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Summary

European power systems are currently experiencing new developments such as
the large-scale integration of variable and less predictable renewable energy
sources (RES), accompanied by changes in the regulatory framework of electricity
markets. Meanwhile, power balancing and network operation needs to be secured by
Transmission System Operators (TSOs). These are responsible for operating their
respective area and to facilitate well-functioning markets.

Large-scale integration of RES increases the demand for energy flexibility,
meanwhile reducing the supply of firm reserves, as RES replace conventional
generation in national fleets. In some countries, the TSOs even take over part
of the balance responsibility of RES from market parties. However, TSOs can only
counterbalance imbalances with relatively scarce and expensive balancing reserves.
Therefore, additional balancing resources need to be arranged, to secure the ongoing
balance of power and energy.

A cost-efficient option is cross-border cooperation for balancing, acknowledged
by the umbrella organisation of European TSOs (ENTSO-E). Mutual cooperation
of control areas and power systems can reduce both the procurement and activation
of reserves and therefore organises the balancing process in a more efficient way.

Nevertheless, cross-border balancing markets lead to new challenges for
harmonisation and integration. Choices need to be made for the design of
coordinated balancing markets, without losing the existing (national) market
frameworks. Furthermore, the demand of reserves within coordinated balancing
areas differs from single control areas, which requires new reserve dimensioning
methods. Secondly, to facilitate cross-border balancing, transmission capacity is
essential. However, network allocation to balancing should optimise the total
efficiency of the system, not only maximise the value of balancing. Therefore it
is questionable if the current frameworks of reserve dimensioning and transmission
capacity allocation are adequate for facilitating the developments in cross-
border balancing.
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ii Summary

This doctoral dissertation therefore examines the following central research
question: Which (control) arrangements and associated requirements of the current
European framework of operational planning and system operation need to be
reconsidered and by what method, to adequately facilitate the developments in
cross-border balancing?

To answer the research question, this work analyses and recommends necessary
steps for a transition from the current framework of nationally-oriented power
system balancing, towards a future framework with cross-border balancing and
associated requirements.

To start with, the organisational and technical topics of operational planning and
system operation of power systems, with an emphasis on power balancing and
high-voltage transmission, are elaborated in chapter 2. The main contributions
of this chapter are the distinction made between the responsibility of balancing
power (continuous balance) and balancing energy (balance of energy over a period
of time), and elaboration of the functioning of market designs and the incentives for
all parties involved.

In chapter 3, the current and future developments in cross-border balancing
are elaborated. Therefore, the European regulatory frameworks of balancing
cooperation processes are reviewed and practical examples of European inter-TSO
balancing cooperation are analysed. Chapter 3 contributes to the theoretical
proof of cross-border balancing efficiency, however it also reveals that certain
developments can increase the need for reserves, even with cross-border cooperation
in place. Two examples of these developments are design conditions of markets and
(re)configuration of bidding zones (single price zones).

The applied (simulation) models and analysis techniques in this work are presented
in chapter 4. These models and techniques make it possible to propose requirements
for reserve allocation (how to use the different types of reserves), to estimate
the amount of transmission capacity reservation for balancing (aiming for system
efficiency), and to compute the system frequency performance (stabilisation) of
cooperating power systems.

The current reserve sizing and allocation methods are presented in chapter 5. Here
it is elaborated how power systems ensure reserve redundancy and how reserve
capacity procurement is distributed per area, when areas cooperate in the restoration
process of control area balancing. Therefore, new reserve sizing requirements are
introduced, with special focus on larger areas, because their system impact is
significant. Secondly, a new reserve allocation method is introduced, as a tool
to use fast-response reserves only to counteract highly-dynamic power imbalances.
Based on historical data, the results show a potential procurement reduction for
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fast-response reserves of around 50 %. It is further proposed that remaining energy
imbalances should predominantly be counteracted by market parties. These are then
participating in passive balancing, i.e. the real-time change of market’s net position
to support area balancing.

For the secure transfer of balancing energy across control area borders, as a
result of the cross-border process of frequency restoration, chapter 6 introduces
a novel transmission capacity allocation method. The method consists of a five
step process with the objective to maximise the value of transmission capacity,
aiming for minimising the expenses of the power system (trading + balancing).
Therefore, part of the transmission capacity will be reserved for balancing, instead
of allocating all to market trading. The innovative characteristic of the allocation
method is that it takes into account the rather stochastic nature of power imbalances,
for a fair evaluation of the real value of cross-border balancing. Furthermore,
the method ensures a secure operation of the transmission network by TSOs, by
introducing a new capacity allocation margin. Namely, the balance flow margin,
which is calculated in coherence with the European transmission capacity calculation
approach of flow-based.

In chapter 7, the transmission capacity allocation method is applied to efficiently
configure coordinated balancing areas, in which areas are engaged in cross-border
balancing. An efficient configuration will maximise the value of cross-border
transmission capacity. With the use of historical data, the transmission capacity
allocation method shows that by taking into account the rather stochastic nature
of power imbalances (savings made for balancing energy), on top of the savings
made by cheaper and reduced procurement (balancing reserves), results of an
optimal transmission capacity reservation can deviate significantly. Furthermore,
it is concluded that coordinated balancing areas consisting of rather negatively
correlated power imbalances are most efficient. This is caused by the possibility of
reduction of both reserve activation and procurement. It seems that these savings are
dominant to possible savings made for cheaper reserve procurement and activation.

Besides cooperation within a power system, cooperation between asynchronously
connected power systems is investigated. This investigation focusses on the
stabilisation process of system frequency, the so-called frequency containment
process. In chapter 8, a balancing coupling between three synchronous areas
is analysed. Here, high-voltage direct current interconnections equipped with
additional control become frequency sensitive and respond to frequency deviations
between synchronous areas. The contribution of this work is the observation that
inter-system alignment and coordination is essential, especially to prevent undesired
effects such as frequency oscillations and failure of reserve compliance per system.
Furthermore, the transfer of virtual inertia and self-regulating load, the damping
phenomena of the system, has a dominant effect on the results. Results show



iv Summary

that cooperation with a central control optimisation, which redistributes power
imbalances across the systems in a coordinated way, combines superior frequency
performance, with avoidance of earlier mentioned undesired effects and prevents the
inter-dependency of the balancing performance between power systems.

Finally, chapter 9 summarises the main findings of this dissertation. Accordingly,
the main research question is answered. Cross-border balancing cooperation requires
additional reserve dimensioning requirements and requires a new transmission
capacity allocation method, both with inter-area alignment and coordination among
participating balancing areas.



