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Summary

In today’s society, electricity is essential for welfare and economic growth. Due to
political and climate reasons as well as due to the depletable nature of fossil fuels,
there is a tendency to use more Renewable Energy Sources (RES). For the electricity
system, this means that ever more generators are to be integrated, which behave
different from conventional ones. Electricity is a rather peculiar commodity since, in the
absence of large amounts of storage, it must be produced almost simultaneously with
its demand. Therefore, in any electrical power system, always a continuous balance
between generation and load must be maintained to ensure a reliable operation. Any
imbalance between both is, in a synchronous power system, initially compensated by
a change in the kinetic energy of the connected motors and generators. As a result,
the grid frequency will start to deviate from its rated value. To guarantee stability,
the network frequency of a power system must always be maintained within predefined
limits. To enable this, different categories of balancing resources are needed and should
be available within a specified time.

Three causes of imbalance can be distinguished. First of all, there can be events,
such as failures of generation, load or part of the of the network. Secondly there can
be inaccuracies in the control of generation with respect to the load. Finally there can
be forecasting errors for generation or load. With the integration of more generation
based on RES, the imbalances due to the last reason will increase.

Maintaining the balance between generation and load, and for that ensuring the
availability of sufficient balancing capacity is initially a task of the Transmission System
Operators (TSOs) or the Independent System Operators (ISOs) of parts of the power
system in close cooperation with each other. In many cases the TSOs acquire balancing
resources via market mechanisms, and forward part of their responsibility to Balance
Responsible Parties (BRPs).

This thesis elaborates on the different balancing mechanisms by analyzing both the
technical and market-related aspects. It is shown that existing regulatory aspects do
influence the technical performance of the imbalance settlement system, as current
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regulation enforces market parties to balance in terms of energy, while power balancing
would ideally be desired. The effects of aggregation of consumers and producers on
a larger or smaller scale are discussed and it is shown how this aggregation scale
influences the balancing needs and availabilities.

The needs for balancing resources are strongly influenced by fluctuations in power
generation and are expected to increase in future power systems due to the increased
penetration of renewable generation. A method for analyzing these power fluctuations
is proposed. Different balancing needs have different characteristic response times and
therefore the balancing needs are first converted into the frequency domain. Different
frequency components in these balancing needs indicate the requirements per class. A
similar analysis based on wavelet analysis has been introduced for non-periodic signals.
With these analyses the total balancing needs per category can be quantified. This
quantification of balancing needs allows both BRPs and TSOs to unambiguously analyze
how many reserves they need with different start-up times. This is of importance for
the creation of efficient markets to trade these balancing resources.

A number of changes, which lead to changing needs of balancing resources, are
assumed to take place in future power systems. These are, but are not limited to,
the further restructuring of the electricity market, the further integration of renewable
generation and the expansion of the power system with both synchronous and DC
interconnections. With a simulation model of a synchronously interconnected electrical
power system, the impacts of both technical and regulatory aspects on balancing needs
are investigated in both time and frequency domains.

In grid frequency measurements, repetitive frequency excursion can be observed.
Using a model of the trading and generation behavior of BRPs, constrained by
regulation, the occurrence of these repetitive frequency excursions can be explained. It
is found that optimization of generation portfolios, constrained only by the amount of
energy to be delivered per trading period, leads to block-wise generation profiles around
the more continuous load. These block-wise profiles cause repetitive imbalances around
crossings of trading periods, especially during times of high ramping. By modeling the
behavior of BRPs it was also shown that the Program Time Unit (PTU) length determines
the distribution of efforts for balancing between the TSO and the BRPs. With shorter
PTUs, BRPs are more constrained and have to put more effort in power balancing. With
longer PTUs, the TSO has to put more effort in power balancing.

In future power systems, improved operation and deployment of the generation
portfolio might lead to a reduction of imbalances for both BRPs and control areas.
Two options are discussed in detail. The first option is the application of a predictive
real-time economic dispatch. The second option is the provision of ancillary services
for balancing by renewable generation. In both options the generation by renewable
sources is more actively being taken into account, either via incorporating predictions
of the generation, or via direct control of the renewable generation. It is found that
considerable advantages can be reached for both BRPs and TSOs.

The main conclusions from the research described in this thesis are the following.
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• Sufficient incentives exist to either or both actively and passively contribute to the
imbalance settlement system in the Netherlands.

• Prices of balancing energy make it profitable for BRPs to bid part of their
generation capacity to the imbalance settlement system.

• The scale of aggregation determines the need for balancing resources. Balancing
on a larger scale of aggregation leads to a relative decrease of the required
balancing resources.

• The integration of renewable generation will demand new methods and
procedures to evaluate the balancing needs. These balancing needs can be
determined quite effectively in the frequency domain and by applying wavelets.

• The introduction of renewable generation affects the operation of the imbalance
settlement system which results in a varying susceptibility of the power system to
power imbalance.

• Regulation in a liberalized market appears to influence the behavior of BRPs and
consequently the balance between generation and load. Besides this, regulation
can be used to distribute the efforts for power balancing between the BRPs and
the TSO.

• Incorporating predictions of possible future imbalance and future generation
schedules leads to fewer program deviations because of improved economic
dispatch which is beneficial for both the BRPs and the TSO.





Samenvatting

In de huidige samenleving is elektriciteit essentieel voor welvaart en economische
groei. Om zowel politieke en klimatologische redenen als ook door de uitputting
van fossiele brandstoffen bestaat er een trend om meer Hernieuwbare Energiebronnen
(RES) te gebruiken. Voor elektriciteitsvoorzieningsystemen betekent dit dat er steeds
meer opwekeenheden moet worden geïntegreerd, die een ander gedrag vertonen
dan conventionele opwekeenheden. Elektrische energie is een tamelijk bijzonder
handelsartikel doordat het, door het ontbreken van opslag op grote schaal, vrijwel
gelijktijdig geproduceerd moet worden met het verbruik. Daarom moet er in een
elektriciteitsvoorzieningsysteem altijd een continue balans worden gehandhaafd tussen
de opwekking en de belasting om een betrouwbare bedrijfsvoering te garanderen.
Iedere onbalans tussen beide wordt, in een synchroon elektriciteitsvoorzieningsysteem,
in eerste instantie gecompenseerd door een verandering in de kinetische energie van
de aangesloten motoren en generatoren. Ten gevolge hiervan zal de netfrequentie
gaan afwijken van haar nominale waarde. Om de stabiliteit te waarborgen, moet
de netfrequentie altijd binnen vooraf gestelde limieten worden gehouden. Om dit
te realiseren zijn verschillende categorieën van middelen voor balanshandhaving
benodigd welke binnen een gespecificeerde tijd beschikbaar dienen te zijn.

Er kunnen drie oorzaken van onbalans worden onderscheiden. Allereerst kunnen er
gebeurtenissen zijn, zoals uitval van een opwekeenheid, belasting of een deel van het
net. Ten tweede kunnen er onnauwkeurigheden in de aansturing van opwekeenheden
zijn in vergelijking met de belasting. Tot slot kunnen er afwijkingen zijn in de
voorspelling van opwekking en belasting. Door de integratie van meer opwekking
gebaseerd op RES zal de onbalans, veroorzaakt door de laatste reden toenemen.

Het handhaven van de balans tussen opwekking en belasting en daartoe het
zeker stellen van de beschikbaarheid van voldoende regelvermogen is in eerste
instantie een taak van de, nauw met elkaar samenwerkende, Transport Systeem
Operators (TSO’s) of Onafhankelijke Systeem Operators (ISO’s), van delen van het
elektriciteitsvoorzieningsysteem. In veel gevallen verwerven de TSO’s regelvermogen
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via marktmechanismen, en dragen zij een deel van hun verantwoordelijkheid tot
balanceren over aan Balans Verantwoordelijke Partijen (BRP’s).

Dit proefschrift beschouwt de verschillende systemen voor balanshandhaving
door middel van analyse van zowel de technische als de marktgerelateerde
aspecten. Aangetoond wordt dat de bestaande regelgeving de technische prestatie
van het systeem voor balanshandhaving beïnvloedt, omdat bestaande regelgeving
voor de marktpartijen balanshandhaving in termen van energie afdwingt terwijl,
balanshandhaving in termen van vermogen idealiter gewenst is. De effecten van
aggregatie van consumenten en producenten op grotere of kleinere schaal zijn
besproken en aangetoond is hoe de schaal van aggregatie de behoefte aan en
beschikbaarheid van regelvermogen beïnvloedt.

De behoefte aan regelvermogen wordt sterk beïnvloed door fluctuaties in de
opwekking, en wordt verwacht toe te nemen door verdere penetratie van hernieuwbare
opwekking. Een methode om deze fluctuaties in opwekking te analyseren is
geïntroduceerd. Verschillende vormen van regelvermogen hebben verschillende
karakteristieke responstijden en daarom zijn de behoeften aan regelvermogen eerst
omgezet naar het frequentiedomein. Verschillende frequentiecomponenten in deze
behoefte aan regelvermogen geven de benodigdheden per categorie aan. Een
soortgelijke analyse gebaseerd op wavelets is geïntroduceerd voor aperiodische
signalen. Met deze analyses kunnen de totale behoeften aan regelvermogen
per categorie gekwantificeerd worden. Deze kwantisatie van de behoefte aan
regelvermogen maakt het mogelijk voor zowel BRP’s als TSO’s om eenduidig te
analyseren hoeveel regelvermogen met verschillende opstarttijden zij nodig hebben.
Dit is van belang voor het creëren van efficiënte markten om deze middelen voor
balanshandhaving te verhandelen.

Er wordt verondersteld dat in toekomstige elektriciteitsvoorzieningsystemen
een aantal veranderingen zullen plaatsvinden, die zullen leiden tot wijzigende
behoeften aan middelen voor balanshandhaving. Deze zijn, onder andere, de
verdere herstructurering van de elektriciteitsmarkt, de verdere integratie van
hernieuwbare opwekking en de uitbreiding van het elektriciteitsnet met zowel
synchrone als gelijkstroomverbindingen. Met een simulatiemodel van een synchroon
gekoppeld elektriciteitsvoorzieningsysteem, zijn de effecten van zowel technische
als regelgevingaspecten op de behoefte aan middelen voor balanshandhaving
geanalyseerd, in zowel het tijd- als het frequentiedomein.

In metingen van de netfrequentie kunnen repeterende frequentieafwijkingen
worden geobserveerd. Door middel van de modellering van het gedrag in handel
en elektriciteitsproductie van BRP’s, rekening houdende met regelgeving, kan het
voorkomen van deze repeterende frequentieafwijkingen worden verklaard. Het is
aangetoond dat de optimalisatie van portefeuilles met opwekking, welke alleen beperkt
zijn door de hoeveelheid te leveren energie per handelsperiode, leidt tot trapsgewijze
productieprofielen rondom de meer continue belasting. Deze trapsgewijze profielen
veroorzaken repeterende onbalans rondom overgangen van handelsperiodes, met name
gedurende tijden waarin sterk wordt op- of afgeregeld. Door het modelleren van het
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gedrag van BRP’s is ook aangetoond dat de lengte van de Programma Tijds Eenheid
(PTU) bepaalt hoe de verdeling van inspanningen voor balanshandhaving verdeeld is
tussen de TSO en de BRP’s. Met kortere PTU’s zijn BRP’s meer beperkt en moeten zij
zich meer inspannen voor balanshandhaving. Bij langere PTU’s dient te TSO zich meer
in te spannen voor balanshandhaving.

In toekomstige elektriciteitsvoorzieningsystemen kan een verbeterde bedrijfsvoering
en inzet van de productieportfolio leiden tot een reductie van de hoeveelheid
onbalans voor zowel BRP’s als voor regelzones. Twee mogelijkheden zijn gedetailleerd
beschreven. De eerste mogelijkheid is de toepassing van op voorspelling gebaseerde
real-time economische optimalisatie. De tweede optie is het beschikbaar stellen van
regelvermogen bij hernieuwbare opwekking. In beide gevallen wordt actiever rekening
gehouden met de opwekking door hernieuwbare bronnen, hetzij via het meenemen
van voorspellingen van de opwekking, hetzij via het aansturen van deze hernieuwbare
opwekking. Het is aangetoond dat hierbij aanmerkelijke voordelen behaald kunnen
worden voor zowel BRP’s als voor de TSO’s.

De belangrijkste conclusies van het onderzoek, beschreven in dit proefschrift, zijn
de volgende.

• Er bestaan in Nederland voldoende stimuli om zowel actief als passief bij te
dragen aan het systeem van balanshandhaving.

• De prijzen voor energie ten behoeve van de balanshandhaving worden als
winstgevend beschouwd voor BRP’s om een deel van de productiecapaciteit aan
te bieden ten behoeve van balanshandhaving.

• De schaal van aggregatie bepaalt de behoefte aan regelvermogen. De relatieve
behoefte aan regelvermogen neemt af bij balanshandhaving op een grotere
aggregatieschaal.

• De integratie van hernieuwbare opwekking zal nieuwe methoden en procedures
vereisen om de balansbehoeften te evalueren. Deze behoeften kunnen heel
effectief bepaald worden in het frequentiedomein en door toepassing van
wavelets.

• De introductie van hernieuwbare opwekking beïnvloedt het proces van
balanshandhaving wat resulteert in een variërende gevoeligheid van het
elektriciteitsvoorzieningsysteem ten aanzien van vermogensonbalans.

• De regulering in een geliberaliseerde markt blijkt van invloed op het gedrag van
BRP’s en dientengevolge op de balans tussen opwekking en belasting. Daarbij
kan regelgeving gebruikt worden om de inspanningen voor balanshandhaving te
verdelen tussen de BRP’s en de TSO.

• Het meenemen van voorspellingen van mogelijke toekomstige onbalans en
toekomstige planningen van opwekking leidt tot minder programma-afwijkingen
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door verbeterde economische optimalisatie wat gunstig is voor zowel de BRP’s als
de TSO.
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CHAPTER 1

Introduction

1.1 The need for electricity

In today’s society, electricity is essential for the standards of living and economic growth.
The relations between prosperity and electricity consumption for the Netherlands, the
Eurozone and the World1 are shown in figure 1.1. The Gross Domestic Product (GDP)
per capita increased over the years as well as the electricity consumption per capita and
this trend is expected to be intensified, especially with the catching up of developing
countries. Obviously, there is a high correlation between the GDP per capita and the
electricity consumption per capita. Looking at the trend of electricity consumption
over the last century [135], it is to be expected that this consumption will continue to
increase. Accelerating this, is the substitution of other energy carriers by electricity. One
example of this is the electrification of the power-train for automotive applications. Due
to economies of scale (i.e., an increased efficiency compared to the internal combustion
engine) this leads to a more efficient way of transportation [83]. From 1972 to 2008
global electricity generation quadrupled, with an average annual growth of 4 %1. This
is due to both the increase of the worlds population and the increase of standards of
living. It is expected [61] that electricity demand will continue to grow more strongly
than any other final form of energy. Between 2008 and 2035 an average growth of
2 % per year is predicted [34, 61]. To illustrate the dependency of today’s society on
electricity, it was mentioned in [69, 74] that the blackout in Italy on September 28,
2003 affected 56 million people and caused the death of at least 4 people.

1Data from: http://databank.worldbank.org, last accessed: October 2010.

1

http://databank.worldbank.org
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Figure 1.1: Relation between gross domestic product per capita and electricity consumption
per capita based on data from 1971 to 2007 for the world, the Eurozone and the
Netherlands.

1.2 Renewable energy

The ever increasing demand for electricity results in an increasing need for generation.
The electricity is mainly generated in large power plants that use fossil and nuclear
fuels (i.e., coal, lignite, oil, gas or uranium) to drive a turbine which is connected
to a generator. Depending on the technology, the net electrical efficiency of these
conventional power plants is between 25 % and 58 % [75]. A number of reasons exist
to reduce the use of fossil fuels for electricity generation and other energy demands.
These are mentioned in [83] and are:

• Climate change
By using fossil fuels, the greenhouse gas CO2 is formed which contributes to global
warming.

• Depletion of fossil fuels
Fossil fuels are resources which take millions of years to form. The fossil fuels can
deplete if they are continued to be harvested in the current pace. Already in 1971
a report from the Club of Rome [85] pointed out the depletable nature of fossil
fuels and concluded that continuing consuming fossil fuels will have a disastrous
effect on the world’s welfare.

• Independency
Fossil fuels are not distributed evenly in the world. The dependency on specific
regions and their political conditions for the provision of energy resources is
threatening and undesirable.

While the 2nd and 3rd motives are very important as well, currently the first reason
seems to be the main driver for the introduction of Renewable Energy Sources (RES).
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Figure 1.2: Electricity generation by fossil and renewable resources in the Netherlands.

The Intergovernmental Panel on Climate Change (IPCC) concludes that the largest
growth between 1970 and 2004 in greenhouse gas emissions has come from the energy
sector [86]. Also it was concluded by the IPCC that by far the largest share of CO2
emissions is due to the use of fossil fuels. By the year 1997, a number of UN members
signed the Kyoto protocol [128] thereby stating their willingness to limit the emission
of greenhouse gasses in the period of 2008 to 2012 with an average of 5.2 % compared
to the level of 1990. The European Union ratified the protocol in 2002. Within the
European Union the 20 20 by 2020 agreement concretizes and reinforces the objectives
set in the Kyoto protocol. By the year 2020, a reduction of 20 % of greenhouse gas
emissions compared to 1990 as well as a 20 % share of renewable energies in EU
energy consumption must be realized [21, 40]. For many of the sectors that use fossil
fuels (i.e., transport) a shift to RES in a direct way is very difficult. Electricity however
can be generated by RES as biomass, wind, solar, and hydro easily. Therefore, to cut
fossil fuel consumption by 20 %, more than 20 % of the electricity generated should
come from RES. Within the European Union, most of the renewable electricity comes
from hydro power plants, wind turbines or biomass. Figure 1.2 shows the generation
of electricity from different resources over time in the Netherlands2. An increase in the
use of RES can be observed, but this has to increase further in the future [90].

1.3 Challenges for integrating renewable energy sources

Renewable energy sources have different characteristics from conventional generators,
which complicates their integration in the electricity system. In the past, economies
of scale have always led to ever growing power generation facilities. Therefore, the
power flow in the electricity grid was mainly unidirectional. Electricity is mainly

2Data from: http://www.cbs.nl, last accessed: October 2010.

http://www.cbs.nl
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Figure 1.3: Introduction of distributed generation leads to a changed operation of the
electricity delivery system [63].

generated and transmitted via the high voltage grid towards the end consumer on
lower voltage levels. Generators based on RES are usually, but not always, smaller
and more dispersed. This however, does not hold for assemblies of large numbers
of small (off-shore) wind farms or large photovoltaic systems. The dispersed nature
makes generation based on RES mostly suitable for connection to the distribution grid,
hence their name Distributed Generation (DG) based on Renewable Energy Sources
(DG-RES) [1]. DG has the advantage that it can be located close to the consumption,
thus reducing network losses in the system. However, by positioning the DG in the
distribution grid, they influence the way the electricity grid is used. From mainly
top-down flows of electricity in the power system, the introduction of DG leads to
more horizontal and even bottom-up flows (figure 1.3). This affects many aspects of
the electricity grid as amongst others, reliability [23], power quality [19] and grid
control aspects [65, 97, 103]. It should be noted that not all renewable generation is
connected to the distribution network. Especially in the case of large wind farm sites,
a direct connection to the high voltage grid is preferred. In this case, the generation
is renewable but not distributed. However, besides the problems that arise from the
positioning of distributed generators, renewable generation, regardless of its size, also
has the tendency to have a fluctuating power output which is driven by meteorological
phenomena3. As generation of electricity should always meet the demand, these output
fluctuations must be handled adequately, which is the main subject of this thesis.

3The fluctuations do not occur with generation based on biomass.
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Figure 1.4: Normalized profiles of a system’s load, wind generation and photovoltaic
generation during subsequent 3 days. The data are normalized using values of 18 GW,
26 MW, and 2.5 kW respectively.

1.4 Balancing generation and load

Generation and consumption of electricity must always be balanced, while dynamics of
the system handle small deviations. The consumption of electricity has the tendency
to fluctuate continuously due to consumer behavior, and generators need to be
controlled to follow the load profile. As renewable generation often depends on
weather conditions, its generation output will vary independently from the demand
for electricity. This independent variation is illustrated in figure 1.4, which shows the
consumption in the Netherlands during three subsequent days. For the same three days,
the electricity generation from a 26 MW wind farm site and a 2.5 kW photovoltaic
installation are illustrated and all power profiles are normalized to their respective
maximum. It can be concluded from the graph that while the load profile has a
repetitive character, due to economic activity and user behavior, with a period of 24 h,
which could be used to schedule generators, the generation profile for the wind farm
site and the photovoltaic installations vary significantly more than the load in the system
and in a rather incoherent way.

For the planning and operation of a power system it is essential to match generation
and load on different time scales. These time scales and the actions which take place
are graphically presented in figure 1.5. Investment planning deals with decisions
on a horizon of several years. The choices to be made are whether or not to invest
in conventional, nuclear or renewable energy technology and where to locate them.
From one week up to several hours prior to real-time, it is determined which generators
will be used to supply the load in the unit commitment process. This optimization
process takes into account the availability of generating units due to maintenance, and
estimations of the load and generation by renewable sources.

After it has been decided which generators will be online to provide the electricity
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Figure 1.5: Different balancing actions as a function of time [126]. This research focusses
on balancing actions in the range of seconds to one hour.

requested, in the economic dispatch process it is determined how much each generator
will generate. At this point in time, a better prediction of the renewable generation
is taken into account as well as the latest information on the load. In [126] it was
concluded that good predictions will be ever more important as the share of renewable
generation in the grid increases to perform economic dispatch in an optimal way.

Any mismatch between generation and load after economic dispatch will be settled
by controls that operate in real-time. These mismatches can have different origins:

• forecasting errors for generation and load,

• control policy and inaccuracies of generation with respect to the load, and

• events, such as failures of generation, loads or part of the network.

As more and more renewable generation is introduced into the system, the likeliness
of causing imbalances is expected to increase. Highly accurate predictions of both load
and generation by shortening the prediction time, as well as decreasing the time scales
in trading, are expected to reduce this effect.

This thesis work focuses on issues that arise in balancing generation and load in
the time domain of seconds to one hour. Therefore, it covers the actions of primary
control up to the last actions of the economic dispatch process which are the closest
to real-time. With this, the research focuses on the first of the six ancillary services as
defined by [118] meant to support the basic power delivery functions of generation,
trade, transmission and supply.

1. Real-power balancing (frequency stability)

2. Voltage support (voltage stability)

3. Network congestion relief (transmission security)
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4. Economic dispatch

5. Financial trade enforcement

6. Black start

1.5 Research description

1.5.1 Research objectives

The intermittent nature and limited predictability of RES have a negative effect on
power system balancing. As policies are implemented to support the development of
RES in the power system, the question of what the influence of RES on balancing is,
arises. This thesis therefore elaborates on the technical and economical effects of future
developments in the balancing requirements and actions in the range of seconds to one
hour due to the further integration of RES. In the research the following questions are
addressed in the subsequent chapters.

• What methods currently exist for balance management, what is their effect on
the functioning of the imbalance settlement system, and what incentives exist for
market parties to participate in balance management?

• What are the effects of the aggregation level of balancing and how are balancing
requirements influenced by the aggregation level?

• What classes for balancing capacity currently exist and how can the required
balancing capacities be found when larger shares of RES are integrated into the
electricity system?

• What are the effects of technical and regulatory changes on the operation of the
imbalance settlement system?

• How can program imbalances of balance responsible parties be mitigated and
what is the effect of individual optimization on overall balancing?

1.5.2 Research scope and boundary conditions

The scope of the research is mainly related to the Netherlands as being part of a larger
power system built up from synchronously and asynchronously interconnected regions.
European standards, that prescribe the operation of the power system are adopted in
models and used for this research. Also for the acquisition of data as well as for defining
the organizational structure of the electricity sector, the Dutch situation is taken as a
starting point. In the following, the boundary conditions of the research are stated.
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Restructured electricity market One of the main assumptions in the research is
a fully restructured electricity market with all its vertically unbundled entities. In
such electricity markets, different entities exist for generation, transmission, supply,
trading and balancing of electricity. In contrary to the fully restructured, vertically
unbundled electricity market, the electricity industry used to be fully integrated in
the past [118]. Vertical integration means that a single company or institution is
responsible for generating, transmitting, distributing and supplying the electricity to
the final consumer.

Model input Concerning the modeling of the power system for the research, data and
characteristic settings related to the Netherlands and the European power system are
used to illustrate the effect of changes in the power system.

Electricity storage Electricity storage is often mentioned as a solution to deal with
the intermittent nature of RES. In this research, storage is not separately treated. In
chapter 4 a brief elaboration on how electricity storage can contribute to balancing is
done. This however, is based on the assumption that storage at each moment can be
regarded either as flexible load or as flexible generation.

Active power In power systems a phase difference between voltage and current can
occur. This results in a demand for both active and reactive power. In this research only
active power balancing is taken into account.

Network capacity constraints Electricity is transmitted through a network of
conducting lines and cables from the location where it is generated to the location
where it is consumed. This network is characterized by limited transmission capacities
and energy losses, introduced by energy flows. Although these network properties are
crucial for the operation of the power system, they are not taken into account in this
research. It is assumed that the electricity grid is lossless and that no transmission
constraints are violated. Network losses can be regarded as a load in the system which
do not vary significantly within the time frame under investigation and transmission
constraints are assumed to be taken into account and solved in congestion management
processes which are outside the scope of this project.

1.5.3 Methodology

To answer the research questions mentioned before, a number of steps are followed.
At first, the existing imbalance settlement systems in use in the Netherlands and the
European continental synchronous area are studied. Based on data analysis of prices
and volumes of the imbalance settlement system in the Netherlands, and on enquiries
with relevant parties [68], a characterization of the Dutch imbalance settlement system
is performed.
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Then, the effect of aggregating imbalances from multiple control areas is
investigated by aggregating the imbalances in the Dutch and Belgium systems. Based
on the analysis of this aggregate imbalance, conclusions can be drawn about the effect
of aggregation of balancing. During this effort, network congestion is not taken into
account.

As one of the assumptions in the research is the further implementation of renewable
energy technologies, fluctuations in generation profiles in both time and frequency
domain were analyzed. Fluctuations and prediction errors of generation lead to
mismatches between generation and load and influence the deployment of balancing
capacity. By quantifying the variability of power generation, these methods can be
used to determine the required amount of balancing capacity. Based on existing classes
of balancing capacity, these balancing requirements are determined and discussed for
several case studies.

To determine the effect of imbalances on the power system, a model of a single
balancing area within a larger synchronously, infinitely strong, interconnected power
system (i.e., copper plate) is created in which generators and loads are modeled.
Parameters for this model were based on characteristics of the European interconnected
power system and the model is verified using measurement data of the grid’s frequency
during large disturbances.

Some system parameters are expected to vary significantly in the future due to
the further introduction of renewable generation. These are distinguished and their
influence on the behavior of the power system is further investigated. Also, some market
design variables that characterize imbalance settlement systems are isolated and their
effect on balancing is investigated.

Based on the findings about the objectives of market players, a novel controller
for real-time economic dispatch of generators is introduced. This controller, based on
predictive control, has the objective to minimize operation costs for generators while
taking into account constraints (e.g. ramping, minimum and maximum generation
constraints) beforehand. By modeling a controller, the effects of implementing it for
both the market parties and power system are investigated.

1.5.4 Research framework

The research described in this thesis is done within the framework of the
‘RegelDuurzaam’ project which is part of the program for long term energy research
(EOS-LT, ‘Energie Onderzoek Subsidie Lange Termijn’ in Dutch), funded by Agentschap
NL, which is an agency of the Ministry of Economic Affairs, Agriculture and Innovation
of the Netherlands. The main objective of the EOS program is to extend the knowledge
concerning energy efficiency and renewable energy, and covers the trajectory from
conceptual ideas to market introduction4. In the Electrical Energy Systems (EES) group

4Source: http://regelingen.agentschapnl.nl/content/energie-onderzoek-subsidie-eos, last accessed:
April 2011.

http://regelingen.agentschapnl.nl/content/energie-onderzoek-subsidie-eos
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at Eindhoven University of Technology, besides the RegelDuurzaam project, four other
EOS-LT projects (i.e., KTI, FlexibEL, EIT and TREIN) are executed.

Within the RegelDuurzaam project, two Ph.D. researchers (one at the Electrical
Energy Systems Group and one at the Control Systems Group of Eindhoven University of
Technology) and one postdoctoral researcher of Delft University of Technology work in
close cooperation. Furthermore, the partners APX B.V., TenneT TSO, Energieonderzoek
Centrum Nederland (ECN), KEMA Nederland B.V. and GPX International are involved.
The main question to be answered in the EOS-LT RegelDuurzaam project is the
following: Which agreements and measures are required to secure a reliable electrical
energy supply with the lowest costs and the lowest environmental impact without having
insight on a central level in the available generation capacity and the expected load for the
next period of time? This means that all parties have to define and to organize themselves
the needed balancing capacities. The research should lead to the further development of
markets for ancillary services for balance management.

This thesis elaborates on the rules for power balancing, provides a method for
quantifying balancing requirements and examines the effect of future changes on
balancing.

1.6 Thesis outline

Following the research methodology, each step is discussed in a separate chapter of this
thesis.

