizon: 

rts
ddP k i

k i k i l k
( )

max ( | ) ,  with  1, ,  15  6.45 

prd prdrts rts ihs
a nomimb imbk i k E l k l SoE t l SoE l E l( | ) ( | ) ( ) ( ( 15 1) ( 1)) ( 1) 6.46 

 

subject to constraints for l lt i i 1[ , 1]: 

rts rts rts
d d ch d disP t P t P t, ,( ) ( ) ( ) 6.47 

rts rts
d ch d disP t P t, ,( ) ( ) 0 6.48 

rts
d,min d disP P t, ( ) 0 6.49a 



118  DISTRIBUTED STORAGE CONTROL  

rts
d ch d maxP t P, ,0 ( )  6.49b 

rts
min maxSoE SoE t SoE( 1)  6.50 

rts rts
c dis d disP t P t,400 kW ( ) ( ) 6.51a 

rts rts
d ch c

ch

P t P t,
1

( ) 400 kW ( ) 6.51b 

 

where prd
imb l  is the predicted imbalance price in (€/MWh) for the lth settlement period, 

i.e., the most recent forecast of the imbalance price, and rts
ddP k i( ), with i l k, is 

the input trajectory which satisfies the objective function (6.46) and refers to the DC 
charging (or discharging) power adjustment trajectory for the BESS. Constraints (6.47)-
(6.51) are derived from (6.8)-(6.12) respectively. The first term in (6.46) reflects the ex-
pected profits to be obtained through the imbalance settlement system for the lth settle-
ment period, whereas the second term is meant to penalise any deviations from the ex-
pected optimised intra-hour state ihsSoE l( 1) at the end of the lth settlement period, i.e., 

the fixed endpoint of the prediction horizon.  

The input for computer simulations consisted of historical market data. Therefore, the 

signs of the historical imbalance prices prd
imb l  have to be adjusted appropriately so 

that the second term of the objective function reflects an economic reward or penalty de-
pending on the system conditions. For example, in the case that the system state for the 
(l+1)th settlement period is predicted to be 1, i.e., request for explicit upwards regulation, 
and a positive deviation of the state of energy at the end of the prediction horizon is ex-

pected, i.e., rts ihsSoE l SoE l( (15 1) ( 1)) 0, this additional amount of energy stored in the 
BESS means that more capacity is available for discharging, and therefore it should be 
rewarded. Contrary, if a negative energy deviation is expected at the end of the predic-

tion horizon, i.e., rts ihsSoE l SoE l( (15 1) ( 1)) 0, then the imbalance price at the subse-
quent period should represent an economic penalty. A pseudo-code for the appropriate 
adjustment of the signs of the historical imbalance prices, in a consistent form with 
(6.46), is provided in the appendix in table A.4. The algorithms were implemented in 
Matlab, and the optimisation problem was solved by employing the global optimisation 
toolbox and the fmincon function of Matlab [119]. All simulations were performed on a 
standard personal computer (Intel Core 2 Duo processor E8500 at 3.16 GHz and 3.46 
GB RAM), and the simulation for the real-time algorithm lasted on average less than 20 
sec., thus computations can be performed fast enough to be implemented in control pro-
cedures with a control step of one minute as proposed in this study. The outputs of the 
real-time algorithm are optimised power set-points and corresponding energy states 

over the prediction horizon. Note that the optimised value rtsSoE l(15 1) which results 
from the last iteration of the real-time algorithm within the lth settlement period, is ap-
plied as an input to the intra-hour optimisation for the subsequent (l+1)th settlement 
period. 



6.6 REAL-TIME OPERATIONS  119 
 

 

6.6.2 Demonstration of the real-time optimisation 

To demonstrate the real-time operation, and the time sequence of actions involved 
within the proposed hierarchical approach, an illustrative example is given below. For 
consistency reasons, this example is based on data from the same day as in the previous 
cases examined in this chapter. The focus is on the 40th settlement period, i.e., from 
09:45 to 10:00, of December 1, 2012. The corresponding TSO historical data are listed in 
table 6.2, where it can be seen that during that period only upward regulation was re-
quested by the TSO, i.e., the system state was: S(40)=1. To demonstrate the real-time 
operations, it is assumed that the forecasts that are utilised as input in the optimisation 
process involve errors, thus it is of interest to observe the capability of the algorithm to 
adapt the BESS schedule as updated forecasts become available. In this scenario the con-
troller is assumed to receive the updated info close to real-time and to reschedule the 
BESS charging and discharging processes over the prediction horizon according to 
(6.45). The real-time optimisation is performed over a decreasing prediction horizon 
with a fixed endpoint at the end of the current settlement period, by utilising the discre-
tised state-space model presented in section 6.4, whereas the time interval for simulation 

For this demonstration the 
efficiency factors, during charging and discharging cycles, are assumed to be 

ch dis=0.8. As discussed in section 6.5.1, during the day-ahead an optimised schedule 
is defined for the BESS, as the one illustrated in figure 6.6a, which is utilised as input in 
the intra-hour optimisation process. The intra-hour optimisation is performed over a re-
ceding horizon, e.g., 12 hours horizon (see section 6.5.3), and according to condition 
(6.35), the SoE at the end of the prediction horizon shall meet the reference value from 
the day-ahead schedule. This is illustrated in figure 6.6c, where at 21:45 the state arrives 

at the reference value ihs
refSoE (88) 0.2.  

For this example, it is assumed that from 09:45 to 10:00, the forecasts regarding the 
predicted system state for the 40th settlement period were updated four times. The first 
forecast becomes available at t=k', where k' indicates a time instant just before the be-
ginning of the 40th settlement period. As can be seen in figure 6.6b, the forecast 

prdS k(40| ) 2 indicates that during the 40th settlement period, both upward and down-

ward regulation will be requested which subsequently implies financial penalties for any 
energy imbalance. The forecasted value prdS k(40| ) is utilised as input in the intra-hour 

algorithm. Furthermore, according to (6.26), another input in the intra-hour optimisa-
tion is the expected energy imbalance ihs

cdP l( ) at network point (c). For simulation pur-

poses these energy imbalance values where assumed to be equal to the difference be-
tween the hourly average and the quarter-hourly average profiles which are calculated 
based on actual field measurements. For instance, for the selected date of December 1, 
2012, from 09:45 to 10:00, as can be seen in figure 6.4a, the assumed energy imbalance 
is almost negligible, ca. 0.02 kWh. Given that the expected internal energy imbalance is 
negligible and the predicted state implies penalties for any imbalance, it is a rational de-
cision to maintain the BESS in idle mode. This is illustrated in figure 6.6c and figure 
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6.6d, where the first step of the intra-hour optimisation output is applied at the first 
minute of the 40th settlement period and commands neither a charging nor discharging 
set-point for the BESS. At the subsequent time instant t=k'', i.e., before 09:46, the up-
dated forecast prdS k(40| ) 1 indicates that the system state for the 40th period will be 

explicitly for upward regulation, and the output of the real-time optimisation defines a 
discharging set-point at the minimum nominal value of -400 kW, to maximise revenues 
from passive contribution. Subsequently, at time instant t=k''', i.e., before 09:50, the up-
dated forecast prdS k(40| ) 2 indicates again that during the 40th period both upward 

and downward regulation will be requested, thus penalising any imbalance with respect 
to the day-ahead contract. Therefore, the controller commands the BESS to stop dis-
charging and to start charging at the maximum nominal value of 100 kW, to compensate 
for the internal imbalance created from 9:46 to 9:50. Finally, at time instant t=k'''', i.e., 
before 09:55, the updated forecast prdS k(40| ) 1  indicates that the system state for the 

40th period will be explicitly for upward regulation, as was the actually registered state 
for that period in the historical data of the Dutch TSO (see table 6.2). Subsequently, the 
BESS is commanded to get discharged at the minimum nominal value, to maximise 
revenues from passive contribution.  