Samenvatting

Momenteel ondergaan Europese elektriciteitssystemen nieuwe ontwikkelingen
zoals grootschalige integratie van variabele en beperkt stuurbare duurzame
energiebronnen, gepaard gaande met veranderingen in de kaders van regelgeving
van elektriciteitsmarkten. Gelijktijdig dient de vermogensbalans en de belasting van
het elektriciteitsnet veilig gesteld te worden door de net- en systeembeheerders. Deze
zijn verantwoordelijk voor de bedrijfsvoering van hun respectievelijke gebied en voor
het faciliteren van goed functionerende elektriciteitsmarkten.

Grootschalige integratie van duurzame energiebronnen vergroot de vraag
naar energieflexibiliteit, echter verkleint ondertussen het aanbod van reserves,
aangezien duurzame energiebronnen conventionele opwekkers in nationale proporties
vervangen. In enkele landen neemt de net- en systeembeheerder zelfs gedeeltelijk de
energiebalans verantwoordelijkheid van duurzame energie over van marktpartijen.
Echter, systeembeheerders kunnen enkel met relatief schaarse en dure reserves
de energiebalans herstellen. Zodoende dienen additionele balanceringsmiddelen
beschikbaar te worden gesteld, om de vermogens- en energiebalans veilig te stellen.

Een kosteneffectieve optie is grensoverschrijdende samenwerking voor de
balanshandhaving, erkent door de overkoepelende organisatie van Europese
net- en systeembeheerders (ENTSO-E). Wederzijdse samenwerking tussen
balanceringsgebieden en elektriciteitssystemen kan zowel de inkoop, als de activering
van reserves verminderen, en zodoende het balanceringsproces efficiënter organiseren.

Desalniettemin leiden grensoverschrijdende balanceringsmarkten tot nieuwe
uitdagingen voor harmonisatie en integratie. Keuzes dienen te worden gemaakt voor
het ontwerp van gecoördineerde balanceringsmarkten, zonder de bestaande nationale
marktkaders te verliezen.

Bovendien verschilt de vraag naar reserves binnen een balanceringsgebied,
afhankelijk of dit gebied deel uit maakt van gecoördineerde balanceringsgebieden.
Dit vraagt om nieuwe methoden voor het dimensioneren van reserven. Ten tweede
is netcapaciteit essentieel om grensoverschrijdende balanshandhaving te faciliteren.

v
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Echter, toewijzing van netcapaciteit voor balanceren dient de efficiëntie van het
totale systeem te optimaliseren, en niet puur de waarde van balanshandhaving
te maximaliseren. Vandaar dat het twijfelachtig is of de huidige kaders van het
dimensioneren van reserves en het toewijzen van netcapaciteit geschikt zijn om de
ontwikkelingen in grensoverschrijdende balanshandhaving te faciliteren.

Zodoende wordt in dit proefschrift de volgende centrale onderzoeksvraag
beantwoord: Welke besturingsregelingen en bijbehorende vereisten binnen de
huidige Europese kaders van operationele planning en bedrijfsvoering dienen
te worden heroverwogen en op welke wijze, om adequaat de ontwikkelingen in
grensoverschrijdend balanshandhaven te faciliteren?

Om de onderzoeksvraag te beantwoorden, onderzoekt en adviseert dit werk
de benodigde stappen voor een transitie van het huidige kader van regelgeving
van de nationaal georiënteerde balanshandhaving, naar een toekomstig kader van
grensoverschrijdende balanshandhaving met bijbehorende vereisten.

Om te beginnen, worden de organisatorische en technische onderwerpen van
operationele planning en uitvoering van elektriciteitssystemen, met nadruk op
vermogensbalans en hoogspanningstransport, uiteengezet in hoofdstuk 2. De
voornaamste bijdragen van dit hoofdstuk zijn het uiteenzetten van het onderscheid
tussen de verantwoordelijkheid van vermogensbalans (continue balans van
elektriciteit) en de energiebalans (evenwicht van elektrische energie over een
tijdsperiode), en de uitwerking van het functioneren van marktontwerp en prikkels
voor alle betrokken partijen.

In hoofdstuk 3 worden de huidige en toekomstige ontwikkelingen in
grensoverschrijdende balanshandhaving uitgewerkt. Daarvoor worden de Europese
kaders van regelgeving van de samenwerkingsprocessen voor de balanshandhaving
herzien en worden praktische voorbeelden van Europese samenwerking tussen
net- en systeembeheerders onderzocht. Hoofdstuk 3 draagt bovendien bij aan een
theoretisch bewijs van de efficiëntie van grensoverschrijdende balanshandhaving,
echter het laat ook zien dat samenwerking de vraag naar reserves zou kunnen laten
toenemen. Twee voorbeelden van deze ontwikkelingen zijn de condities van het
marktontwerp en de herconfiguratie van biedzones (één prijs zone).

De in dit werk toegepaste simulatiemodellen en analysetechnieken worden
gepresenteerd in hoofdstuk 4. Deze modellen en technieken maken het mogelijk
om eisen te stellen aan de toewijzing van reserves (manier om de verschillende
reserves in te zetten), het bepalen van de hoeveelheid netcapaciteit die voor de
balanshandhaving gereserveerd dient te worden (met als doel de systeemefficiëntie
te verhogen), en het berekenen van prestaties van systeemfrequenties (stabilisatie)
van samenwerkende elektriciteitssystemen.
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De huidige methoden van het dimensioneren en toewijzen van reserves worden
gepresenteerd in hoofdstuk 5. Hier wordt uitgewerkt hoe elektriciteitssystemen
voldoende reserves veilig kunnen stellen en hoe de inkoop van reservecapaciteit
is onderverdeeld per gebied, als gebieden samenwerken in het herstelproces van
lokale balanshandhaving. Zodoende worden nieuwe eisen voor het dimensioneren
van reserves gëıntroduceerd, met de nadruk op de grotere gebieden vanwege
hun significante impact op het systeem. Ten tweede wordt een nieuwe methode
gëıntroduceerd voor het toewijzen van reserves, als middel om snel reagerende
reserves voornamelijk in te zetten om hoogfrequente onbalansen tegen te werken.
Gebaseerd op historische data, laten de resultaten zien dat er potentieel is om de
inkoop van snel reagerende reserves met ongeveer 50 % te verlagen. Verder wordt
voorgesteld om de overblijvende energieonbalansen voornamelijk door marktpartijen
tegen te laten werken. Zodoende participeren deze partijen in passief balanceren,
d.w.z. het real-time veranderen van de netto energiepositie van marktpartijen om
de energiebalans over het gebied te ondersteunen.