Chapter 2 elaborates on system balancing and the different actors and entities
in the electricity delivery system. The necessity and implementation of power
balancing are explained. Also different subsequent markets (i.e., day-ahead markets,
intraday markets and imbalance settlement systems) and options to trade electricity
are discussed. As the research focusses mainly on the Netherlands, properties of the
Dutch imbalance settlement system are analyzed. Based on this framework an in-depth
analysis of imbalances and calls for balancing capacity with the corresponding prices is
given. This shows the incentives to minimize the amount of imbalance in the system
and to participate in the imbalance settlement system.

Chapter 3 elaborates on the level of aggregation that the entities, involved in the
imbalance settlement system, in electricity markets can have. Based on current market
rules, incentives to either grow or shrink and by aggregating more or less entities
are discussed. The level of aggregation will directly influence the functioning of the
imbalance settlement system. It is shown that larger aggregations benefit more from the
canceling out of imbalances. The imbalances of the Netherlands and Belgium have been
aggregated to illustrate the possible benefits of aggregating multiple national imbalance
settlement systems.

The increased penetration of renewable generation strongly influences the planning
and operation of the power system. As many renewable energy generators have
a fluctuating power output, several methods are discussed in chapter 4 that can
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be used to classify and quantify the balancing requirements to counteract these
fluctuations. Chapter 4 discusses the multiple existing classes of balancing capacity
and the corresponding methods to quantify their needs. Due to the implementation
of renewable energy generation, more elaborate techniques are required. Therefore
multiple methods are discussed, based on time analysis, frequency analysis, and wavelet
analysis to determine the balancing requirements in both time and frequency domains.

Chapter 5 treats a model of a control area (i.e., the Netherlands) within a
larger synchronous area. Data of the Netherlands as being part of the ENTSO-E
continental synchronous area, was inserted in the model to analyze the behavior of
balancing actions in an interconnected power system. The model is verified based on
measurements of the grid frequency during large disturbances. In the model, specific
parameters, which are influenced by the further expansion of the power system and the
introduction of renewable energy generation, are adjusted to investigate their effect on
the behavior of the power system. Besides technical variables, chapter 5 also discusses
the effect of a number of market variables on the amount of imbalance in the system
and on the distribution of responsibilities for balance management.

Unlike in an integrated electricity delivery system, in a vertically unbundled
electricity delivery system, market players want to maximize their individual profits as
is the case with any commercial party in any open market. One aspect that contributes
to this is the minimization of imbalances. Chapter 6 elaborates on two developments,
being the introduction of a predictive real-time economic dispatch controller and the
participation of renewable generation in balance management. The main focus is on
the effect of minimizing program imbalances by the individual market parties on the
aggregated system imbalance.

Based on the findings, discussed in chapters 2 to 6, the conclusions, the main
scientific contributions of this research, and the recommendations for further research
based on this work, are discussed in detail in chapter 7.





CHAPTER 2
Electricity markets and power

balance

2.1 Introduction

During the last decades a restructuring of the electricity power industry has been
taking place. Historically, the power industry used to be vertically integrated which
means that generation, transmission, distribution and supply of electricity used to
be all owned and operated by a single company or institute [27]. In addition, all
prices used to be unified, representing the sum of costs plus a margin. The process
of liberalization and restructuring the electricity market started and is taking place
because of a number of reasons. First of all, according to national and international
authorities like the European Commission (EC) and the Federal Energy Regulatory
Commission in North America, without a competitive electricity market citizens paid
excessive prices for their electricity [20, 46]. Secondly, a well functioning internal
market for electricity should provide producers with the appropriate incentives to
invest in new power generation, including from Renewable Energy Sources (RES) and
consumers with adequate measures to promote the more efficient use of energy [22].
Only with a competitive market it will be possible to develop effective emission trading
mechanisms which are necessary to ensure that the EU’s energy mix contains 20 % of
RES by the year 2020 as was prescribed by the European Commission [21]. Finally,
competitive continent-wide electricity markets are necessary to ensure the security of
supply on the long term as, according to [20], only in a competitive market there will
be the right incentives to invest in the system. Therefore, it can be concluded that
competitive markets are a necessity to realize a reliable, sustainable and affordable
future electricity delivery system. The liberalization of the electricity markets can only
be effective if a restructuring of the electricity industry takes place as well [54]. This
means that the vertically integrated industry must get unbundled. The unbundling leads

13
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Figure 2.1: Organization structure of the electricity market [67].

to separate generation, transmission, distribution and trading/supply companies, each
having specific tasks [20]. It is even concluded in [54] that competition will be more
effective as the degree of segmentation is greater.

In this chapter, electricity markets will be discussed in depth in section 2.2.
Electricity is a peculiar product since its consumption has to take place at the
same instant as its generation. This implies that there must always be a balance
between generation and demand for electricity. Any mismatch between generation
and consumption results in a deviation of the frequency from its preset value. Different
mechanisms are in use to ensure a continuous balance between generation and demand.
Power balance and the consequences of imbalance as well as the mechanisms to
restore balance will be discussed in section 2.3. In section 2.4 a description and some
characteristics of the operation of the Dutch imbalance settlement system will be given.
The chapter is concluded in section 2.5.

2.2 Electricity system organization

While in the vertically integrated electricity industry generating electricity, transmission,
distribution, the supply towards the final consumers and billing them used to be
integrated, in an unbundled restructured electricity industry these tasks are separated.
This results that the unbundled power industry, has an organizational structure
as indicated in figure 2.1. Each block in figure 2.1 represents one or more
possible separate entities. Therefore there is a clear distinction between generation,
transmission/distribution, trade/supply and balancing tasks. The electricity market is
monitored and controlled by the regulator, whose task it is to make energy markets as
effective as possible. This means that access to the grid should be secured, sufficient
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Figure 2.2: Typical weekly load profile (Monday to Sunday) in the Netherlands during
2009.

transparency should exist and consumers should be protected against abuse of market
power5. The next sections will discuss the role of the different entities in the deregulated
energy markets.

2.2.1 Consumption

The consumption of electricity is a constantly varying stochastic process. Nevertheless
there are identifiable daily, weekly, seasonable and yearly patterns. The daily pattern
can be seen in figure 2.26. A way to show the annual consumption of electricity is via
the load duration curve which illustrates the amount of hours per year that a certain
load in the system (consumption) is exceeded. From this figure the yearly peak load
and the chance of occurring of a certain load can be identified. An example of a load
duration curve for the consumption in the Netherlands in the year 2009 is given in
figure 2.36.

2.2.2 Generation

Electricity is generated in power plants that use primary energy sources. These primary
sources can either be fossil and nuclear fuels (i.e., coal, lignite, natural gas, oil or
uranium), biomass or any other type of RES. The generation plants are owned and
exploited by generation companies. If a generation company owns multiple generating
units, it can optimize its generation portfolio via unit commitment and economic
dispatch processes.

5Source: http://www.energiekamer.nl/engels/about_ek/dtes_mission/index.asp, last accessed: March
2011.

6Data from: http://www.tennet.org, last accessed: April 2011.

http://www.energiekamer.nl/engels/about_ek/dtes_mission/index.asp
http://www.tennet.org


16 ELECTRICITY MARKETS AND POWER BALANCE

0 1000 2000 3000 4000 5000 6000 7000 8000 8760
5

10

15

20

25

Duration [hours]

C
on

su
m

pt
io

n 
[G

W
]

Figure 2.3: Load duration curve for the year 2009 in the Netherlands.

The consumption of electricity is constantly varying and, since electricity can hardly
be stored in large quantities, the generation of electricity must be matched with the
demand continuously. As many (large) generators can not easily be switched on or off,
their output needs to be scheduled in advance. This is done in the processes of unit
commitment and economic dispatch.

After forecasting the demand bD, including system losses, an optimization procedure
is performed to determine which generators have to be switched on to generate
the required electricity. This optimization process takes into account among others
maintenance, the marginal generation costs by different generators, start-up costs,
ramping rates of generators and minimum on and off times. The output of the unit
commitment process gives a list of which generators must be switched on and off and
which ones are dispatchable during real-time to cover the demand. Usually the unit
commitment optimization procedure occurs one day ahead of operation.

After scheduling which generators are dispatched, it is decided via the process of
economic dispatch what will be the desired output (Pi) of each dispatched generator
(i = 1, n). As the economic dispatch process starts from several hours before real-
time and is continuously optimized up to real-time, the prediction accuracies of both
load and non-dispatchable generators becomes better. Using this information, the
economic dispatch procedure takes place. By minimizing a cost function G, which is
the sum of individual cost functions gi the economic dispatch procedure determines
what will be the output of the different generators as a function of time. When
transmission constraints and non-convex start-up costs are neglected, the optimization
function for economic dispatch for each time interval (for which the load is expected to
remain constant) is determined by equations 2.1a and 2.1b, subject to constraints 2.1c
to 2.1e concerning power balance, the minimum and maximum outputs and sufficient
generation reserves for actual balancing, grouped in different classes c of reserves
Rc [129].
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Equation 2.1a with equality constraint 2.1c can be rewritten into a Lagrange
function 2.2 of power Pi and the Lagrange multiplier λ [55].
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!

(2.2)

Assuming that the inequality constraints 2.1d to 2.1e are not violated, the solution of
equation 2.2 with respect to each Pi satisfies the derivative equations of 2.3.

∂ G
�

P∗i ,λ∗
�

∂ Pi
= 0, i = 1, n (2.3a)

∂ G
�

P∗i ,λ∗
�

∂ λ
= 0, i = 1, n (2.3b)

These equalities represent, in this case, a unique solution 2.4.

λ∗ =
∂ Gi

�
Pi
�

∂ Pi
(2.4)

As generation Pi is a function of the marginal costs λ at its generating point, the result
obtained in equation 2.3 leads to equation 2.5.

n∑
i=1

Pi
�
λ∗
�
= bD (2.5)
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Figure 2.4: If start-up costs are neglected, the most economical dispatch occurs when all
units have marginal costs equal to λ∗.

Assuming that the generators are not operating at their maximum Pi or minimum
Pi limits as indicated in equation 2.1d, in the most economical dispatch they will have
equal marginal costs as illustrated in figure 2.4. Nuclear power plants and generators
based on RES, which have almost zero marginal costs, are assumed to have constant
production and for that excluded from the unit dispatch problem.

2.2.3 Transmission and distribution

After electricity is generated, it needs to be transmitted to the consumers. Extensive
transmission and distribution networks are in use for this purpose. Grid operators own
and operate parts of the network. In well functioning electricity markets, grid operators,
being natural monopolists, have sufficient incentives to make investments in the part
of the electricity grid they own and operate. Within a control area, one Transmission
System Operator (TSO) and one or more Distribution System Operators (DSO) will
exist. The grids that are operated by the TSO and DSOs are the transmission grid and
distribution grids respectively. Generators and consumers are connected to these grids
and act as customers of network services at their point of connection.

2.2.3.1 Transmission System Operator

The TSO has the task to transmit electricity on a control area level via the transmission
grid. This transmission grid is used to interconnect the transmission grid to other
control areas and connects the distribution grids. Each control area has one TSO.
This entity has a natural monopoly and therefore its behavior is strictly monitored and
controlled by the national regulator. Usually the TSO owns, operates and maintains the
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grids with the highest voltages. In the Netherlands the TSO is responsible for the grids
with a voltage level equal or higher than 110 kV.

2.2.3.2 Distribution System Operator

Distribution grids carry less power than the transmission grids and serve mainly towns,
neighborhoods and individual consumers. DSOs own, operate and maintain their
distribution grids. As they mostly have a natural monopoly, they are strictly monitored
and controlled by a regulator. Most of the distribution grids are operated on medium
and low voltage. In the Netherlands the DSOs are responsible for the grids with a
voltage level equal or lower than 50 kV.

2.2.4 Trading

Traders can buy electricity from generators or other traders and/or import power from
other interconnected control areas. They can sell the energy to other traders or to
consumers. Small consumers can also have own generation in which case they act
as a prosumers. For electricity trading, different options exist. They span from hours
ahead of operation up to months or even years ahead of operation, and are therefore
in principle outside the scope of this thesis, but the market design has consequences for
balancing (see next sections) and therefore the trading options are described here as
well.

2.2.4.1 Trading options

The traders in power markets usually have different options to trade their electricity.

• Bilateral agreements
Most of the electricity is traded via bilateral agreements, also known as Over The
Counter (OTC) trade, which means that two parties agree to exchange a certain
amount of energy during a certain period in time for a certain price. All variables
here are free to be chosen in the bilateral agreement. Usually bilateral agreements
are long term contracts which are made for one to several years ahead.

• Day-ahead spot markets
As traders of electricity get closer to the week or day of execution, their
predictions for load and generation will improve in accuracy and they have
more exact knowledge about their short-term trading needs and possibilities.
Consequently they have to adjust their trading with respect to what they have
traded in advance in bilateral agreements. In the day-ahead spot markets, each
trader can make bids for selling and buying energy. The bids have to be sent
to a market operator that aggregates all bids and determines and returns both
the Market Clearing Prices (MCPs) and Market Clearing Volumes (MCVs) for
each trading period by maximizing wealth (see appendix A for a definition of
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wealth.). In some day-ahead spot markets (e.g. APX in the Netherlands), block
bids, that span over a number of trading periods can also be made which have
the advantage that start-up costs can be spread over a larger number of trading
periods. Block bids are taken into account as constraints in the optimization
function to maximize wealth.

• Intraday spot market
Getting closer to real-time, predictions of load and generation improve further
and deviations from earlier predictions will arise, thus creating the necessity for a
near real-time market to exchange power. Intraday spot markets are an option for
this. Until close to real-time traders can send their bids for buying and selling to
the operator of the intraday spot market. The market operator aggregates the bids
for supply and demand and returns the MCPs and MCVs as is done in day-ahead
spot market. The liquidity in intraday spot markets will be lower than in other
markets as traders only use this market to adjust their trades they have already
made before.

By participating and trading energy in the subsequent trading options, the traders
consequently reduce their risk in iterative time steps. In general, it can be stated that as
time progresses, prediction accuracies for load and generation increase and therefore
the energy traded in the different subsequent trading options is optimized based on this.

2.2.5 Balancing

As already mentioned, electricity differs from most other commodities in the perspective
that its consumption must take place at the same instant as its generation since
electricity can not always and anywhere be stored economically in large quantities.
When electricity is stored, a transition into another form of energy usually takes place.
This is for example the case in storage in batteries (chemical energy) or storage by
pumping water (potential energy). If not transformed into another form of energy, the
only electricity storage can take place in capacitors and coils which both have rather
limited storage capabilities (i.e., in the range7 of 10-30 kWh/m3), when compared
with the amount of energy consumed each second in large power systems (i.e., for the
ENTSO-E in 2009: 103MWh/s [38]).

Trade, as described in the previous section cannot handle very short-term deviations
of the generation and load balance. These occur at system level and within each control
area. Therefore, in the center of the scheme in figure 2.1 there is the balancing entity
that takes responsibility for the balance of a control area between generation and import
on one side and consumption and export on the other. The entity responsible for

7Source: http://www.electricitystorage.org, last accessed: December 2010.
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Figure 2.5: The power system balance can be represented by a wheel, accelerated by
generation (P) and decelerated by load (L) [67].

balancing a (part of) the power system is the Transmission System Operator (TSO)8. To
ensure the power balance, the responsible TSO exchanges information with consumers,
generators, traders and other TSOs. Knowledge of the flows through the interconnected
transmission grids is essential. An in-depth description of the tasks of the TSO and the
implementation of balance management task is given in the next section. In particular
the implementation of the balance management in the Netherlands is elaborated.

2.3 Balance management

The power balance can, in an AC power system, be regarded as a flywheel which rotates
with a certain frequency. This frequency is also called the grid frequency which is,
depending on the system, 50 Hz (e.g., Europe) or 60 Hz (e.g., North America). The
flywheel is constantly being accelerated by a number of generators that insert energy
into the flywheel. At the same time, the flywheel is being decelerated by loads that
extract energy from the flywheel. As long as the sum of accelerating and decelerating
powers is zero, the wheel will continue to spin at a constant frequency. If however,
a mismatch between generation and load appears, the accelerating and decelerating
powers do not cancel out, leading to a change of the rotational frequency of the wheel.
The rate of change of frequency during this event is inversely proportional with the
inertia of the wheel. In a power system, this inertia is represented by the total inertia
of all rotating masses (e.g. generators and motors) connected to the power system. As
electricity is transmitted from generators to consumers via transmission and distribution
systems which are not lossless, the network losses of electricity are considered as load
whenever discussing the balance of generation and load.

8In some systems, the tasks of the TSO are divided over two entities, one for operating the transmission
grid and one for system security and balancing. In that case system balancing is performed by a so-called
Independent System Operator (ISO).
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Table 2.1: Main characteristics of the different types of balancing capacity in the
Netherlands [123, 124].

Bid Activation
Name Bid size Activation Ramp rate Min. step Duration
Regulation cap. ≥5 MW automatic ≥7 %/min 1 MW ≥4 sec
Reserve cap. ≥5 MW manual ≥100 %/15min full ≥15 min
Emergency cap. ≥ 20 MW manual ≥100 %/15min full ≥ 15 min

As stated before, the TSOs are responsible for maintaining the balance between
generation and load in (a part of) the power system. On a system level, (i.e.,
maintaining the grid frequency at its nominal value) all TSOs initially cooperate by
each demanding or contracting large generators to contribute to this. Every TSO is
responsible for maintaining its internal power balance of its area since it is expected
that each TSO is liable for maintaining the sum of its generation, loads, imports and
exports balanced. To realize the area balance, TSOs often work with a system of
imposed or derivative balance responsibility. According to [45] balance responsibility
is ‘the responsibility for keeping the net balance on all connections within its control and
facing the liability consequences if this is not achieved. The (derivative) liability in case of
imbalance involves the payment of an imbalance charge to the operator of the market area.
The imbalance charge consists of an imbalance price for each MWh of imbalance that has
occurred during a predefined settlement period.’

2.3.1 Imbalance settlement system

The TSOs in a power system continuously monitor the error towards e-programs of
their control areas. If the control area of the TSO is part of a larger synchronous
power system, the TSO uses both the unscheduled cross-border exchanges and the
grid frequency to identify the balance situation of the control area [37]. In case
of an imbalance up to the rest of the system, the TSO uses reserves to restore the
balance in the area. To operate this, the TSO receives bids for different classes of
balancing capacity which can be called upon in case of any imbalance in real-time. The
different types (or classes) of power satisfy different constraints concerning a.o. ramp
rates, partial deployment and minimum time of deployment. For the Netherlands, the
different types of balancing capacity and some of their main properties are given in
table 2.1.

According to [89, 100] in the Netherlands, in principle each party connected to the
power system has derivative balance responsibility. However, parties are free to appoint
a third party to take over their balance responsibility. For most consumers, being small,
this is the case, which has the advantage that by aggregating individual consumers, the
reliability of predictions of demand increases. For small consumers it is common that
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their energy provider takes over balance responsibility. A Balance Responsible Party
(BRP) benefits from aggregating consumers and often also generators and therefore
reduces the uncertainty. In the Netherlands, every day, all BRPs inform the TSO about
their programmed net exchange with other BRPs. This net exchange must be stated in
terms of energy per Program Time Unit9 (PTU) in a trading schedule, also known as
energy program (e-program), which has to be sent to the TSO for the day-ahead.

2.3.2 Bidding

Every day, BRPs can decide to make a bid for balancing capacity for the day-ahead.
Bids for balancing capacity are call options. They give the TSO the right, but not the
obligation to activate them whenever required. By bidding for balancing capacity, BRPs
can reserve (part of) their flexibility to maximize their profit in case of imbalance. The
actively bidding BRPs will be informed by the TSO in real-time about the required
activation of their respective bids. Depending on the market mechanism, bids, and
consequently also payments, are made for available capacity, for energy deployed, or for
any combination of both. To ensure the availability of sufficient balancing capacity, the
TSO also contracts regulation capacity with a number of BRPs beforehand. Connections
with more than 60 MW capacity are obliged to offer the amount which they can modify
their production or load as reserve capacity [122]. Before the so-called Gate Closure
Time (GCT), BRPs need to inform the TSO about their bids for balancing capacity. For
each PTU, one or more bids can be made for both positive and negative balancing
capacity to be used in case of either shortages or surpluses of energy respectively. Then,
all bids are then aggregated by the TSO into separate bidding ladders for each PTU. The
contracted bids are integrated in the ladder as well. To avoid any gaming, the bidding
ladder is not published, and thus each BRP only knows their own bids. The bids in the
imbalance settlement system can be regarded as call-options. They give the TSO the
possibility but not the obligation to buy balancing energy.

2.3.3 Deployment

In real-time, the TSO fully automatically determines the Area Control Error (ACE),
which is a measure for the control area’s imbalance, every four seconds. In case of any
imbalance in the system, balancing capacity will be requested. The ACE is processed
into a Processed Area Control Error (PACE) by integrating and filtering which is a
measure for the required balancing capacity10. To select the BRPs for providing this
required capacity, the PACE is matched with the bidding ladder every four seconds.
The demand for balancing capacity in the imbalance settlement system is completely
inelastic (i.e., not price sensitive and determined by the system state only). As the

9PTUs are, depending on the system 15 minutes, 30 minutes or 60 minutes. More information on the
effect of the PTU length is given in chapter 5 of this thesis.

10More information on determining the Area Control Error (ACE) and the Processed Area Control Error
(PACE) is given in section 5.3.5 and appendix B.
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bidding ladder consists of all bids put in merit order, the less expensive bids will be
called first. Since the imbalance is determined every four seconds, the selection of bids
will change during each PTU. In the Netherlands, four balancing situations can exist for
each PTU:

• 0: there has not been any imbalance in the whole PTU. This situation is valid for
0.14 %11 of the PTUs.

• -1: the system has a ‘long’ position (surplus) and there has only been a request
for negative balancing capacity in the PTU. This situation is valid for 51.77 %11

of the PTUs.

• 1: the system has a ‘short’ position (shortage) there has only been a request for
positive balancing capacity in the PTU. This situation is valid for 38.25 %11 of the
PTUs.

• 2: the system has both a ‘long’ and a ‘short’ position within the PTU and therefore
both positive and negative balancing capacities have been deployed during the
PTU. This situation is valid for 9.85 %11 of the PTUs.

2.3.4 Payments

The payments for causing and settling imbalance can be set in several ways. Either
the regulator or the TSO sets a price for balancing or the price is set through a
market. In [54] it is stated that if a market is sufficiently competitive, the market-based
balancing is expected to give the best results.

In market-based balancing the accounting and settlement of all BRPs takes place
after real-time. For this, generation units and large consumers are equipped with
energy meters that are capable of measuring energy with a PTU resolution. As
small consumers are not equipped with such measurement devices, their consumptions
are taken into account by BRPs and TSO by assuming their consumption is equal
to standard consumers profiles which are updated each year [98, 99]. Therefore
aggregated deviations by small consumers from this standard profile will be accounted
as imbalance. As stated before, each BRP should behave according to its schedule
which was sent to the TSO before real-time. Any deviation in terms of energy per PTU
from this schedule will be accounted for. The settlement takes place and can have
several outcomes for the BRPs depending on their individual balancing situation and
the balancing state of the system.

11Data from: http://www.tennet.org, last accessed: April 2011.

http://www.tennet.org
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2.3.4.1 Payment mechanisms

Payment can be based on pay-as-bid or marginal pricing. In the pay-as-bid structure,
each selected BRP receives the price for which the BRP made the bid. The imbalance
causing BRPs will, in a pay-as-bid system, usually pay the average price of the selected
bids. This can lead to the situation that the price for causing imbalance is not equal to
the price for settling it. In the marginal pricing structure each selected BRP will receive
the price for the highest selected bid and perpetrating BRPs will also pay the price
of the highest selected bid in the PTU. Much discussion exists about these payment
structures [70, 118, 132], especially on which of both will lead to the most efficient
market with the lowest costs. In the Netherlands, the marginal pricing mechanism is
implemented [10]. In general it is accepted that a pay-as-bid, in combination with
an average imbalance pricing, structure will lead to increased bidding prices in order
to increase producer surplus, while in marginal pricing, suppliers tend to bid at their
overall marginal generation costs. This latter is assumed to be economically more
correct and provides greater incentives to avoid imbalance and to invest in generation
capacity for balancing [131].

2.3.4.2 Single imbalance pricing versus dual imbalance pricing

In case of balancing situation 2, in which there is both positive and negative imbalance
within a single settlement period, two pricing systems exist. In case of single imbalance
pricing, the highest achieved price will be the price for both ‘long’ and ‘short’ positions.
In case of a dual imbalance pricing mechanism, two different prices exist whereas
one price exists for ‘long’ position volumes and one price exists for ‘short’ position
volumes. According to the European Transmission System Operators12 (ETSO) [43],
dual imbalance pricing can be an extra incentive for BRPs to manage their positions in
a more effective way for the system. In the Netherlands the pricing system is initially
based on a single imbalance pricing system with an extra penalty for imbalance causing
BRPs. Due to the penalty, the payments can be different for short and long positions.
However, in the previous years, the penalty has been set to zero for most of the time.

2.3.4.3 Imbalance settlement

After real-time, payments for imbalance volumes take place. For this it is important
to distinguish between BRPs which are specifically asked to provide balancing capacity
by active contribution (Balancing Service Providers (BSPs)) and the other BRPs that
either use the imbalance settlement system for their own imbalance or that contribute
to balancing without being actively selected via the bidding ladder (i.e., having an
imbalance in the opposite direction of the system imbalance). This last form of
participation to restore the balance in the system is also known as passive contribution.

12On July 1st 2009 the ETSO’s activities were transferred to the European Network of Transmission System
Operators for Electricity (ENTSO-E) and ETSO was wound up.
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Table 2.2: Payments from TSO to BSPs and BRPs [121] in the Dutch imbalance settlement
system.

BSP BRP
Short 0 Long Short 0 Long

Situation

-1 (long) −�λ−
�

0 n.a. −
�
λ− +λp

�
0 λ− −λp

0 n.a. 0 n.a. −
�
λmid +λp

�
0 λmid −λp

1 (short) n.a. 0 λ+ −
�
λ+ +λp

�
0 λ+ −λp

2 (both) −�λ−
�

0 λ+ −
�
λ+ +λp

�
0 λ− −λp

In the Netherlands, Prices for imbalance volumes are determined according to table 2.2
which correspond to the payments that BSPs and BRPs receive from the TSO per unit
of energy. In this table λ+ is the price for up-regulating balancing capacity ∆P+,
λ−13 is the price for down-regulating capacity ∆P−, λmid is the middle price which
corresponds to the Market Clearing Price (MCP) at the day-ahead spot market for this
PTU. The prices are graphically represented in figure 2.6. It should be noted that the
difference in payments for BSPs and BRPs consists in most cases of a constant λp which
represents a penalty per unit of energy. By giving a positive value to λp, imbalances
are penalized stronger and passive contribution to the settlement of imbalance is
rewarded less. Thus it can be concluded that a positive λp is an extra incentive for
a BRP to maintain its internal balance. However a positive penalty can also lead to
an increased volatility of imbalance prices as optimal hedging positions change [114].
Different countries implement different regulation for setting λp. In the Netherlands the
increase or decrease of λp is determined by taking into account a number of measurable
quantities that characterize the performance of the imbalance settlement system [121].
Furthermore it can be observed in table 2.2 that in case of balancing situation 2, the
BRPs have a disadvantage compared to BSPs. This risk creates an extra incentive for
BRPs to actively bid in the system for balancing capacity.

2.4 Analysis of the Dutch imbalance settlement system

Since the year 2001, the Netherlands has an imbalance settlement system based on
balance responsibility. An elaborate overview of this system is given in [10], [68]
and [120]. As described in section 2.2, traders have different opportunities to trade
energy. Based on data related to the year 2009, it can be stated that net 29 TWh14 was
traded via the APX day-ahead spot market which represents a turnover of 1143 MEur14.
The total amount of energy traded via the imbalance settlement system operated by the

13λ− can be either positive or negative.
14Based on market clearing volumes of APX of 2009.
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Figure 2.6: Definition of prices in the bidding ladder for the imbalance settlement
system [121].

TSO was 3 TWh15 which represents a complete (combined for positive and negative
imbalances) turnover of 147 MEur15. To put this in perspective, the total amount of
electric energy consumed in the Netherlands in 2009 was 113 TWh [38].

Based on these data from the year 2009 it can be concluded that the average value
of APX day-ahead prices λAPX is equal to 39.16 Eur/MWh. The average values for up-
regulating λ+ and down-regulating λ− balancing capacities are 73.56 Eur/MWh and
15.49 Eur/MWh respectively. The distribution of imbalance prices in the Netherlands
in 2009 is shown and compared with the average APX price in figure 2.7 from which it
can be concluded that a price difference between the imbalance prices and the average
APX price is present and provides an incentive to either or both actively and passively
participate in the imbalance settlement system.

The balancing volumes, called by the TSO, can be represented in a duration curve
where the durations for both positive and negative balancing volumes can be illustrated.
It can be observed in figure 2.8 that more offers for negative balancing capacity are
called (i.e., system is ‘long’). Due to the existence of balancing situation 2, (i.e., the
system is both ‘short’ and ‘long’ within a single PTU) the sum of both durations is larger
than 8760 hours per year.