 

 
(a)                                               (b) 

 
(c)                                               (d) 

Figure 6.6: Demonstration of the real-time operations under the hierarchical optimisation approach, 
based on data from December 1, 2012. (a) The BESS day-ahead optimised schedule, note that only the 
12 hours period is depicted, which corresponds to the prediction horizon of the intra-hour optimisa-
tion. (b) The forecasts of the system state as those are assumed to become available at subsequent 
time instants and close to real-time. (c) The BESS intra-hour optimised schedule. (d) The real-time 
operation of the BESS illustrating the response of the optimisation algorithm to updated forecasts.  
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Table 6.2: TenneT TSO data from December 1, 2012 [115]. 

Index Period Time 
Upward 
dispatch 

Downward 
dispatch 

Incentive 
component 

System 
state 

Symbol l — +  ic S(l) 

Unit — hh:mm €/MWh €/MWh €/MWh — 

1. 40 09:45-10:00 114.02 N/A 0.00 1 

2. 41 10:00-10:15 67.57 N/A 0.00 1 

 
Given the considered assumptions, this demonstrative example illustrates the ability of 
the lower control level to adapt the output of the BESS while updated forecasts become 
available close to real-time. This is an essential characteristic for EMS operating within 
environments characterised by uncertain conditions such as generation from intermit-
tent energy resources, residential demand and market developments. 

6.7 Verification and financial settlement 
The verification of the service provision by the TSO and the financial settlement by the 
MO are performed a posteriori, i.e., after the operational day. According to (2.2), any 
imbalance aE l( )  with respect to the day-ahead contract dac

aE l( )  might be rewarded as 

passive contribution in system balancing, or penalised by the TSO through the imbalance 
settlement [38]. An economic analysis based on historical market data of the Dutch elec-
tricity markets from 2000 to 2012 is presented in the next section. 

6.8 Economic analysis 
An economic analysis is performed on the basis of an ex-post evaluation of the specified 
applications based on historical market data. Therefore, the computed revenues reflect 
the theoretical maximum that can be achieved for each application. For the day-ahead 
optimisation, historical data of the APX day-ahead market, from 2000 to 2012, were util-
ised [37], whereas for the intra-hour optimisation the input consisted of historical data 
from the Dutch imbalance settlement [115], for the period from 2001 to 2012 since no 
data were available for the year 2000. As mentioned earlier, the historical imbalance 
prices have been adjusted appropriately according to the pseudo-code presented in the 
appendix in table A.3. Emphasis is given on the effect of the storage system efficiency, 
which significantly impacts the economic performance due to losses during charging and 
discharging cycles. 

6.8.1 Results of the day-ahead optimisation 

Given the fact that energy arbitrage applications through storage technologies are very 
susceptible to the efficiency of the storage systems, the basic logic of the day-ahead op-
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timisation algorithm behind the decision whether the battery should be utilised or not in 
a specific day is dependent on the following condition: 

prd
max
prd

ch dismin

(h )

(h )

1  6.52 

 

where prd
max h  and prd

min h  are the highest and lowest predicted prices of that day (corre-

sponding to the h'th and the h"th hours). In the case that condition (6.52) is true, then 
the battery is charged at the h"th hour and discharged at the h'th hour. Accordingly, the 
algorithm continues comparing the subsequent highest and lowest predicted prices and 
if the same condition holds, then another charging and discharging cycle is scheduled. 
Condition (6.52) is representing an economic criterion, which defines the minimum 
spread between the purchase and sale market price for effective arbitrage, subject to the 
system efficiency. Therefore, it determines the decision whether the battery should or 
not be charged or discharged at a specific hour. Based on computer simulation for the 
years from 2000 to 2012, large deviations in annual revenues can be observed. 

The results from computer simulations are presented in figure 6.7, for several charging 
and discharging efficiencies varying from 0.5 to 1. Figure 6.7a depicts the percentage of 
the days for each year that the BESS is scheduled to perform at least one charging and 
discharging cycle, i.e., condition (6.52) is true at least once for a given day. As can be 
seen in figure 6.7a, the utilisation percentage drops significantly when the considered 
efficiency factor is less than 0.7, which indicates the limited business potential of low ef-
ficiency storage technologies for energy arbitrage applications. Figure 6.7b captures the 
annual theoretical maximum revenues which are computed based on historical APX 
market data for the years from 2000 to 2012, including a sensitivity analysis about the 
effect of the energy storage system efficiency on the overall economic performance. 

6.8.1.1 Historical volatility 

By processing the data from APX for the period 2000-2012, large price deviations can be 
noticed during a day and between the different years. To assist in evaluating the simula-
tions results, the historical price volatility metric is utilised. The historical price volatility 
of the APX day-ahead market is calculated and graphically depicted in box plots to assist 
in interpreting the results of the economic optimisation. In finance, volatility is a meas-
ure for variation of the price of a financial instrument over time. 

Historical volatility is derived from time series of post market prices, and is defined as 
the standard deviation of arithmetic or logarithmic returns over a time window T [131]. 
The logarithmic return, over the time period h, is defined as follows: 

t
t h t t h

t h

r , ln ln ln  6.53 

 

where t is the commodity spot price at time t.  
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The arithmetic return, over the time period h, is defined as: 

t t h
t h

t h

r ,  6.54 

 

The estimated historical volatility over the time window T can be calculated as [131]: 

oN

t h h T
t

h T
o

r r

N

2

, ,
1

, 1
 6.55 

 

h,T is the estimated value of historical volatility, No is the number of observations, 

t hr ,  is the average of the returns rt,h (either logarithmic or arithmetic), all of them for the 

time window T. In this volatility analysis, h=1 hour which is the settlement period for 
the day-ahead market. The time window is one day, as the scope of this analysis is to 
compute the daily volatilities, based on both logarithmic and arithmetic returns for sev-
eral years. Therefore, T=1 day and No=24.  

 
(a) 

 
(b) 

Figure 6.7: (a) Calculated utilisation percentage of the days per year that the day-ahead optimisation 
is performed at least once for a given day, for varying charging and discharging efficiency factors.     
(b) Computed maximum annual revenues from participation in the APX day-ahead market, for vary-
ing charging and discharging efficiency factors. 
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Figure 6.8 illustrates the box plots of historical price volatilities, for the years from 2000 
to 2012, based on both arithmetic and logarithmic returns. The box plots display the 
whiskers, i.e., the lines extending vertically from the boxes indicating variability outside 
the upper and lower quartiles, and the outliers, i.e., the numerical points that are larger 
than q3 + w(q3 – q1), where q1 and q3 are the 25th and 75th percentiles, respectively, 
and w is the whisker length (w is set to 1.5 and corresponds to approximately +/–
and 99.3 coverage for normally distributed data). The box plot of volatilities based on 
arithmetic returns is difficult to be interpreted, while the one which is based on the loga-
rithmic returns depicts a better graphical distribution of the numerical data. By observ-
ing and comparing the calculated annual revenues and estimated price volatilities based 
on logarithmic returns, it can be noticed that the correlation of computed annual reve-
nues with the median volatility values is rather low. Annual revenues appear to be driven 
by a combination of the whisker length, the magnitude and the frequency of the outliers, 
and the distance between the median value and the upper quartile. Though, apart for the 
price volatility, the potential revenues for the investigated case study are also dependent 
on technical constraints and the capacity limitations of the BESS. A detailed analysis on 
the exact impact of market volatility on potential revenues is not within the scope of this 
thesis and would require a dedicated study. However, given the characteristics of the 
considered case study, e.g., the battery system can be fully charged within two hours and 
fully discharged within one hour, the variance of the difference between the highest and 
lowest daily prices ( max - min ) is probably a more intuitive measure, compared to the his-

torical price volatility metric, for analysing the economic performance of the specified 
application. Overall, according to figure 6.7 and figure 6.8, both the computed revenues 
and the market price volatility are declining, throughout the years, suggesting that mar-
ket opportunities for energy arbitrage in the APX day-ahead market are decreasing. 