Voor het veilig transporteren van balanceringsenergie tussen balanceringsgebieden,
wat voort komt uit het grensoverschrijdend herstelproces van de systeemfrequentie,
introduceert hoofdstuk 6 een nieuwe methode om netcapaciteit toe te wijzen. Deze
methode bestaat uit een vijf stappen proces om de waarde van grenscapaciteit
te maximaliseren, met als doel de totale uitgaven geassocieerd aan het
elektriciteitssysteem te minimaliseren (handel en balanshandhaving). Daarvoor zal
een deel van de netcapaciteit worden gereserveerd voor de balanshandhaving, in
plaats van het volledig toewijzen aan de markt. Het innovatieve karakter van de
toewijzingsmethode zit hem in het meerekenen van het tamelijk stochastische gedrag
van onbalansen, om zo goed mogelijk een eerlijke schatting te maken van de echte
waarde van grensoverschrijdende balanshandhaving. Verder verzekert de methode
een veilige bedrijfsvoering van het hoogspanningsnet door netbeheerders, doordat
een nieuwe marge voor de toewijzing van netcapaciteit wordt gëıntroduceerd.
Namelijk de ”balance flow margin”, die berekend wordt in samenhang met de
Europese netcapaciteitsberekening van ”flow-based”.

In hoofdstuk 7 wordt de methode van de toewijzing van de netcapaciteit toegepast
om efficiënt gecoördineerde balanceringsgebieden samen te stellen, waarbinnen
gebieden samenwerken in grensoverschrijdende balanshandhaving. Een efficiënte
configuratie zal de waarde van grensoverschrijdende netcapaciteit maximaliseren.
Gebruik makend van historische data wordt aangetoond, dat als het tamelijk
stochastische gedrag van onbalansen wordt meegenomen voor het berekenen
van besparingen voor balanceringsenergie, bovenop de besparingen gemaakt door
goedkopere en verminderende reserve inkoop (balanceringsvermogen), de uitkomsten
van een optimale reservering van netcapaciteit significant kunnen verschillen. Verder
wordt geconcludeerd dat gecoördineerde balanceringsgebieden, blootgesteld aan
voornamelijk negatief gecorreleerde onbalansen, het meest efficiënt zijn. Dit wordt
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veroorzaakt door de mogelijkheid om minder reserves in te kopen en te activeren.
Het blijkt dat deze besparingen groter zijn dan de mogelijke besparingen voor het
goedkoper inkopen en activeren van reserves.

Naast samenwerking binnen één enkel elektriciteitssysteem, is samenwerking
tussen asynchroon gekoppelde elektriciteitssystemen onderzocht. Dit
deelonderzoek concentreert zich op het stabilisatieproces van de systeemfrequentie,
het zogenoemde frequentie insluitingsproces. In hoofdstuk 8 wordt een
balanceringskoppeling tussen drie elektriciteitssystemen geanalyseerd. Hier zijn
hoogspanningsgelijkstroomverbindingen uitgerust met aanvullende besturing,
waardoor deze verbindingen frequentie gevoelig worden en reageren op
frequentieafwijkingen tussen asynchroon gekoppelde elektriciteitssystemen. De
bijdrage van dit werk is de waarneming dat afstemming en coördinatie tussen
elektriciteitssystemen essentieel is, vooral om ongewenste effecten zoals frequentie
oscillaties en het onvoldoende beschikbaar zijn van bruikbare reserves per systeem
voor te zijn. Daarnaast is vastgesteld dat de uitwisseling van virtuele massatraagheid
en zelfregulerende belasting een groot effect heeft op het dempingsfenomeen van
het systeem. Resultaten laten zien dat samenwerking met een centraal gestuurde
optimalisatie, waar onbalansen op een gecoördineerde manier worden herverdeeld,
superieur frequentiegedrag combineert met het vermijden van de eerder genoemde
ongewenste effecten en het vermijden van afhankelijkheid van balanceringsprestaties
van andere elektriciteitssystemen.

Tot slot vat hoofdstuk 9 de hoofdbevindingen van dit proefschrift samen. Vervolgens
wordt de hoofdonderzoeksvraag beantwoord. Grensoverschrijdende samenwerking
voor de balanshandhaving vereist aanvullende eisen voor het dimensioneren van
reserves en vereist een nieuwe methode voor de toewijzing van netcapaciteit,
waarbij voor beide processen afstemming en coördinatie tussen de samenwerkende
balanceringsgebieden noodzakelijk is.
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CHAPTER1
Introduction

1.1 Motivation

This chapter motivates the research, by providing an introduction of the current
European developments in power system balancing. These lead to new challenges
for operational planning and system operation, indicated as the problem definition.
Furthermore, the research is described and the dissertation is outlined.

1.1.1 Power balancing needs

To secure the future supply of electricity and to reduce the impact of our power
system on climate and habitat, the shift toward a sustainable power system is
essential. The phasing out of conventional power generation will be compensated by
renewable energy sources (RES), demand side response, international cooperation,
and storage. However, the rapid increase of the share of RES to provide system load,
accompanied by regulatory developments, have led to new balancing and reserve
challenges to maintain the continuous balance between generation and load.

RES increase the demand for balancing services due to limited accuracy of power
injection and due to its variable output [1, 2]. Conversely, the supply of firm and
(cost-)efficient balancing services deteriorates, as RES are replacing controllable
power generation.

Furthermore, the liberalisation of the European energy sector [3, 4] has put
forward regulatory developments. E.g. balance responsibility (being responsible
to inject or withdraw an amount of energy over a pre-defined time interval) of RES
is not always given to market parties. Principally, market parties cover more energy
flexibility to counterbalance energy deviations from RES and could value wind most
efficient [5]. Despite, in date, several European TSOs deploy costly reserves to
counterbalance the energy responsibility for RES.

To conclude, both the integration of RES and the regulatory developments of
electricity markets result in a larger demand of balancing energy, whereas large-
scale integration of RES reduces liquidity of the supply of firm reserves, as it replaces
conventional generation.

1



2 Introduction

1.1.2 Developments in system balancing

The ongoing need for firm balancing energy, in combination with the reduced
supply from conventional generation, drives the need to attract additional and new
balancing sources within power systems, to secure the supply of electricity in a cost-
efficient way.

The aim for cost-efficiency of the balancing process, as a follow up of the
maximising value of trading markets by integrating national markets, has put
forward proposals for cross-border cooperation of power balancing by [6, 7, 8, 9,
10, 11, 12]. The first estimations of the increased potential cost-benefits of coupling
balancing markets are presented in [13, 14, 15].

Current developments in power balancing cooperation include the cross-border
processes of frequency containment and frequency restoration [16]. These are
the processes of stabilising system frequency after a disturbance, and restoring
the balance within the effected area, respectively. Cooperation is empowered by
transmission system operators (responsible for securely operating a certain area) to
exchange and share balancing reserves and balancing energy among each other.