BRPs have subsequent availabilities to trade their energy needs, surpluses and
reserves. Based on the expected values of the day-ahead spot market and the possible
imbalance prices, combined with the assumption that a BRP is not able to predict
the balancing situation of the control area, there will be an incentive for the BRP to
minimize its own imbalance. Considering that the day-ahead APX is the last option to
trade energy with sufficient liquidity, the extra costs, when compared to trading at the

15Data from: http://www.tennet.org, last accessed: April 2011.

http://www.tennet.org
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Figure 2.7: Distribution of imbalance prices in 2009 in the Netherlands.
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Figure 2.8: Imbalance volumes duration curve based on data from 2009 in the Netherlands.
Negative volumes correspond to ‘long’ system positions while positive volumes correspond
to ‘short’ system positions.

day-ahead spot market, for causing imbalance can be defined as
�
λ+ −λAPX

�
for ‘short’

positions and
�
λAPX −λ−

�
for ‘long’ positions as long as the penalty λp equals zero.

This means that, as most of the time λ− ≤ λAPX ≤ λ+, causing imbalance is usually not
beneficial for BRPs.

For data from 2009 an analysis was made regarding the price differences between
APX day-ahead market and the imbalance settlement system as mentioned above. For
each PTU during the year, required balancing energy and their corresponding prices are
plotted in figure 2.9. A third order polynomial is fitted based on all PTUs. A number of
conclusions can be drawn from figure 2.9.



2.4. ANALYSIS OF THE DUTCH IMBALANCE SETTLEMENT SYSTEM 29

−100 −80 −60 −40 −20 0 20 40 60 80 100
−300

−200

−100

0

100

200

300

Requested Balancing Capacity [MWh/PTU]

P
ric

e 
di

ffe
re

nc
e λ

A
P

X
 a

nd
 λ im

b [E
ur

/M
W

h]

 

 

PTU

3rd Order polynomial fit

Figure 2.9: Difference between APX day-ahead prices and imbalance prices. Positive
requests for balancing capacity refers to ‘short’ system positions while negative requests
for balancing capacity refers to ‘long’ system positions. For negative calls (‘long’ positions)
the price difference is defined as λAPX − λ− while for positive calls (‘short’ positions) the
price difference is defined as λ+ −λAPX .

• Although obvious, it can be observed that the extra costs for BRPs for having
or causing imbalance are in most cases positive which means that causing
imbalance and having the imbalance settlement system to account for this, is
less advantageous than trading the correct amount of energy via the day-ahead
spot market. This is an incentive for BRPs to limit their imbalances.

• The imbalance price per unit of energy is related to the system imbalance capacity
requested. As the amount of imbalance in the system increases, the price
difference with the day-ahead spot market price also increases due to the bids
which are in merit order in the bidding ladder. This is again an incentive for BRPs
to reduce and limit their imbalance as much as possible.

• Requests for positive balancing energy (system is ‘short’) usually have a higher
price than requests for negative balancing energy. An obvious reason for this
is that in case of a request for positive balancing capacity, extra generation is
required which will induce extra variable generation costs. These higher costs for
‘short’ positions are an incentive for BRPs to rather have ‘long’ positions as much
as possible as could also be observed from figure 2.8.

• A price cap is present at λAPX + 185 Eur/MWh for contracted balancing capacity.
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To ensure the availability of sufficient balancing capacity, the TSO chooses to
contract balancing capacity at a number of BRPs beforehand. This has a leveling
effect on high prices for balancing.

2.4.1 Direction of the imbalance

Assuming that a BRP is risk averse and has no insight in the direction of the system
imbalance, its optimal behavior is to minimize its own imbalance as ‘long’ as the costs
for doing this are lower than the expected costs on the imbalance settlement system.
However, because passive balancing is allowed, it may be more optimal for BRPs not to
minimize their imbalance when they are actually contributing to restoring the system’s
balance. This however introduces a certain risk since the BRPs are not aware of
the direction of the imbalance from moment to moment. Analysis of the imbalance
situations in the Netherlands in the year 2009 however, indicates that the probability
of the imbalance situations in two subsequent PTUs remaining equal, is significant. If
the transition between imbalance situations is considered as a Markov process (i.e.,
any transition is only dependent on the current state) the transition probabilities can be
calculated as shown in figure 2.10. It can be concluded that the probability of remaining
in the same situation for several PTUs is significant (especially in the situations -1 and
1) which can also be observed from the autocorrelation of the imbalance volumes
in figure 2.11. The autocorrelation also reveals a daily repetitive character in the
imbalance volumes. Therefore BRPs can decide to use a persistence prediction method
to predict the imbalance in the system and thus benefit from passive balancing. As they
contribute to the system’s balance, the system benefits from this behavior. If however
more and more BRPs would respond according to the predicted imbalances, this would
lead to sharper fluctuations in the balancing situation of the system and an increased
occurrence of balancing situation 2.

2.4.2 Expected value of imbalance price

BRPs can decide to make a bid in the imbalance settlement system for both positive and
negative balancing power for each PTU k. Based on the corresponding prices of their
bids, λbid,+,k and λbid,−,k respectively, the probabilities p

�
Ebid,+,k

�
and p

�
Ebid,−,k

�
of being selected to supply an infinitely small amount of either positive or negative
balancing energy varies. Using imbalance clearing price data λ+,k and λ−,k from the
Dutch TSO and day-ahead spot market clearing price data λAPX ,k of the year 2009,
these probabilities for both up and down regulation with compared to the spot market
price were calculated using equations 2.6 and 2.7 respectively.

p
�

Ebid,+,k

�
= p

��
λbid,+,k −λAPX ,k

�
≤
�
λ+,k −λAPX ,k

��
(2.6)

p
�

Ebid,−,k

�
= p

��
λbid,−,k −λAPX ,k

�
≥
�
λ−,k −λAPX ,k

��
(2.7)
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Figure 2.10: Markov chain of the balancing situations of the power system in the
Netherlands. Both the probabilities of remaining in the same state during several subsequent
PTUs, and the probability of changing to another state in subsequent PTUs, are significant.

The probabilities of being selected for supplying balancing energy as a function
of bid price difference with the spot market price are calculated based on imbalance
price data from the Netherlands from the year 200916 and shown in figure 2.12. It
can be observed that the maximum probabilities for being selected for up and down
regulating capacity are not equal. This is due to the unequal probabilities of balancing
situations -1 and 1, which can also be observed in figure 2.10. Using the probabilities
for being selected at certain bidding prices, the expected values EX

�
λbid,+ −λAPX

�

and EX
�
λbid,− −λAPX

�
of the price difference with spot market prices, based on the

assumption of marginal pricing and multiple bids being selected, can be evaluated for
the different bidding prices. The expected values of price differences for both up and
down regulating energy can be found using equations 2.8 and 2.9 respectively.

EX
�
λbid,+ −λAPX

�
= p

�
Ebid,+,k

�
EX
�
λ+,k −λAPX ,k

�
, f or : λ+,k ≥ λbid,+,k (2.8)

16Data from: http://www.tennet.org, last accessed: April 2011.

http://www.tennet.org
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Figure 2.11: Autocorrelation of the imbalance volumes.
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Figure 2.12: Probabilities of being selected for balancing service as a function of bidding
price difference with respect to the spot market price.

EX
�
λbid,− −λAPX

�
= p

�
Ebid,−,k

�
EX
�
λ−,k −λAPX ,k

�
, f or : λ−,k ≤ λbid,−,k (2.9)

The result of these expected values as a function of bidding prices for the year 2009,
are shown in figure 2.13. It can be observed that, when assuming marginal pricing and
in the absence of market power, bidding at cost price proves to be optimal.



2.5. SUMMARY AND CONCLUSIONS 33

−400 −300 −200 −100 0 100 200 300 400
−20

−10

0

10

20

Imbalance bidding price (λ
bid

) difference with λ
APX

 [Eur/MWh]

E
xp

ec
te

d 
va

lu
e 

pr
ic

e 
di

ffe
re

nc
e 

 λ
bi

d a
nd

 λ A
P

X
 [E

ur
/M

W
h]

 

 

Up−regulating
Down−regulating

Figure 2.13: Expected values for price differences between imbalance and spot market price
as a function of bidding price difference with respect to the spot market price.

2.5 Summary and conclusions

Liberalized and restructured electricity markets consist of multiple entities being
responsible for different tasks. These tasks can be distinguished as generation,
transmission and distribution, trading and supply, and balancing. As electricity is a
product for which its consumption must always more or less equal its generation,
multiple subsequent markets exist that are iteratively used to match generation and
demand. After forecasting the demand, economic dispatch is performed to optimize
the utilization of generation resources. As most of the trading takes place before real-
time and deviations from the prediction of both generation and load are inevitable,
imbalances will eventually occur. Being responsible for the balance management within
a control area, the TSO uses an imbalance settlement system to call different types
of balancing resources to restore the balance. Each of these balancing resources has
properties concerning a.o. activation speed, duration, and minimum bid size. The
resources, which are available to the TSO, are offered by market parties and are mostly
being placed in a merit order bidding ladder. Whenever imbalance in the system occurs,
the TSO uses the bidding ladder to select bids to restore the balance.

When bids are selected to provide balancing resources they are rewarded for this.
In systems where passive balancing is allowed, parties are also rewarded when they
contribute to restoring the system balance without explicitly being selected by the TSO.
The reward for passive balancing is usually lower and poses higher risks than for active
balancing, thus creating an incentive to bid in the imbalance settlement system. The
reward can be either a price for capacity or a price for the energy delivered or any
combination of both. Also other pricing strategies can be distinguished. Some countries
apply single pricing whereas others apply dual pricing. This defines the price level in
PTUs with balancing situation 2, that have both ‘long’ and ‘short’ positions. Another
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distinction can be made between pay-as-bid and marginal pricing.
For the Netherlands an analysis of the imbalance settlement system was made by

analyzing data of the imbalance settlement system and the day-ahead spot market.
It was found that the price difference between the price for balancing energy and
the price at the day-ahead spot market reflects the extra costs for causing imbalance
by not trading the correct amount of energy in the day-ahead spot market. Also it
was found that BRPs can maximize their expected profit by bidding in the imbalance
settlement system. Bidding for a higher price reduces the probability of being selected
for imbalance settlement and with a marginal pricing system, while assuming the
absence of market power, there is an incentive to bid for cost price.

As passive balancing is allowed and rewarded in the Netherlands, it is worthwhile
for BRPs to estimate the system’s balancing situation in real-time. An analysis of the
balancing situation in 2009 showed that a persistence prediction method can be applied
to predict the balancing situation of the control area. It should be noted however that
as BRPs would start to contribute more and more in passive balancing the likeliness of
fast changing balancing situations increases thus reducing the validity of the prediction.
Combined with the higher risks for passive balancing concerning balancing situation 2,
the contribution of passive balancing is expected to remain limited.



CHAPTER 3
Consequences and possibilities of

aggregation

3.1 Introduction

In chapter 2 it was discussed that electricity can be traded between producers, and
consumers directly or indirectly through intermediate entities or bourses. However, as
a continuous balance between generation and load of electricity is vital in a power
system, the Transmission System Operators (TSOs) take care of the balance in the
network. To carry out this balancing, the TSO puts part of its responsibility back on
the connected customers (generators and loads). They can be held responsible for
their behavior in each settlement period or Program Time Unit (PTU). In most cases,
connected customers forward their responsibility to a larger Balance Responsible Party
(BRP), which is much better capable of predicting the generation and consumption by
aggregating customers’ behavior and thus reducing uncertainty and risk. A question
which remains is what the optimal size of balance responsible entities is, such that they
optimally benefit from aggregating consumers and producers. This chapter is structured
as follows. In section 3.2, a top-down view is provided in which all aggregation
levels concerning power balancing in an electricity delivery system are addressed. The
question why these different levels exist and the relevance for balancing is answered.
Also reasons for growth or shrinkage of each of the organizational entities are described.
Section 3.5 elaborates on some aggregations which currently start to appear in power
systems. The conclusions of the chapter are given in section 3.6.

3.2 Structure of the power system

Large scale electricity delivery systems can be characterized by having several
organizational (operational) levels, each having a certain liability when it comes to

35
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Figure 3.1: Operational structure of a power system which consists of two synchronous
areas. Note that the aggregation of generators and loads by BRPs is not related to the
network structure.

energy balancing. In this section the different levels which are illustrated in figure 3.1
will be evaluated.

3.2.1 Electricity delivery system

A fully interconnected electricity delivery system consists of all regions which are
synchronously or asynchronously interconnected via AC and DC interconnections
respectively. An example of such an interconnected system is the European Network of
Transmission System Operators for Electricity (ENTSO-E) grid which has synchronous
connections between countries in several synchronous areas17 which are connected
via high voltage direct current (HVDC) interconnections. A schematic overview of an
electricity delivery system with both synchronous and asynchronous interconnections is
shown in figure 3.1.

A number of reasons exist for the interconnection of systems. Firstly, a synchronous
interconnection gives the option to share short-term reserves as the probability of
simultaneously failing units is low as is explained further in chapter 4. Another reason
for synchronous interconnection is that the inertia of the grid is increased. Therefore,

17i.e., the Continental European synchronous area, the Baltic synchronous area, the Nordic synchronous
area, the British synchronous area, and the Irish synchronous area.
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disturbances have smaller effect on a large system than on a smaller system. A more
recent advantage of the interconnection of power systems is the ability to exchange
amounts of energy and therefore creating the opportunity to optimize generation. Last
but not least political and ideological reasons exist for the interconnection of power
systems as was elaborated in [74].

3.2.2 Synchronous area

Each electricity delivery system consists of one or more synchronous areas as illustrated
in figure 3.1. Synchronous areas can be interconnected with DC interconnections. The
characterization of a synchronous area is that, in steady-state, the frequency of the grid
is identical everywhere. In case of any disturbance in a synchronous area, the power
flow will be such that the different control areas within the synchronous area will assist
each other. As the frequency in a synchronous area in steady-state is equal everywhere,
primary control, being the first control to respond in case of frequency disturbances
and being responsive to frequency deviations only, will act simultaneously in the whole
synchronous area. The synchronous area can grow by AC interconnection of adjacent
areas. This leads to a lower sensitivity for imbalance as is extensively elaborated in
chapter 5. This lower sensitivity decreases the probability of a disturbance leading to
blackouts. However, in case of a blackout, the interconnection will lead to an increased
number of affected connections.

Although the frequency in a synchronously interconnected power system is identical
in steady-state, during disturbances, frequency differences do occur. Any frequency
disturbance is spread across the synchronous area as a wave with a speed which is
depending on all individual inertias. For the European continental power system this
speed is found to be approximately 1 ·106 m/s [79]. Recent studies based on Wide Area
Measurement Systems (WAMS) also elaborate on the existence of intra synchronous
area oscillations [79, 115] which is not discussed further in this thesis.

3.2.3 Control areas

Any synchronous area consists of one or more control areas (figure 3.1). In many
systems these control areas correspond to either countries or parts of a country. A
control area is defined by the ENTSO-E as an area which has separate secondary
control (which is a follow-up of the primary control) for power balancing. If multiple
control areas have a single entity being responsible for the balance in both areas,
the aggregation of the multiple areas form a control block. As secondary control is
implemented in each control area, the area should have power measurements on its
borders to determine the Area Control Error (ACE) of the area which is to be controlled
to zero by secondary control. As control areas are usually physically defined by the
borders of countries, it is worth noticing that their existence is not optimized based on
their ability to perform power balancing.
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3.2.4 Balance responsible parties

Within each control area, a TSO is responsible for the power balance of that area.
Usually secondary control is implemented via a system of balance responsibility. A
number of BRPs aggregate and represent generators and loads within a control area.
In the unbundled situation, BRPs are geographically only constrained by the borders of
the control area18. Within this area they are not constrained by any network topology
as each connection is free to select its own BRP [89]. In general the BRP will try to
optimize its profit from taking the risk, and being paid for this, while simultaneously
reducing this risk by aggregating customers. In the next section, reasons for BRPs to
expand or shrink are given.

3.3 Motives for dimensioning control areas and BRPs

A TSO is responsible for secondary control within its area. One of the advantages of
the existence of control areas is that they enable localization of disturbances (up to the
level of a control area). Once localized, a disturbance can be restored in that specific
control area. This allows cross-border connections to be used to a large extent for the
cross-border trade of energy. This cross-border trade can lead to the optimization of
generation resources and more competition by decreasing market concentration [72].
As cross-border interconnections are often bottlenecks for trade, it is usually considered
not desirable that part of their Net Transfer Capacity19 (NTC) is withheld for secondary
control actions. Secondary control therefore prevents large inter-area power flows due
to balance management which is not always the most optimal [131]. Furthermore, the
presence of secondary control enables the control areas to settle their internal imbalance
after initially being aided by the other control areas in the primary response.

Within a control area, transmission constraints are often considered absent or solved
in the operation planning phase. In case transmission constraints cannot be neglected,
various techniques such as nodal pricing and congestion rents20 exist for congestion
management [4, 65, 118]. A larger control area leads to the effect that imbalances
are more likely to cancel out. However, although this thesis does not elaborate on
transmission, it can be stated that transmission constraints can limit a control area to
grow without implementing congestion management. BRPs benefit from aggregating
loads and generators as illustrated in figure 3.2, thereby reducing the uncertainty in the
prediction of the profiles of all these individuals while receiving a fee for taking this risk.
As, in a liberalized electricity market, BRPs are geographically only constrained by their

18BRPs can however represent connections in multiple control areas. If transmission constraints allow,
they can optimize their portfolio over multiple areas.

19The NTC is defined as the technical Total Transfer Capacity (TTC) minus a Transmission Reliability
Margin (TRM). The TRM is a security margin that copes with uncertainties that arise from unintended flows
due to the operation of load-frequency control, emergency exchanges between TSOs to deal with unexpected
unbalanced situations, and inaccuracies in data collection and measurements [42].

20Congestion rents are the revenues that come from charging transmission rights.
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Figure 3.2: Aggregation of individual producers and consumers leads to a reduction of the
uncertainty in the prediction of the profiles.

control area, they can market their service and compete for market share. A number of
reasons make BRPs to have a tendency to grow. First of all, depending on the correlation
of imbalances of individuals aggregated by the BRP, the predictability of the imbalance
increases as many imbalances cancel out. If zero correlation is assumed between the
imbalances∆Pi of each connection i whereas the stochastic variable∆Pi has an average
µ∆Pi

and standard deviation σ∆Pi
, the aggregate imbalance of the BRP ∆P with n equal

connections, has a mean µ∆P =
∑n

i=1µ∆Pi
and standard deviation σ∆P =

1p
n
σ∆Pi

. The

fraction 1p
n

for uncorrelated cases can be found as shown in equations 3.1 to 3.4.
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reduction of uncertainty when aggregating individual connections depends on the
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However, in practice imbalances between individual connections will not be
completely uncorrelated. Therefore, a numerical analysis was performed to find
the standard deviation of an aggregate imbalance ∆P which is composed of two
∆Pi with equal σ∆Pi

and correlation coefficient ρ. In figure 3.3 the standard
deviation multiplication factor as a function of the correlation coefficient (as defined
in equation 3.5) is shown. As the standard deviation is in the range 0≤ σ∆P ≤ nσ∆Pi

it
can be concluded that the aggregation of connections on average leads to a reduction
of the relative imbalances. Therefore the BRP has an incentive to grow over a larger
geographical area. Especially when integrating Renewable Energy Sources (RES) this
will be advantageous [53]. Negative correlation, in which the imbalances cancel out
each other most of the time, can also exist but this is not expected.

ρx ,y =
EX
��

X −µx
��

Y −µy

��

σxσy
(3.5)

Here ρx ,y is the correlation coefficient of X and Y with their respective averages µx
and µy and standard deviations σx and σy . EX denotes the expected value.

Besides the reduction of the relative imbalance, the growth of a BRP also creates a
larger portfolio with available resources for counteracting imbalances. A larger portfolio
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Figure 3.4: The aggregation scale of BRPs affects the effectiveness of the imbalance
settlement system.

of power plants gives more degrees of freedom in the process of economic dispatch
which should lead to a reduction of the costs.

Finally, also practical issues create incentives for BRPs to grow. By growing, costs
for human resources to be available around the clock, as well as the costs for the
required communication means with the TSO for secondary control purposes relatively
decrease [68].

As BRPs are not constrained by the transmission limitations of the power grid,
except for control area borders, their growth can only be hampered by regulation [13].
Regulators have several incentives to prevent BRPs from infinite growth, to create a
transparent market without access constraints for new players. First of all, since it
was already discussed that for competition and freedom of choice, multiple competitive
BRPs should exist in each control area. Also for a correct functioning of imbalance
settlement systems, more than one BRP should exist. Although from a BRP’s point of
view transmission constraints within a control area are not relevant, for a TSO they are
of high importance. The existence of multiple BRPs gives the TSO more freedom to
implement forms of congestion management. Figure 3.4 shows how the aggregation
scale of BRPs influences the imbalance settlement system of a TSO. In the left extreme
case the BRP will be very small and represents only a single consumer or producer. The
balance requirements will be high, while the BRP has little or no resources for balancing.
In the other extreme case the BRP will aggregate all consumers and producers in the
control area. Due to the canceling out of imbalances, its balancing requirements will be
reduced to a minimum. The resources within the BRP however, will have increased.

In general it can be stated that balancing on a larger aggregation scale yields
benefits because of aggregation of imbalances and the increase of available resources
for balancing that leads to higher liquidity in markets for balancing energy. However,
aggregating on a larger scale is limited because of transmission and market constraints.
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As one of the origins for imbalance is the fluctuation of generation by generators based
on RES, which are assumed to have lower covariance once the geographical distance
increases [60, 126], there is another motive for control areas to balance on a larger
scale.

3.4 Cross-border balancing

As mentioned in the previous section there exist a number of motives for the growth of
control areas. These motives are:

• a higher availability of resources, possibly leading to a higher liquidity in
imbalance settlement systems, and

• the canceling out of imbalances due to uncorrelated events [54].

A number of options exist to make use of each or both of these benefits. Cross-
border balancing is the implementation of one or more options to partly or fully
integrate the imbalance settlement systems in more than one control area. According
to [41, 131, 133] the options for cross-border balancing are as follows.

• Direct BRP-TSO participation
Two or more TSOs allow BRPs in multiple control areas to bid in multiple
imbalance settlement systems or to have a contract with each of the TSOs. A
notification for the availability of cross-border transmission capacity is required
to ensure system security. According to [41] this option can, in practice, only
take place in one direction from the control area with the fewest constraints on
generation scheduling to the control area with the most constraints. Furthermore,
from a practical point of view, differences in rules and IT systems complicate the
implementation of BRP-TSO cross-border bidding.

• TSO-TSO model
All BRPs can only submit bids and have contracts with their TSO of the respective
control area. However, the TSOs in multiple control areas exchange balancing
bids and manage the required interconnection capacity. Two types can be
distinguished here.

– Common merit order
The TSOs integrate the bidding ladders for balancing capacity as far as the
network constraints allow. Deployment of balancing capacity only occurs
after aggregating the imbalance over all integrated imbalance settlement
systems. This implementation benefits from the canceling out of imbalances
as well as from an increased liquidity of the imbalance settlement system.

– Individual bids
There is no common merit order but the TSOs exchange part of the bids with
other TSOs. Both TSOs deploy balancing capacity simultaneously.
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Figure 3.5: Balancing volumes duration curves of the Netherlands, Belgium and an
aggregated system based on data of 2009.

The effect of imbalance aggregation is greatest when the imbalances in both balancing
areas are uncorrelated. To illustrate the effect of imbalance aggregation, figure 3.5
shows the duration curves of the deployed balancing volumes per PTU of 15 minutes
in the Netherlands21, Belgium22 and aggregated for the year 2009. It is assumed that
the deployed balancing volumes are a good representation of the actual imbalance in
the systems. The correlation coefficient of the deployed balancing volumes in the two
countries for 2009 was found to be 0.14. Both countries have more ‘long’ positions
(negative balancing volumes) than ‘short’ positions (positive balancing volumes). Also
it can be concluded from the zoom of the figure on the left side of figure 3.5 that
aggregation of the imbalances does in fact lead to a relative reduction of the total
required available balancing capacity. Besides affecting the aggregated imbalance, full
imbalance settlement system integration is believed to lead to an increase of market
liquidity. An in-depth analysis of the aggregation of Dutch and Belgium imbalance
settlement systems was performed in [133]. It can be expected that a full imbalance
settlement system integration will cause also changes in the bidding behavior of market
parties and it was observed that cross-border balancing may lead to differentiation
of generation capacity due to differences in regulatory frameworks and geographical
locations [68].

To fully benefit from any form of cross-border procurement or activation of
balancing resources, market harmonization is considered essential [45]. An extensive
analysis of the main parameters of the market and their effect on the performance of
the imbalance settlement systems in the Northern European region was given in [134].

21Data from: http://www.tennet.org, last accessed: April 2011.
22Data from: http://www.elia.be, last accessed: January 2011.

http://www.tennet.org
http://www.elia.be
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3.5 Novel aggregation structures

Although most initiatives focus on balancing on a larger scale via integration of
imbalance settlement systems there are also several initiatives to perform power
balancing on a smaller scale. Especially for the integration of distributed generators
this can be beneficial, as aggregating them enables participation in markets and
enhances both the predictability and controllability of clusters. The next subsections
will elaborate on microgrids and virtual power plants.

3.5.1 Microgrids

A microgrid is an interconnection of small modular generators together with storage
devices and controllable loads in low voltage systems [30]. These systems can be
operated either as being part of a synchronous grid or in islanding mode. When
connected to the synchronous grid, the microgrid can be regarded from the outside
as a single entity with, what is described in [14] as ‘good citizen’ or even ‘model citizen’
behavior. This means that the microgrid can provide ancillary services to the system
by controlling its internal operation [15]. These ancillary services can, for example,
be voltage and frequency support. Within a microgrid, individual customers can benefit
from an increased security of supply since the microgrid is able to operate autonomously
from the main grid. As the microgrid is constrained by network topology it is restricted
in composing its portfolio and therefore has mainly technical benefits.

3.5.2 Virtual power plants

A Virtual Power Plant (VPP) system is defined by [8] as ‘An information and
communication system with centralized control over an aggregation of distributed
generation, controllable load and storage devices.’ The objective of a VPP is to control
the supply and manage the electricity flow not only within a cluster but also in exchange
with the grid [8].

The aggregation enables individual generators to participate, as a VPP, in power
markets whereas the individual, distributed generators are generally too small and
therefore not accepted as participants. For this, VPPs often contract large amounts of
small generators. Moreover VPPs benefit from the canceling out of power fluctuations,
thereby reducing risk, and by having control over the distributed generators they can
participate in markets for balancing capacity. Although the primary objective of a VPP is
the provision of flexibility, a secondary objective may be the provision of other ancillary
services as voltage control and power quality control. The benefits of aggregation
should be an incentive for distributed generators to aggregate into a VPP. The effect
of VPPs on the liquidity of power markets is discussed in [28].
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3.6 Summary and conclusions

Each power system consists of one or more synchronous areas which each consist of
one or more control areas. A control area is defined as a region which has its own
secondary control and thus can maintain a balance between load and generation within
the area. The entity responsible for the power balance within the area is the TSO which
puts its responsibility partly to the BRPs. Both for BRPs and for the control area, the
size is determining the effectivity of the imbalance settlement system. As BRPs benefit
from the aggregation of producers and consumers and consequently from the canceling
out of imbalances, while not being constrained by transmission limitations or costs,
they will have a natural tendency to grow. Regulation can stop this process to ensure
the continued existence of competition in energy markets which is one of the main
objectives of the regulator.

Control areas are usually defined by the borders of countries and are therefore
historically defined rather than optimized based on the occurring imbalances and
available balancing resources within the areas. Within a control area, the TSO initially
considers transmission constraints to be absent in balance management. If however,
these are expected to be violated, congestion management techniques must be applied
that lead to a deviation from the market optimum in case of absence of these constraints.

Based on the correlation of imbalances in multiple control areas it can be beneficial
to enable cross-border balancing. Multiple implementations of cross-border balancing
exist that either or both focus on the canceling out of imbalances and on increasing the
liquidity of the imbalance settlement systems.

Besides concepts which focus on enlarging the balancing area, also additional
concepts exist that focus on balancing smaller areas or systems. In the VPP concept,
market participation of distributed generators is enabled via aggregation of entities.
This aggregation however can also be applied for balancing purposes, which has the
potential to increase the applicability and value of distributed generation. In general
however, it can be stated that there is a desire for increasing the scale for balancing
on both BRP and control area level. Technical (e.g. increasing inertia, and variation
canceling), economical (e.g. increased liquidity), and practical (e.g. market entry, and
ICT) reasons contribute to this observed trend.





CHAPTER 4

Classification and quantification
of balancing capacity

4.1 Introduction

In case of any imbalance between generation and load in an electricity delivery
system, the balance in the grid must be restored. To achieve this, electricity delivery
systems have balance keeping mechanisms. This chapter first discusses some of the
balancing systems for the European continental synchronous power system, for the
North American system and for the Australian power system in section 4.2. The existing
methods to define balancing needs are elaborated in section 4.3. After that methods
based on time and frequency domains and wavelet analysis to classify different types
of balancing power is introduced in section 4.4. With the proposed method it can
be analyzed, based on time series of the imbalance, how much capacity in different
balancing power classes should be available to smoothen out fluctuations. In future
power systems there will be more uncertainty in the generation of electricity, due to
the further introduction of renewable generation, thus the requirements for balancing
capacity are expected to increase. This chapter is concluded in section 4.5.

4.2 Existing classifications for balancing capacity

In different electricity systems, different classifications exist for balancing
capacity [111]. In this section the classifications used in some electricity systems around
the world are discussed.
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Figure 4.1: Functionality of primary, secondary, tertiary and time control [37].