6.8.2 Results of stand-alone intra-hour optimisation 

For performing an ex-post economic evaluation of the intra-hour application, the devel-
oped simulation scenario utilises historical data of the Dutch TSO from 2001 to 2012. On 
the basis of a sensitivity analysis, the charging and discharging efficiency factors are as-
sumed to vary from 0.5 to 1, with a step of 0.1, which corresponds to different storage 
technologies. The computed annual revenues, for varying efficiency factors, are depicted 
in figure 6.9. The results show the distribution of maximum revenues, through the years, 
and the impact of the system efficiency on the economic performance due to energy 
losses. The random distribution of maximum annual revenues, depicted in figure 6.9, is 
mainly driven by the development of system states and imbalances prices throughout the 
years. The nature of the imbalance market is highly stochastic, which makes difficult the 
analysis of the market impact on annual revenues. The development of system states and 
the amplitude of imbalances, within a control area, are driven by a number of factors re-
lated to cross-border trade, weather phenomena, and the portfolios of ESP companies, 
whereas the development of imbalance prices is also driven by the bidding strategies of 
ASP companies. 
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(a) 

 
(b) 

Figure 6.8: Box plot of computed historical price volatility for the APX day-ahead market, for the 
period from 2000 to 2012, based on (a) arithmetic and (b) logarithmic returns. 

6.8.3 Results of the hierarchical optimisation 

In the case of hierarchical optimisation, the output of the day-ahead optimisation is fur-
ther employed in the intra-hour optimisation. This results to additional constraints for 
the BESS intra-hour optimisation due to commitments in the day-ahead market. In fig-
ure 6.10, the computed maximum annual revenues from passive contribution in the 
Dutch imbalance settlement system are depicted for varying charging and discharging 
efficiency factors, for the situation that part of the BESS capacity has been committed for 
the day-ahead market. In figure 6.10, the revenues from the day-ahead market are not 
included, i.e., only the revenues from the Dutch imbalance settlement system are de-
picted, and as expected the annual computed revenues are always less compared to the 
situation of the stand-alone intra-hour optimisation discussed in the previous para-
graph. This is due to the fact that part of the BESS capacity is scheduled for the day-
ahead market, which results to additional constraints for the intra-hour optimisation. In 
the case of hierarchical optimisation, insight can be given by evaluating the combined 
computed revenues from both applications, i.e., day-ahead energy arbitrage and passive 
contribution in the imbalance settlement, which are depicted in figure 6.11. Simulation 
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results show that the computed revenues for the hierarchical optimisation approach are 
on average less compared to the case of the stand-alone intra-hour optimisation. This is 
mainly due to the high susceptibility of energy arbitrage applications to the efficiency of 
the storage systems, whereas the day-ahead commitments restrict the amount of avail-
able storage capacity which can be utilised within the intra-hour optimisation. 

6.9 Discussion 
In this chapter, a multi-level economic optimisation problem is formulated, which ad-
dresses the management of distributed energy storage systems in combination with sto-
chastic resources. The approach is based on hierarchical decomposition of the optimisa-
tion problem in the time domain, by composing a three-level control scheme, i.e., day-
ahead, intra-hour, and real-time, where the initial and final states of each sub-problem 
are chosen as coordination parameters. The day-ahead and the intra-hour problems ad-
dress the interactions with electricity markets during the operational planning phase, 
whereas the real-time algorithm is able to optimise the operation of the battery system 
according to updated predictions about market conditions, power demand and genera-
tion, and subject to network and other technical constraints. The proposed control 
scheme is demonstrated through a case study that focuses on the Netherlands. Even 
though the case study is just about an integrated system with battery-based storage, PV 
generation and residential loads, the proposed method is applicable to different storage 
technologies and stochastic energy sources. 

Economic evaluation The outcome of computer simulations provides an economic 
evaluation of the specified applications, i.e., energy arbitrage in the day-ahead market 
and passive contribution in system balancing, based on historical market data from the 
Netherlands, and including a sensitivity analysis about the effect of the system efficiency 
on the overall economic performance. Note that the computed revenues are dependent 
on the specifications of each investigated application, i.e., the case study, the market de-
sign, the price development, system conditions, etc. Simulation results provided a valu-
able insight about the different utilisation strategies of the distributed energy storage re-
source. The application of energy arbitrage on the day-ahead market of APX [37], ap-
pears to be highly susceptible to the efficiency of the storage systems, which indicates the 
limited business potential of low efficiency storage technologies. Overall, the computed 
revenues are declining, throughout the years, but this is also the case for the historical 
price volatility in the APX day-ahead market, thus suggesting that market opportunities 
for energy storage are decreasing with respect to the specified application. In figure 6.12, 
the differences in computed maximum annual revenues between the two approaches, 
i.e., hierarchical minus stand-alone intra-hour optimisation, are depicted for varying 
charging and discharging efficiency factors. In this figure, it becomes apparent which 
approach delivers more revenues, for each investigated year, and for different efficiency 
factors.  
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Figure 6.9: Computed maximum annual revenues from passive contribution in the Dutch imbalance 
settlement system, for varying charging and discharging efficiency factors. 

 
Figure 6.10: Computed maximum annual revenues from passive contribution in the Dutch imbal-
ance settlement system, when part of the capacity has been committed for the day-ahead market, for 
varying charging and discharging efficiency factors. 

 
Figure 6.11: Computed maximum annual revenues from both applications, i.e., energy arbitrage in 
the day-ahead market and passive contribution in the Dutch imbalance settlement system, when part 
of the capacity has been committed for the day-ahead market, for varying charging and discharging 
efficiency factors. 
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Figure 6.12: The difference in annual revenues between the two approaches, i.e., computed maxi-
mum revenues generated from the hierarchical approach minus those generated from the stand-alone 
intra-hour optimisation, for varying charging and discharging efficiency factors. 

Overall, simulation results show that the average computed revenues for the hierarchical 
optimisation approach are always less compared to the case of the stand-alone intra-
hour optimisation. Apart from a few distinct years, e.g., 2002, and 2005, the hierarchical 
approach appears to be a less effective strategy, due to the day-ahead energy commit-
ments which restrict the full potential of the storage resource to maximise revenues in 
the imbalance market. On average, the stand-alone intra-hour optimisation appears to 
be a more effective strategy, and this is strongly related to the larger price spread ob-
served in the imbalance market, compared to the day-ahead market, but also to the al-
ternating pattern of system regulation which allows the BESS to perform more cycles 
during a day. In table 6.3, and figure 6.13, the percentual drop of average revenues from 
2001-2012 are summarised for decreasing efficiency factors and for the specified appli-
cations and strategies. Based on these figures it can be concluded that the application of 
day-ahead energy arbitrage is highly susceptible to the efficiency of the storage systems. 
Overall, the hierarchical approach appears to be slightly less susceptible compared to the 
stand-alone intra-hour optimisation. Note that these observations are made under the 
assumption of the theoretically maximum generated revenues, whereas in real-life appli-
cations the generated revenues will always be dependent on the accuracy of the forecast-
ing methods. Contemporary day-ahead markets are characterised by a diurnal pattern of 
prices, which makes the forecasting of day-ahead market prices more plausible com-
pared to the highly stochastic nature of the imbalance market.  

 

Table 6.3: Percentual drop of average revenues from 2001-2012 for decreasing efficiency factors. 

Application      

Day-ahead energy arbitrage 80.7 % 70.4 % 57.4 % 42.1 % 24.2 % 

Imbalance settlement passive contribution 55.7 % 48.5 % 38.9 % 28.4 % 15.2 % 

Hierarchical optimisation 54.4 % 47.9 % 38.4 % 26.0 % 12.7 % 
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Figure 6.13: Percentual drop of average revenues from 2001-2012, for decreasing efficiency factors, 
and for the three investigated applications. 