Cross-border balancing cooperation provides four advantages, it reduces the
use of balancing energy (preventing counter-activation of reserves between areas),
it enables activation of most cost-efficient reserves first, thirdly it enables the
procurement (reservation) of fewer reserves the moment areas are sharing their
reserves, and fourthly, cross-border cooperation enables to procure the most cost-
efficient reserves among the areas.

1.1.3 Problem definition

The ongoing objective of an efficient balancing process, empowered by cross-border
cooperation between areas and power systems leads to several challenges. Where
the current framework of operational planning and system operation is based on
(national) control areas balancing their own region, cooperation requires a new
framework aiming for balancing efficiency. This efficiency captures security of supply,
clear settlement of responsibilities, and cost-efficiency of the balancing process.

Three problem definitions for cross-border balancing are considered in this work:

� How to adequately procure balancing reserves? Within each single
control area, balancing reserves are procured to sustain the largest power
imbalance, based on reserve dimensioning techniques. When these techniques
are applied to areas cooperating, it might lead to reserve over or under
dimensioning, and to unequal distribution among areas of reserve procurement
requirements, responsibilities, and costs. The need for balancing reserves of
cooperating areas differs based on the individual characteristics of the single
areas. Still, common reserve requirements should secure reserve redundancy
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in an efficient manner. It should not lead to reserve under-dimensioning
as this can jeopardise security of supply, and it should not lead to reserve
over-dimensioning as this limits the efficiency of the balancing process.

� How to maximise the value of transmission capacity? The use
of interconnected transmission capacity is currently prioritised for trading
purposes. However, a certain amount of transmission capacity allocation to
balancing could maximise the value of transmission capacity, with the aim
to increase social surplus. This allocation requires a new capacity allocation
method, able to determine how to efficiently allocate transmission capacity to
balancing, and how to assign these balancing flows in a new network margin
to keep the network reliable.

� How to ensure frequency quality? Power systems can cooperate for the
stabilisation of system frequency. An option is the transfer of balancing power
over High Voltage Direct Current (HVDC) interconnections. However, the
differences in system size, their interconnection capacity, and the variety of
cooperation concepts will lead to different effects on system frequency support.
With insufficient coordination and without alignment on cooperation and
control settings, cooperation between power systems might lead to undesired
effects, such as frequency oscillations, and non-compliance of reserves per
system.

These three problem definitions are divided into the following three sub-studies:

Sizing and allocation of reserves
The set of recently defined European requirements [17] for cross-border balancing
and reserve procurement for the purpose of restoring area control errors
(secondary control) do not always make a distinction between the size of control
areas. These however determine the dominance of the different types of power
imbalances an area will be exposed to. Furthermore, for different cooperation
concepts, current reserve procurement requirements deviate [17]. This inconsistency
of reserve sizing methods for area cooperation may result in reserve redundancy
implications. Consequently, this might lead to compliance constraints, and
disproportional distribution of responsibility, tasks, and obligations for power
balancing among control areas. Therefore, this research will evaluate current sizing,
allocation, and procurement requirements for area cooperation, and proposes a new
allocation method for reserves, with a rather dominant role for market parties to
support system energy balancing. The aim is to reduce the need and thus costs for
balancing, meanwhile being reserve compliant and securing supply of electricity.

Transmission capacity allocation method
Interconnected transmission capacity was always reserved for trading markets,
with an exclusively small reservation for balancing (security purposes). However,
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maximising the value of cross-border activities should be captured by an optimised
allocation method of transmission capacity. Eventually, this should increase the
social surplus. This requires a new transmission capacity allocation method which
takes into account the value of cross-border balancing energy, which is driven by the
stochastic nature of power imbalances. The allocation of transmission capacity to
balancing also needs to be accompanied with a new and firm transmission margin,
to keep respecting interconnected-transmission network margins. Current safety
margins are not designed and intended to capture these additional balancing flows.

Trilateral balancing coupling of synchronous areas
Besides cooperation between control areas within a power system, cooperation
between power systems can also support the efficiency of the balancing process.
A possible cooperation is the support of stabilising system frequency, the process
of frequency containment. Power systems become more robust to resist power
imbalances, because relatively more reserves stabilise system frequency. A
cooperation between Continental Europe, Great Britain, and Nordic is the next
European step. This trilateral cooperation will result in a frequency interdependency
for multiple systems. Without aligned and insufficient coordinated support,
undesired effects such as disproportional support, frequency oscillations, and
reserve non-compliance and unavailability might be experienced. This should be
investigated, to provide recommendations for each cooperation concept, to propose
the most efficient concept.

1.2 Research description

In this section the research plan is described, which consists of the objectives,
research questions, methodology, and approach.

1.2.1 Research objectives

The general objective of this work is:

To propose control arrangements with its associated requirements, based on the
current European framework of operational planning and system operation, to in
order to facilitate the developments in cross-border balancing with the aim to (cost-
)efficiently perform power balancing and secure the supply of electricity.

The three sub-research objectives are:

� To safeguard reserve redundancy with harmonised reserve procurement
responsibility and treatment (equality) per control area. Therefore, the
effects of current reserve requirements for different cooperation concepts on
the distribution of responsibility and obligations of TSOs are investigated.
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Furthermore, reserve procurement requirements are reconsidered and a new
reserve allocation method is proposed.

� To maximise the value of transmission capacity, increasing social surplus
which eventually should lead to a lower electricity bill for the end-consumer.
Therefore, a transmission capacity allocation method is introduced which
computes the maximum value of transmission capacity, as a function of
the reservation of a specific amount of transmission capacity for balancing
purposes. The method introduces a new transmission capacity margin to
safeguard network operation.

� To secure the fast-response resistance of power systems when exposed to
large and sudden power imbalances. Therefore, different cooperation concepts
of a trilateral synchronous area cooperation (between power systems) are
investigated.

1.2.2 Research questions

The main research question:

Which (control) arrangements and associated requirements of the current European
framework of operational planning and system operation need to be reconsidered and
by what method, to adequately facilitate the developments in cross-border balancing?

will be answered with the following research questions:

1. Could cross-border balancing lead to a reduction of local procured frequency
restoration reserves (secondary control), and what set of procurement
requirements support reserve compliance and harmonise the distribution of
procurement responsibility per control area?

2. Which method is applicable for sizing and allocating frequency restoration
reserves for control areas cooperating in load-frequency control, securing reserve
compliance with a minimum of reserves?

3. How can a method of transmission capacity allocation be designed, where
transmission capacity is reserved for balancing (frequency restoration process),
with the objective to maximise the value of transmission capacity?

4. What system parameters determine the value of transmission capacity
reservation for balancing, with the objective to increase social surplus?

5. How do configurations of coordinated balancing areas influence the value of
transmission capacity for balancing, when considering network restrictions?
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6. What are the system frequency responses of HVDC balancing arrangements for
an inter-synchronous area cooperation for the process of frequency containment
(primary control) and how to model this set of possible arrangements?