4.2.1 Europe

In the European continental synchronous power system (former Union for the
Coordination of Electricity (UCTE) interconnection), power balancing is performed
using primary, secondary, tertiary and time control [35, 37]. After a disturbance one or
more of the classes of control power can be activated according to figures 4.1 and 4.2.
The following subsections will discuss these different types of control power as defined
nowadays by the European Network of Transmission System Operators for Electricity
(ENTSO-E) for the continental synchronous area.

4.2.1.1 Primary control

Primary control is used to stop any frequency change within 30 s after any disturbance.
Primary control is defined as a proportional control which is triggered if the frequency
deviates more than 20 mHz from the nominal frequency of 50 Hz. The ENTSO-E
definition of primary control is: ‘Primary Control (PC) maintains the balance between
generation and demand in the network using turbine speed governors. Primary control is
an automatic decentralized function of the turbine governor to adjust the generator output
of a unit as a consequence of a frequency deviation / offset in the synchronous area’ [37].
If there is an imbalance between generation and load of electricity, the frequency of
the grid will change. If generation exceeds the load, the grid frequency will increase
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Figure 4.2: Grid frequency and the subsequent activation of primary, secondary and tertiary
control [37]. A disturbance (loss of generation) is assumed at t = 0 s.

and if generation is less than load the grid frequency will decrease. The ENTSO-E
continental synchronous interconnection is assumed to have a self-regulating load of
approximately 1 to 2 %/Hz [35]. This self-regulating effect of the load causes the
load to absorb less power if the frequency decreases and more power if the frequency
increases. This creates a damping effect in the grid frequency change. According to
the standards [37] all control areas should contribute to primary control proportionally
and this contribution should be evenly distributed in the system. In practice therefore,
large23 power plants are equipped with a speed governor for primary control. The
relative variation in power output of a generator as a function of change of change of
frequency is given by the droop SG of a generator as indicated in equation 4.1.

SG =
−∆ f / f0

∆PG/PG,0
(4.1)

23In the Netherlands all power plants ≥ 60 MW have 1 % of their rated capacity available for primary
control through speed control. All power plants ≥ 5 MW but smaller than 60 MW have 3 % of their nominal
capacity available for primary control after a frequency drop of 180 mHz or more [119].In 2010 a proposal
for a change of regulation has been submitted to enable contracting primary control capacity [117].
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Here f0 is the nominal frequency of 50 Hz and ∆ f = f − f0. ∆PG is the difference
in generator output with nominal generation PG,0. The relation between power and
frequency is also illustrated in figure 4.3.

The purpose of primary control is to stop the frequency change and stabilize it on a
quasi steady-state value fq as indicated in figure 4.4. Primary control should act within
some seconds after any frequency deviation larger than the deadband of +/-20 mHz.
50 % of the power which is reserved for primary control should be available within
15 s whereas all primary control power should be available within 30 s. Within the
ENTSO-E continental synchronous interconnection, it is found that a reference incident
equal to a loss of generation of 3000 MW will not lead to a frequency deviation of more
than 180 mHz. At 180 mHz frequency deviation, it is defined that all primary reserves
should be activated.

Each individual control area within the interconnected system is obliged to
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Figure 4.5: Prescribed individual primary control action of the ENTSO-E continental
synchronous area control areas (countries) based on the generation data of 2008 [36].

participate in primary control. The share of this participation depends on the yearly
production of electricity of each control area. Equation 4.2 is used to calculate the
share of each control area.

Rarea
pc =

Earea
prod

∆ fmax ,q ·
∑

EN TSO−E Earea
prod

·∆Pre f (4.2)

Rarea
pc corresponds with the primary action of an area in MW/Hz. Earea

prod is the yearly
electricity production of the control area. fmax ,q is the maximum allowed quasi steady-
state frequency deviation of 180 mHz for the reference disturbance ∆Pre f of 3000 MW.
Figure 4.5 shows the prescribed individual primary action Rarea

pc of each control area
within the ENTSO-E continental synchronous area.

4.2.1.2 Secondary control

After primary control has stabilized the grid frequency, secondary control is activated to
bring the frequency back from its quasi steady-state frequency to its nominal value
within 15 min. This should be done within the control area (country) where the
disturbance was caused to avoid unintentional cross-border flows. To enable secondary
control, all Transmission System Operators (TSOs) of the control zones measure both
the cross-border exchange and frequency. They combine these data into the Area
Control Error (ACE) which gives information on the balance in the control area using
equation 4.3.

AC E =∆P + Rarea
pc ·∆ f (4.3)
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Figure 4.6: Prescribed individual secondary capacity requirements due to load variations
of ENTSO-E continental synchronous area control areas (countries) based on the maximum
load data of 2008 [36].

Here ∆P is the difference between the scheduled cross-border exchange and the actual
cross-border exchange. Rarea

pc is the primary contribution of each control area in case
of a disturbance equal to the defined reference incident. The participation in primary
control, per Hertz frequency deviation, can be found in figure 4.5. After an imbalance
is detected, the TSOs use market mechanisms to deploy secondary control capacity as
described in chapter 2 of this thesis. The goal of secondary control is to drive the ACE to
zero using an integral controller. The required secondary control capacity depends on
load variations, schedule deviations and size of generating units which can fail [35].The
minimum amount of reserve Rarea

sc,min due to load variations, recommended by ENTSO-E
for the continental synchronous area, is given by equation 4.4 as a function of maximum
load Lmax in a control area.

Rarea
sc,min =

p
a · Larea

max + b2 − b (4.4)

Here a and b are empirically determined to be 10 MW and 150 MW respectively.
The resulting minimum secondary capacity is a function of the maximum load in a
control area. For the different control zones in the ENTSO-E continental synchronous
interconnection the requirements are displayed in figure 4.6. The operating principle of
the secondary control can be found in appendix B.

4.2.1.3 Tertiary control

Tertiary control is the control mechanism which is used to free up secondary control
after deployment. Usually it is manually activated by the responsible TSO. In case of
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large disturbances it can supplement secondary control for frequency restoration and
freeing up primary control capacity. In most control areas (including the Netherlands),
tertiary control capacity is no longer used by the TSOs but deployment is left to
the market parties to economically optimize or substitute secondary control capacity.
Activation of tertiary control is slower than secondary control, i.e., slower than
15 min [37].

4.2.1.4 Time control

The objective of time control is defined by ENTSO-E in [37] as: to monitor and limit
discrepancies observed between synchronous time and universal coordinated time in the
synchronous area. Reasonably it is applied during periods of uninterrupted interconnected
operation, where the synchronous time is the same in all control areas. Time control
is activated by changing the reference frequency f0 to a value of either 50.010 or
49.990 Hz for a period of 24 hours (starting from 0:00 hours) if the difference between
the synchronous time and the universal time is more than 20 s.

4.2.2 North America

The North American Electric Reliability Corporation (NERC) has defined and set up
rules and standards for balancing capacity. In North America, the following classes of
operating balancing capacity exist.

4.2.2.1 Frequency response reserves

Regulating and frequency response reserve is spinning reserve responsive to the
Automatic Generation Control (AGC) (similar to secondary control in the ENTSO-E
continental synchronous area) to provide for sufficient regulating margin to allow the
balancing authorities to meet NERC’s standards [101]. Spinning reserve is unloaded
generation, synchronized and ready to be used. AGC is the control to 1) adjust a control
area’s generation from a central location to minimize the ACE and 2) to distribute the
required change in generation among units to minimize operating costs [71]. The first
objective is also often referred to as Load Frequency Control (LFC). The two objectives
of AGC are comparable to the secondary and tertiary control in the ENTSO-E continental
synchronous system [110].

4.2.2.2 Contingency reserve service

Contingency reserve is spinning and non-spinning power (at least 50 % must consist
of spinning reserves) to meet the NERC’s Disturbance Control Standard. The amount
available must be at least the size of the loss of generating capacity due to forced outages
of generation or transmission equipment related to the most severe single contingency
or the sum of five percent of the load responsibility served by hydro generation and
seven percent of the load responsibility served by thermal generation [101].
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4.2.2.3 Supplemental reserve service

Besides frequency response reserves and contingency reserve services, additional
reserves should be available within 10 min [101].

• Additional reserves for interruptible imports which should be effective within
10 min.

• Additional reserves for on-demand obligations which should be effective within
10 min.

4.2.2.4 Backup reserve service

After any occurrence that leads to the use of operating reserves, the reserve will be
restored as promptly as practicable. The time to restore reserves will not exceed
60 min [101].

4.2.3 Australia

In Australia, the Australian Energy Market Operator (AEMO) is responsible for
deployment of Frequency Control Ancillary Services (FCAS). FCAS consist of two
different services:

• Regulating service which is required to keep the frequency within the frequency
operating standards during typical load and generation variations within a five
minute dispatch interval [7].

• Contingency service which is the service to ensure that the frequency is
kept within the frequency operation standards, following credible contingency
events [7].

To provide both services, eight different classes of capacities have been defined [7].

4.2.3.1 Local deployment

As all of the next classes of balancing capacity are locally deployed and only responsive
to frequency, they are comparable to primary control defined by ENTSO-E for the
continental synchronous area.

• Fast raise service (6 second raise)
Large deviation contingency service by rapid generation or load response to
locally sensed low frequency.
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• Fast lower service (6 second lower)
Large deviation contingency service by rapid generation or load response to
locally sensed high frequency.

• Slow raise service (60 second raise)
Large deviation contingency service by generation or load response to locally
sensed low frequency.

• Slow lower service (60 second lower)
Large deviation contingency service by generation or load response to locally
sensed high frequency.

• Delayed raise service (5 minute raise)
Large deviation contingency service by generation or load response to locally
sensed low frequency beyond a threshold.

• Delayed lower service (5 minute lower)
Large deviation contingency service by generation or load response to locally
sensed high frequency beyond a threshold.

4.2.3.2 Global deployment

As both of the next classes are centrally activated, they are comparable to secondary
control defined by ENTSO-E for the continental synchronous area.

• Regulating raise service
Regulation deviation by generation or load response to remote signals from AEMO
in order to control frequency.

• Regulating lower service
Regulation deviation generation or load response to remote signals from AEMO
in order to control frequency.

4.2.4 Overview

In different synchronous areas, different classifications for balancing capacity are used.
All of these classes can be described in terms of power which can be activated within
a certain time frame. Figure 4.7 gives an overview of the different balancing classes in
the different systems discussed in the previous sections.
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Figure 4.7: Activation times of different classes of balancing capacity in different power
systems [7, 37, 101].

4.3 Existing methods to quantify balancing needs

Imbalance between generation and consumption of electricity is minimized by a
consecutive activation of ancillary services for balance management [118]. As was
discussed in section 4.2.1, the ENTSO-E policy [37] prescribes how much balancing
capacity each control area in the continental synchronous area must have available per
class of balancing service. Different methods have been developed in the past to analyze
the reliability of a system, in case of imbalances due to events, as a function of available
balancing capacity [12, 47, 84]. These methods have been summarized in [5] and
are usually based on Loss Of Load Expectation (LOLE) or Expected Energy Not Served
(EENS) indices. This section will elaborate on these methods.

4.3.1 Loss of load expectation

The LOLE is the expected number of periods per year for which the available generation
capacity is insufficient to serve the load. The LOLE is usually given in hours per year
or days per year. The LOLE is a probabilistic value which uses information about peak
loads and outage probabilities of all generating units in the network. The LOLE method
is widely applied for generation adequacy studies [44, 82]. Equation 4.5 is used to
calculate the LOLE index [11, 33].

LOLE =
n∑

i=1

pi
�

Pi − Li
�

(4.5)

Here pi
�

Pi − Li
�

is the probability of loss of load (i.e., Li is exceeding Pi) on day i out of
n days. As the LOLE gives a value in days per year, n is 365. An example of calculating
the LOLE for a system with three generating units is given in appendix C.

4.3.2 Expected energy not supplied

A different method to evaluate the adequacy of generation is via the Expected Energy
Not Supplied (EENS) index. The EENS index gives a value in terms of energy per year
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(MWh/year) caused by the unavailability of generation capacity [11]. The EENS index
is defined in [88] as equation 4.6. An example of calculating the EENS for a system
with three generating units is given in appendix C.

EENS =
n∑

i=1

EENSi =
n∑

i=1

qi (t) · Eload,shedded,i (4.6)

Here i is a contingency out of n possible contingencies that leads to load shedding
Eload,shedded,i and qi (t) is the probability of being in contingency state i at time instant
t. In practice qi (t) proves difficult to find and is often based on historical data.

4.3.3 Quantifying required balancing capacity

The use of LOLE and EENS indices usually leads to the conclusion that sufficient
balancing capacity must be available to overcome the loss of the largest generator or
system block in the synchronous system [6, 29, 33, 37, 87, 96, 102, 108, 109, 125, 129].

The required balancing capacity is determined via probabilistic methods that use
probabilities of one or more generation units failing simultaneously. However, it was
concluded in chapter 1 of this thesis that there exist more reasons for imbalance. It
is expected that the imbalance due to wrong prediction of generation will increase
in the future, which rises the question whether the existing probabilistic methods for
quantifying balancing requirements will remain sufficiently adequate. Therefore in the
next section the variability and predictability of renewable generation are also analyzed,
as these aspects will contribute to balancing needs in future power systems.

4.4 Balancing requirements

In the existing regulatory framework, the TSOs define the required balancing capacity
classes and amount of reserve capacity available in each class. In case of any imbalance,
the TSO procures balancing power for a certain period from any Balancing Service
Provider (BSP) and sells it to the Balance Responsible Parties (BRPs) that cause the
imbalance in the control area. The balancing capacity traded here can be both positive
(for ‘short’ system positions) and negative (for ‘long’ system positions). The relation
between TSO and BSPs can be regarded as a single buyer market (monopsony) where
the TSO is the sole consumer of Ancillary Services (AS) for balancing. Monopsony
power can be executed in different ways which has as a result that the market price
is lowered and moves away from the competitive level [118]. While this may save
consumers money it will lead to a reduction of total surplus24.

As the TSO has the obligation to maintain the balance between generation and
load in the system, its only incentive is to have enough reserves for system balancing.

24For more information on total surplus see appendix A.
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Figure 4.8: Balancing market structures.

This can lead to overconservative behavior concerning the availability of reserves and
consequently to higher costs [13].

BRPs benefit from the aggregation of generators and loads in their portfolio.
Furthermore, they are liable for maintaining a balance within their portfolio since
they are charged (and penalized) for any imbalance settled by the TSO. Therefore
the BRPs have an incentive to evaluate their individual needs for balancing capacity.
Furthermore, if double sided markets for balancing capacity could be created, this
would lead to more competitive prices as a monopsony is avoided. The difference
between N to 1 and N to N market structures is illustrated in figure 4.8. One of
the prerequisites for a double sided market is that the BRPs have insight in their
requirements (or availability) of balancing capacity.

It is stated in [3] that to trade any product, an unambiguous characterization
and quantification of this product is required. The traditional way to characterize
balancing capacities is in the time domain with a clear focus on ramping rates. A
unit i, supplying Pi can deliver Rc,i

�
Pi
�

of class c within specified time τc . This was
also concluded from section 4.2 in this chapter, where the classification of balancing
capacities were described for different electricity systems. Matching the specifications
for the requirements and the availability of balancing capacity leads to the statement of
sufficient availability according to the criteria for the security of supply.

Usually there is a subsequent activation and replacement of different classes of
balancing capacity. In case of a disturbance, the power delivered by the different classes
is equal but the activation times and times of deployment differ. In this perspective,
the slower types of balancing capacity are of lower quality than the faster types. This
difference in quality should be, and in most cases is, reflected in the price that the
suppliers of these balancing capacities receive. Subsequent deployment is assumed in
the current regulatory frameworks.

In local balancing, which enhances the security of supply in the system, aggregators
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of load and generation may be willing to trade ancillary services for balance
management either bilaterally or via power exchanges. To evaluate the requirements
and/or availability of balancing capacity, a description of these commodities is required.
In the next sections some methods are proposed to identify and quantify balancing
capacities in order to be able to trade them. The methods discussed in this section
are based on time domain analysis, frequency domain analysis and wavelets analysis
respectively.

4.4.1 Time domain analysis

In this section a time domain analysis based on [116] is described to determine
the fluctuations of any generator or load. It is obvious that not all fluctuations
from stochastic generation or load, have to be balanced using balancing capacity.
Variations which have been predicted in advance can be settled by efficient economic
dispatch [126], so only deviations from the predictions need to be settled using
balancing capacity. Depending on generator types, and the desired prediction accuracy
and the prediction time, different prediction methods can be applied to forecast
generation profiles [76]. Usually subsequent predictions are applied for the different
stages of trading and economic dispatch. Analyzing data ex-post gives information
for characterizing power fluctuations. To quantify the power fluctuations in Pi (t) of
generator i, sampled each τs with sample number k, after time τ, equation 4.7 can be
applied.

∆Pi,τ,k = Pi,k − Pi,k−τ/τs
(4.7)

∆Pi,τ,k is considered a stochastic variable that indicates the power variation of
generator i between time t in sample k and time t+τ in sample k+τ/τs. The concept
is illustrated in figure 4.9. If all fluctuations need to be canceled out using balancing
capacity Rc this means that∆Pi,τ,k must be available for up and down regulation within
time τ.

For many applications it is desired to have information on the confidence interval
or probability of power fluctuations ∆Pi,τ,k occurring within time τ. If the analysis
is applied for the balancing requirements of the TSO, the maximum up and down
regulating values of ∆Pi,τ,k must be available. However, for BRPs it may be neither
useful nor efficient to have the maximum values of ∆Pi,τ,k available as balancing
capacity since the event in which all must be deployed may have low probability
and it may be too conservative to maintain these balancing capacities. Therefore
a confidence interval of ∆Pi,τ,k is useful such that BRPs can determine themselves,
based on a cost-benefit analysis whether to reserve a certain amount of balancing
capacity. The confidence intervals ci,τ, indicated with the isolines in the left graph of
figure 4.10, can be found by calculating the quantiles Qτ of stochastic variable ∆Pi,τ,k
using equation 4.8.

p
�
∆Pi,τ,k ≤Qτ

�
= ci,τ (4.8)
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Figure 4.10: Application of confidence intervals to quantify time variations.

Here p is the probability of the stochastic variable ∆Pi,τ,k being smaller or equal to
quantile Qτ. ci,τ is the confidence interval of interest. This is illustrated in figure 4.10.

4.4.1.1 Case study for wind power

The proposed method is applied to analyze a wind farm site in the Netherlands. The
wind farm site consists of 17 identical turbines of 1.5 MW each. The turbines are
connected to the grid via two connections with each 8 and 9 turbines respectively. One
month of power generation data Pi,k were acquired with a sampling time τs of 1 min. It
is assumed that the prediction ÓPi,k is equal to zero, i.e., all electricity generated by the
wind farm site is to be canceled out by balancing capacity. To compare the results, the
input data were converted into the per unit (pu) system. The base unit quantities used
are the installed capacities of the individual and aggregated sites. The individual power
measurements are shown in figure 4.11 and the variation confidence intervals ci,τ as a
function of both time delay τ and quantiles Qτ, for both individual sites as well as for
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the aggregated site are shown in figure 4.12.
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Figure 4.11: Electricity generation of the individual wind farm sites and the aggregated
wind farm site during a single week.
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Figure 4.12: 50 %, 90 %, and 100 % confidence intervals for time delays τ. The dashed
lines indicate the confidence intervals for the two individual wind farm sites while the
continuous lines indicate the confidence intervals for the aggregated site. It can be observed
that aggregation leads to a reduction in the uncertainty of generation.

In figure 4.12, the 100 %, 90 % and 50 % confidence intervals ci,τ have been
indicated. It can be concluded that, to cancel out all fluctuations at all times, almost
the complete installed capacity must be available as balancing capacity within τ =
30 min. When lower confidences are allowed, the required balancing capacity reduces
significantly. It can also be observed from figure 4.12 that the τ value indicates the time
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after which the indicated balancing capacity must be fully available. In that perspective,
figure 4.12 can be used to classify balancing capacities based on the specific needs of a
system. Another aspect which can be observed is that the normalized required power
to balance the aggregate wind farm site is smaller than the individual ones. This shows
the benefit of aggregating wind farm sites. As the distance between the individual wind
farm sites increases, this effect will increase [53].

4.4.2 Frequency domain analysis

Both demand for and provision of balancing capacity can also be characterized in the
frequency domain. The advantage of this method is that it inherently takes energy
constraints into account. In case of energy constrained capacities (e.g. electricity
storage), the method can be used to quantify their possible contribution [3]. Power
fluctuations can be described in the frequency domain better than in the time domain
if stationary behavior is assumed [113].

4.4.2.1 Concept

It is presumed in this method that the consecutive demand for balancing capacity is
stationary and can be described by fundamental frequency components as illustrated in
figure 4.13.

Each class c of balancing capacity Rc with activation time τc and amplitude Ac can
be described by a number of harmonic functions which can be analyzed in the frequency
domain. This concept can be applied to both provision and demand for balancing
capacity. It means that tertiary balancing capacity consists of the lower frequencies
in the control signal. Secondary balancing capacity consists of the middle frequencies
while primary balancing capacity consists of the higher frequencies. It is assumed that
there exists a strict division between the frequencies for primary, secondary and tertiary
balancing capacities as illustrated in figure 4.14. Any DC component that may evolve
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Figure 4.14: Primary balancing capacity consists of frequencies higher than 1/900 Hz.
Secondary balancing capacity consists of frequencies between 1/1800 Hz and 1/900 Hz.
Tertiary balancing capacity consists of frequencies lower than 1/1800 Hz.

from the frequency analysis is assumed to be settled via redispatch. Therefore the DC
component is not taken into account in this analysis.

4.4.2.2 Method

To analyze both provision of, and demand for balancing capacity in the frequency
domain, analytical descriptions can be transformed using the Fourier Transform.
However, in practice continuous analytical functions of power fluctuations are usually
not available and therefore the Discrete Fourier Transform (DFT) is suggested for
this [17, 104]. Assume that the need for balancing capacity is a continuous time signal
r(t) sampled each τs seconds over a time span of (N − 1)τs in N samples. The sample
number k is defined as k = 0,1, 2, ..., N − 1. Therefore rk = r(kτs). The DFT is defined
by equation 4.9.

Y (n) =
N−1∑
k=0

rke2π jnk/N (4.9)

This gives N Fourier components for each n = 0,1, 2, ..., N − 1 whereas the relation
between n and the angular frequency ω of the time continuous signal is given as
ω = 2πn/

�
(N − 1)τs

�
. Parseval’s Theorem states that the energy content of a signal

is equal to the sum of the energy in its Fourier components [17]. Therefore it can be
stated that the energy content of the signal in the frequency band

�
ω1,ω2

�
can be

found with equation 4.10.

E
�
ω1,ω2

�
=

ω2∑
ω1

|Y (ω)|2 (4.10)
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As the classes of balancing capacity are bound on the frequency bounds ω1 and
ω2, the energy content of the balancing capacities in each class is E

�
ω1,ω2

�
. The

corresponding capacity can be found by using equation 4.11. Note that any phase-angle
information from the Fourier components from equation 4.9 is lost. Furthermore the
phase angle of a signal depends on the windowing of the signal. Shifting the window
in the time domain leads to a shift of phase angle in the frequency domain [104]. For
analyzing the balancing capacity the phase angle is not of interest since only the energy
in the signal is important.

P
�
ω1,ω2

�
=

s
ω2∑
ω1

|Y (ω)|2 (4.11)

It is presumed that positive and negative balancing capacity can be generated by
different entities. Therefore, two different control signals must be distinguished: one
for positive and one for negative imbalance. To acquire both values for positive and
negative balancing capacity, the input power signal r (t) is separated into two signals
r+ (t) and r− (t) whereas r+ (t) is equal to r (t) with all negative values changed to 0.
Vice versa r− (t) consists of all negative values of r (t) with all positive values changed
into 0. The DFT is performed twice, once for r+ (t) and once for r− (t).

Sampling time and windowing To find the required power for primary balancing
capacity, frequencies in this range must be present. The Nyquist theorem states that the
sampling frequency should be at least twice the frequency of the highest frequency
in the signal being sampled [104] to retrieve information about this frequency
component. The maximum frequency corresponding with primary balancing capacity
to be evaluated, is known by 1/ f = 30 s. Therefore the sampling frequency Fs must be
at least higher than 1/Fs = 15 s.

As the imbalance signal is presumed to be stationary, the sampling length (N − 1)τs
defines the resolution in the frequency domain. Therefore it can be concluded that
increasing the signal time length leads to more accurate results. To evaluate the lowest
frequency of 1/ f = 1 h the minimum measuring time must be half an hour [104].
Leakage in the frequency domain is produced if the frequencies in the sampled signal
are not harmonically related to the signal time length (N − 1)τs [104]. This leakage
can be reduced by selecting the appropriate signal time length or by applying a window.
In the case studies in section 4.4.2.4 to 4.4.2.7, a cosine squared or Hann (also known
as Hanning) window is applied to the signal [57].

4.4.2.3 Discussion of the frequency domain analysis

Existing methods [2, 31, 58, 84] for quantification of balancing capacity needs usually
focus on system reliability given a certain uncertainty in generation and load, and given
certain classes and availability of ancillary services for balance management. In the
method described here, the required power per class is the outcome. Another advantage
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of the method is that it can be applied both for the demand and provision of balancing
capacities. This allows for the matching of reserves and therefore the creation of
commodities for which liquid markets can be formed. In this section, existing balancing
capacity class characterizations have been applied. However, by changing the ωi values
in equation 4.11, class definitions can be altered or added. By shifting the frequencies,
power in one class can be transferred to another which results in changing the required
capacity in the class such that liquid markets for different classes of balancing capacity
can be established. Disadvantages of the method are that accurate power imbalance
time series are required for the analysis and that the method presumes future balancing
capacity requirements to be estimated based on historical data. Due to this property,
the data selected must be representative for describing the requirements for balance
management in the future. The following sections will discuss the need for balancing
power due to inaccuracies in load predictions and due to inaccuracies in wind power
predictions. Furthermore the method is applied to a loss of a generating unit and an
example is given on the provision of balancing capacity with electricity storage devices.
Finally, as a representative set of data is required to perform the analysis, a verification
method is proposed to analyze the spread in results, based on the selection of data.

4.4.2.4 Case study for load changes

To illustrate the method with a case study, assume a system load which can be predicted
with a specified uncertainty. The difference between the prediction and the actual value
of the load can be considered to be the need for balancing capacity in the system. For
this case study data from the TSO of the Netherlands were acquired. The data consist
of a time series with a sampling interval τs of 4 s and a total length of 6 days.

Data processing and parameters Different methods exist for load forecasting [81].
In this case study it is assumed that a prediction of the load is available. The prediction
of the load, which is assumed to be available, was arbitrarily created in this case by
applying an ideal low-pass filter with a bandpass frequency of 5.56 · 10−5Hz (period of
5 hours) to the actual load signal. In figure 4.15 the system load, a prediction of this
load and the difference between both signals is shown. The difference signal, which
could also have been created by applying a high-pass filter to the original load signal,
is defined to correspond with the required balancing capacity. The data series were
windowed using a Hann window and afterwards the DFT analysis was performed. To
determine the required balancing capacity per class, the boundaries ω1 and ω2 are set
to the values as indicated in table 4.1. These correspond to the values of the existing
classes of primary, secondary and tertiary control as defined by ENTSO-E [37] for the
continental synchronous area.

Results and discussion As indicated in the previous section, the data series of the
difference between the actual load and the prediction have to be separated into positive
and negative series. For each of the series the required control capacity per class is
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Table 4.1: Existing balancing capacity class definitions.

Class Period Frequencies ω1 and ω2

Primary 0 – 900 s 1
900

– ∞ Hz
Secondary 900 – 1800 s 1

1800
– 1

900
Hz

Tertiary 1800 – ∞ s > 0 – 1
1800

Hz

0 5 10 15 20 25 30 35 40 45

0

5000

10000

15000

Time [h]

Po
w

er
 [

M
W

]

 

 

Predicted load
Actual load
Required reserves

Figure 4.15: The load, prediction and corresponding required balancing capacity during
two days.

evaluated and the results are indicated in figure 4.16 where both positive and negative
capacities are indicated for each class. From the results it can be concluded that, given
the assumptions, mainly tertiary balancing capacity is required to provide for the power
of this signal (load deviations).
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Figure 4.16: Balancing capacity requirements for system load per class.
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4.4.2.5 Case study for a wind farm site

Wind energy is integrated more and more in power systems. However, the generation
from wind turbines can be fluctuating and has limited predictability. This section
presents how the DFT analysis can be applied to verify how much balancing capacity is
required by introducing wind power.

Data processing and parameters It is assumed that the deviation between the actual
generation and the prediction of wind power output needs to be compensated to zero
using balancing capacity. Changes in the prediction can be covered by economic
dispatch while differences between prediction and generation need to be covered by
balancing capacity. If a time series of the aggregated power output of a wind farm site
can be generated, the DFT analysis can be applied to determine the balancing power
requirements. Different methods exist to acquire or generate these wind scenarios
for either a single location or for an aggregated wind power portfolio from different
geographical locations [92]. For this analysis power output data from a wind farm site
in the Netherlands were used. The measuring time was one month and the sampling
time τs was one minute. It must be noted that any fluctuations within 2 min are not
represented in the primary balancing capacity class due to the low sampling frequency
Fs. The wind farm site selected is an on-shore wind farm with 17 identical 1.5 MW
wind turbines having a combined nominal capacity of 25.5 MW. The prediction of the
wind farm site is generated with the persistence method which assumes that the current
power generation P (t) remains equal to the prediction throughout the forecasting time
P
�

t +τpred

�
[76]. For short-term predictions this method often outperforms other

methods and is therefore used as a reference for comparing prediction methods [76].
In this case however, a forecasting horizon of 3 hours was selected. The wind power,
wind prediction and the error are displayed in figure 4.17. The error signal was split up
into positive and negative values.