Energy storage technologies, and especially battery-based systems, are characterised by 
high capital costs. The potential financial gains through energy arbitrage and participa-
tion in system balancing result to rather low or even negative return of investment over a 
given time period. According to [132], the capital expenditures for lithium-ion battery 
storage should come down by a factor of ten to arrive at the break-even point. A com-
plete cost-benefit analysis is not within the scope of this thesis, and the outcome of the 
performed economic analysis alone cannot be considered as conclusive about the eco-
nomic viability of certain energy storage applications. There are several reasons to sup-
port the latter argument. The inherent problem of utilising historical data to provide a 
guide about future developments is that events do not always fall into historical norms. 
The assumption that history can provide the means to foresee an outcome is often a reli-
able approach, though it might also lead to deceptive conclusions. Especially when con-
sidering a system under transition, where major paradigm changes are taking place such 
as an increasing integration of RES and further deregulation of the electricity sector. 
Furthermore, niche technologies, including distributed battery systems, are mainly in-
troduced within pilot programmes and research activities, and as a result the associated 
capital costs are relatively high. This might change over time, and the large scale de-
ployment and economies of scale might drive down the capital costs for distributed en-
ergy storage. 

Economic optimisation p-
proach can be extended to address other applications, such as the provision of reactive 
power, and to incorporate costs related to battery life, given that appropriate economic 
data are available. In the advent of the electricity sector liberalisation, apart from energy 
trade and ancillary services provision, other potential applications for energy storage in-
volve services offered to DSO companies, such as power quality enhancement and de-
ferment of investments. The latter is in accordance with the European directive concern-
ing common rules for the internal market in electricity [30], where it is stated that: 
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“When planning the development of the distribution network, energy effi-
ciency/demand-side management measures or distributed generation that might sup-
plant the need to upgrade or replace electricity capacity shall be considered by the dis-
tribution system operator”. Therefore, it is relevant to investigate how other services can 
be integrated in the proposed control scheme. 

System impact
aggregator companies, and not on the overall system impact. Therefore, the developed 
scenarios are based on the assumption that the investigated case study is small enough 
not to influence the market outcome, e.g., the market clearing prices. The aggregator 
executes its strategy based on its calculus for maximising revenues or minimising costs 
in certain markets. This approach completely ignores the role of other participants in 
driving the markets outcome. However, as discussed in section 2.3.3.6, passive contribu-
tion is delivered at the aggregator’s own risk, and might jeopardise any contractual pay-
ments or slow down a possible increase in marginal price, thus influence the financial 
outcome of other market participants. 

Modelling i-
gated battery system are considered as constants that vary from 0.5 to 1. Evaluation of 
field measurements indicate that constant efficiency factors can provide a rather accu-
rate representation of the battery system for short to medium time intervals, e.g., from 
minutes to ~2 hours, though it results to large deviations for longer horizons, especially 
with respect to the state of charge (or energy) where the errors act additively. There are 
many parameters that influence the battery performance such as temperature, charging 
and discharging rates, etc. A more exact and accurate representation of the power con-
version system and the overall power losses of the battery system is essential with re-
spect to real-life applications. 
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CHAPTER 7 

7. Epilogue 

7.1 Conclusions 
The nature of electrical power provision is about to change significantly during this cen-
tury, under the influence of a number of economic, environmental, social, political and 
technological developments. System services which have been established at the trans-
mission level are expected to be performed also at lower voltage levels, suggesting a 
structural shift in the role of systems users connected in distribution systems towards 
the provision of system services. These developments enforce that future electrical power 
systems are designed to function in an unprecedented way compared to contemporary 
systems, with emphasis on decentralised decision making, automation, high functional-
ity, distributed optimisation and control, and bidirectional communications. Informa-
tion and communication technologies are seen as enabling technologies for the wide in-
tegration of intermittent energy sources, for promoting low carbon technologies, and 
enabling responsive characteristics of the demand side. In future power systems, charac-
terised by a large amount of RES, the management of distributed resources such as con-
trollable loads and storage technologies can be a significant option to cope with the chal-
lenges that the fluctuating nature of those energy sources impose to the system. How-
ever, there have been many different approaches in transforming this vision into practi-
cal applications. Previous research has been mainly focused on centralised architectures 
and the management of groups of homogeneous distributed resources. Though, these 
design approaches are limited in scope and might become obsolete in the future due to 
ongoing developments. 

In this thesis, the focus is on the hierarchical management of distributed resources for 
the provision of system services through intermediaries, i.e., the aggregation entities. A 
conceptual architecture has been proposed that is flexible, uniform, and generic, to ad-
dress the energy management of distributed resources both from the supply and the de-
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mand side. The proposed management scheme captures the operational planning, the 
real-time operations, the verification of the energy and service provision, and the finan-
cial settlement. The operational planning phase addresses the interactions of system op-
erators with electricity markets, whereas real-time algorithms are devised to cope with 
system constraints, the variability of RES and changing market conditions. The verifica-
tion of the energy and service provision, and the financial settlement occur after the op-
erational day by the system and market operators. In the future, the increasing utilisa-
tion of electronic meters for remote and online electricity readings might support the de-
velopment of more sophisticated and automated verifications methods. Especially with 
respect to assessing the provision of ancillary services, determination of the time re-
sponse delay is one of the main aspects involved in the verification process. 

 Through the application of signal analysis, based on discrete correlation, the 
time response delay of balance suppliers can be determined (this thesis, section 
5.4.2). Furthermore, results show that the determined response delay varies as a 
function of the time of the day, which is realistic considering a portfolio-based 
supplier. 

An aggregator company is essentially a service provider that represents an aggregation of 
system users to the markets and system operators. Since aggregation systems can be 
characterised by numerous possible organisation structures, the role of the aggregator 
has to be defined on the basis of certain applications. Therefore, specific case studies are 
defined for further developing and evaluating the proposed framework based on the in-
tended application requirements and goals. The case studies address the management of 
two particular resources, i.e., residential loads, and distributed energy storage technolo-
gies. The control problems were formulated on the basis of functional requirements that 
drive the application architecture of aggregation control systems. However, prior to the 
real-life application of the proposed formulations, those have to be further assessed 
against uncertainties on the basis of non-functional criteria of control systems related to 
performance, stability and robustness. The main findings from the investigated case 
studies are summarised below. 

 Case study 1: a decentralised control structure is formulated for the provision 
of system services through aggregation of residential demand response re-
sources. The convergence of the aggregate residential demand response system 
under load-frequency control, i.e., secondary control for frequency restoration 
reserves, is investigated, and the outcome is compared with actual market and 
performance data from conventional balance suppliers in the Netherlands (this 
thesis, section 5.4.2.2). In this case study, the aggregator acts as the coordinator 
of the aggregate residential demand response system, whereas the optimisation 
of the controllable distributed resources occurs at the level of the individual sys-
tem users in a decentralised manner. Simulation results show that the response 
of the aggregate demand response system outperforms that of conventional bal-
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ance suppliers, both in terms of higher achieved correlation, but also in terms of 
faster time response. However, the improved performance, as illustrated 
through computer simulations, does not result currently in additional rewards 
compared to conventional suppliers within the Dutch imbalance settlement sys-
tem. Furthermore, the particular aspects of an aggregate demand response re-
source, e.g., the available capacity varies with time and is subject to preceding 
utilisation, indicate that demand response capacity cannot be contracted on an 
annual basis, neither be guaranteed on a day-ahead basis. Therefore, the current 
public rules for active contribution in the imbalance settlement have to be 
adapted to allow the revision of bids close to real-time, which would make possi-
ble the participation of demand response resources alongside with conventional 
supply side resources. Although the case study is about a typical domestic appli-
ance, the presented ideas support the large-scale implementation of demand re-
sponse programmes for the provision of ancillary services close to real-time.  