7. What cooperation concepts of a trilateral synchronous area cooperation for the
process of frequency containment are adequately supporting frequency quality
under the event of (an) infeed loss(es), and which cooperation concepts initiate
undesired effects?

1.2.3 Methodology and approach

The methodology and the approach of this work is elaborated, according to the
research questions:

1. Local procurement reduction of frequency restoration reserves.
To answer the first research question, a data analysis is performed
using publicly available data of several Continental European control
areas (case study). Causal, temporal, and spatial relationships of the use
of reserves per area are investigated in the time and frequency domain.
For the case study, possible reserve procurement reduction is computed by
considering the current European reserve procurement requirements, and with
consideration of the avoidance of counter-activation of reserves between areas.

2. Methods for sizing and allocation of frequency restoration reserves.
Current methods for sizing and allocation of reserves and its applicability to
control area cooperation are reconsidered. Therefore, using publicly available
data, control areas are categorised as a function of the size of system load.
Accordingly, their dominant imbalances are determined. The discrepancy
between the actual use of reserves and the European procurement requirements
is determined, performed per area and for area cooperation. The results
are analysed and and new reserve procurement criteria for area cooperation
are proposed. Besides reserve sizing, a new method for reserve allocation is
proposed. The approach is, to decompose the need for fast-response reserves
and the need for slow-response reserves. Therefore, a signal analysis technique
is applied, named Hilbert-Huang Transform, especially applicable to the non-
linear data of power imbalances / reserve activation. The results are used to
identify the actual need for fast- and slow-response reserves. Accordingly, it
is proposed (confirmed with Dutch data) how market parties could support in
real-time the system to prevent activation of (slow-response) reserves.

3. Design of the transmission capacity allocation method for balancing.
A new transmission capacity allocation method for balancing is proposed to
optimise the value of existing transmission capacity by reserving part of it
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for cross-border balancing. The method is developed in coherence with the
existing capacity calculation approach of flow-based. It consists of a five step
process to integrate the balancing process into trading markets and allocate
transmission capacity market-based, with least estimation. Therefore a new
calculation methodology is introduced to take into account the stochastic
nature of power imbalances. In order to secure network operation, a new
transmission margin is introduced.

4. System parameters that determine the value of transmission capacity
reservation for balancing.
Dominant system parameters are identified, which determine the value of
transmission capacity for balancing. Therefore, a case study is introduced
and a probabilistic assessment is applied. This is based on the results that will
answer research question 1. The case study consists of a two area model with
a single interconnection, and the transfer of balancing energy is calculated.

5. Configurations of coordinated balancing areas that maximise the value of
transmission capacity.
Different configurations (characteristics) of coordinated balancing areas are
analysed to evaluate their effect on the value of transmission capacity.
Therefore, the probabilistic assessment is applied to determine the influence of
the cross-correlation of power imbalances between areas and price differences
between areas of trading and balancing products.

6. Frequency responses of HVDC balancing arrangements.
For the fast-response support for stabilising system frequency, this work
analyses different cooperation concepts for frequency support between power
systems using controllable HVDC interconnections. Therefore, an integrated
load-frequency model is developed to analyse the frequency performance
of different cooperation concepts. The model takes system inertia, the
self-regulating effect of system load, primary control, and secondary control
into account. The model is validated based on actual system frequency
measurements.

7. Frequency quality and possible undesired effects per HVDC balancing
arrangement.
The frequency performance of five cooperation concepts is analysed, and
based on the results, the most suitable cooperation concepts for European
power systems are proposed. Therefore, a case study consisting of three
European power systems is applied, and results are obtained for an infeed loss
in one single area, and for two areas simultaneously. The frequency responses
and resulting balancing energy transfers over the HVDC interconnections are
analysed. Accordingly, recommendations are provided in view of design and
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integration of HVDC balancing arrangements, with the objective of pursuing
frequency quality compliant to European Network Codes, and to prevent
undesired effects which might jeopardise operational security.

1.2.4 Scope

This work researches the developments in cross-border balancing and consequences
on transmission network planning, for the frequency containment process, as well as
the frequency restoration process.

The research is conducted with the objective to maximise the efficiency of the
total system, consisting of several balancing areas. The applied approaches and
proposed methods focus on maximising the efficiency and value of an optimised
system, rather than maximisation of a single line, area, region or market.

The study focusses on active power balancing, the frequency control and
regulation, from the seconds time range until 15 minutes. With respect to energy
balancing, starting from the time range of 15 min onwards, it is considered and
proposed that this should be covered by market parties, outside the responsibility
and obligation of the Transmission System Operator. Therefore, this work does not
consider the reserve restoration process, in line with several Continental European
balancing areas, which are not using replacement reserves. This because it would
take over the energy balancing responsibility from market parties. Phenomena
shorter than the second time range such as transient stability or small signal stability
are also not considered.

For all case studies and all historical data used, a time horizon of 2010 -
2020 is covered. The research focusses on the European power systems, with its
associated regulatory framework and balancing mechanism characteristic, and with
consideration of the European network topology.

With respect to cross-border cooperation in trading and balancing markets, this
work does not research dis(harmonised) balancing market design variables between
cooperating areas, e.g. gate closure time of markets, reserve bid requirements, and
imbalance settlement period lengths. Furthermore, it is considered that the market
performs without distortion, e.g. market power, gaming, and lack of liquidity.

The proposed optimisations for the cross-border balancing process and the
allocation of transmission capacity for balancing are designed such, that market
parties still have most interest to stay in balance, or support the area or the system,
rather than to go in imbalance, aggravating the balance of the area/zone/system.

1.2.5 Working assumptions

This work researches optimisation methods for operational planning and system
operation, with the aim to bring trading, balancing, and the network closer to
each other. This is considered to be essential within an Energy-only market,
where generation capacity and its locational condition have no additional market
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value between market parties within the same bidding zone (single price region).
Furthermore, within an energy-only market, with increasing participation of the
demand side, competition between market parties should not be restricted and
leading to limited trades because of network congestion within a single price region.
The market-should have the freedom of dispatch.

The objective of several European member states is to support the energy-only
market, within a liberalised and unbundled market framework. Here, liquid and
transparent markets should be present, allowing a level playing field. This should be
supported by freedom of dispatch and balance responsibility for all market parties.
Adequate bidding zone configurations will support the system to reflect the “true”
value of energy within, safeguarding security of supply, and meanwhile providing
incentives for long-term investments (generation adequacy).

In this working concept, transmission capacity plays a vital role to deliver
correct price signals. Large volumes of redispatch (costs), as a consequence of too
large bidding zones, disable correct price signals such as necessary price differences.
Consequently, lower market prices result, which fundamentally do not reflect the
true value of energy at a certain location. This will hamper a proper participation-
and investment-climate.