Results and discussion The DFT method was applied to the wind power prediction
error signal discussed in the previous section. The derived balancing requirements are
displayed in figure 4.18. It can be observed that mainly slower operating capacities are
required to correct the error between prediction and actual generation. This was also
concluded in other research for quantifying balancing capacity needs with increased
wind capacity [31], where it was shown that the need for balancing capacities increases
as a function of installed wind capacity. Furthermore it was found in other research [91]
that a reduction of the uncertainty in wind predictions leads to a reduction of the total
operational costs which is obvious because less balancing capacity has to be utilized.

4.4.2.6 Case study for a power plant failure

In case of a single power plant failure, enough balancing capacity must be available to
overcome the loss of generation. To evaluate this, a model of a power system was used
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Figure 4.17: Wind power output, prediction and prediction error for a 25.5 MW on-shore
wind power plant during two days.
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Figure 4.18: Balancing capacity requirements per class to balance the prediction
mismatches of a 25.5 MW on-shore wind farm site.

to simulate the ACE during the first minutes after a disturbance [49, 71]. In the model
a 1500 MW power plant failure in a grid with a total installed capacity of 300 GW (the
size of the European continental synchronous system)was simulated. The frequency and
activation of primary and secondary balancing capacities are displayed in figure 4.19
and figure 4.20 respectively.

Data processing and evaluation Due to the nature of the signal, the balancing
requirements per class of balancing capacity for the involved control area can be
determined analytically based on figure 4.20. These are illustrated in figure 4.21.

It can be observed that only a part of the lost capacity is required for primary control
in the area itself because primary control is activated system-wide and not only the
directly involved area is responsible for this balancing class. However, the area with
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Figure 4.19: Frequency disturbance and recovery after loss of generation.
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Figure 4.20: Activation of primary and secondary balancing capacity for frequency recovery.

the disturbance is completely responsible for solving the imbalance on the longer term.
Therefore the required amounts of capacity for secondary and tertiary control are equal
to the capacity of the lost generation.

4.4.2.7 Case study for electricity storage

As indicated before, the balancing capacity quantification can be used to analyze both
positive and negative capacity needs. One of the technologies which is often considered
to be able to solve balance management issues in future power systems is electricity
storage. In this section the balancing capacity to be delivered by different storage
devices is analyzed. Three aggregations of electricity storage are analyzed, each having
an aggregated energy content Estorage, a maximum power Pstorage =max

��dEstorage/dt
��

and a ramp rate r r =max
��dPstorage/dt

�� =max
���d2Estorage/

�
dt2
����. The power outputs

and energy contents of these storage devices could look as in figure 4.22. Storage types
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Figure 4.21: Required balancing capacity in a single control area to restore the system
balance after a loss of generation.

A and B can be created by lithium-ion technology. Storage type C can be created by
flywheel technology25.

Data processing and evaluation Since the case study is based on three arbitrary
storage systems with characteristics Pstorage, Estorage and r r, time series signals were
designed with multiple periods. Each signal was analyzed with the DFT method. The
data were split up into positive and negative data to determine both positive and
negative quantities. Afterwards the data were analyzed and the availabilities for each
class of storage are displayed in figure 4.23.

It can be concluded that a storage system and its capability to deliver balancing
capacity can be characterized by the quantities Pstorage, Estorage and r r. Depending
on the need for balancing capacity, a suitable mix of electricity storage and other
suppliers of capacity to provide these required balancing capacities can be defined.
Characterization of balancing capacity in the frequency domain would allow them
for bidding in the markets for balancing capacity since their energy limitation can be
incorporated in the bid [3].

4.4.2.8 Representativeness of the data set

For the analysis of reserve requirements via frequency analysis, a representative set of
time series is required. To show the relevance of this and to test the representativeness
of the data set, the following method is proposed. The complete data set can be
split up into a number of equally large parts which consequently can be analyzed
individually with the previously proposed method. For each subseries, a set of balancing
requirements can be acquired in this way. The spread in the results can be regarded

25Source: http://www.electricitystorage.org/ESA/technologies/, last accessed: April 2011.

http://www.electricitystorage.org/ESA/technologies/
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Figure 4.22: Power profiles and energy contents of three different types of electricity
storage. In the upper figure Pstorage = 1MW , Estorage = 0.5MWh and r r = 1MW/min;
in the middle figure Pstorage = 1MW , Estorage = 0.2MWh and r r = 1MW/min; in the lower
figure Pstorage = 1MW , Estorage = 0.05MWh and r r = 10MW/min.

as a measure for the spread in the subsequent subsets of the original data set to be
analyzed. For the case study about wind energy, described in section 4.4.2.5, the data
set which describes the need for balancing capacity during one month was split up
into six equally large parts which were subsequently analyzed in the frequency domain.
This gives a result for each of the subsets. Figures 4.24 and 4.25 show the individual
time series and the individual needs for balancing capacity per time series respectively.
It can be observed from figure 4.25 that the subsets of the data sets, as expected, do
not give an exact similar result in the needs for balancing capacity. Nevertheless, the
order of magnitudes are rather equal for all subsets in each class of balancing capacity
and the individual results of the subsets correspond to the result acquired by analyzing
the full data set (Fig. 4.18). This indicates that the result (i.e., the requirements for
balancing capacity) remain approximately equal for the individual parts of the data
set. Although it is not a strict proof that the data set selected is representative for
defining the future needs for balancing capacity, it suggests that representative data
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Figure 4.23: Balancing capacity availability with electricity storage. The cross-hatched bars
show the availability of the storage type A, the single hatched bars show the availability of
the storage type B, and the non-hatched bars show the availability of the storage type C.

were selected but prudence is required when extrapolating results out of existing data
sets.

4.4.2.9 Discussion on the frequency domain analysis

A DFT analysis can be used to determine the need for balancing capacity or the
availability of balancing power based on either historical or analytical data. Currently
the different classes of balancing capacity are primary, secondary and tertiary control
which have to be activated within 30 s, 15 min and 30 min respectively. In this section
it was shown that the different classes of balancing capacity can be characterized in the
frequency domain. Each class is bounded by two frequencies and has specific positive
and negative capacity. A method based on Fourier analysis of time series has been
proposed to quantify balancing capacities. The outcome of the Fourier analysis is the
capacity available or required by a certain resource or aggregation of resources. In
future power systems, BRPs, which are aggregations of both loads and generators, are
assumed to either provide their own balancing capacities or to buy these from any other
BRP. The method proposed in this section is suitable for the quantification of these
capacities and allows for further optimization of balancing capacity class definitions
to improve the matching between supply and demand of balancing capacity and thus
creating a liquid market. By using different case studies it was shown that the method
is suitable to determine both the provision of and the demand for balancing capacity.
For the case of electrical energy storage devices it was shown that the DFT method can
be applied to characterize or select the type and the control strategy of the operation.
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Figure 4.24: Wind time series prediction error. The original time series is split up into six
subsets, each indicated with a different type of gray and demarcated with the black dashed
vertical lines.
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Figure 4.25: Balancing requirements per class for each of the subsets of the wind prediction
error.

4.4.3 Wavelet analysis

One of the disadvantages of Fourier series is that periodicity of the input signals is to
be assumed. The Fourier transform gives a continuous spectrum and works well for
periodic signals only. Non-periodic fluctuations of generators can be identified better by
applying wavelet theory. Wavelets use different lengths of windows to identify different
ranges of frequencies in the signal. For high frequency ranges, short windows are
applied while for low frequency ranges, long windows are applied [51, 56]. In this way
the wavelet transform can give information on frequency ranges in a signal as a function
of time. Wavelet transforms are used in different fields of expertise as mathematics,
quantum physics, seismic geology and electrical engineering [56]. Up to now, in
the field of electrical power engineering, wavelets are mainly applied for identifying
harmonics in power quality and transients in power systems [51, 137]. Other research
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focusses on the application of wavelets in wind power forecasting [32, 80]. In this
section it is proposed to apply wavelet theory to identify fluctuations in generation by
Renewable Energy Sources (RES) to consequently use the results for defining the needs
for electricity storage to balance the power output.

4.4.3.1 Wavelet theory

In the early 1800s, Joseph Fourier proposed to superpose sines and cosines to represent
other periodic waveform functions. However, non-periodic functions and signals cannot
be represented properly by superposition of periodic sines and cosines. As Fast Fourier
Transform (FFT) transforms the time series into the frequency domain, any time
information in the original signal is lost as periodicity is assumed in FFT. Short and rare
events would thus average out if a long time series is analyzed. Shortening the time
series by applying the Short-Time Fourier Transform (STFT) with suitable time windows
partially solves this issue but leads to a reduction of resolution in the frequency domain
because of having fixed windows in time [137]. In wavelet theory, wavelets are used to
represent the signals. A wavelet is a function which must satisfy two basic conditions:
they must be oscillatory, and they must decay to zero [51]. The assumption is that any
signal can be represented by a superposition of scaled variations of a basic wavelet (or
so-called mother wavelet). Therefore the mother wavelet is scaled in time (or space).
As the mother wavelet is defined as W (t), the original signal is a superposition as
described in equation 4.12 [78].

P (t) =
∑

m

∑
n

Am,nWm,n (4.12)

Here P (t) is the original power signal which is to be transformed with
wavelets. Am,n are the wavelet coefficients to be found using transformed wavelets
Wm,n. The wavelets Wm,n are transformations of the mother wavelet W (t) using
equation 4.13 [78].

Wm,n = a−m/2
0 W

�
t − nb0am

0

am
0

�
(4.13)

In equation 4.13, a0 and b0 are usually chosen to be 2 and 1 respectively [78] which
leads to a simplification of equation 4.13 into equation 4.14.

Wm,n = 2−m/2W
�

t − 2mn

2m

�
(4.14)

The wavelet coefficients Am,n can be found by taking the inner product of P (t) and
Wm,n as in equation 4.15.

Am,n =
¬

P (t) , Wm,n

¶
(4.15)
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Figure 4.26: Different frequency components as a function of time.

As stated before, the mother wavelet is dilated and translated. The dilation depends
on m and is equal to 2m. The translation depends on both m and n and is equal
to n2m [78]. By dilating and translating the mother wavelet W (t), wavelet analysis
allows for analyzing a signal according to scale. This means that for low frequency
signals a long window is used while for high frequency signals a short window is used.
Figure 4.26, which is based on [51], shows in the upper plot the original signal P (t)
to be analyzed. Below are the different components according to the different scaling
factors. High scaling factors are used for low frequencies while low scaling factors
are used to identify higher frequencies in the signal. The original exemplary signal
in figure 4.26 consists of a sinusoid with a second sinusoid superimposed on the first
during only a part of the period. The first sinusoid has a higher amplitude but a lower
frequency with respect to the second sinusoid. Figure 4.26 shows how the original
signal can be decomposed in its components A1,n to AM ,n, each representing a different
part of the frequency spectrum of the original signal as a function of time.

To represent the signal correctly, the appropriate mother wavelet is to be selected.
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Figure 4.27: Meyer mother wavelet.

Some common mother wavelets are the Haar wavelet and the Meyer wavelet. In
the remaining of this section the Meyer wavelet is selected because of its good time-
frequency determination [77] and this wavelet is illustrated in figure 4.27.

Scaling factors and frequency By changing the scaling factor m which scales the
mother wavelet W (t) in time by a factor 2m, different frequency ranges can be
selected. To some extent the scaling factor can be regarded as a filter in the frequency
domain [136]. Therefore the vertical axis in figure 4.26 indicates both frequency and
scale. The relation between frequency range Fm and scale factor m can be found with
equation 4.16. Here M is the maximum scaling factor in the analysis of a signal
and Fs is the sampling frequency of signal P (t). Usually the sampling frequency Fs
is predetermined by the data which are to be analyzed. The lowest frequency to be
analyzed follows from the purpose of the study.

Fm =

¨� Fs

2m+1 , Fs

2m

�
, m= 1, 2, ..., M − 1�

0, Fs

2m

�
, m= M

(4.16)

4.4.3.2 Application of wavelets to power profiles

Wavelet theory can be applied on generation and load profiles. By analyzing signals, the
variations in the signals in different frequency domains can be characterized which can
be used to quantify the required amount of balancing capacity. Case studies for a system
load, the power output of a wind power plant, the power output of a photovoltaic
generator and the power fluctuations of a small 10 kV distribution network, acting as a
microgrid, will be discussed.
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4.4.3.3 Wavelet method

For a signal P (t) the factors Am,n indicate the presence of transformed wavelet
components at different scaling factors in the original signal at different time shifts
t = n2m. For all signals, the signal is normalized using equation 4.17.

Pnorm (t) =
P (t)−min [P (t)]

max [P (t)]−min [P (t)]
(4.17)

The maximum scaling factor M for the wavelet decomposition follows from the
lowest frequency to be analyzed and the sampling frequency Fs and can be found with
equation 4.16. Furthermore, any prior knowledge about fluctuation patterns which
are present in the signal, should be considered to correctly define the required scaling
factor M and the desired sampling period. As a next step, the signal is decomposed
whereas the components Am,n are of interest. From all wavelet components Am,n,
which each represent a certain frequency range, a number of components are selected
that contribute most to the original signal P (t) as follows from equation 4.12. The
selection of the components that contribute most, is based on the rms value of each
individual component. The components with the highest rms values as derived with
equation 4.18 are considered to contribute most. Given these most relevant frequency
detail levels and AM ,n, the original signal can be approximated by a synthetic signal,
based on superposition of only the most relevant frequency detail levels as indicated in
equation 4.12. The relevant frequency detail levels themselves can be analyzed as well.
Each component holds information of the signal within a certain frequency bandwidth.
As the individual relevant frequency detail levels are plotted they reveal information
about fluctuations in the original signal at certain moments.

Am,rms =

s
1

N + 1

N∑
n=0

A2
m,n (4.18)

4.4.3.4 Case study for load fluctuations

To illustrate the application of wavelets in power systems, a system load was analyzed.
Power measurement data during one week of the year 2008 with a sampling period
τs of 4 seconds were acquired from the Dutch TSO. The data represent the aggregated
generation data from all large (i.e., ≥ 60 MW) power plants in the Netherlands and
are assumed to be equal to the aggregation of the main part of the loads and losses in
the Netherlands. The data were first normalized to be within the domain [0,1] using
equation 4.17. After normalizing the data and based on the sampling frequency τs, a
maximum scaling factor M of 15 was chosen using equation 4.16 to find components
with a highest fundamental period (1/FM ) of 3 days. Afterwards the components Am,n
were identified via this level 15 wavelet analysis. The three components Am,n with
the highest rms values were identified using equation 4.18. The original signal was
synthesized by summing only the relevant components of Am,n and AM ,n. Both the
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Figure 4.28: Original and synthesized load profiles based on relevant frequency detail levels
of Am,n and AM ,n.

original and the synthetic load profiles are displayed in figure 4.28. A selection of
the most relevant frequency detail levels Am,n as well as the moving average AM ,n are
displayed in figure 4.29. A number of conclusions can be drawn from the wavelet
analysis of the system load. The periods which are most relevant in the original signal
are the daily and the half daily fluctuations. It can be observed that the daily and halve
daily patterns are less present during the weekend (days 6 and 7) than during weekdays
(days 1 to 5). The daily pattern corresponds to night and day whereas consumption is
higher during day than during night. The difference in consumption between day and
night is smaller during weekends than during the week. The halve daily component
is most present during week days and its ramp coincides with the high ramp in the
morning and evening hours. Remarkable is that the peak is relatively low (for a week
day) on Friday afternoon and relatively high (for a weekend day) on Sunday afternoon.
The weekly pattern can also be recognized from the moving average AM ,n. The fastest
component in figure 4.29 consists of higher frequency components but also contributes
to the high ramp rate in morning hours.

4.4.3.5 Case study for wind power plant output

A 25.5 MW onshore wind farm, situated in the Netherlands close to the city of
Rotterdam is selected. The wind farm consists of 17 identical wind turbines of 1.5 MW
each. The turbines are connected to the 23 kV network via 2 connections with each
8 and 9 turbines respectively. On both connections the current was measured during
May 2009. With the voltage assumed constant, the aggregate power was calculated.
One month of data with a sampling period τs of 60 s were available and acquired
from the responsible grid operator and normalized using equation 4.17. A sampling
period of one minute is assumed to be short enough to recognize fluctuations in wind
power for balancing [60]. The wavelet analysis was performed with a maximum scaling
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Figure 4.29: Most relevant frequency detail levels Am,n and AM ,n for a load profile during a
week.

factor M of 14. With a sampling period of 1 minute, this leads to a lowest traceable
period (1/FM ) of 3 days. Three components Am,n with the highest rms value Am,rms
were identified using equation 4.18 as the most relevant. By summing only these most
relevant frequency detail levels and AM ,n the original signal is synthesized. Both the
original and the synthesized signals are displayed in figure 4.30. AM ,n and the three
most relevant components (A11,n, A12,n, and A13,n) are displayed in figure 4.31. From
figure 4.31, it can be concluded that, based on the rms values, the three components
that contribute most to the original signal have fundamental periods of 1.4–2.8, 2.8–
5.7 and 5.7–11.4 days respectively. Therefore, it can also be concluded that the main
fluctuations of this wind farm site are slower than 1 day. This also means that any
electricity storage system should be able to handle these fluctuations in order to be able
to balance the power output of the wind power plant.

4.4.3.6 Case study for photovoltaic generation

One week of historical photovoltaic generation data from the Netherlands with a
sampling period of 10 minutes were acquired. The data consist of power output
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Figure 4.30: Original and synthesized wind farm generation profiles.
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Figure 4.31: Most relevant wavelet components for a wind farm time series.

measurements in week 1 of the year 2006 of a grid connected photovoltaic system
in the residential area close to the city of Rotterdam. As with the previous cases, the
data were first normalized using equation 4.17 and then analyzed using wavelets with
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Figure 4.32: Original and synthesized photovoltaic generation profiles.

a maximum scaling factor M of 8. The maximum scaling factor of 8 in combination
with a sampling period of 10 min leads to a highest traceable period (1/FM ) of 1 day.
The three components Am,n with the highest rms values Am,rms were identified as most
relevant. Based on only these most relevant frequency detail levels and the moving
average, the original signal was synthesized using equation 4.12. The result is given in
figure 4.32 where the original and the synthesized signals are given for a period of one
week. The individual relevant frequency detail levels and the moving average are given
in figure 4.33. The daily pattern can be explained because of night and day fluctuations
in solar irradiation. It can be concluded that the daily pattern is almost absent during
days 1, 2 and 4. This is the effect of clouds that block the irradiation.

4.4.3.7 Microgrid

The wavelet method to analyze power fluctuations is also applied to a microgrid. The
microgrid in this study consists of a number of loads connected to a small 10 kV radial
distribution network. A 2 MW wind turbine (W) and a conventional generator (G) are
connected to the network. The microgrid is to be operated in island mode, and therefore
the conventional generator needs to be able to deal with the aggregated fluctuations of
the loads and the wind turbine. The network topology is illustrated in figure 4.34.
The power PG (t) which the conventional generator G needs to generate is given by
equation 4.19 where Pload (t) is the power of each load and Ploss (t) is the network loss.
The power generated by the wind turbine is given by Pwind (t).

PG (t) =
∑

Pload (t) + Ploss (t)− Pwind (t) (4.19)

The total load in the network is constructed by a month of general generation data from
the Dutch TSO and scaling them to have a maximum value of 5 MW. The aggregated
load was divided equally over the 8 loads in the network that each has unity power
factor. The generation from the wind turbine was acquired by taking one month of
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Figure 4.33: Most relevant wavelet components for photovoltaic generation time series.

aggregated wind data as described in section 4.4.3.5. The wind power is scaled to
have a maximum value of 2 MW and is also assumed to have unity power factor. A
month was simulated for each minute using a load flow simulation of the network to
find the network losses Ploss (t) and to determine the power PG (t) to be generated by
the conventional generator G in order to balance the power in the network.

After completing the load flow simulation and normalizing the power profile using
equation 4.17, the power to be generated by generator G was analyzed using the
wavelet method to determine its characteristic fluctuations that generator G must be
able to handle. As the load flow simulations were done for each minute during a
month, the sampling period (1/Fs) of PG (t) is one minute. Using equation 4.15 the
maximum scaling factor was decided to be 14 in order to have a maximum traceable
period (1/FM ) of 3 days. As in the previous sections, the three components of Am,n
with the highest rms values were chosen to be most relevant. Using these components
and AM ,n only, the power profile for generator G is synthesized. The original and
the reconstructed power profiles are given in figure 4.35. Based on their rms values,
calculated with equation 4.18, the three most relevant wavelet components are A10,n,
A11,n and A12,n. These, as well as the moving average AM ,n are given in figure 4.36.
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Figure 4.35: Original and synthesized power profiles of generator G during one month.

From figure 4.36, it can be concluded that the component with the daily profile has
the largest share in the original signal. Generator G must therefore be able to ramp
up and down within this period. Being able to follow fluctuations with a period of 1
day, generator G will be able to generate the synthetic profile as shown in figure 4.35.
To provide the difference in power between the synthesized profile and the original
profile, for example an electricity storage device can be applied in the microgrid of this
study. As shown in this example, the wavelet analysis can be used to characterize both
generator G and the required electricity storage device.

4.4.3.8 Reliability indication with wavelets

One of the characteristics of the FFT analysis, discussed in section 4.4.2, is that
it assumes stationary signals. Therefore, any variation in amplitude at identical
frequencies will result in averaging. To analyze and quantify the balancing
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Figure 4.36: Most relevant wavelet components for the microgrid simulation during one
month.

requirements, while taking into account reliability requirements, the result from the
wavelet analysis can be applied. Since the wavelet analysis separates the signal based
on the present frequencies in the signal and gives a result as a function of time, this
property can be used to determine the required balancing capacity Rc per class c as a
function of the desired reliability.

The proposed wavelet analysis gives the most relevant frequency components Am,n
as a function of time. Assuming that these components are to be compensated by any
type of generation, the individual frequency components, which illustrate the presence
of frequencies in the original data should be analyzed. By creating duration curves
and histograms of the individual frequency components, the distribution of balancing
requirements can be determined. This distribution then gives information on the
(historic) probability of the need for a certain amount of balancing capacity, which
is assumed to equal the distribution of future balancing needs. Given a reliability
requirement, the resulting quantity of required balancing capacity Rc per class c can
be deduced. This concept is illustrated in figure 4.37.
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Figure 4.37: Determining balancing requirements using wavelets and reliability.

4.4.3.9 Discussion on wavelets

Wavelet analysis is already applied in several areas in power systems engineering. It
is proposed to apply wavelet analysis to determine fluctuation patterns in generation
and load profiles. By filtering wavelet components it is possible to identify the most
relevant frequency detail levels from the analysis. Using multiple case studies, it was
shown that the method can be applied to identify in what time range the most important
fluctuations in either generation or load take place. With FFT algorithms periodicity is
assumed and consequently any time information is lost. STFT gives information in terms
of both time and frequency but has disadvantages concerning the frequency resolution.
Wavelet analysis explicitly gives the results of the present frequency components as a
function of time by using variable windows in the time domain and therefore solves the
problems with frequency resolution. The application of wavelet analysis may prove
useful in characterizing electricity storage devices and in the determination of the
required balancing capacity. It can also help BRPs to make improved bids in energy
markets, and thus to avoid causing imbalance by having information on characteristic
fluctuations of renewable generation and the ability of conventional generation and
electricity storage to counteract these. A certain experience in selecting the number of
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scaling factors and main frequency ranges to be identified is necessary for obtaining
accurate results. Also any prior knowledge concerning characteristic fluctuations,
present in the signal, should be considered to draw valid conclusions based on the
results from the wavelet analysis. In future smart grids, the application of wavelets to
analyze generation and load signals may prove very useful for agents, responsible for
providing services to the system. These agents can use the wavelet analysis to improve
their ability to make better trading schedules in energy markets. Moreover, wavelet
analysis can be applied to analyze price signals in these energy markets.

4.5 Summary and conclusions

To guarantee a balance between generation and load of electricity, different classes of
balancing capacity are required. In the European continental grid, these are called
primary, secondary, tertiary and time control which are activated subsequently. The
classes of balancing capacity in North America and Australia were also analyzed and
found to be activated subsequently as well. Although terminology varies in different
systems, all systems apply different balancing capacities subsequently to first contain
frequency deviations, and subsequently to restore the frequency and to optimize
generation resources. Usually balancing capacities are activated partially or completely
within a specified time. As this specified time decreases, the quality (activation speed)
of the regarding balancing capacity is considered to be higher thus on average leading
to higher values in a market for balancing capacity. The existing methods to quantify
the requirements concerning the availability of balancing capacity are probabilistic
and based on the probability of failing generation units or the expectation of load
exceeding generation. The LOLE and EENS indices are used to evaluate the security
of supply, given a certain availability of balancing capacity, and they are used to deal
with imbalances due to events.

Future power systems will be characterized by a larger share of RES whose
electricity generation depends on meteorological conditions. Due to this, the
fluctuations in power generation are likely to increase. To deal with this uncertainty and
the increased amount of imbalances due to forecasting errors, the TSO needs to have an
understanding of the aggregated fluctuations to procure sufficient balancing capacity.
Also the aggregators of generation and consumptions, also known as BRPs, need to have
a good understanding of the nature of these variations to enable themselves to keep
enough balancing capacity available for balancing their net power exchange. If there
is any discrepancy between their availability and need of balancing capacity, the BRPs
can decide to trade these balancing capacities either bilaterally or via a spot market
with other BRPs. To enable any trade, a common characterization of the tradeable
product i.e., balancing capacity, needs to exist. In this chapter, three methods, i.e.,
time domain analysis, frequency domain analysis and wavelet analysis, to characterize
power fluctuations have been discussed. It was concluded that many power fluctuations
can often be better described in the frequency domain than in the time domain since
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this implicitly takes into account energy constraints. This leads to the conclusion that
it may be better to describe the balancing requirements in the frequency domain or
through wavelets in case of non-periodic signals. The methods described in this chapter
can be used by BRPs of load and generation to characterize power fluctuations and to
consequently optimize their trading strategy in markets for electricity and balancing
capacity.





CHAPTER 5

Developments in balance
management

5.1 Introduction

In chapter 4 it was discussed how balancing requirements can be evaluated in either
or both time or frequency domain. In this chapter a number of changes, being
the decrease of inertia in the grid, the decrease of primary control response and
self-regulating load, and modified operation of secondary control are discussed and
analyzed. Characteristics that currently describe the imbalance settlement system
are mentioned and individually discussed in section 5.2. To evaluate the technical
characteristics of the power system, a model of the power system is developed. This
model is described and verified in section 5.3. The effect of changing the model
parameters is topic of discussion in section 5.4. It is observed that balance management
is negatively affected by the introduction of Renewable Energy Sources (RES).

Besides technical parameters, a number of other design variables affect the
operation and the application of the imbalance settlement system. The design variables
discussed in this chapter are the Program Time Unit (PTU) length and the gate
closure time. In section 5.5, a model is created to evaluate the distribution of effort
for balancing between Balance Responsible Parties (BRPs) and Transmission System
Operator (TSO) by modifying the PTU-length. Also the imbalance as a function of
time after gate closure is evaluated in section 5.5. The chapter will be concluded in
section 5.6.

89
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5.2 Future changes

5.2.1 Increasing grid size

Since the early beginning of power system development, the tendency has always been
to increase the size of the power system due to economies of scale. Expanding the
network size has a number of technical benefits, i.e., increase of the system inertia
(stability) of the grid and stronger reaction to disturbances. More recently, benefits as
the option to trade energy internationally add to this as well. Due to these developments
the European power system currently belongs to the largest systems in the world.

The increase in size of the European continental synchronous grid is expected to
continue. Concepts to interconnect the power systems around the Mediterranean sea
are present [73]. Turkey will be connected soon [39]. Studies on the possibilities to
interconnect the UPS/IPS of Russia, Ukraine, Belorussia, the Baltic and surroundings to
the European continental synchronous grid are going on [39]. As mentioned before,
the expansion of the power system has numerous advantages which are technical,
economical and political [74]. Nevertheless, there are a number of studies that look at
specific phenomena due to the expansion of the grid [115]. One of these phenomena is
the inter-area oscillation of the grid frequency [79]. The assumption that the frequency
in a synchronous grid is always the same everywhere is not completely correct when
the grid size increases as was illustrated in [115]. This leads to non-simultaneous
activation of mainly primary control which results in oscillating power flows through
the interconnected power system. The effect of increasing the grid size with the above
mentioned connections therefore has to be investigated carefully.

As mentioned, one of the main advantages of increasing the grid size is that the
inertia of the grid increases as well. The inertia of the grid follows from the rotating
mass in loads and generators which can not instantaneously change their rotational
speed. The rate of change of frequency is determined by the inertia of the system.
Equation 5.1 shows the relation between the rate of change of frequency, power and
inertia when all active controls are neglected. Here J is the inertia of the system in kgm2

and ∆P is the power imbalance in W that causes the change of frequency d f /dt.

d f

dt
=
∆P

4π2J f
(5.1)

5.2.1.1 Determination of the inertia of the European continental synchronous
grid

For this study it is assumed that during the first 10 s after a disturbance, the rate
of change of frequency is only limited by the inertia of the grid. For a number of
disturbances in the year 2007 the initial frequency responses and their average are
shown in figure 5.1.
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Figure 5.1: Four individual and frequency responses and their average due to a number of
1300–1500 MW disturbances in 2007. The frequency was measured with a sampling time
of 4 s.