 Case study 2: a multi-level economic optimisation problem is formulated, 
which addresses the management of distributed energy storage systems in com-
bination with stochastic energy resources (this thesis, section 6.3). In this case 
study, the aggregator acts as the facilitator of the integrated system which con-
sists of residential customers, photovoltaic installations and a distributed bat-
tery system. The battery system, which is monitored and controlled by a local 
agent, consists of the only controllable resource in this case study, whereas the 
aggregator’s role is to maintain communication among all entities within the 
aggregation system, and to provide the battery system agent with the necessary 
information to function. The approach is based on hierarchical decomposition of 
the optimisation problem in the time domain, by composing a three-level control 
scheme, i.e., day-ahead, intra-hour, and real-time, under the objective of profit 
maximisation or cost minimisation within the context of certain applications. 
The upper and intermediate levels address the interactions with the day-ahead 
auction, and the balancing market, and are complemented by the lower control 
level which allows for corrective actions close to real-time. The three optimisa-
tion sub-problems are solved over a prediction horizon by utilising an internal 
state-space model of the battery system, where the initial and final states of each 
sub-problem are chosen as coordination parameters. By decomposing the opti-
misation problem in the time domain, it becomes possible to utilise a distributed 
energy storage resource in different markets and applications. 

Since each market is characterised by different sets of rules and procedures, the eco-
nomic potential of both case studies was evaluated by focusing on two specific markets in 
the Netherlands, i.e., the day-ahead market, and the market for operating reserves. The 
economic evaluation was performed on the basis of an ex-post evaluation of the specified 
applications based on historical market data, and under the assumption that the investi-
gated case studies are small enough not to influence the market outcome. 
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 Case study 1: simulation results show that in an electrical power system where 
appropriate energy storage solutions are not available, residential demand re-
sponse can become an interesting business case for new market entries such as 
aggregation entities, provided that constructive regulating reforms are imple-
mented to allow the eligible and active participation of the demand side in elec-
tricity markets. These reforms should address at least the requirements for 
minimum bid sizes, which were defined for conventional service providers but 
act as barriers for the participation of small-scale distributed systems, and the 
remuneration of distributed resources alongside with conventional resources 
providing the same services. Overall, simulation results show that the potential 
economic benefits of residential demand response participation in the Dutch 
electricity markets are relatively low on a per residence basis, but not negligible 
for the business case of the aggregator. Primary, the aggregator is expected to 
take advantage of price differences between forward, future, spot markets and 
the retailing price for electricity. The aggregator can utilise the controllable 
loads to reduce risks while planning under uncertainty, especially with respect to 
the integration of intermittent generation, whereas participation in ancillary 
services markets can provide additional revenues. 

 Case study 2: the outcome of computer simulations provides an economic 
evaluation of the specified applications, i.e., energy arbitrage in the day-ahead 
market and passive contribution in system balancing, based on historical market 
data from the Netherlands, and including a sensitivity analysis about the effect 
of the system efficiency on the overall economic performance. Energy storage 
technologies, and especially battery-based systems, are characterised by high 
capital costs. However, changing storage control strategies depending on the 
market requirements could allow maximisation of revenue. The potential finan-
cial gains through energy arbitrage and participation in system balancing are 
rather low and might lead to negative return of investment over a given time pe-
riod. Overall, the declining market price volatility in the Dutch day-ahead mar-
ket, throughout the years, suggests that market opportunities for energy arbi-
trage through storage technologies are decreasing. Contrary, the price develop-
ment and the alternating pattern of system regulation in the Dutch balancing 
market provides more financial gains. Simulation results provide a valuable in-
sight about the different utilisation strategies of a distributed energy storage re-
source. Results show that the application of energy arbitrage in day-ahead mar-
kets is highly susceptible to the efficiency of the storage systems and the daily 
price development and volatility. Contrary, the contribution in system balancing 
appears to be a more effective strategy for distributed energy storage systems, 
and this is mainly driven by the larger price spread in the imbalance settlement 
and the alternating pattern of system regulation which allows the controller to 
perform more charging cycles during a day. However, the latter application in-
volves higher risks due to the stochastic nature of the imbalance market and the 
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inherent difficulty to accurately predict the system state a priori. The hierarchi-
cal approach, i.e., combined participation in both markets, appears to be on av-
erage a less effective strategy due to the commitments that are made day-ahead 
which restrict the full potential of the energy storage resource to maximise reve-
nues in the imbalance market. Note that for demonstrating the proposed optimi-
sation scheme, historical data were utilised to resemble predicted market condi-
tions, and electrical power demand and generation, thus underlying an ideal 
situation were no errors are involved in the prediction process. Therefore, the 
economic evaluation reflects the theoretical maximum outcome, and the influ-
ence of non-ideal conditions, i.e., forecasting errors, is not investigated. 

7.2 Thesis contributions 
A synopsis of the main contributions in this thesis is provided below. 

 A review of power systems operations in liberalised environments resulted in a 
reference scheme for the electricity sector organisational structure (this thesis, 
section 2.1.2), which identifies the main actors and domains, the relationships, 
and the principles that govern power systems operations. This reference scheme 
maps the relationships within contemporary systems, and indicates envisioned 
interactions at the distribution level. 

 An overview of electricity markets has been provided, while emphasising on two 
developed markets in the Netherlands. The participation in wholesale and ancil-
lary services markets, such as the active contribution in load-frequency control, 
dictates the need for the establishment of robust verification processes for assess-
ing the service provision. Based on detailed discussions with representatives of 
the Dutch TSO, the principles, under which operating reserves are traded, pro-
cured, and verified in the Netherlands, are elucidated, and inefficiencies of the 
current approach are identified (this thesis, in section 2.3.3). This information is 
in general not disclosed by system operators, and underlines the apparent need 
for the development of robust and harmonised verification processes to enhance 
trade, and to enable the active participation of distributed resources in electricity 
markets. 

 The verification process of the Dutch TSO for the provision of operating reserves 
takes into account specific conditions, but the criteria for assessing the quality of 
the service provision are not explicitly defined. Furthermore, only a limited 
number of cases can be assessed due to the non-automated nature of the process. 
In this context, a proposal is made for the development of an automated analysis 
tool for assessing the service provision of market participants, and specifically 
for determining the response delay, following a request of the system operator 
for the provision of operating reserves (this thesis, in section 5.4.2.1). Determina-
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tion of the response delay is one of the main aspects involved in the process of as-
sessing the service provision. 

 A bibliographic review on the topic of demand side management provides thor-
ough insights to applied cases, while the discovery of new evidences calls for re-
consideration of the design of demand response systems. The developments at 
the demand side are analysed, and a classification of control schemes is provided 
(this thesis, in section 3.2.1.7). This classification provides a full overview of pro-
cedures and technologies that have a direct impact to electricity use in response 
to a stimulus. 

 An essential element for the synthesis and design of effective management 
schemes for distributed resources is that their operation must be compatible with 
the actual power system design and operation. A historical review of power sys-
tem control assists in identifying established operational rules of contemporary 
systems, which subsequently evoke fundamental requirements for the power and 
energy management of distributed resources. Based on this review, a set of crite-
ria is defined that should guide the management of distributed resources (this 
thesis, in section 4.1). Defined criteria refer to characteristics of energy man-
agement systems that are useful in the procedure of making design choices for 
practical applications. In this direction, an effort is made to address the views of 
system and market operators, deregulated utilities, service providers and cus-
tomers, to support the process of establishing standards and procedures, and to 
contribute to the design and integration efforts for the management of distrib-
uted resources.  

 A conceptual architecture is proposed to address practical applications for the 
management of distributed resources (this thesis, in section 4.2). The scope of the 
conceptual architecture is to provide a framework that is flexible, uniform, and 
generic, that aligns policy, business, and engineering approaches, to enable all 
electrical energy distributed resources to contribute to an efficient and reliable 
power system. The proposed framework identifies the interfaces between func-
tional domains and entities of power systems and defines the relationships 
among them. Emphasis is given on the semantic interoperability between entities 
and domains, and on power systems operations, i.e., from the short-term opera-
tional planning to the real-time operations, and the a posteriori settlement.  