Generation from renewable energy sources and demand response is more
constrained to compete in electricity markets, where especially demand response
is considered to be the future key component to provide generation adequacy.

Please note that higher market prices due to different configurations of bidding
zones do not implicitly lead to a higher electricity bill for end-consumers. This
because the resulting lower redispatch costs should lead to lower network tariffs. In
conclusion, associated costs of locational constraints can be shifted from the TSO
to the market, where the latter is capable to solve it market-based.

The same relation can be made between the use of transmission capacity for
trading (historically), and the use of transmission capacity for both trading and
balancing. For a rather fair distribution of opportunities and market competition,
both trading and balancing should be able to perform cross-border transactions.
This should not be prohibited because it might involve an estimation component as
is the case for balancing energy.

1.3 Dissertation outline

In chapter 2 background information is provided about the organisational and
technical topics concerning planning and operation of power systems, with the focus
on power balancing and power transmission.

In chapter 3 the current and future developments in cross-border balancing
are elaborated. The European regulatory framework for cooperation of balancing
processes is mentioned and current practical examples of European cooperation
arrangements for balancing are provided.
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The applied simulation models are presented in chapter 4, namely the applied
load-frequency control models for modelling system frequency responses, and a
power flow model to simulate power flows through networks. Also, the signal analysis
technique Hilbert-Huang Transform is introduced and a signal decomposition
example is given. The Hilbert-Huang Transform will be used for the reserve sizing
and allocation method.

The series of research chapters start with chapter 5. Here, it is researched
how control areas should secure reserve redundancy and how the proportional
procurement of reserves (equal treatment) can be pursued. This will answer
research question 1. A new reserve allocation method is proposed, using the
Hilbert-Huang Transform. Results will answer research question 2.

In chapter 6, the transmission capacity allocation method for cross-border
cooperation for the frequency restoration process is introduced. The five step process
to compute the value-optimal reservation of transmission capacity is conceptually
explaining how the allocation method works. This chapter will answer research
question 3.

In chapter 7, the configuration of coordinated balancing areas is discussed,
aiming for cost-efficiency within the constraints of the network. Therefore,
the transmission capacity allocation method is applied to a case study using a
probabilistic assessment. With the artificial case it will be shown how the value
of balancing components affect the optimal allocation of transmission capacity by
using the introduced transmission capacity allocation method of chapter 6. The
results will be used to answer research question 4. Furthermore, the results of the
probabilistic assessment will answer research question 5, how to adequately configure
coordinated balancing areas, with the aim of respecting network restrictions and
pursuing increased social surplus.

The series of research sections ends with chapter 8 and elaborates on the coupling
of synchronous areas for balancing cooperation of the frequency containment
process (primary control). Here, HVDC interconnections equipped with additional
control become frequency sensitive and respond to frequency deviations between
synchronous areas. The applied case study is a trilateral synchronous area balancing
coupling between the ENTSO-E regional groups Continental Europe, Great Britain,
and Nordic. This chapter will answer research questions 6 and 7.

In chapter 9, conclusions are drawn and recommendations are provided, to
conclude all research questions and answer the main research question.

The used definitions of ENTSO-E and the newly defined definitions are listed
in Nomenclature.



CHAPTER2
Operational security

2.1 Introduction

All European power systems are build up on actors and frameworks to ensure the
continuous supply of electricity to end-consumers. In the upcoming sections, aspects
of operational security are discussed and the capability to keep the system within
agreed security limits or return to this state. The aspects of operational security form
the basis for the consecutive chapter 3. There, the new developments of cross-border
and inter-synchronous area cooperation are mentioned.

In section 2.2, the organisation of the power system is elaborated, and the
involved actors with their responsibilities and obligations are mentioned. The
European electricity markets are briefly introduced, these need to incentivise and
facilitate the duties and responsibilities of all actors involved. All topics relate to
power balancing and transmission.

Power balancing and its mechanisms are explained in section 2.3. Here, the
frequency containment and frequency restoration process are highlighted, both
directly relate to frequency quality.

Frequency quality is a measure to indicate the occurrence, duration and
magnitude of frequency deviations. The targets associated with frequency quality
are listed in section 2.4, in compliance to the European Network Codes.

In addition to power balancing, power transmission is the second topic of
operational security researched in this work. Therefore, in section 2.5, two European
approaches for power transmission planning are described.

The different areas in which market parties are cooperating and TSOs securing
their area balancing and network margins are elaborated in section 2.6.

Deviations from the TSOs’ targets of power balancing and power transmission
might risk their operational security. In section 2.7 it is briefly mentioned what
measures TSOs apply and what (remedial) actions they can undertake if the
requirements for power balancing and or power transmission are not met.

The used terminology of the umbrella organisation of TSOs (ENTSO-E) is
elaborated in section 2.8 and new terminology is proposed.

11
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At last in section 2.9, a summary is provided of all aspects mentioned in this
chapter, which relate to power balancing and power transmission in order to ensure
operational security.

2.2 Organisation

In this section organisational entities, such as actors involved and electricity markets
are mentioned, which are relevant for operational planning and system operation.

2.2.1 Power systems

The European power systems (synchronous areas) each have a common system
frequency in steady-state of 50 Hz [18]. A synchronous area is build up on one
or more Load-Frequency Control Blocks (LFC Blocks). An LFC Block is part of a
synchronous area, or may even be an entire synchronous area, physically demarcated
by points of measurement of interconnections to other LFC Blocks. Each LFC Block
is operated by one or more Transmission System Operators (TSOs), responsible for
operating a given area, the LFC Area. An LFC Block consists of one or more of these
LFC Areas, each area operated by a single TSO. In Figure 2.1, the configuration of
LFC Blocks and LFC Areas within a synchronous area is depicted.

Synchronous Area

LFC Block

LFC Area

(LFC Area)

LFC Block

LFC Area LFC Block

LFC Area

LFC Area(LFC Area)
LFC Block

Figure 2.1: Schematic depiction of the configuration of LFC Blocks and LFC Areas
within a synchronous area. In this particular example, the synchronous area consists
of 4 LFC Blocks, with a total of 6 LFC Areas.