Using equation 5.1, the inertia of the grid was determined for the average of the test
cases in which the exact cause of the frequency deviation (i.e., the loss of power, ∆P)
was known. The inertia of a power system can also be expressed in terms of MWs/Hz.
This value M and its relation with the inertia of the system J is defined in equations 5.2
and 5.3 respectively. Using the test cases in figure 5.1 the inertia J was found to
be 1.1·108 kgm2. The corresponding value for M is 2.1·105 MWs/Hz. The effect of
increasing the grid inertia will be further discussed in section 5.4.

d f

dt
=
∆P

M
(5.2)

M = 4π2 f0J (5.3)

Network Power Frequency Characteristic Another relation between power
imbalance and frequency deviation is given by the network power frequency
characteristic (Λ). This quasi steady-state value is defined by the European Network
of Transmission System Operators for Electricity (ENTSO-E) as in equation 5.4 [35].

Λ =
−∆P

∆ f
(5.4)

The network power frequency characteristic determines the frequency deviation
with respect to the primary reaction and the self-regulating effect of the loads. It is the
sum of the network power frequency characteristics of the individual control areas. The
ENTSO-E estimates the network power frequency characteristic (Λ) of the European
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continental synchronous grid in [35] to be between 16500 and 21000 MW/Hz
depending on the load of the system. Increasing the synchronous system size would
increase the network power frequency characteristic.

5.2.2 Decrease of the self-regulating load

Electricity is used by many different loads whereas for some of these loads their actual
consumption depends on the grid’s frequency. The loads have lower consumption if the
frequency is lower than nominal and vice versa. The ENTSO-E estimates the load to
respond to the grid frequency with 1 %/Hz to 2 %/Hz. The self-regulating load has a
damping effect on frequency changes. In this perspective, as it responds proportionally
to the frequency deviation, it is similar to primary control. Therefore, the self-regulating
load helps to minimize the quasi steady-state frequency deviation after a disturbance.

A number of developments cause the self-regulating effect of the loads to decrease.
Power electronics which are used to provide a stable power supply for loads, which
would normally contribute to the self-regulating effect, bk provide constant power now,
regardless of the frequency of the grid, thereby reducing the self-regulating effect.

As more and more loads (and generators) will be connected to the grid via power
electronics, the self-regulating effect and the inertia are expected to decrease. However,
as power electronics are controlled to perform according to a desired control policy,
they could also be controlled such that they actually become responsive to the grid
frequency. Until now however, there are no incentives to implement this.

The increase of DC interconnections to other systems can cause similar problems as
described above. The DC interconnections can exchange power which is, depending of
the type of High Voltage Direct Current (HVDC), unresponsive to the grid frequency.
Therefore, the exporting side of the DC interconnection can be regarded as an
unresponsive constant power load. In case of any disturbance, the region connected by
a DC connection will not increase or decrease its load. Moreover, it will not contribute
to primary control as frequency deviations on both sides of the DC interconnection are
not related. Again, as stated before, as power electronics are used to rectify and invert,
the power flow can be controlled to perform according to a desired control strategy,
to make DC interconnections responsive to the grid frequency. Although technically
feasible, the reasons for DC instead of AC interconnections may be as well technical as
economical as political. In the latter case, frequency responsiveness is optional but may
not always be desirable.

5.2.3 Increase of renewable energy sources

RES are integrated in the power system more and more due to a number of reasons
mentioned in the first chapter of this thesis. This introduction of renewable energy
technologies has a number of effects on the power balance in the system.
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5.2.3.1 Reduction of inertia

Many of the generators based on RES, are connected to the distribution grid because of
their relatively small scale and distributed nature. Also they are connected via power
electronics which are unresponsive to changes of the grid frequency. Often, Distributed
Generators based on Renewable Energy Sources (DG-RES) are connected via inverters
or back-to-back converters [24]. The unresponsiveness of these DG-RES leads to a
reduction of the inertia of the system which increases the rate of change of frequency.
As discussed before, the control policy of the power electronics could be such that virtual
inertia is created [64].

5.2.3.2 Primary control

According to the ENTSO-E [37], each control area of the continental European power
system must impose a certain contribution to primary control in case of disturbances
to limit frequency deviations. The proportional control activates spinning reserves
in generators connected to the grid. In the Netherlands large (i.e., Pn > 60 MW)
generators must have 1 % of their nominal capacity available. Medium size generators
(5 MW < Pn ≤ 60 MW) must have 3 % of their nominal capacity available for
primary control, whereas they are allowed to have a deadband and insensitivity of
150 mHz [119]. Small generators (Pn ≤ 5 MW) are not required to participate in
primary control. However, as the share of DG-RES increases, the total capacity available
for primary control decreases as most DG-RES are considered to be small generators and
therefore not obliged to withhold capacity for primary control.

5.2.3.3 Power fluctuations of renewable generation

Conventional generators are usually dispatchable which means that they can be
controlled such that their power output is equal to a preset value. Renewable generation
is often non-dispatchable. Their power output depends on the momentary availability
of their respective primary energy source. As this primary energy source is often solar
or wind, the power generation depends on meteorological phenomena. As was already
discussed in chapter 4, the variability of renewable generation can be analyzed with
different techniques in either or both time and frequency domain. The variability
of renewable generation leads to an increase of control actions by conventional,
controllable generators to cancel out the fluctuations.

Besides the variability of the power output, generators based on RES are also
characterized by a certain unpredictability of their power output. Since energy trading
and unit commitment are usually performed on the day-ahead, the unpredictability of
renewable generation leads to suboptimalities in the unit commitment and economic
dispatch of the portfolio of the respective entities such as electric energy suppliers
and Balance Responsible Parties (BRPs). The application of electricity storage devices
is often mentioned as a way to solve the problems related to the controllability and
less predictability of renewable generation. In [126] it was concluded however that
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Figure 5.2: Different types of demand side management [18].

for the Netherlands, electricity storage is not the most efficient way to deal with the
unpredictability and variability of RES due to high investment costs. A better solution
was found to be a more flexible operation of base-load generation technologies.

Studies are also performed to analyze the possibility to have renewable generation
participating in the provision of ancillary services for balance management [16, 48, 66,
94]. This will be discussed in detail in chapter 6 of this thesis.

5.2.4 Demand side management

Demand side management is also a way to balance supply and demand by giving
consumers of electricity the right incentives to change their consumption behavior. The
objective of demand side management is to change the load profile and it might also
influence the amount of energy consumption itself. A well known example of demand
side management are the day and night tariff structures for electricity. By reducing
the price of electricity at night, while increasing the price of electricity during the
day, part of the consumption will shift from day to night. The result of demand side
management is usually a reduction in peak load which has the advantage that it reduces
the required installed generation capacity [52]. In [18], different types of demand
side management systems, as illustrated in figure 5.2, are described. It is discussed in
several articles [66] to apply demand side management for power balancing as well.
The prerequisite for this is that the consumers can be informed about the needs for
demand side management. This can be done via price signals [65]. Moreover, to apply
demand side management for power balancing, it must be fast enough to respond to
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Figure 5.3: Power system model.

fluctuations in generation and load. The introduction of smart meters that would enable
a more differentiated tariff structure could facilitate this.

5.3 Power system model

To evaluate the effect of changing system characteristics on power balancing, a model
of the power system is developed. This section discusses the set up and verification
of this model. A power system is defined in [118], as all electrically connected
grid components, plus all generators, loads and control centers associated with them.
In the model described in this section, which is based on [71], it is assumed that
the frequency in the grid is equal everywhere, and that inter-area oscillations in the
network, as studied in [79], are absent. This assumption can be made since the model
represents only a single control area, which is supposed to be relatively small, within a
large synchronous network. A second assumption is that the mechanical and electrical
rotational speeds are always identical in all generators. This assumption is valid since
the model described here is used to simulate effects in the time range of seconds to
one hour while rotor angle stability is an issue that takes place in the time range
of milliseconds to seconds. A third assumption is that voltage control is completely
decoupled from frequency control. This assumption is valid under normal operating
conditions and was validated in [126]. The developed model can be represented as in
figure 5.3 and contains generation, load, primary control, secondary control and inertia
of the power system.
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Table 5.1: Constants for modeling coal and gas fired power plants [112].

τ τH τL κ θ

Coal 60 s 85 s 10.0 s 1.2 30 s
Gas 17 s 25 s 12.5 s 1.5 10 s

5.3.1 Generation

The generation blocks in the model represent conventional generators, i.e., generation
using fossil fuels for electricity generation. The basic model for these types of generation
is given in [112]. This generation model consists of a fast and a slow responsive part.
The transfer function Pout/Psetpoint of a conventional power plant can be described in
the frequency domain as HG (s) as equation 5.5.

HG (s) = HG, f ast (s) +HG,slow (s) (5.5a)

with:

HG, f ast (s) =
τHs

τHs+ 1
· κ

τLs+ 1
(5.5b)

HG,slow (s) =
e−θ s

τs+ 1
(5.5c)

The empirically determined constants τ, τH , τL , κ and θ are given in table 5.1.
Using the data from table 5.1, the step responses for coal and gas fired power plants

can be derived. These step responses consist of a fast and a slow acting part. The fast
section is the result of primary response to frequency deviations while the slow section
is due to the increase in fuel input [112]. For the step responses as in figure 5.4, it
is assumed that the power plant is operated close to its nominal operation point and
the change in setpoint for the step response is relatively small compared to the total
capacity of the plant.

5.3.1.1 Renewable generation

Renewable generation is modeled by generation which has neither droop control
nor receives a setpoint from secondary control. Moreover the setpoint of renewable
generation is given by external conditions (i.e., meteorological conditions) which are
unrelated to the state of the system. Therefore renewable generation is modeled by
power PDGRES as illustrated in figure 5.3. Also renewable generation is, as mentioned
before, assumed to cause a decrease of the system inertia.
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Figure 5.4: Modeled step responses of a coal (a) and a gas (b) power plant.

5.3.2 Load

The load in the model of figure 5.3 represents the load in the control area under study. It
is assumed to be a function of the grid frequency, thus incorporating the self-regulating
effect, with nominal load L0 for a nominal frequency of 50 Hz. The self-regulating effect
Ksr l is assumed to be 2 %/Hz [35]. The transfer function of the self-regulating effect
Hsr l (s) is given in equation 5.6.

Hsr l (s) =
∆Psr l

∆ f
= Ksr l L0 (5.6)

5.3.3 System inertia

The speed at which a certain imbalance creates a frequency deviation depends on the
total inertia of the interconnected grid [37]. Furthermore, the frequency deviation is
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-

1
Ms

Ksrl · Lgrid

+
∆ f∆P

Figure 5.5: Model of the system inertia Hgrid (s) with incorporation of the self-regulating
effect of the load.

influenced by the self-regulating effect Ksr l of all other loads (outside of the control area
under study, as the effect of the control area itself is modeled separately as indicated
in section 5.3.2). The inertia block can be modeled as in figure 5.5. The imbalance
damping effect depends on the current load in the network Lgrid and the self-regulating
effect Ksr l . In the model, the variables Lgrid and Ksr l have values of 300 GW and 2 %/Hz
respectively in correspondence with values of the European continental synchronous
area [35]. The inertia M of the grid was estimated in section 5.2.1.1 to be around
2.1 · 105 MWs/Hz. The inertia and the self-regulating effect of the loads in the system
are modeled with transfer function 5.7.

Hgrid (s) =
∆ f

∆P
=

1

Ms+ Ksr l Lgrid
(5.7)

5.3.4 Primary control

Primary control has the aim to continuously maintain the balance between supply and
demand in the grid. The primary controller increases the setpoint of a power plant
with ∆PG , proportionally with the frequency deviation ∆ f . Primary controllers operate
with a droop function as explained in section 4.2.1.1. In the model, primary control
is incorporated in the generation blocks and the droop SG is set to 10 %. The transfer
function Hpc (s) of primary control is given in equation 5.8.

Hpc (s) =
∆PG

∆ f
=
−PG,0

SG f0
(5.8)

5.3.5 Secondary control

After primary control has stabilized the frequency deviation, secondary control is
activated to restore the grid’s frequency from the quasi steady-state value to its nominal
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value. Therefore the secondary controller is slower than the primary controller and it
is only active in the control area where the imbalance is caused. It is not only based
on frequency measurements but also takes into account the unscheduled (being the
difference between the actual and the scheduled) cross-border flows. A secondary
controller uses a proportional-integral (PI) controller to regulate the Area Control
Error26 (ACE) to zero without a steady state error. This proportional-integral filter
transforms the ACE into a Processed Area Control Error (PACE). The PACE is therefore
a smoothened and integrated version of the ACE. Smoothening the ACE takes place
to avoid response of secondary control to insignificant transients in the frequency.
According to [9] the PI-filter can be represented by equation 5.9.

PAC E (t) = βpace · AC E (t) +
1

Tpace

∫
AC E (t)dt (5.9)

This can be transformed into the Laplace domain to obtain the transfer function Hsc (s)
as in equation 5.10.

Hsc (s) =
PAC E

AC E
=

Tpaceβpaces+ 1

Tpaces
(5.10)

Here βpace is the proportional gain which is estimated to be between 0.1 and 0.5
and Tpace is the integrating time constant which has to be between 50 and 200 s [9].
According to [68], the PI-filter to make the transition from ACE to PACE sometimes
does not smooth the ACE enough which leads to rather sudden changes of sign of the
PACE.

Every four seconds the PACE is matched with the bidding ladder to determine which
Balancing Service Provider (BSP) will be selected for providing the required balancing
energy to restore the ACE to zero. The selected bids receive payments for their activity
as explained in chapter 2 if they actually contribute to minimize the ACE. Based on
discussions with experts of the TSO in the Netherlands, it was decided to include a
variable delay in the model between the selection of bids ∆Pi and the actual changing
of the setpoint of generators to achieve a more realistic response from the model.
The variable time corresponds to the time that BSPs take to respond to a request for
balancing capacity.

5.3.6 Verification of the model

The performance of the model is verified using frequency measurements. For each series
of measurements, in which a frequency deviation occurs, it is known what caused the
disturbance. The model can be used to simulate this event and the system variables can
be optimized such that the output of the model corresponds to the measurements. For
a number of events the results of the model are given. In figure 5.6, both the measured
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Figure 5.6: Simulated and modeled frequency responses during 1500 MW (a and b) and
1300 MW (c) disturbances.
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Figure 5.7: Simplified model of the power system.

and the calculated frequency responses are given for three different events. It can be
concluded that events can be accurately simulated with this model. In figure 5.6b it
can be observed that the secondary control action is delayed by approximately 350 s by
market players and this delay has been added in the model.

5.3.7 Total transfer function

The model can be simplified by omitting the bidding ladder and assuming a single
balancing service provider in the control area under study. Also the generation units
are assumed to have unity transfer function HG (s) = 1 (see equation 5.5). In that case
the model can represented as a control system as in figure 5.7 of which the closed loop
transfer function H (s) can be derived using equation 5.11.

H (s) =
∆ f

∆P

=
Hgrid (s)

Hgrid (s)
h

Hsr l (s) +Hpc (s) + Rarea
pc (s)Hsc (s)

i
+Hsc (s) + 1

(5.11)

As the transfer function gives the frequency response as a function of a power
imbalance, while frequency deviations are to be minimized, the transfer function should
ideally be zero for all frequencies other than zero. Decreasing the transfer function
therefore leads to a decreased sensitivity of the power system to disturbances. Loosely
speaking, the power system, with the inclusion of primary and secondary control is
better capable of handling and minimizing power imbalances for a decreased H (s).
In figure 5.8 it can be observed how changing the system parameters influences

26See appendix B for deriving the Area Control Error (ACE).
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Table 5.2: Effects of future power system changes. Note that many of the effects depend on
the actual control policy of power electronics.

Change Consequence
Increasing grid size Increase of inertia

Increase of DG
Decrease of inertia
Decrease of primary control action
More fluctuations in power generation

DC interconnections
No increase of inertia
No increase of the self-regulating load

Loads via power electronics
Decrease of inertia
Decrease of the self-regulating load

Demand side management Increase of available balancing capacity

the magnitude of the transfer function. For this analysis, values for the European
continental synchronous power system have been used in the model.

5.4 Effect of changing system parameters

Using the model described in the previous section and the future changes in the power
system described in section 5.2, the effect on system balancing can be evaluated. The
changes to be expected and their consequences are shown in table 5.2.

5.4.1 Inertia

A change of the inertia of the grid influences the susceptibility of the grid to higher
frequency power fluctuations. Also, as can be seen in the step response of figure 5.9,
the rate of change of the frequency will change. An increase in the rate of change
of frequency is undesirable since this causes stress on the generators. The increase in
grid size, that leads to higher inertia, and the increase of the use of power electronics
to interconnect regions and to connect distributed generators which leads to a lower
inertia will partially cancel out each other. The effect of a change in the inertia of the
grid is visualized in figures 5.8 and 5.9 that show the bode plot and the step response
of the system respectively.

5.4.2 Primary control and the self-regulating load

A decrease of primary control participation and a decrease of self-regulating loads can
be expected due to the connection of distributed generators to the grid via power
electronics, the connection of loads via power electronics and HVDC interconnections.
Self-regulating loads are similar to primary control since it reacts proportionally to a
frequency deviation. Therefore their effects on the system behavior are similar. A
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Figure 5.8: Bode plot of the system susceptibility for power imbalances.
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Figure 5.9: Step responses to a disturbance with changes in the power system.

decrease of primary control and self-regulating loads is shown in the bode plot of
figure 5.8. The effect of a reduction of primary control in the time domain in case
of a disturbance is shown in figure 5.9. The effect is considerable.

5.4.3 Secondary control

If consumers can be stimulated to change their consumption behavior, within a time
span of several minutes, as a result of incentives (i.e., price signals), as indicated
in [65], it is likely to presume that their participation will be coordinated by their
aggregator. This type of balancing capacity could be applied as extra secondary control.
A direct response to frequency change is also possible and could increase the primary
control action. The effect of a modified (decreased) participation of secondary control
is illustrated in figures 5.8 and 5.9. It can be concluded, that especially in the lower
frequency ranges, the power system will benefit from demand side management.
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5.4.4 Generation fluctuations

Many renewable energy technologies have fluctuating power outputs depending
on meteorological phenomena. Different types of renewable generation can be
distinguished that each have power fluctuations in different frequency ranges and
different aggregation effects. Much research is done on the power fluctuations of these
generators based on RES and on the effect of aggregating these generators [25, 53,
59, 107]. Aggregating renewable generation usually only mitigates variations in the
higher frequency ranges. When the aggregation takes place over larger areas, the lower
frequency variations however, are affected as well [53].

5.5 Design variables in imbalance settlement systems

As discussed before in this thesis, BRPs aggregate producers and consumers in their
portfolio and benefit from this aggregation. BRPs have the responsibility to maintain a
balance between their generation, load and trade. For each trading period, the objective
is to minimize the resulting mismatch with the scheduled exchanges. If this is unequal
to zero, it depends on the payment structure and on the direction of the imbalance
with respect to the system requirements, whether the BRPs pay or receive money. In
some market designs, passive contribution to balancing is rewarded while in other
market designs all deviations from the individual schedule are penalized regardless
of the direction and system requirements.

In general it can be stated that BRPs have the incentive to keep a balance per PTU
while the TSO has the incentive to keep a momentary balance. This section evaluates
the consequences of changing the PTU length and discusses the effect of the gate closure
time for trading. As the BRPs’ objective is to balance energy per PTU, they will schedule
their generation and, if possible, also their load, such that they maximize profits while
being subject to the constraints of the energy program (e-program). Usually the profit
of a generating BRP is the product of its generation per trading period, and, the price for
which this electricity is sold, minus the costs required to generate the electricity. As the
marginal cost C (P) for generating electricity are considered to be quadratic (strictly
convex and monotonically increasing) functions of the generated power [54, 62] the
Pro f i t in a PTU is maximized if the power generation P (t) during the PTU is kept
constant, which will be shown hereunder.

Pro f i t = λ

∫

PT U

P (t)dt −
∫

PT U

aP (t)2 + bP (t) + c dt (5.12)

In equation 5.12, λ is the energy price in the PTU, a, b and c are constants defining the
marginal generation costs of the generation portfolio. The problem can be simplified to
a minimization problem of the cost. As the BRPs are restricted only by the energy
exchange per PTU, the minimization problem is given in equation 5.13, whereas
k ∈ PT U is defined as fraction with duration Tk, out of K fractions within a PTU.
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During period k the generation of a generation portfolio is equal to Pk. Assume the BRP
having a generation portfolio for which its objective is to minimize the generation cost
while satisfying the constraint of generating an exact total amount of energy E within
the PTU. The optimization problem of the BRPs is given in equation 5.13.

min
Pk

C
�

Pk
�

(5.13a)

with:

C
�

Pk
�
=
∑

k

Tk

�
aP2

k + bPk + c
�

(5.13b)

k ∈ PT U (5.13c)

k = 1, K (5.13d)

subject to:

K∑
k=1

Pk Tk = E (5.13e)

A problem with an equality constraint can be rewritten using a Lagrange multiplier λ.

min
Pk ,λ

G
�

Pk,λ
�

(5.14a)

with:

G
�

Pk,λ
�
=

K∑
k=1

Tk

�
aP2

k + bPk + c
�
−λ

 
K∑

k=1

Pk Tk − E

!
(5.14b)

The solution for this problem is defined by a set of partial derivatives of G
�

Pk,λ
�

as in
equation 5.15.

∂ G
�

P∗k ,λ∗
�

∂ Pk
= 0 (5.15a)

∂ G
�

P∗k ,λ∗
�

∂ λ
= 0 (5.15b)

The first partial derivative (5.15a) equals (5.16).

∂ G
�

P∗k ,λ∗
�

∂ Pk
= Tk

�
2aP∗k + b

�
−λ∗Tk = 0 (5.16)

This gives the solution as in equation 5.17.

P∗k =
λ∗ − b

2a
(5.17)
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Table 5.3: PTU lengths for balancing in several European control areas [43].

Countries PTU length [min]
the Netherlands, Italy, Austria,

15
Germany, Belgium, Luxembourg
England & Wales, France 30
Poland, Sweden, Norway,

60Denmark, Slovenia, Spain,
Greece

It can be concluded that for the optimal solution P∗k is not a function of k and thus the
economically optimal schedule for a power plant during a PTU is a rectangular block
with constant power during the full trading period. Load however, is mostly continuous
and therefore discrepancies between load and generation result in imbalance. The
optimization of schedules based on marginal costs thus leads to some frequency
deviations [127]. Different control areas in Europe use different PTU lengths as
indicated in table 5.3 [43]. Due to these differences in PTU lengths, most cross-border
trades in the European grid are done per hour. The imbalance which happens due to
changes in schedules is reflected in the frequency which is illustrated in figures 5.10
and 5.11. In figure 5.10 the average load profile during a week in the Netherlands is
shown. If a single BRP is assumed which has only energy constraints for each hour, its
generation profile could be as indicated in figure 5.10. As there is a mismatch between
the generation profile and the actual load in the system, there will be imbalance at
the hourly transitions as is indicated in figure 5.11. The effect of the imbalances at
the hourly transitions can be found by measuring the grid’s frequency. To show this,
the grid frequency was measured from July 27th to August 2nd 2010. Using these
data, the average frequency as a function of time of the day was determined. The
measurements as well as the average frequency as a function of time of the day are
shown in figure 5.12. From figure 5.12 it can be concluded that frequency deviations
occur in reality at hourly and to a lesser degree at half-hourly and quarterly transitions.
This effect is especially visible in morning and evening hours when the changes in power
generation profiles are most significant.

5.5.1 Effect of PTU length on imbalance settlement systems

As the TSO is responsible for the momentary imbalance and for smoothing cross-border
transactions, while the BRPs are concerned about the energy content of their trade in
the complete PTU, the expectation is that decreasing the PTU length will lead to more
imbalances for the BRP while it mitigates the effort of the TSO. Using a model this is
quantified in the next subsections.
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Figure 5.10: Average load profile in the Netherlands and assumed hourly generation
schedules during July 27th to August 2nd 2010.
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Figure 5.11: Imbalance due to mismatches between load and hourly generation schedules.

5.5.1.1 Types of imbalance

To evaluate the effect of changing the PTU length, it is required to distinguish three
different types of imbalance.

• Intra PTU imbalance
On control area level, imbalance is defined as a function of both frequency
deviation and the deviation from the agreed cross-border exchange [37]. The
ACE is a measure for the actual imbalance within the control area and takes into
account the effect of primary control actions for disturbances in the system. The
ACE is given in equation 5.18.

AC E (t) = ∆P (t) + Rarea
pc ∆ f (t) (5.18)

Here AC E (t) is the ACE within a certain control area, ∆P (t) is the difference
between expected cross-border power exchange and the real cross-border power
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Figure 5.12: Grid frequency measurements from July 27th to August 2nd 2010. The gray
lines indicate measurements for each individual day while the black lines indicate the
average frequency over all measured days.
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exchange for that area in MW, Rarea
pc is the contribution of the control area to

primary control in MW/Hz and ∆ f (t) is the frequency deviation at time t in
Hz. The ACE is calculated by the TSO every 1 to 4 seconds to determine the
deviation between generation and load within the control area. To mitigate the
ACE, the TSOs procure ancillary services (AS) for balancing from one or more
BSPs which are selected via a bidding ladder. BSPs that have balancing capacity
available are either requested or obliged to bid this capacity into the imbalance
settlement system. Bidding ladders exist for both positive energy (selling) and
negative reserve energy (buying). As prices for reserve power are generally higher
than prices for energy on the spot market, it is profitable for BRPs to reserve
part of their capacity for providing ancillary services or to use it themselves for
balancing [10, 43, 121]. Intra PTU imbalance is caused by imbalances due to
forecasting errors and events.

• Over PTU imbalance
Beforehand, all BRPs inform the TSO about their scheduled exchanges with other
BRPs in the e-program. This e-program describes the exchange of electricity in
terms of energy per PTU. At the time of execution, the BRPs are liable for realizing
their e-program and any deviation in terms of energy per PTU will be settled
via the imbalance settlement system. All BRPs (i) whose imbalances (∆E i

k) over
PTU (k) have an increasing effect on the ACE will pay the imbalance price while
all BRPs (i) whose imbalances (∆E i

k) have a mitigating effect on the ACE will
receive the imbalance price. BRPs are only rewarded or penalized for their energy
deviation with respect to the schedule per PTU. Over PTU imbalances are caused
by forecasting errors and events.

• Inter PTU imbalance
Next to the imbalances AC E (t) and ∆E i

k, a third type of imbalance exists.
The TSOs are responsible for a relatively smooth transition of cross-border
transactions in subsequent time frames. Therefore it is decided by ENTSO-E for
the continental synchronous area, that each change in cross-border transactions
should be converted to a ramp with a ramp period of 10 minutes. TSOs implement
a slope in the power profile from 5 min before the agreed time of change until 5
minutes after the agreed time of change [37] by modifying the scheduled cross-
border exchange which is used to calculate the ACE as input signal for secondary
control.

The three types of imbalance are illustrated in figure 5.13.

5.5.1.2 Methodology

To evaluate the efforts of the TSO and BRPs in a certain control area to maintain the
balance in the system, first the three types of imbalance are modeled. Two weeks (Jan
25th 2010 until Feb 6th 2010) of load data with a 4 s resolution, two years of load data
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Figure 5.13: Three types of imbalances. Imbalance within the PTU (a) is dealt with by the
TSO. Imbalance over the PTU (b) is dealt with by the BRPs. Imbalance between two PTUs
(c) is dealt with by the TSO.

with 15 min resolution and one year (2009) of hourly import and export data were
acquired from the TSO of the Netherlands. An assumed prediction Lpred (t) of the load
L (t) was generated for the model using the persistence method as in equation 5.19
which often outperforms more advanced methods in short-term predictions [76]. A
prediction time τpred of 15 min is chosen which gives a Mean Absolute Error (MAE),
that can be found with equation 5.20, of 2 %.

Lpred (t) = L
�

t −τpred

�
(5.19)
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MAE =

����
Lpred (t)− L (t)

L (t)

���� · 100% (5.20)

It is assumed that BRPs make their generation schedules, based on the predicted load
and that the generation schedules consist of stepwise blocks. The power generation
schedules Psched (t) are calculated using equation 5.21. Tptu is defined as the length
of each program time unit PT U . The actual required schedule Preq (t) is based on the
actual load and can be derived with equation 5.22.

Psched (t) =

∫
PT Uk

Lpred (t)dt

Tptu
, t ∈ PT Uk (5.21)

Preq (t) =

∫
PT Uk

L (t)dt

Tptu
, t ∈ PT Uk (5.22)

After both schedules Psched (t) and Preq (t) have been created, the imbalances within the
PTU (AC E (t)) and over the PTU (∆P (t)) can be analyzed with equations 5.23 and 5.24
respectively.