 The proposed conceptual architecture is employed to address the topic of resi-
dential load control, and a decentralised control structure for automated de-
mand response is formulated (this thesis, in section 5.2). The focus is on the in-
teractions between the aggregator and a number of associated system users. The 
proposed scheme considers a uniform representation of non-homogeneous dis-
tributed resources, automated functions, and distributed intelligence. Apart from 
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the real-time operations, the proposed scheme also captures the operational 
planning, the verification of the energy and service provision, and the financial 
settlement. Although the case study is about a typical domestic appliance, the 
presented ideas support the large-scale implementation of demand response 
programmes.  

 The proposed conceptual architecture is also employed to address the energy 
management of distributed energy storage systems in combination with stochas-
tic energy resources, and a viable multi-level control scheme is formulated (this 
thesis, in chapter 6). The scope is the economic optimisation of a distributed bat-
tery system with predictive control techniques, by composing a three-level opti-
misation problem, i.e., day-ahead, intra-hour, and real-time, where the initial 
and final states of each sub-problem are chosen as coordination parameters. The 
day-ahead and the intra-hour problems address the interactions with electricity 
markets during the operational planning phase, whereas the real-time algo-
rithm is able to adjust the operation of the distributed energy storage system ac-
cording to updated predictions about market conditions, power demand and lo-
cal generation, and subject to network and other technical constraints. Even 
though the case study is about an integrated system with a battery-based stor-
age, photovoltaic generation and residential loads, the proposed method is ap-
plicable to different storage technologies and intermittent energy sources. 

 An economic assessment of residential demand response has been performed re-
garding the potential cost-savings that might arise due to participation of resi-
dential customers in the day-ahead auction, and the balancing market in the 
Netherlands. Given the considered assumptions, regarding the technical capa-
bilities of controllable loads and user behaviour, simulation results provide an 
estimation of the potential economic benefits (this thesis, in section 5.1.4). 

 An economic assessment of distributed energy storage in combination with resi-
dential customers and photovoltaic generation has been performed (this thesis, 
in section 6.8). The outcome of computer simulations provides an economic 
evaluation of the specified applications, i.e., energy arbitrage in the day-ahead 
market and passive contribution in system balancing, based on historical market 
data from the Netherlands, and including a sensitivity analysis about the effect 
of the system efficiency on the overall economic performance.  

7.3 Recommendations 
Based on the outcome of this thesis, a number of related topics are defined for future re-
search, whereas some sensible aspects with respect to practical applications are men-
tioned in the following paragraphs. 
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 In the past, the economic justification for the implementation of load manage-
ment programmes has been difficult. Currently, more and more demand side 
management programmes provide clear opportunities to alleviate increasing 
capital and operational costs, and to preserve scarce fuels. Nevertheless, their 
economic performance is subject to environmental and market policies. Consis-
tent policy frameworks and adequate stimuli are necessary to accommodate the 
energy transition. Especially with respect to aggregator companies which have 
to reach a sufficient aggregation level of individual customers before being able 
to act as system service providers, and therefore should be allowed to grow 
within niche environments.  

 In general, relatively small consumers such as residential customers do not have 
the same motivations, understanding or technology awareness as professionals 
in the energy sector, and policy interventions are most effective when designed 
from their perspective. Direct control schemes can address effectively the per-
spective of system operators, however, experience shows that end-users might 
perceive in a more positive way the concept of voluntary load control. The en-
gagement of the end-user in the design process of demand side management 
programmes can tackle privacy concerns and contribute to higher user accep-
tance. Residential demand response requires a coherent framework to align ap-
proaches of policy makers, manufacturers, system operators and system users. 

 In this thesis, the focus is on market participation of distributed resources 
through aggregation under independent service providers, and not on direct 
participation of individual system users, e.g., residents or commercial custom-
ers. Therefore, the financial settlement addresses the business processes between 
the aggregator and the market or system operators. Future work should address 
the explicit business requirements and transactions between an aggregation en-
tity and its associated system users under the proposed framework. 

 The electricity sector liberalisation has contributed significantly towards the 
creation of competitive markets. The participation in wholesale and ancillary 
services markets, dictates the need for the establishment of harmonised rules and 
robust verification processes for assessing the service provision, to enhance 
trade, and to enable the active participation of distributed resources in electricity 
markets. In a power system that has been traditionally built around central gen-
eration options, distributed resources should be allowed to compete with conven-
tional resources and be remunerated appropriately for the provision of the same 
types of system services. 
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CHAPTER 8 

Appendix 

A.1 Definitions 
In this thesis, an effort is made to keep terminology consistent with the definitions avail-
able in “The harmonised electricity market role model” [29]. The role model has been 
developed to facilitate the dialogue between the market participants from different coun-
tries through the designation of a single name for each role and domain that are preva-
lent within the electricity sector. Since the case studies in this research are built with ref-
erence to the Dutch system, terms that are applicable in the Netherlands are commonly 
used throughout the thesis, though, whenever possible, the relation between national, 
European and international terminology is drawn. 

Actor – An actor represents a participant in a business transaction. Within a given 
business transaction an actor consists of a composition of one or more roles [29]. 

Control centre – An administrative or operational centre for a group of related activi-
ties. 

Data flow – Data flows refer to application-level communications from a transmitter of 
data to a receiver of data. Data flow through a data link, i.e., a physical communication 
connection from a source to a destination [11]. 

Domain – A domain represents a delimited area that is uniquely identified for a specific 
purpose and where energy generation, end-use or trade may be determined. Essentially, 
a domain represents a class of entities with common characteristics [29]. 

Distributed energy resource – A source of electrical power that is not directly con-
nected to the power transmission system. A DER can be a generation unit or an energy 
storage technology [11]. 
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Distributed resource – In contrast with the DER definition, in [12], a distributed re-
source is defined as “demand and supply side resources that can be deployed through-
out an electric distribution system (as distinguished from the transmission system) to 
meet the energy and reliability needs of the customers served by that system. Distrib-
uted resources can be installed on either the customer side or the utility side of the me-
ter’’. This is the definition that reflects on the thesis title. 

Energy management system – A system of tools used to monitor, control, and opti-
mise the generation, delivery, and/or consumption of energy [11]. 

Entity – Entities can be devices, communication networks, computer systems, software 
programs, etc., that are generally located inside a domain and are connected to each 
other through one or more interfaces [11]. Therefore, an entity might represent a device 
or a group of devices within a domain. 

Generation – The process of generating electrical power from various primary energy 
sources. 

Interface – A logical connection from one entity to another that supports one or more 
data flows implemented with one or more data links [11]. 

Load – The active or apparent power consumed by power utilisation equipment [11].  

Role – A role represents the external intended behaviour of an actor. Different actors 
cannot share the same role. Roles describe external business interactions with other ac-
tors in relation to the goal of a given business transaction [29]. 

Trade platform – A computer system consisted of both hardware and software which 
is used to handle orders for market instruments. 
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A.2 List of interfaces 
 

Table A.1: List of interfaces between system entities as described in section 2.1.2. 

Interface 
Entity 

(origin) 
Entity 
(end) 

Comments 

I.1 MO CC TSO CC 
All trades in an energy exchange must be notified to the corre-
sponding TSO by the associated MO. See section 2.3.2. 

I.2 ASM TP TSO CC 
Availability of resources for ancillary services provision becomes 
accessible to the TSO CC through the ASM TP. 

I.3 TSO CC DSO CC This interface provides bidirectional communication between the 
TSO and DSO companies. I.3 DSO CC TSO CC 

I.4 MO CC EEM TP This interface provides bidirectional communication between the 
trade platform of an EEM and the CC of the associated MO. I.4 EEM TP MO CC 

I.5 ASM TP DSO CC 
Availability of resources for local ancillary services provision be-
comes accessible to the corresponding DSO CC through the ASM 
TP. This interface corresponds to envisioned local ASM. 