The main responsible TSO per LFC Block/Area is the connection TSO, to ensure
operational security:

Operational Security means keeping the Transmission System within
agreed security limits and means the Transmission System capability to
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retain a Normal State or to return to a Normal State as soon, and as close
as possible, and is characterised by thermal limits, voltage constraints,
short-circuit current, frequency limits and stability limits. [18]

TSOs maintain a certain level of operational security for the transmission
of electricity and its components, to keep the continuous balance between
generation and system load within pre-defined limits, following the (N-1)-criterion.
The continuous balance in the system is represented by system frequency, the
performance indicator of the synchronous coupled areas. Maintaining a certain level
of frequency quality avoids automatic protection mechanisms to be triggered and
thus the uninterrupted supply of electricity can be safeguarded. System balancing is
facilitated within each synchronous area with balancing mechanisms, able to activate
reserves to stabilise and restore the original balance between generation and load.
Besides system balancing, power transmission, the transfer of electricity, needs to
be facilitated, respecting thermal ratings to prevent overloading leading to increased
risk of black outs.

2.2.2 Transmission System Operator

A party that is responsible for a stable power system operation (including
the organisation of physical balance) through a transmission grid in
a geographical area. The system operator will also determine and be
responsible for cross-border capacity and exchanges. If necessary he
may reduce allocated transmission capacity to ensure operational stability.
Transmission as mentioned above means ’the transport of electricity on
the extra high or high voltage network with a view to its delivery to
final customers or to distributors. Operation of transmission includes as
well the tasks of system operation concerning its management of energy
flows, reliability of the system and availability of all necessary system
services’ [18].

The three domains of European TSOs are:
System services, the System Operator is responsible for system operation, to

maintain the continuous power balance between generation and load, securing system
frequency and the area balance control, and therefore respecting the power quality
targets on transmission level.

Transmission services, the Transmission Operator has the responsibility for
transmission operation, to construct and maintain a robust and efficient high-voltage
network. The market should be provided with complete freedom of connection,
with reliable network operation in which the thermal limitations of the network are
respected.

Market facilitation, most often the TSO is responsible to facilitate a smooth
functioning, liquid, competitive, and stable electricity market (platform) in which
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energy can be traded among market parties.

The relevant aspects of the responsibility of TSOs within the boundaries of this work
are power balancing and power transmission. For power balancing, the TSO needs
to ensure the performance of balancing mechanisms to provide and secure required
frequency quality of its LFC Block in order to prevent load disruptions (blackouts).
Responsibility of power transmission means to secure a reliable transmission of power
from source to sink, by taking into account reserve margins within the network, to
withstand contingency events.

In order to perform and secure, the TSO distinguishes three time stages for a reliable
operation of its LFC Block:

Operational planning. Pre-real-time, TSOs assess all submitted energy
transactions received from market parties, which are responsible for submitting
generation and consumption schedules. The TSO verifies the zero transaction
positions considering the sum of generation and consumption schedules, import and
export, and identifies possible constraints or even network violations using power
flow models. Consequently, adjacent TSOs will be informed or remedial actions are
performed ahead of real-time operation.

System operation. At real-time, the continuous balance over a particular area
between generation and system load should be maintained by the connection TSOs.
Furthermore, the security margins of the associated transmission network should be
respected. Instantaneous deviations between submitted energy schedules and actual
dispatch of market parties lead to power imbalances. TSOs continuously monitor the
performance of the area. If requested, the connection TSO, as a single reserve buyer,
may send signals to reserve providing entities to activate reserves (and/or change
network topology) for the purpose of power balancing and power transmission.

System settlement. Post-real-time, the TSO settles the deviations observed
between the submitted energy schedules and dispatch to the responsible market
parties, resulting in imbalance prices. Reserve providers who served the system with
reserves will be remunerated by the TSO.

2.2.2.1 Classification of TSOs

TSOs can be classified based on their approach of reserve activation. Two
classifications are observed, reactive TSOs who mainly use automatically activated
reserves to counterbalance power imbalances, and the rather proactive TSOs who
moreover use manually activated reserves to counterbalance energy imbalances.
For both classifications, the TSOs procure balancing reserves ahead of operation.
Note that it is not proposed, suggested, or argued to use this classification as a
performance indicator for TSOs. Nevertheless, the differences in TSO’s approach
of activating reserves has effect on frequency quality and how market parties are
incentivised to be in balance.
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� Reactive TSO means a connection TSO with a role limited to counterbalance
residual power imbalances and providing proper incentives to market parties to
actively contribute to their portfolio balancing. Therefore, the TSO activates
reserves after experiencing actual disturbances within the LFC Block [19].
The TSO predominantly compensates these disturbances with automatic
control targets consequently limiting the risks of counter-activation of reserves.
Therefore, a reactive TSO moreover incentivises market parties to balance
real-time their energy portfolio. At present, the Belgium, Dutch, German,
and Austrian LFC Blocks are examples of reactive TSOs performing real-time
balancing after experiencing power imbalances.

Certain reactive TSOs also promote the market design measure of passive
balancing (active market response in area balancing) [20, 21]. Here, market
parties are rewarded the moment they deviate from their energy schedule, with
the aim to support area balancing. Therefore, the TSO publishes real-time
the actual reserves activated and the associated imbalance price within the
relevant area. Due to this market participation in area balancing, a) the
market can decide market-based which units to use, b) more and new liquidity
is provided [22], c) lower residual imbalances remain, and d) the reactive
TSOs need to activate fewer reserve bids. Nevertheless, a very important
pre-requisite for passive balancing is sufficient available network capacity after
market-gate closure within the relevant area. This is challenging for the rather
larger areas. E.g. the Dutch TSO TenneT NL is a reactive TSO with significant
real-time balance support from the market.

� Pro-active TSO means a connection TSO with a more central role, which
contracts a solid amount of reserve capacity (procurement) to actively
participate in system energy balancing. Consequently, the TSO takes over
part of the responsibility for energy balancing from the market. Furthermore,
the TSO might activate reserves before experiencing the actual disturbance,
taking measures to limit the area imbalance in advance. For example, the
TSO anticipates on deterministic imbalances experienced at hourly transitions,
caused by market design conditions [23]. Another characteristic of proactive
behaviour is that the TSO manually participates in the decision process of
activating reserves with e.g. manual control targets and decision algorithms,
e.g. for financial optimisation. However, as mostly manually activated
products affect the balance of the consecutive ISP, a pro-active TSO interferes
with market (incentives) to perform energy balancing. The French and UK
TSOs show proactive behaviour. The Danish TSO Energinet.dk behaves
pro-actively due to its anticipation on power imbalances experienced at hourly
transitions [19].
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2.2.3 ENTSO-E

All electric TSOs in the European Union and others connected to their networks,
for all regions, and for all their technical and market issues are represented by the
organisation European Network of Transmission System Operators for Electricity
(ENTSO-E), counting at present 41 members [24]. The organisation ENTSO-E is an
essential entity for cooperation within power systems and therefore promoted by the
European Commission [3]. ENTSO-E increases cooperation and coordination among
TSOs and is assigned for the roles of European-wide planning and operation of its
power systems. Furthermore, ENTSO-E has the task to promote the completion and
functioning of the internal market in electricity and cross-border trade, to ensure the
optimal management, coordinated operation, and sound technical evolution of the
European electricity transmission network [24].