AC E (t) = L (t)− Preq (t)

= L (t)−
∫

PT Uk
L (t)dt

Tptu

(5.23)

∆P (t) = Psched (t)− Preq (t)

=

∫
PT Uk

Lpred (t)− L (t)dt

Tptu

(5.24)

The actual load L (t), the predicted load Łpred (t), the required generation schedule
Preq (t) and the actual generation schedule Psched (t), as well as both imbalances AC E (t)
and ∆P (t) are displayed in figures 5.14 and 5.15 respectively.

Based on figure 5.15, the duration curves for imbalance within the PTUs and over
the PTUs are given in figures 5.16a and 5.16b respectively. For these figures, it is
assumed that all required generation is scheduled in stepwise blocks. This creates a
worst-case scenario. It can be observed that as PTUs get shorter, the distribution of
intra-PTU imbalance narrows while the imbalance of over-PTU imbalance widens. For
longer PTUs this is vice versa.

The imbalances due to cross-border transactions (∆Ex) were derived by assuming
that the interval, at which cross-border transactions are scheduled, is equal to the PTU
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Figure 5.14: The actual generation schedule is based on the predicted load while the
required generation schedule is based on the actual load.
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Figure 5.15: Imbalances within the PTU and over the PTU due to schedule differences and
due to the difference between generation schedule and actual load.

length. Furthermore it is assumed that the cross-border power exchange profile can be
obtained by linear interpolation from 5 minutes before the PTU crossing to 5 minutes
after the PTU crossing. The hourly cumulative exchange data in MWh from 2009 were
interpolated to obtain a cumulative exchange schedule with a resolution equal to the
PTU length. The first derivative of this signal corresponds with the exchange schedule
which leads to a step size (Px

�
PT Uk

�−Px
�

PT Uk−1
�
) in between PTUs. Next, the effort

for settling this type of imbalance per PTU is found using equation 5.25.

∆Ex
�

PT Uk
�
=

1

2

��Px
�

PT Uk
�− Px

�
PT Uk−1

��� · 5 min (5.25)

The yearly effort for all three types of imbalances (Eint raPT U : within PTU; EoverPT U :
over PTU; and EinterPT U : between PTUs) is found using equations 5.26, 5.27,
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Figure 5.16: Imbalance duration curves for imbalance within the PTU (a) and over the PTU
(b) for PTU lengths of 5, 15 and 60 minutes.

and 5.28 respectively.

Eint raPT U =
∑
year

|AC E (t)|

=
∑
year

������
L (t)−

∫
PT Uk

L (t) d t

Tptu

������

(5.26)

EoverPT U =
∑
year

|∆P (t)|

=
∑
year

������

∫
PT Uk

L (t)− Lpred (t) d t

Tptu

������

(5.27)
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Figure 5.17: Distribution of effort between TSO and BRPs due to the three types of
imbalance with PTU lengths varying from 8 seconds to 2 years.

EinterPT U =
∑
year

∆Ex
�

PT Uk
�

=
∑
year

1

2

��Px
�

PT Uk
�− Px

�
PT Uk−1

��� · 5 min
(5.28)

5.5.1.3 Results

Simulations with multiple PTU lengths were performed and the results are displayed
in figure 5.17. The figure indicates the effort (absolute energy) as a percentage of the
yearly electricity consumption for both the TSO and the BRPs. It can be concluded
from the results in figure 5.17 that the balancing effort for BRPs increases as PTUs get
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shorter. The balancing effort for BRPs decreases as the PTUs get longer. For the TSO this
is vice versa as shorter PTUs result in less effort while longer PTUs result in more effort.
Therefore, it can be concluded that changing the PTU length is a way to distribute the
effort for balancing between the TSO and the BRPs. Nevertheless the total effort does
not remain equal but increases with increasing PTU lengths. For PTU lengths longer
than one day the combined effort remains almost equal due to the repetitiveness of
load profiles in subsequent days. The effort for balancing due to smoothening cross-
border exchanges is, as pointed out in figure 5.17b, marginal compared to the effort
for the other two types of balancing. The different PTU lengths which are currently in
use in different control areas in the European continental synchronous power system
put extra constraints on cross-border energy trades [43, 45]. The results in this section
show that when defining a common PTU length, the resulting distribution of efforts
among BRPs and the TSOs in balancing should be considered and the consequences
taken into account.

5.5.2 Discussion on the gate closure time and imbalance

In most electricity markets, multiple subsequent options for trading exist. First of all,
electricity can be traded via bilateral contracts. Secondly, electricity can be traded
via day-ahead or via intraday spot markets. For each PTU, BRPs should declare their
expected net trade in e-programs to the TSO. If in real-time the actual exchange with
other parties varies from the beforehand stated value, the BRPs trade energy with the
TSO via the imbalance settlement system. In general it can be stated that the closer to
real-time the energy is traded, the higher the average price will be, as the uncertainty
of not being able to either sell or buy the energy, in general increases. As mentioned
before, the Gate Closure Time (GCT) is defined as the point in time at which all parties
should notify their TSO about their expected physical exchanges and most options for
trade cease.

As predictions for load and generation tend to be more accurate as the prediction
horizon decreases, the predictions for the beginning of the next day will generally be
of better quality than predictions for the end of the next day. Resulting from that,
the imbalance is expected to increase during the day as the time beyond the GCT
increases. Often it is stated by BRPs [76] that a delay of the GCT or a rolling GCT would
lead to improved system balance. As procuring energy via the imbalance settlement
system is, on average, more expensive than via bilateral trade or via the day-ahead spot
market, the delay of the GCT would lead to improved biddings by stochastic generation
in the spot market [76]. Therefore a delay of the GCT could be an effective means
for countering the increased uncertainty and fluctuation on the supply side due to
stochastic, renewable generation.
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5.5.2.1 Imbalance distribution after gate closure

To evaluate the distribution of imbalances during the day after gate closure, one
year (2009) of imbalance volume data from the Dutch TSO were acquired. In the
Netherlands the GCT is set at 14.00 hour on the day before delivery. The data indicate
the energy volumes per PTU (of 15 minutes) bought or sold by the TSO from the BRPs to
settle the balance. First the data were split up into 4 sections for each of the four seasons
in the 2009. Next, for each of the 96 PTUs of all days per season, the distribution of
imbalances were analyzed with a histogram. To evaluate the distribution of imbalance
during the day, the histograms for each PTU per day were combined in figure 5.18.

It can be concluded from figure 5.18 that the spread of imbalance during the day
does not increase. In all 4 seasons the spread of imbalance is correlated with the slope
of the load curve. A high slope in the load leads to higher deviations. As the assumed
problem of an increasing unpredictability during the day is real, while no increase in
the system imbalance spread can be observed from the data, it must mean that the BRPs
use other resources after GCT besides the imbalance settlement system from the TSO to
match their physical exchange with their expected exchange. These other options can
be bilateral trades, own generation/load control or, in some areas, an intraday market.

5.6 Summary and conclusions

Due to the change in type and amount of loads and the increasing integration of RES
into the power system, a number of changes is expected to occur in the operation of
the system. A rising question is how these changes are to affect balance management.
In this chapter the effects of these changes on the imbalance settlement system are
studied using a model of a synchronous power system. Therefore, firstly the set up and
verification of this model were discussed in this chapter. By changing system variables,
the effect of future changes in power system can be demonstrated. It was found
that the future changes influence different parts of the frequency spectrum of power
balancing. Some changes affect mainly the fast response (i.e., inertia and primary
response) while other future developments have an impact on the slower components
of power balancing (i.e., secondary control). The different changes affect different
properties of power balancing resulting in varying susceptibility of the power system to
power imbalances for different frequencies.

Next to technical system parameters, the functionality of power balancing is also
influenced by a set of market design variables. One of these main variables is the
PTU length which is used to implement and approximate power balancing via energy
balancing over a fixed period of time. To analyze the effect of changing the PTU
length, three different types of imbalance were distinguished. It was shown that by
reducing the PTU length, more responsibility for balancing can be shifted from the TSO
towards the market parties. Vice versa it was found that a longer PTU gives more
responsibility to the TSO. From PTU lengths of one week and longer, the total effort
for balancing remains approximately equal due to the repetitive nature of the load



5.6. SUMMARY AND CONCLUSIONS 117

Season 1: Week 1 − 13 of 2009

Time [h/day]

Im
ba

la
nc

e 
/ L

oa
d 

[p
u]

 

 

0 4 8 12 16 20 24
−1

−0.5

0

0.5

1

Imbalance Distribution
Average System Load

0

5

10

15

20

25

30

(a) Week 1–13

Season 2: Week 14 − 26 of 2009
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Season 3: Week 27 − 39 of 2009
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Season 4: Week 40 − 53 of 2009
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Figure 5.18: Distribution of imbalances during the day in the Netherlands in four seasons in
the year 2009 and the system load on an average day. Both the imbalances and the system
load are normalized with base values of 500 MW and 16000 MW respectively.
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profile. With respect to shifting the GCT, which indicates the time that BRPs need to
inform the TSO about their scheduled exchange, it was noticed that the imbalance in
the system is not a function of time of the day after the gate closure. Although BRPs in
the Netherlands indicated that delaying the GCT would decrease the system imbalance
and would therefore be desired, no proof of this was found by analyzing the available
data.

The main conclusions from this chapter are that the introduction of DG-RES, which
currently does not participate in balancing (primary and secondary control) will make
the system more vulnerable for disturbances, and that economic optimization of market
parties based on the current regulatory framework can jeopardize the system.



CHAPTER 6
Minimization of program

deviations

6.1 Introduction

Any Balance Responsible Party (BRP) has the incentive to follow its scheduled energy
program (e-program), which is defined as the energy exchange with other BRPs per
Program Time Unit (PTU). However, within the PTU, a BRP is free to arrange its
generation (and if possible also its consumption) as long as the constraint of energy
exchange per PTU is satisfied. Loosely speaking, for a producer this means that any
generation profile would be allowed as long as the electricity generated per PTU is
equal to what has been stated beforehand. This is indicated in figure 6.1, which shows
two generation profiles during three subsequent PTUs. In both profiles the energy
constraint is met but with different generation profiles. This chapter elaborates on
the procedures currently in use to satisfy the energy constraint mentioned before. Next,
a real-time dispatch method is proposed to schedule generation to minimize program
imbalances. As more renewable, fluctuating generation is incorporated in generation
portfolios, larger program imbalances can be expected. A predictive real-time dispatch
controller is able to incorporate predictions for renewable generation and with this it
improves the scheduling of conventional generators. It is expected that the further
introduction of this leads to a changed behavior of BRPs, which has consequences for
the system imbalance at any moment.

The further integration of Renewable Energy Sources (RES) will require that
generators based on RES actively contribute to balance management [16, 66]. The
possibilities for this, as well as the incentives for BRPs to do this [48] are analyzed in
this chapter. The incentives are discussed based on the Dutch regulatory framework.

Section 6.2 discusses the current objectives in economic dispatch. The concept
of a predictive real-time economic dispatch, the implementation and the results of

119
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Figure 6.1: Different generation profiles that meet the energy constraint. The objective of
a BRP is to stick to its energy program. The actual profile to achieve this is not relevant for
them.

simulations are given in section 6.3. In section 6.4 the participation of renewable
generation in balance management and the ability of renewable generation to minimize
program imbalances is studied. The conclusions of this chapter are given in section 6.5.

6.2 Existing real-time dispatch objectives

The conventional economic dispatch procedure was explained in chapter 2. One of
the constraints in the economic dispatch problem is that

∑
P =

∑
L at any time. This

constraint holds for the complete power system. For BRPs, representing only a share
of producers and consumers, however, these constraints are only present for the energy
programs aggregating the power over a certain time period, i.e., the PTU. The actual
balance management is done via the imbalance settlement system of the Transmission
System Operator (TSO). For BRPs, representing generators, producing Pi , loads Li , and
having a scheduled exchange Eprogram, PT U , the momentary system balance constraint
is therefore relaxed into equation 6.1.

∫

PT U

∑
i

Pi dt + Eprogram, PT U −
∫

PT U

∑
i

Li dt = 0 (6.1)

In case any balance management energy is required by the Transmission System
Operator (TSO) for secondary control, the predicted exchange will be adjusted in real-
time. Therefore Eprogram may still vary during the PTU.

A BRP representing multiple generating units can optimize its generation by defining
the desired output of individual units. As a first step, the total required generation
capacity is defined, which is the sum of the (via economic dispatch) predefined
generation schedules (Psched) and any eventual anticipated imbalances. Multiple
imbalances can be distinguished as indicated in figure 6.2.
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Figure 6.2: Schematic overview of a conventional economic dispatch controller.

• ∆PTSO
If a BRP is available for providing balancing power, it will receive a control signal
from its TSO. Any ∆PTSO is automatically added by the TSO to the original e-
program and for that a response is expected.

• ∆L
The loads, which are represented by the BRP, may have different behavior than
expected and predicted beforehand.

• ∆Pwind
If the BRP has wind power in its portfolio, the deviation in output power may also
be taken into account as imbalance.

• ∆Pother
Any manually inserted dispatch is regarded and taken into account as imbalance.

• ∆Psched
The difference between the actual energy output and the desired energy output
(at that point of time in the PTU) is corrected as imbalance over the remaining
time in the PTU (Trem).

All individual inputs lead to a total required generation schedule of which its energy
content per PTU can be derived. This energy is continuously compared by the dispatch
controller with the already delivered amount of energy plus the expected energy in the
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remaining of the PTU. The difference will be added to the control signal as imbalance.
After the total generation and load profile is defined, a marginal cost optimizer will
divide the total power setpoint (ΣP) over the available generators. For this division,
minimization of marginal costs as explained in section 2.2.2 is the objective. Constraints
which are taken into account in this optimization procedure are the minimum (Pi) and

maximum (Pi) power setpoints of each generator i. Also ramp rate constraints dPi/dt

and dPi/dt are taken into account as well as the minimum on and off times of each
generator. After the individual setpoints have been forwarded to the generators, internal
control loops in the generation units will track the power setpoint as good as possible.
Any participation in primary control by the use of proportional droop control acting on
the grid frequency will be incorporated to adjust the setpoint in these internal loops as
well. The output of the individual units is measured and forms the input of the feedback
loop which is used to minimize program imbalances.

In general, conventional real-time economic dispatch control will respond to
momentary input values only. Usually when steps in generation take place, the
portfolio will start to ramp up or down starting from the PTU crossing. The energy
mismatch, introduced by the ramp rate limits will be minimized. This control strategy
is represented with the dashed line in figure 6.3. It can be noticed that in case of
large generation steps, the strategy to ramp from the PTU-crossing leads to program
imbalances which can not be avoided with this operating strategy. In figure 6.3, a large
step downwards takes place on the crossing from PTU 2 to PTU 3. Maximum ramping
down from the start of PTU 3 leads to an energy imbalance indicated by the difference
in energies indicated by a and b. This imbalance could have been avoided by starting to
ramping down before the PTU-crossing. Consequently, the generation setpoint during
PTU 2 must be raised a bit to avoid imbalance in PTU 2 which increases generation
costs but reduces imbalance costs. It can be concluded that by looking ahead in time
while taking into account system constraints and local possibilities, a more optimal
control strategy can be designed. Predictive real-time dispatch does incorporate this
information to improve system response.

6.3 Predictive real-time dispatch

Predictive real-time economic dispatch uses a model of the system which it is
controlling, based on an optimization algorithm, an optimal setpoint sequence while
taking constraints into account. In this section, the implementation of such a predictive
real-time economic dispatch is elaborated.

The previous section stated that neglecting the future knowledge about the system
and its desired needs leads to imbalances for which a BRP may be charged (and
penalized). Predictive real-time economic dispatch is capable of incorporating this
knowledge about the future and defines an optimal trajectory to realize its objective
function. In economic dispatch, the objective is to minimize cost (or in case
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Figure 6.3: Operating principles of the conventional and predictive real-time economic
dispatch algorithms.

of deregulated energy markets to maximize profit), while satisfying a number of
constraints:

• The minimum and maximum power that each generator can deliver.

• The ramp rate limits for ramping up and down for each individual generator.

• The availability of control and reserve capacity, for own use and to offer as
balancing capacity to the imbalance settlement system of the TSO.

Note that the energy balance per PTU is not regarded as a constraint anymore. It is
considered as part of the objective function as imbalance will lead to payment of an
imbalance price. As was concluded from the previous section, the ramping constraints
often cause imbalance. These are expected to decrease in the optimization.

Predictive real-time economic dispatch minimizes a cost function over a prediction
horizon Tpred with sampling time τs to define its optimal path over a control horizon
Tc t r l . For the real-time economic dispatch, the marginal cost function G

�
Pi (t)

�
is given

in equation 6.2 and assumed to be convex since gi
�

Pi (t)
�

and the imbalance costs are
also considered convex [54]. This cost function minimizes generation and imbalance
costs. Only these costs can be influenced in real-time and any other costs or revenues
from either bilateral or other trades as well as start-up costs are considered constant
(i.e., not a function of Pi (t)) in real-time. Therefore these costs are excluded from cost
function G

�
Pi (t)

�
.

min
Pi(t)

G
�

Pi (t)
�

(6.2a)

with:

G
�

Pi (t)
�
=
∑

t∈Tpred

n∑
i=1

gi
�

Pi (t)
�
τs +

∑
PT U∈Tpred

∆̂EPT U ·
�

̂λimb,PT U −λPT U

�
(6.2b)
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Figure 6.4: Concept of predictive real-time economic dispatch. The cost function is
minimized over the prediction horizon by adjusting the input sequence during the control
horizon.

subject to:

Pi (t)≤ Pi (t)≤ Pi (t) (6.2c)

dPi (t)/dt ≤ dPi (t)/dt ≤ dPi (t)/dt (6.2d)

The concept of predictive real-time economic dispatch is illustrated in figure 6.4. At time
instant t, the input sequence for the system is optimized for the control horizon, taking
into account system inputs and constraints for the full prediction horizon. The sequence
is repeated in a next iteration with renewed prediction and control horizons. To
implement predictive real-time economic dispatch, models of the generation units are
required. The procedure for acquiring these models is elaborated in [130]. Assuming
the models of the generation units are present and correct, the control structure, given
in figure 6.5 can be applied.

The model has several inputs:

• Generation schedule Psched at time t, and predicted schedule P̂sched during
prediction horizon t ∈ Tpred .

• Imbalance ∆P at time t, and predicted imbalance d∆P during prediction horizon
t ∈ Tpred . The total imbalance ∆P consists of ∆PTSO, ∆L, ∆Pwind and ∆Pother at
time t. Any ∆PTSO at time t is automatically added by the TSO to the original
e-program and for that a response is expected.

• Constraints concerning the generating units as mentioned before.
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Figure 6.5: Schematic overview of a controller for predictive real-time economic dispatch.

It is assumed that the predictions of the schedules and the imbalances created by BRPs
themselves are based on historic data, and data available in real-time. High quality
predictions will lead to improved dispatch sequences which will be an incentive to make
them. Using and combining all the inputs, the predictive real-time economic dispatch
minimizes its cost function G

�
Pi (t)

�
while satisfying system constraints.

6.3.1 Model

A first-order model of a single generating unit was used to show the applicability of
predictive real-time economic dispatch. At a given point in time, based on a setpoint and
a prediction of setpoints during a number of future PTUs, the optimal input sequence for
the generating unit is determined by the controller. Imbalances are only charged over
the PTU. In the model of the generating unit, constraints as maximum and minimum
power output, as well as the maximum ramp rates were incorporated. It was assumed
that the model, used by the real-time dispatcher to optimize the input sequence is a
perfect representation of the generators to be dispatched. Also it is assumed that no
disturbances occur in the system. If disturbances would be taken into account, this will
lead to a worsened real-time dispatch, leading to aggressive corrective control actions
at the end of each PTU.

6.3.2 Results

The model, representing a predictive real-time economic dispatch controller for a
single generating unit was applied for a number of PTUs. The conventional control
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Figure 6.6: Load, generation schedule and real-time dispatch sequences for conventional
and predictive real-time dispatch.

Figure 6.7: Momentary imbalance between load and generation for conventional and
predictive real-time dispatch.

is compared with the control via predictive real-time dispatch. Figure 6.6 shows the
dispatch output of the generating unit as a function of time. It can be observed
that the incorporation of imbalance in the optimization procedure for determining the
scheduling sequences leads to ramping of the generator before the PTU-crossing. For the
PTUs shown in figure 6.6, the momentary imbalance with respect to the load is shown
in figure 6.7. The controllers are able to eliminate program imbalances since there is
no uncertainty in this model. To properly optimize the deployment of a portfolio of
generating units it is assumed that the predicted imbalance and energy prices ̂λimb,PT U
and λPT U in the cost function in equation 6.2 are estimated or predicted by the BRP
who has incentives to do so in order to optimize its dispatch.

As mentioned in chapter 2, passive contribution to balance management is allowed
in some market designs while in others it is not. Depending on this regime, it can be
decided to adjust the cost function to include the option of passive balancing in the
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Figure 6.8: Relative Mean Absolute Error (MAE) for the persistence prediction method,
applied to a 25 MW on-shore wind farm site. The prediction horizon varies from 0 to 3
hours ahead of real-time.

optimization. When passive contribution to balancing would be allowed, the outcome
of the optimization algorithm could be not to cancel, or even to increase the portfolio’s
imbalance to increase profit. In order for this to avoid risks, the predictions of both

̂λimb,PT U and the system imbalance must be sufficiently accurate. Based on the findings
in chapter 2 it was concluded that relatively straightforward prediction methods can be
applied.

6.3.3 Renewable generation in economic dispatch

Currently, most of the BRPs regard deviations of the momentary generation of
renewable generation from the predicted amount as imbalances for which its
cumulative value over each PTU has to be minimized. Unlike conventional controllers
for economic dispatch, predictive real-time economic dispatch incorporates predictions
when defining a series of optimal input values. This means that predictions of renewable
generation can be taken into account. As predictive real-time economic dispatch
usually has limited prediction horizons of one to several PTUs, predictions of renewable
generation are generally accurate enough to incorporate in the optimization process.
Based on available generation data of a wind farm site, the quality of a persistence
prediction method [76] was evaluated by determining the Mean Absolute Error (MAE)
of the prediction for the electricity generation of a 25 MW on-shore wind farm site
over a 5 minutes interval with varying prediction horizons. The MAE is derived by
dividing the error by the rated output in that 5 minute interval. The accuracy of the
persistence prediction method is given as a function of prediction time horizon (i.e.,
the difference between time of prediction and real-time) in figure 6.8. The estimation
of renewable generation closer to real-time will be more accurate. It can therefore be
concluded that a predictive real-time economic dispatch allows for improved dealing
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with the uncertainties of renewable generation and could therefore be regarded as an
enabling factor for the further introduction of renewable generation.

6.3.4 Impact of predictive real-time economic dispatch for TSOs

The large-scale adoption of predictive real-time economic dispatch controllers will have
an influence on the system’s balance too. The main advantage of predictive real-time
economic dispatch is that the dispatch algorithm is capable of looking and taking into
account schedules of future PTUs, while conventional real-time dispatch does not take
these into account. Also because of incorporating ramp rate constraints in the dispatch
process, the tendency of the controller will be to start ramping up or down before the
actual PTU transition, where conventional control is not able to do this due to the lack
of future information. Ramping before the PTU transition, in general leads to improved
load following which is considered advantageous for the TSO that is responsible for the
real-time balancing of generation and load on a whole.

As predictive real-time economic dispatch is able to incorporate predictions of future
imbalances and predictions for future imbalance prices, the optimizer can contribute to
minimizing these imbalances via passive contribution to balance management. The
responsiveness of BRPs will have a damping effect on the volumes called by the TSO
for balance management and consequently on the prices for settling these imbalances.
In cases that passive contribution to balance management would not be allowed, the
damping effect will be smaller but the risk of overshoot is reduced as well.

As predictive real-time economic dispatch allows for the incorporation of predictions
for renewable generation, the imbalances, caused by the stochastic nature of renewable
generation, are considered to be mitigated. This has a positive effect on the system
balance.

6.4 Participation of renewable generation in balance management

The introduction of poorly predictable renewable generation complicates maintaining
the balance between generation and load in power systems [50]. Renewable generation
used to be regarded either as negative load, or its deviation in generation from
predictions is seen as an imbalance which has to be minimized. However, as its
share in total generation becomes significant, the passive approach of regarding
renewable generation as negative load cannot be retained. Renewable generation
differs from conventional generation since its generation is, in most cases, not driven
by the demand for electricity but by meteorological phenomena. Therefore, currently,
renewable (and most distributed) generation does not actively participate in balance
management, neither in primary control, nor in secondary control, and the power
balance is actively restored by conventional generation only. However, as the share
of renewable generation in the power system increases, its participation in balance
management will become necessary [66]. This section discusses the necessity, the
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Table 6.1: Ability of photovoltaic and wind generation to participate in balancing.

Photovoltaic Wind
Primary up no yes
Primary down yes yes
Secondary up no no
Secondary down yes yes

ability and the incentives for renewable generation to participate in different forms
of balance management.

6.4.1 The necessity of renewable generation participating in balance
management

As mentioned in the chapter 1 of this thesis, more than 20 % of the electricity should
be generated by renewable generation by the year 2020 in Europe. Taking into account
the utilization ratio of most RES, this means that the maximum power generated by
renewable plants must exceed this 20 % by far. According to [66], complying with
the European goals would lead to a contribution to the peak load of up to 60 %. In
times of low load, the generation from RES can even exceed the load in areas with high
penetration of renewables. In order to keep a balance between load and generation,
suitable mechanisms and incentives will be required to have renewable generation
participating in balance management.

6.4.2 The ability of renewable generation to participate in balance
management

Renewable generation is often considered to be marginally controllable since its power
output depends on weather conditions. Down regulation is mostly not a problem; up
regulation however is considered mostly as too complex. To identify how renewable
generation can participate in balance management, it should be regarded how each type
of generation can participate in either primary or secondary control. Also a distinction
can be made between up and down regulation as indicated in table 6.1. In [66] it
was concluded that some renewable generation has the technical ability to participate
in primary, secondary and tertiary load-frequency control. The next subsections will
therefore discuss the abilities of each type of generation in detail.

6.4.2.1 Photovoltaic

In Photovoltaic (PV) power generation, the power is converted from DC to AC by power
electronics which are controlled such that the PV modules operate at their maximum
power point. At times that solar energy is available, it would be possible to deliberately
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Figure 6.9: Primary control of wind turbines: a wind turbine can use kinetic energy stored
in the mass of its rotor to increase its generation [93].

decrease PV generation to participate in down-regulating primary and down-regulating
secondary control.

6.4.2.2 Wind energy

In [93, 94, 95] it is suggested to use the kinetic energy in the rotor of the wind turbine to
increase the power output of a wind generator for several seconds. In this way, a wind
turbine can contribute to primary control. The concept is illustrated in figure 6.9 where
a schedule for wind generation with incorporation of primary control is shown. The
energy for the primary response comes from the inertia of the wind turbine’s mass, i.e.,
the rotor. By extracting this energy, the rotor will slow down, which causes the lower
power output after the initial surge. Other means to make use of the inertial response of
wind turbines are investigated in [25, 106, 107] by incorporating additional controls in
the wind turbines. The damping of wind power fluctuations by the addition of control,
especially takes place at frequencies higher than 10−2 Hz, and leads to smoothening of
the power output of the wind turbines as was shown in [25]. Here it is also suggested
to apply a control system with feedback to give grid support based on the momentary
system requirements.

The capability of different types of wind generators to participate in frequency
control was investigated in [26] and [105] where it was concluded that it is possible to
use the kinetic energy stored in the mass of the rotor of the wind turbine for frequency
support by storing and releasing this kinetic energy.

6.4.3 Incentives for renewable generation to participate in balance
management

In the previous section it was concluded that renewable generation has the ability to
participate in some aspects of balance management, and as the share of renewable
generation increases, this may even become necessary. The owners of renewable
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Figure 6.11: Distribution of APX day-ahead prices in 2009 as a function of time of the day.

generation however, need incentives to participate in balance management. Most of the
renewable generation is characterized by low (or zero) marginal costs and will always
be part of economic dispatch. This makes it especially suitable for base load generation
as illustrated in figure 6.10. As the load has a daily profile, this is reflected in the energy
prices which therefore also have a daily profile as indicated in figure 6.11. In case of
a payment for balancing energy delivered, balancing capacity is only rewarded when it
is actually used in the system. As the probability p

�
Ebid
�
, being called by the TSO to

deliver balancing energy is smaller than the probability for delivering regular energy,
which is for renewable generation, having zero marginal costs, nearly 100 %, the price
for balancing energy must be higher than the price for balancing capacity to create an
incentive for BRPs to make bids in the imbalance settlement system. BRPs have the
choice to make bids for energy in several subsequent markets j with the objective to
maximize their expected profit EX

�
Pro f i t

�
as indicated in equation 6.3.



132 MINIMIZATION OF PROGRAM DEVIATIONS

max
E j

EX
�

Pro f i t
�

(6.3a)

where:

Pro f i t = Revenue− Cost (6.3b)

and:

EX
�

Pro f i t
�
=

J∑
j=1

p
�

E j

�
·λ j · E j −

J∑
j=1

Costs
�

E j

�
(6.3c)

subject to the constraint that all energy bids of a BRP cannot exceed its total available
energy in a PTU:

J∑
j=1

E j ≤ E (6.3d)

If perfect competition and liquidity are assumed, fixed generation costs are assumed
zero and variable costs are defined as C j , the prices in different markets λ j , will evolve
such that the expected profit (i.e., the expectation of price minus variable costs per
unit of energy generated times probability) is equal for all PTUs in all markets within a
country as shown in equation 6.4.

p
�

E1
� · �λ1 − C1

�
= p

�
E2
� · �λ2 − C2

�
= ...= p

�
EJ
� · �λJ − CJ

�
(6.4)

Having almost zero marginal costs and considering the imbalance probabilities,
there is hardly any incentive for renewable generation to make a bid in a system for
balancing capacity as long as this system is dominated by conventional generation. The
addition of a subsidy per unit of energy generated aggravates this.