I.6 DSO CC ESP CC 
The DSO companies must procure the amount of energy that cor-
responds to losses within their systems through an ESP. 

I.7 TSO CC ESP CC 
The TSO must procure the amount of energy that corresponds to 
losses within the transmission system through an ESP. 

I.7 ESP CC TSO CC 
Each individual transaction in an energy exchange is notified to the 
TSO by the corresponding acknowledged ESP. See section 2.3.2. 

I.8 ESP CC EEM TP 
Every ESP must submit aggregate energy schedules (volumes and 
corresponding prices) to the EEM for all associated system users. 

I.8 EEM TP ESP CC 
Following the clearing of an EEM, every acknowledged ESP re-
ceives the corresponding market clearing volumes and prices. 

I.9 ASP CC ASM TP 
Every ASP must submit the aggregate bids for ancillary services of 
all associated system users to the corresponding ASM TP. 

I.10 TSO CC ASP CC 
Ancillary services are procured by the TSO, through an ASP, and 
are provided by associated system users. 

I.11 DSO CC ASP CC 
In envisioned systems, local ancillary services could be procured by 
a DSO, through an ASP, and provided by associated system users. 

I.12 ESP CC ASP CC A service provider can carry both roles of an ESP and an ASP, and 
this is represented by an interface which links their control centres. I.12 ASP CC ESP CC 

I.13 
System user 

EMS 
ESP CC 

Through this interface, every system user can inform its associated 
ESP about energy schedules (and economic objectives) 

I.13 ESP CC 
System 

user EMS 

Following the clearing of the EEM, an ESP informs its associated 
system users about market clearing volumes and prices. In a DR 
control scheme, this interface can be used for exchanging signals. 

I.14 
System user 

EMS 
ASP CC 

Through this interface, every system user can inform its associated 
ESP about ancillary services availability (and economic objectives) 

I.14 ASP CC 
System 

user EMS 
Through this interface, an ASP can procure ancillary services from 
associated system users, following a request by the TSO (or DSO). 

I.15 
Energy re-

source 
System 

user EMS 
Provides the interface for bidirectional communication between a 
system user EMS and its energy resources for protection, control 
and monitoring purposes. Energy resources include bulk genera-
tion units, DER and loads. I.15 

System user 
EMS 

Energy 
resource 
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A.3 Pseudo-codes 
 

Table A.2: Real-time simulation pseudo-code for the first case study. 

1. begin; 

2. # VTN is the aggregator, and VENj the system users, with j = 1, ..., N. 

3. # Current time instant is k, whereas 4 sec., n = 21 600, ihorizon = 900. 

4. # The VTN obtains the power measurement yj(k) of the jth process, with  j = 1, ..., N. 

5. The VTN calculates the aggregate power output y(k); 

6. 
The VTN defines the control (coordination) trajectory signal  s(k+i|k) for the considered control area by 
using (5.8)-(5.10); 

7. 
# The VTN broadcasts the defined control (coordination) trajectory s(k+i|k) to all associated VENj in 
the considered control area. 

8. # Each associated VENj obtains the broadcasted trajectory signal s(k+i|k). 

9. for j = 1 to N do; 

10. for i = 1 to ihorizon do; 

11. 
The VENj creates the model-based prediction of the power output Pth,j(k+i|k) under the standard 
thermostatic control; 

12. end for; 

13. Define the reference signal rj(k+i|k) of the jth process according to (5.4); 

14. 
# Optimisation of the jth process: definition of the input trajectory uj(k+i|k) subject to the optimisa-
tion goal (5.5) and constraints (5.6) and (5.7). 

15. for i = 1 to ihorizon do; 

16. if s k i k( | ) 0  then 
j

j
u k i k

r k i k
( | )
min ( | )  else; 

17. if s k i k( | ) 0  then 
j

j
u k i k

r k i k
( | )
max ( | )  else; 

18. if s k i k( | ) 0  then MPC j th jp k i k p k i k, ,( | ) ( | ) ; 

19. end for; 

20. for i = 1 to ihorizon do; 

21. 
The VENj creates the prediction of the power output Popt,j(k+i|k) under the forecast-based ap-
proach for the defined optimised input trajectory uj(k+i|k) in steps 15-19; 

22. end for; 

23. 
Calculate the reference trajectory rj(k+i|k), over the prediction horizon, i=1, ..., ihorizon, by using (5.4), 
and forward the result to the aggregator; 

24. 
The VTN obtains the reference trajectory rj(k+i|k) from VENj, performs consistency checks, e.g., 
overshooting avoidance, and sends back a binary signal notification signal wj(k) {0,1} to indicate re-
jection or acceptance with respect to rj(k+i|k); 

25. In case of acceptance of the signal rj(k+i|k), the VENj applies the first input to the jth process; 

26. end for; 

27. for i = 1 to ihorizon do; 

28. The VTN calculates the sum: 
N

j
j

r k i k r k i k
1

( | ) ( | ) ; 

29. end for; 

30. # The iteration continues with the next step and the process is repeated. 

31. k = k+1; 

32. end; 
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Table A.3: Intra-hour optimisation pseudo-code for imbalance prices definition in (6.29). 

1. begin; 

2. # Current settlement period is q, with q [0, 95] , s = 15 min., m= 1, ..., 48. 

3. for m = 1 to 48 do 

4. if prdS q m( ) 0  then 

5. if prd
aE q m( ) 0 then 

6. prd prd prd prd
icimb surpl midq m q m q m q m  else 

7. if prd
aE q m( ) 0 then 

8. prd prd prd prd
icimb short midq m q m q m q m  

9. end if 

10. if prdS q m( ) 2  then 

11. if prd
aE q m( ) 0 then 

12. prd prd prdprd
icimb surplq m q m q m q m  else 

13. if prd
aE q m( ) 0 then 

14.                if (emergency power is called) then 

15.                prd prd prd prdprd
em icimb shortq m q m q m q m q m  else 

16.                prd prd prd prd
icimb shortq m q m q m q m  

17. end if 

18. end if 

19. if prdS q m( ) 1  then 

20. if prd
aE q m( ) 0 then 

21. prd prd prdprd
icimb surplq m q m q m q m  else 

22. if prd
aE q m( ) 0 then 

23. prd prd prdprd
icimb shortq m q m q m q m( ) ( ) ( ) ( )  

24. end if 

25. if prdS q m( ) 1  then 

26. if prd
aE q m( ) 0 then 

27.                if (emergency power is called) then 

28.                prd prd prd prdprd
em icimb surplq m q m q m q m q m( ) ( ) max( ( ), ( )) ( )  else 

29.                prd prd prd prd
icimb surplq m q m q m q m( ) ( ) ( ) ( ) 

30. end if 

31. if prd
aE q m( ) 0 then 

32.                if (emergency power is called) then 

33.                prd prd prd prdprd
em icimb shortq m q m q m q m q m( ) ( ) max( ( ), ( )) ( )  else 

34.                prd prd prd prd
icimb surplq m q m q m q m( ) ( ) ( ) ( )  

35. end if 

36. end if                    

37. end for     

38. # The iteration continues with the next settlement period and the whole process is repeated. 

39. q = q+1 

40. end 
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Table A.4: Real-time optimisation pseudo-code for imbalance prices definition in (6.46). 

1. begin; 

2. # The state of energy deviation SoE l( 1) at the end of the current lth settlement period is defined as: 

3. # ihsSoE l SoE t SoE l( 1) ( ( ) ( 1))  where t l15 1. 

4. if prdS l( 1) 0  then 

5. if SoE l( 1) 0  then 

6. prd prd prd prd
icimb surpl midl l l l  else 

7. if SoE l( 1) 0  then 

8. prd prd prd prd
icimb short midl l l l

9. end if 

10. if prdS l( 1) 2  then 

11. if SoE l( 1) 0  then 

12. prd prd prdprd
icimb surpll l l l  else 

13. if SoE l( 1) 0  then 

14.                if (emergency power is called) then 

15.                prd prd prd prdprd
em icimb shortl l l l l  else 

16.                prd prd prd prd
icimb shortl l l l  

17. end if 

18. end if 

19. if prdS l( 1) 1  then 

20. if SoE l( 1) 0  then 

21. prd prd prdprd
icimb surplq m q m q m q m  else 

22. if SoE l( 1) 0  then 

23. prd prd prdprd
icimb shortl l l l( 1) ( 1) ( 1) ( 1)  

24. end if 

25. if prdS l( 1) 1  then 

26. if SoE l( 1) 0  then 

27.                if (emergency power is called) then 

28.                prd prd prd prdprd
em icimb surpll l l l l( 1) ( 1) max( ( 1), ( 1)) ( 1)  else 

29.                prd prd prd prd
icimb surpll l l l( 1) ( 1) ( 1) ( 1) 

30. end if 

31. if SoE l( 1) 0  then 

32.                if (emergency power is called) then 

33.                prd prd prd prdprd
em icimb shortl l l l l( 1) ( 1) max( ( 1), ( 1)) ( 1)  else 

34.                prd prd prd prd
icimb surpll l l l( 1) ( 1) ( 1) ( 1)  

35. end if 

36. end if                    

37. end 
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CHAPTER 10 

Nomenclature 

The main notation of the thesis is provided in the list below for quick reference, whereas 
other symbols are defined as required throughout the text. Note that the symbols used in this 
thesis might be accompanied by a superscript and/or a subscript index, which are also listed 
further below in separate tables. Furthermore, the definitions of the acronyms used in this 
dissertation are also listed at the end of the nomenclature. 

 

List of symbols 

A  Thermal conductivity (W/°C) 

ACE  Area Control Error (MW) 

dP k i( )  Power deviation trajectory (W) 

dP l( )  Average power deviation during the lth settlement period (W) 

E  Energy content or capacity (Wh) 

E h( )  Energy volume for the hth hour (Wh) 

E l( )  Energy volume for the lth settlement period (Wh) 

E t( )  Energy stored at time t  

f  System frequency 

h  Index for the hourly periods, h 1,...,24 

i  Discrete step for sample time, i n1,...,  

k Current sample time 

l  Index for the settlement periods, l 1,...,96  

M  Thermal mass (Wh/°C) 

m  Discrete step for settlement periods, m 1,...,48  

P  Power (W) 

P h( ) Average power during the hth hour (W) 

P k i k( | ) Power trajectory defined at sample time period k (W) 

P l( )  Average power during the lth settlement period (W) 

P t( )  Power at time t (W) 
q Current settlement period, q 0,...,95  

Q t( ) Reactive power at sample time t  (var) 
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List of symbols (continued) 

S l( )  System state during the lth settlement period (-) 

S q m q( | ) System state trajectory defined at the qth settlement period (-) 

SoE h( ) State of Energy at the hth hour (%) 

SoE k( ) State of Energy at sample time k (%) 

SoE l( )  State of Energy at the lth settlement period (%) 

SoE t( ) State of Energy at time t (%) 

S t( )  Apparent power at sample time t  (VA) 

r k i k( | )  Reference trajectory signal (W). 

s k i k( | )  Control (coordination) trajectory signal 

t  Index for sample time 

T k( )  Temperature at sample time k  (°C) 

T k i k( | )  Temperature trajectory defined at sample time k  (°C) 

u k( )  Input signal at sample time k  

u k i k( | )  Input trajectory defined at sample time k  

v k( ) Power set-point defined at sample time k  (W) 

w k( ) Binary notification signal 

y k( )  Power output (W) 

z l( )  Average power imbalance during the lth period (W) 

 Frequency  bias constant (MW/Hz) 

E l( )  Energy imbalance for the lth period (Wh) 

E l k( | )  Expected energy imbalance for the lth period at current sample time k  (Wh) 

f  Frequency deviation (Hz) 

P k  Power set-point for LFC requested at sample time k  (W) 

P k i k  Power trajectory for LFC defined at sample time period k  (W) 

 Factor of inertia 
 Coefficient of performance or efficiency factor (-) 

h( ) Cost function for energy purchase in the day-ahead market for the hth hour (€) 

 Decay constant (-) 

k i k( | ) Profit trajectory defined at sample time period k (€) 

h( ) Price of electrical energy for the hth hour (€/Wh) 

l  Price of electrical energy for the lth settlement period (€/Wh) 

q m q  Price trajectory for the (q+m)th period defined at current period q  (€/Wh) 

l  Profit function for the lth settlement period (€) 
 correlation coefficient (-) 
 Time period (h or min. or sec.) 

 
List of superscript indices 

dac  Day-ahead contract 
das  Day-ahead schedule 
ihs  Intra-hour schedule 

msr  Measured value(s) 
o  Indicates a parameter that corresponds to the ambient environment 

prd  Predicted value(s) 
rts  Real-time schedule 
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List of subscript indices 

a, b, c, d  Indices corresponding to predefined network points 

base  Baseline 

ch  Indicates the charging mode of operation 

con  Constant value 

dam  Corresponds to the day-ahead market 

dis  Indicates the discharging mode of operation 

delay  Indicates the total time delay 

h  Index for the hourly time period 

horizon  Indicates the last time sample or the duration of the prediction horizon 

ic  Incentive component 

imb  Corresponds to the imbalance settlement 

j  Index for system users and processes, j N1,...,  

k  Current sample time 

l  Indicates the first time sample of the lth period 

max  Indicates a maximum nominal permissible value 

min  Indicates a minimum nominal permissible value 

nom  Nominal value 

on  Indicates either the time instant or duration of the ‘on’ operation 

opt  Indicates the optimised mode of operation 

ref  Indicates a reference value 

s  Index for the quarter-hourly settlement period 

short  Energy shortage 

surpl  Energy surplus 

th  Indicates the thermostatic mode of operation 

 Upward (power) regulation 

 Downward (power) regulation 
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List of acronyms 

AC Alternate Current 
ACE Area Control Error 
ADR Automated Demand Response 
AGC Automatic Generation Control 
APX Amsterdam Power eXchange 
ASM Ancillary Services Market(s) 
ASP Ancillary Services Provider(s) 

BESS Battery Energy Storage System(s) 
BMM Battery Management Module 

BRP Balance Responsible Party(-ies) 
BS Balance Supplier(s) 
CC Control Centre(s) 

CPP Critical Peak Pricing 
CSP Curtailment Service Provider 
DC Direct Current 

DER Distributed Energy Resource(s) 
DG Distributed Generation 
DR Demand Response 

DSM Demand Side Management 
DSO Distribution System Operator(s) 
EEM Energy Exchange Market 
EHV Extra High Voltage 
EMS Energy Management System 
ESP Energy Services Provider(s) 
EPS Emergency Power Supplier(s) 

ENTSO-E European Network of Transmission System Operators for Electricity 
FERC Federal Energy Regulatory Commission 

GCT Gate Closure Time 
HV High Voltage 
ICT Information and Communication Technology (-ies) 
ISO Independent System Operator(s) 
LFC Load-Frequency Control 

LV Low Voltage 
MBMM Master Battery Management Module 

MO Market Operator(s) 
MPC Model Predictive Control 

MV Medium Voltage 
NYISO New York Independent System Operator 

OTC Over-The-Counter 
PACE Processed Area Control Error 

PJM Pennsylvania-New Jersey-Maryland 
PRP Programme Responsible Party(-ies) 
PTU Programme Time Unit 

PV Photovoltaic 
RAM Random Access Memory 
RES Renewable Energy Source(s) 

RRPS Regulating and Reserve Power Supplier(s)  
RTO Regional Transmission Organisation(s) 
RTP Real Time Pricing 
SoC State of Charge 
ToU Time of Use 

TP Trade Platform 
TSO Transmission System Operator(s) 
VEN Virtual End Node(s) 
VPP Virtual Power Plant(s) 
VTN Virtual Top Node(s) 
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