If it is desired that renewable generation participates in balance management, the
introduction of negative electricity prices could be a solution. In times of low demand
and high generation, negative prices create a stronger incentive to regulate down base
load generation. Combined with a subsidy scheme, which is considered a temporary
measure to stimulate the introduction of renewable generation, based on a fixed price
λsubsid y per per unit of energy delivered, negative prices could be an incentive to
limit the renewable generation with zero marginal cost λcost . Moreover, negative
prices contribute to maximization of wealth when compared to pro-rata curtailment
as illustrated in figure 6.12.

Negative prices provide incentives for BRPs, which are representing renewable
generation, to balance their portfolio in case of ‘long’ system positions. In general,
reservation of renewable generation for secondary control is only beneficial if
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Figure 6.12: The use of negative prices contributes to maximization of wealth.

equation 6.5 holds. Here λcap is a capacity price paid for the availability of balancing
capacity, which however is zero in many cases. The probability of being selected for the
provision of energy for balance management is considered p

�
Ebid
�

while the probability
for supplying to a spot market p

�
Espot

�
with market price λspot is assumed to be 1.

EX
�
λspot +λsubsid y −λcosts

�
≤ EX

��
λimb +λsubsid y −λcosts

�
p
�

Ebid
�
+λcap

�
(6.5a)

For renewable generation, having zero marginal costs and assuming no capacity
payment, this equation can be simplified to:

EX
�
λspot +λsubsid y

�
≤ EX

��
λimb +λsubsid y

�
p
�

Ebid
��

(6.5b)

or:

EX

�
p
�

Ebid
�
λimb −λspot

1− p
�

Ebid
�

�
≥ λsubsid y (6.5c)

As this is mostly not the case as could have been observed in figure 2.7 in chapter 2,
BRPs will not be motivated to have the renewable generation in their portfolio
participating in balance management as long as subsidies per unit of energy exist.

6.5 Summary and conclusions

BRPs are induced to maintain their energy program per PTU. By controlling their
generation portfolio they try to minimize program imbalances to avoid paying
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imbalance costs. In this chapter a predictive real-time economic dispatch concept
was introduced. This concept takes into account other than momentary constraints
while optimizing the output by changing the inputs over a certain horizon. Due to the
characteristic that predictive real-time economic dispatch has the ability to take into
account predictions for future prices and future imbalances, it is shown that imbalances
can be reduced further. Especially in case of large steps in generation schedules, the
improvements by introducing predictive real-time economic dispatch are significant. By
predicting the system’s output over multiple PTUs, the predictive dispatch is likely to
behave different from conventional dispatch algorithms by ramping up or down before
the PTU-crossing. This is found to be advantageous for the system balance (and thus
for the TSO) as a smoother transition between PTUs is found to take place. It can be
concluded that improved behavior can be both beneficial for BRPs and TSO.

As the share of renewable generation in the system increases, it is expected that
the power, generated by RES and conventional power plants could, in periods of low
load, exceed the load. In these moments, the participation of renewable generation in
balance management will be desirable. Moreover, participation of renewable generation
in balancing is desired to mitigate the effect of system disturbances as concluded
in chapter 5. For wind and photovoltaic generation it was found that both have
characteristics which make them capable of participating in balance management in
at least one direction. However, having almost zero marginal costs, and being paid
with an extra subsidy, renewable generation is neither motivated to participate in
up nor in down regulation as long as mainly conventional generation participates in
(and dominates) the imbalance settlement system. The allowance and existence of
negative prices for energy could create the necessary incentives for down regulation.
For up regulation it was found that a minimum price difference, which is a function
of the subsidy paid per unit of energy would be required to create sufficient incentives
to participate in balance management. When subsidies for energy delivered would
be abandoned in future power systems, this would contribute to the participation of
renewable generation in balancing.



CHAPTER 7
Conclusions and recommendations

7.1 Conclusions

The depletable nature of fossil fuels, the dependency on countries and regions that
possess fossil fuels and the emissions related to the oxidation of fossil fuels are three
arguments that advocate a shift towards electricity generation by renewable sources.
Many generators based on renewable energy sources (RES) are dispersed by nature and
thus suitable for connection to the distribution system, hence their name Distributed
Generators based on Renewable Energy Sources (DG-RES). In any electricity delivery
system, there must always exist a balance between generation and load of electricity.
Therefore, predictions of the load are made and generating units are scheduled and
controlled to follow the load. With the liberalization of electricity markets, the tasks and
responsibilities for generation, transmission and distribution, and maintaining power
balance have been segmented. As, in this framework, the Transmission System Operator
(TSO) is responsible for balancing generation and load in its control area, while not
having direct control over any generating unit, the TSO applies market mechanisms to
hand over its responsibility to Balance Responsible Parties (BRPs) that represent and
aggregate loads and generation. These BRPs consequently have the obligation to match
their generation and import with their consumption and export for each trading time
unit. In this way, power balancing is approximated via energy balancing. To manage
their imports and exports, BRPs can trade either bilaterally or via ahead spot markets.
As getting closer to real-time, predictions of both load and generation will tend to get
more accurate hence leading to better and more accurate trades in electricity. Any
mismatch between the total generation and load in real-time has to be settled by the
TSO which uses an imbalance settlement system where BRPs can make bids for both
positive and negative balancing capacity in several classes for balancing capacity. This
thesis work discusses the functioning of the existing balancing system and the effects of
the further integration of renewable generation on balance management. The following
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sections elaborate on the findings for each of the research objectives mentioned in
chapter 1.

7.1.1 Imbalance settlement system

It was found that the imbalance settlement system, currently in use in the Netherlands,
provides BRPs sufficient incentives to maintain their balance and to participate in the
imbalance settlement system either actively, or passively when profitable. Prices for
causing or settling imbalance via the imbalance settlement system are, on average,
higher (in case of ‘short’ system situations) and lower (in case of ‘long’ system
situations) than the prices at day-ahead spot markets. Also it can be observed from
data analysis that the deployment of balancing capacity is not symmetrical due to
higher risks for ‘short’ positions. It is observed that BRPs with controllable generation
in their portfolio have more opportunities to meet their predefined trading schedules
and to avoid causing imbalance than BRPs with uncontrollable renewable generation.
Therefore, BRPs with only controllable generation are, on average, expected to benefit
more from the existing balance management system. Based on an analysis of historic
imbalance cases, it was found that relatively straightforward prediction methods can be
applied to participate successfully in passive balancing, which means that BRPs have
an incentive to do so. To ensure enough availability of active balancing resources,
TSOs contract balancing capacity beforehand and it was found that participation in the
imbalance settlement system gives active bidders advantages over passive balancing.

7.1.2 Aggregations for balancing

BRPs represent and aggregate generators and consumers of electricity and take
responsibility for the aggregated energy balance, while taking advantage from the
canceling out of individual imbalances because of aggregation. As the relative need
for balancing capacity decreases, while the possibility and ability for internal balancing
increase by aggregating more generators and consumers, the natural tendency of BRPs
is for infinite growth. Also practical issues and increased flexibility lead to merging
of BRPs. Although some initiatives exist to perform balancing on a smaller scale, the
main trend observed is that in future power systems, balancing will be performed on
a larger scale. However, as BRPs do not need to take into account any transmission
constraints, the TSO will have to deal with such transmission constraints violations
without possibilities to manage these, when BRPs grow too large within a control area.
Also the desire for competition in electricity markets, gives regulators incentives to limit
the growth of BRPs. With respect to control areas, it was found that they have to be
able to perform adequate secondary control. The allowance of cross-border balancing
would however improve the canceling out of imbalances as well as the liquidity of the
imbalance settlement system.
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7.1.3 Balancing classification and requirements

Up to now, the needs and availability for the different classes of balancing capacity are
defined with reliability evaluation methods. These methods are effective to determine
the required amount of balancing capacity to deal with imbalances due to events.
Introducing fluctuating RES for the generation of electricity calls for new methods and
procedures to determine the requirements for balancing capacity since the amount of
imbalance due to prediction errors (which is different from imbalances due to events)
will increase. As aggregators of loads and generators were concluded in chapter 2
to have correct and sufficient incentives to limit program deviations, they will be
motivated to define their individual needs for balancing capacity. This capacity can
then, consequently, be traded bilaterally or via spot markets with other aggregations.
However, to trade any product, this product should be unambiguously characterized
and quantified. Therefore, in chapter 4, a method, based on the frequency analysis
of power fluctuations was proposed to determine both the needs and availability of
balancing capacity. Based on this method, the classification of balancing capacity can
be optimized and consequently the balancing needs per class (e.g. primary, secondary
and tertiary reserves) can be quantified for different aggregation levels. By extending
the method with wavelet analysis, balancing needs to acquire a desired reliability can
be determined. With a number of case studies, it was illustrated that a frequency
analysis can be applied to analyze balancing needs when larger shares of renewable
generation are integrated in the electricity delivery system. By applying the method, the
aggregation scale of BRPs and control areas can be evaluated based on the combination
of needs and availability of balancing resources.

7.1.4 Balance management in future power systems

The integration of renewable generation, as well as the further expansion of the
electricity delivery system are expected to have a significant impact on the way power
imbalances are treated. To determine this effect, a dynamic model of the European
continental power system was created and verified with measurements of the grid
frequency during disturbances. Using this model, the effect of system imbalances on
the grid frequency can be studied. The model was adapted according to a number of
foreseen developments and so the effects of future developments were studied. It was
found that the integration of renewable generation affects different frequency ranges
in balance management. By neither participating in primary nor in secondary control,
the system will become more vulnerable to disturbances. Therefore participation of
renewable generation in balance management is desirable.

Besides technical parameters, the length of the Program Time Unit (PTU) was found
to have a direct impact on how imbalances are settled, the total amount of balancing
effort and on the distribution of this effort between the TSO and the market parties. It
was demonstrated how shorter PTUs give more responsibility to BRPs while longer PTUs
give more responsibility to TSOs. Also it was shown that the total effort for balancing
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is a function of the PTU length and that increasing PTU lengths lead to more balancing
actions. One of the effects of a liberalized electricity delivery system is that generation
is scheduled via the economic dispatch process, in which the distribution of generation
is defined by minimizing generation costs, while also minimizing program imbalance
over each PTU. It was shown that in the optimal dispatch, under the assumption of
convex cost functions, the schedule during a PTU is kept constant as much as possible.
This leads to stepwise generation schedules which cause imbalances at PTU crossings
that are observable via frequency measurements. With measurements these repetitive
imbalances have been identified. It was concluded that the further liberalization of
electricity markets will lead to increased system imbalances at PTU crossings that
jeopardize the security of the power system. Both the improvement of the objectives
to schedule generation, and the adaptation of regulatory frameworks can reduce the
imbalances at PTU-crossings.

7.1.5 Minimizing program deviations

Currently, any generation ramp rate constraint, leading to imbalances during the
PTU, is compensated by exceeding the setpoint along the PTU by such amount that
it counteracts the imbalance. However, in case of large generation steps, combined
with a portfolio that incorporates large shares of uncontrollable fluctuating renewable
generation, the conventional real-time economic dispatch strategy leads to structural
imbalances. A predictive real-time economic dispatch algorithm, which is based
on generator models and predictions of schedules, generation by RES and future
imbalances, is found to be better capable of minimizing program imbalances for BRPs,
thus leading to lower imbalance costs, which are currently regarded as a hurdle for
the further integration of renewable generation. The proposed predictive real-time
economic dispatch has the objective to minimize the sum of generation and imbalance
costs while taking into account predictions for the imbalance price and predictions
for renewable generation in the portfolio. It was found that predictive real-time
economic dispatch with the incorporation of accurate generation models and assuming
the absence of disturbances leads to smoother transitions between program schedules,
which is advantageous for the system balance as well as for the portfolio balance.

Currently, generators based on RES do not participate in balance management due
to technical limitations or the lack of the right incentives. However, as the share of
renewable generation in the system increases, participation of renewable generation in
balance management is expected to become a necessity. Depending on the control
strategy, generators based on RES are to some extent capable of participating in
balance management by either or both up and down regulating. Besides actively
participating in balance management, generators based on RES could be controlled,
by either applying their inertia or via electricity storage. In this way they smoothen
their individual power output such that the requirements for balancing capacity in
a generation portfolio decrease. It was found that renewable generation currently
has little incentives to participate in balance management due to its low (or zero)
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marginal generation costs. This effect is aggravated in case of the existence of subsidies,
which are generally assumed to be a temporary measure to promote the integration
of renewable generation, in the form of feed-in tariffs. One of the improvements
that is suggested is the allowance of negative prices, which have a positive effect on
wealth in markets, in both electricity markets and imbalance settlement systems as
these provide stronger incentives to BRPs to balance their portfolio and simultaneously
have renewable generation participating in balance management.

7.2 Thesis contributions

The main contributions of this thesis are given in this section.

• An elaborate analysis of imbalance settlement systems, in particular focusing
on the European and Dutch situation, is performed. It is found that sufficient
incentives exist for minimizing imbalances and actively participating in the
imbalance settlement system as price differences exist between the spot market
and the imbalance settlement system.

• The effect of aggregating consumers and generators of electricity is analyzed. It is
found that, when considering balancing, BRPs only have incentives to grow. This
growth can lead to increased transmission constraint violations. Furthermore, if
any competition is desired, regulators should limit the growth of BRPs to avoid
possible abuse of market power. Also the effect of cross-border balancing has been
studied.

• The further introduction of fluctuating and poorly predictable renewable
generation leads to a changed demand for balancing capacity due to prediction
errors. A method, based on frequency analysis of time series of power imbalances
is proposed to analyze the balancing needs per class and per type of aggregation.
Aggregators that have renewable generation in their portfolio can apply this
method to analyze the required or available balancing capacity for trading
opportunities.

• The market design determines which actors in an electricity system are
responsible for power balancing. Based on a model of the power system which has
been developed, it is shown that shorter PTUs give more balance responsibility to
BRPs while longer PTUs give more balance responsibility to the TSO. Also the
total effort for balancing proves to be a function of the PTU length.

• It has been shown that by incorporating behavior and predictions of generation
and imbalance situations, in the process of real-time dispatch, this process can be
further optimized. This reduces the amount of system imbalance. In the absence
of disturbances, the objectives of BRPs and TSO can coincide.
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7.3 Recommendations for further research

Based on the findings in this research, a number of subjects for possible future research
are defined.

International imbalance settlement systems In this thesis work the advantages
of international balancing have been mentioned in chapter 3. These are, on the one
hand, the canceling out of imbalances while, on the other hand, the increasing liquidity
of balancing systems by combining the individual bids from both systems. However,
international integration of imbalance settlement systems will influence the bidding
strategy of the BRPs. Therefore the expected liquidity of the aggregated markets
should be subject of further research. Also, the effect of the allowance of cross-border
balancing, on both scheduled and unscheduled cross-border power exchanges and the
corresponding effect on power system security margins should be further investigated.

Definition of control areas Historically, the control areas are based on national
borders, as the European power system was originally designed to increase the security
of supply of the individual countries. In an extensively integrated European power
system with extensive internationally integrated power markets, control areas might
be redefined to further optimize their available and required balancing requirements.
Further research into the optimization of areas for the implementation of balance
management systems is therefore recommended and can be based on the findings of
this research described in chapter 4.

Renewable generation and imbalance predictions in economic dispatch In
chapter 6 is elaborated that predictive real-time economic dispatch has advantages
for both the BRPs by minimizing program imbalances and for the TSO as the system
load is followed with fewer and smaller deviations. It is suggested in this chapter
that predictions can be incorporated in the optimization process for both renewable
generation, as well as for system imbalances and corresponding prices. A first analysis of
these stochastic variables shows that the implementation of relatively simple prediction
methods could already lead to improvements. Further research is required to identify
and quantify the further advantages for both BRPs and TSO of incorporating these
imbalance and renewable generation predictions.

Market liberalization In chapter 5 is discussed that the liberalization of the electricity
delivery system with the current regulation and trading periods, threatens the technical
operation of the power system. It is found that at trading period transitions, repetitive
frequency deviations occur which get worse over time as liberalized companies ever
further optimize their generation and load portfolios. Given this clear negative effect
of the liberalization of the electricity market, it is recommended to investigate how this
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system threat can be mitigated and what other challenges must be taken up due to
regulatory changes in the future.





APPENDIX A

Supply and demand

For any commodity there is a certain relation between price and quantity of this
commodity. This relation can be shown in a supply-demand figure. For supply (S), the
price λ usually increases as a function of quantity P. For demand (D), the quantity
usually increases for as the price decreases. In complete competitive markets which
operate with a marginal pricing mechanism, the intersection point (P∗,λ∗) indicates the
price λ∗ for which P∗ units of the commodity are traded. This can be seen in figure A.1.
The different surpluses can be calculated as in equations A.1 to A.5.

• Consumer surplus
The consumer surplus is the difference between what consumers are willing to

Quantity
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λ

PP∗

λ
∗

a

c

b

S (P)

D (P)

Figure A.1: Supply and demand curves with surpluses. The Market Clearing Volume (MCV)
and Market Clearing Price (MCP) are equal to P∗ and λ∗ respectively.
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pay and what they actually pay for a certain commodity. It is indicated by area
(a) in figure A.1 and can be calculated by equation A.1.

Consumer surplus =

∫ P∗

0

D (P)dP − P∗λ∗ (A.1)

• Producer surplus
The producer surplus is the difference between what a producer is actually
receiving and the minimum amount he would be willing to accept for a
commodity. It is indicated by area (b) in figure A.1 and can be calculated by
equation A.2.

Producer surplus = P∗λ∗ −
∫ P∗

0

S (P)dP (A.2)

• Total revenue or total expenditures
The total revenue is the total receipts for selling a commodity in quantity P∗ for
price λ∗. It is indicated by the sum of areas (b) and (c) in figure A.1 and can be
calculated by equation A.3.

Total revenue = P∗λ∗ (A.3)

• Gross consumer surplus
The gross consumer surplus is indicated by the sum of areas (a), (b), and (c) in
figure A.1. It can be calculated by equation A.4.

Gross consumer surplus =

∫ P∗

0

D (P)dP (A.4)

• Wealth or total surplus
The wealth is indicated by the sum of areas (a) and (b) in figure A.1. It can be
calculated by equation A.5.

Weal th=

∫ P∗

0

D (P)dP −
∫ P∗

0

S (P)dP (A.5)

An efficient market is characterized by the following three aspects:

1. The commodity is produced by the cheapest suppliers.
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2. The commodity is consumed by those most willing to pay for it.

3. The right amount is produced such that supply meets demand (or generation
meets load).

All three aspects are achieved by maximizing Wealth in equation A.5.





APPENDIX B

Area control error

The principle of secondary control is demonstrated in the example of figure B.1.
Assume three interconnected control areas: A, B and C with network power frequency
constants ΛA, ΛB and ΛC for control areas A, B and C respectively. With respect to each
of the areas the situation can be simplified to figure B.2.

Figure B.1: Three interconnected control areas.

Figure B.2: Simplification of figure B.1 with respect to each individual area.
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With the following network power frequency constants:

ΛBC = ΛB +ΛC (B.1a)

ΛAC = ΛA+ΛC (B.1b)

ΛBA = ΛB +ΛA (B.1c)

and total network power frequency constant:

Λ = ΛA+ΛB +ΛC (B.1d)

Assume a disturbance in control area A of ∆P. This will result in a frequency deviation
of:

∆ f =
∆P

Λ
(B.2)

The individual reactions of primary control in each control area are:

∆PA = ΛA ·∆ f (B.3a)

∆PB = ΛB ·∆ f (B.3b)

∆PC = ΛC ·∆ f (B.3c)

This will lead to a change in power flow between the different control areas:

∆P1 =∆PAC +∆PAB =∆PB +∆PC (B.4a)

∆P2 =∆PBA+∆PBC =−∆PB (B.4b)

∆P3 =∆PCA+∆PCB =−∆PC (B.4c)

Now the Area Control Error (ACE) can be calculated for each control:

AC EA =∆P1 +ΛA∆ f

=∆PB +∆PC +ΛA∆ f

= ΛB∆ f +ΛC∆ f +ΛA∆ f

= Λ∆ f

=∆P

(B.5a)

AC EB =∆P2 +ΛB∆ f

=−∆PB +ΛB∆ f

=−ΛB∆ f +ΛB∆ f

= 0

(B.5b)
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AC EC =∆P3 +ΛC∆ f

=−∆PC +ΛC∆ f

=−ΛC∆ f +ΛC∆ f

= 0

(B.5c)

From this it can be concluded that only the imbalance causing control area A should
contribute to secondary control to restore the frequency to its nominal value.





APPENDIX C

Examples for LOLE and EENS
calculation

This appendix gives examples for the calculations of the Loss Of Load Expectation
(LOLE) and the Expected Energy Not Supplied (EENS) in a power system.

C.1 Loss of load expectation (LOLE)

The LOLE is defined in [11] by equation C.1.

LOLE =
n∑

i=1

pi
�

Pi − Li
�

da ys/period (C.1)

in which: pi
�

Pi − Li
�

is the probability of loss of capacity on day i. This value is
obtained directly from the cumulative capacity outage probability [11]. Assume a
system consisting of three generating units, with total generation capacity of 100 MW.
The unavailability rates q are given in table C.1. Next, according to [11] the cumulative
capacity outage probability p (∆P) of a particular capacity outage ∆P can be found
as described in table C.2. The LOLE index is obtained using the daily peak load. The
applied load data is given in table C.3. With this, the Loss Of Load Expectation (LOLE)

Table C.1: Generation capacity availability rates.

Generator no. Capacity [MW] Availability (p) Unavailability (q)
1 25 0.98 0.02
2 25 0.98 0.02
3 50 0.98 0.02
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Table C.2: Cumulative capacity outage probabilities.

Capacity out of Outage probability Cumulative probability
service ∆P [MW] q p (∆P)

100 0.023 = 0.000008 0.000008
75 0.98 · 0.022 · 2= 0.000784 0.000792
50 0.982 · 0.02+ 0.98 · 0.022 =

0.019600
0.020392

25 2 · 0.982 · 0.02= 0.038416 0.058808
0 0.983 = 0.941192 1

Table C.3: Peak load occurrence during 365 days.

Daily peak load MW 57 52 46 41 34
Number of occurrences 12 83 107 116 47

can be calculated using equation C.2.

LOLE = 12 · p (100− 57) + 83 · p (100− 52) + 107 · p (100− 46)
+ 116 · p (100− 41) + 47 · p (100− 34)
= 12 · (0.020392) + 83 · (0.020392) + 107 · (0.000792)
+ 116 · (0.000792) + 47 · (0.000792)
= 2.15108 da ys per year

(C.2)

Note that the cumulative probabilities for outages of 25 MW do not appear in the
final calculation of LOLE since these do not cause any loss of load.

C.2 Expected energy not served (EENS)

The EENS index is defined in [88] in terms of MWh/year by equation C.3.

EENS =
n∑

i=1

EENSi =
n∑

i=1

qi (t) · Eload,shedded,i (C.3)

Here i is a contingency out of n possible contingencies that leads to a load shedding
Eload,shedded,i . Based on the load distribution given in table C.3, the energies not served
due to load shedding for the different contingencies are indicated in figure C.1. The
load shedded with an outage of 50 MW is indicated by area a. The loads shedded
with 75 MW and 100 MW are indicated with areas a + b and a + b + c respectively.
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qi is the probability of being in contingency state i. Based on the generation capacity
data available in table C.1 the Expected Energy Not Served (EENS) can be calculated as
shown in table C.4. If all generators would be available, the electricity delivered to the
loads per year would be 312239 MWh/year.
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Figure C.1: Expected energy not served.

Table C.4: Expected energy not supplied.

Capacity
out of
service
[MW]

Probability qi Energy Curtailed
Eload,shedded,i [MWh]

EENSi [MWh]

0 0.983 = 0.941192 0 0
25 2 · 0.982 · 0.02=

0.038416
0 0

50 0.982 · 0.02+ 0.98 ·
0.022 = 0.019600

a = 365 7.0

75 0.98 · 0.022 · 2=
0.000784

a+ b = 94019 74

100 0.023 = 0.000008 a+ b+ c = 312239 2.5
Sum 82.5
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Nomenclature

List of acronyms

Acronym Meaning
AC Alternating current
ACE Area control error
AEMO Australian Energy Market Operator
AGC Automatic generation control
APX Amsterdam Power Exchange
AS Ancillary service
BRP Balance responsible party
BSP Balancing service provider
CO2 Carbondioxide
D Demand
DC Direct current
DSM Demand side management
DFT Discrete Fourier transform
DG Distributed generation
DG-RES Distributed generation based on renewable energy sources
E-program Trading schedule of BRPs
EC European Commission
EENS Expected energy not supplied
ETSO European Transmission System Operators
ENTSO-E European Network of Transmission System Operators for

Electricity
Eur Euro
FCAS Frequency control ancillary services
FFT Fast Fourier transform
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Acronym Meaning
GCT Gate closure time
GDP Gross domestic product
h Hour
HVDC High voltage direct current
ISO Independent system operator
LFC Load frequency control
LOLE Loss of load expectation
MAE Mean absolute error
MCP Market clearing price
MCV Market clearing volume
min Minute
NERC North American Electric Reliability Corporation
NTC Net transfer capacity
OTC Over the counter
PACE Processed area control error
PC Primary control
PTU Program time unit
pu Per unit
PV Photovoltaic
RES Renewable energy sources
rms Root mean square
s Second
S Supply
SC Secondary control
SRE Self-regulating effect
STFT Short-time Fourier transform
TC Tertiary control
TRM Transmission reliability margin
TSO Transmission system operator
TTC Total transfer capacity
UCTE Union for the Co-ordination of Transmission

of Electricity
WAMS Wide area monitoring system
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List of country acronyms

Acronym Meaning
AT Austria
BA Bosnia-Herzegovina
BE Belgium
BG Bulgaria
CH Switerzerland
CZ Czech Republic
DE Germany
DKW Denmark West
ES Spain
FR France
GR Greece
HR Croatia
HU Hungary
IT Italy
LU Luxembourg
ME Montenegro
MK Former Yugoslav Republic of Macendonia
NL The Netherlands
PL Poland
PT Portugal
RO Romania
RS Serbia
SL Slovenia
SK Slovak Republic
UAW Ukraine West
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List of symbols

Acronym Meaning Units
a Constant for calculating secondary reserves 1 · 106 W
A Wavelet coefficient –
AC E Area control error W
b Constant for calculating secondary reserves 1.5 · 108 W
c Confidence interval –
C Cost Eur
Cost Cost Eur
D Demand W
E Energy Wh
EENS Expected energy not supplied Wh/year
EX Expected value –
f Grid frequency Hz
F Frequency Hz
g Cost function –
G Cost function –
H Transfer function –
j Complex number j2 =−1
J Inertia kgm2

k Sample number –
K Gain –
L Load W
LOLE Loss of load expectation days/period
MAE Mean absolute error %
n Sample number –
N Sample number –
p Probability –
P Power W
PAC E Processed area control error W
Pro f i t Profit Eur
PT U Program time unit –
q Probability –
Q Quantile W
r r Ramp rate W/s
r Balancing requirements W
R Required balancing capacity W (or W/Hz

in case of Rpc)
Revenue Revenue Eur
s Laplace operator –
S Droop %
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Acronym Meaning Units
t Time s
T Period s
U Unavailability –
W Mother wavelet –
Y Discrete Fourier transform –
β Gain –
Γ Penalty factor –
∆ Deviation or difference –
θ Time constant s
κ Gain –
λ Price or Lagrange multiplier Eur/Wh
Λ Network power frequency characteristic W/Hz
µ Average –
ρ Correlation coefficient –
σ Standard deviation –
τ Time delay s
φ Angle rad
Ψ Weight function –
ω Angular frequency rad/s



174 NOMENCLATURE

List of indices

Index Meaning

0 Nominal
area Control area
APX Amsterdam Power Exchange
bid Bidding
c Class
cap Capacity
costs Marginal costs
c t r l Control horizon
DGRES Distributed generation based on renewable

energy sources
d yn Dynamic
f ast Fast
G Generator
grid Network
i Number of generator or load
interPT U between PTUs
int raPT U within the PTU
imb Imbalance
j Trading option / market
J Total number of trading options
k Number of PTU
load Load
loss Network losses
m Wavelet coefficient
M Maximum scaling factor
max Maximum
mid Middle
min Minimum
n Number
norm Normalized
other Additional
out Output of a power plant
overPT U Over the PTU
p Penalty
pace Processed area control error
pc Primary control
pred Prediction
prod Produced
program Defined E-program
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Index Meaning

PT U Program time unit
q Quasi steady-state
re f Reference
rem Remaining in PTU
req Required
rms Root means square
s Sampling
sc Secondary control
sched Scheduled
set Setpoint of a power plant excl. PC
setpoint Setpoint of a power plant incl. PC
shedded Shedded
slow Slow
spot Spot market
sr l Self-regulating load
storage Storage
subsid y Subsidy
TSO Transmission system operator
wind Wind generation
x Cross-border
∗ Optimal
+ Positive or up regulating
− Negative or down regulating
′ New
c Predicted

Maximum
Minimum
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