Through ENTSO-E, TSOs communicate their needs and positions on European
and regional issues, parallel to their regionally cooperation. ENTSO-E’s activities
are organised in three Committees: System Development, System Operations
and Market. As deliverables, ENTSO-E creates network codes for providing and
managing effective and transparent access to the transmission networks across
borders, and to ensure coordinated and sufficiently forward looking planning and
sound technical evolution of the transmission system in the community, including
the creation of interconnection capacities [24].

2.2.3.1 Network Codes

The complete ENTSO-E’s Network Code overview can be found in [25]. The need for
these set of rules were identified during the course of developing the Third Energy
Package [4], the legislative package for internal gas and electricity market in the
European Union for the purposes of further opening the markets, with unbundling
of ownership and liberalisation. As part of the market legislation within the Third
Energy Package, Network Codes develop standards and draft network codes to help
harmonise the flow of electricity (and gas) across the different transmission systems
in Europe [3]. The five considered Network Codes in this work are [25]:

Load-Frequency Control & Reserves [17] ’Will help to ensure coherent and
coordinated operation of transmission networks to achieve a satisfactory level of
frequency quality. It will do this by focusing on frequency quality criteria, frequency
control structure, frequency containment reserves, frequency restoration reserves,
replacement reserves, exchange of reserves and synchronous time control.’ Time
control and replacement reserves are not considered in this work, because both have
no direct effect on system balance.

Operational Security [26] ’It will provide the basis for the power system to
function with a satisfactory level of security and quality of supply, as well as efficient
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utilisation of infrastructure and resources. It will do so by focusing on common
operational security principles, pan-European operational security, coordination of
system operation, and some important aspects for grid users connected to the
transmission grid.’ Mainly the aspects of operational security requirements are
considered in this work.

Electricity Balancing [16] ’It will ensure that the correct framework will be put in
place for the development of cross-border balancing markets. The effective sharing
of balancing resources between countries enhances security of supply and reduces
costs.’ This work adapts several proposed balancing frameworks and investigates
their effect on security of supply and potential for cost reduction.

Capacity Allocation Congestion Management [27] ’It sets out the methods for
allocating network capacity in day-ahead and intraday time scales and outlines the
way in which capacity will be calculated across the different zones, with harmonised
cross-border markets leading to a more efficient European market.’ This work
considers CACM to introduce the process for transmission capacity calculation for
cross-border balancing in coherence with this Network Code. The latter sets out
rules for calculating cross-border capacity, defining and reviewing bidding zones,
and operating day ahead and intraday markets.

High Voltage Direct Current [28] ’It will specify requirements for long distance
DC connections, links between different synchronous areas and DC connected
Power Park Modules, such as offshore wind farms, which are becoming increasingly
prominent in the European electricity system.’ This work considers the use of HVDC
interconnections between synchronous areas for the purpose of inter-synchronous
area balancing. Therefore, requirements for the frequency sensitive mode of HVDC
interconnections are adapted.

2.2.3.2 Regional Groups

Within ENTSO-E, multiple Regional Groups (RGs) exist, each representing its
unique synchronous area. The RGs of Continental Europe (CE) (former UCTE),
Great Britain (GB) (former UKTSOA), and Nordic (NE) (former NORDEL) are
listed in Table 2.1 with all involved countries.

2.2.4 Other Actors

In addition to TSOs, other actors are involved in the planning and operation of
power system. These are briefly introduced in this section.
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Table 2.1: Countries within Regional Groups of ENTSO-E.

Continental Europe Austria, Belgium, Bosnia-Herzegovina, Bulgaria, Czech
Republic, Croatia, Denmark (West), France, former
Yugoslav Republic of Macedonia (FYROM), Germany,
Greece, Hungary, Italy, Luxembourg, Montenegro,
The Netherlands, Poland, Portugal, Romania, Serbia,
Slovakia, Slovenia, Spain, and Switzerland.

Great Britain Scotland, England, and Wales.

Nordic Denmark (East), Finland, Norway, and Sweden.

2.2.4.1 Balance responsible parties

Balance Responsible Parties (BRPs), or Program Responsible Parties, are market
parties responsible for the infeed and withdrawal of energy over a predefined time
window, in and from a particular LFC Block respectively. Therefore, at operational
planning stage, BRPs submit Energy-programs (E-program) to the connection TSO.
E-programmes are market transactions and capture information of expected infeed
or withdrawal of a certain amount of energy over a certain amount of time, the
Imbalance Settlement Period (ISP) [18], also named the Program Time Unit (PTU).
The ISP is therefore the time period in which BRPs are incentivised and responsible
to reach a balance energy position [29]. Within Europe, the ISP differs among
LFC Blocks within the same synchronous area. In Table 2.2 the ISP of several
Continental European LFC Blocks is listed.

Table 2.2: Imbalance Settlement Period of several Continental European
LFC Blocks [29].

AT, BE, CH, DE, IT, NL 15 min.
FR 30 min.

CZ, DK, ES, PL, PT 60 min.

Historically, (international) trading is performed with hourly blocks, to cope with
different ISP lengths per area. In future, ISP lengths are intended to be harmonised
and therefore trading blocks lengths might be reduced. As a consequence, shorter
ISPs shift responsibility of power balancing from TSOs toward BRPs as was studied
in [2].

The connection TSO validates all E-programmes and approves, provided they
have been found to be consistent internally as well as externally [30]. After market
gate closure, during system operation, the BRP is responsible not to deviate between
its submitted E-program and its actual dispatch. Energy deviations over a particular
ISP, monitored by the TSO, result in a disequilibrium of area balance, consequently
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energy needs to be balanced by means of activation of reserves. After system
operation, the imbalance settlement process links the responsible BRPs with the
costs associated with the balancing process, which is then followed by a financial
transaction (penalty). Besides the penalty, BRPs are constrained with the duration
of causing an energy imbalances. E.g. the Dutch and Belgian BRPs have the
obligation to balance themselves from ISP+2 at the latest, within 30 min after
an incident.

One of the general objectives of imbalance settlement is to ensure that BRPs
support the system′s balance in an efficient way and to incentivise these market
participants in keeping and/or helping to restore the system energy balance [31].
Consequently, the balancing needs for TSOs may decrease. Nevertheless, a
transparent system, with correct incentives and adequate and timely information
is essential to ensure that BRPs will balance themselves during the intraday time
frame and as close as possible to real-time. Hence, a pro-active TSO might eliminate
incentives to BRPs for self-balancing or supporting area balancing [19].

2.2.4.2 Balancing service providers

The activation of reserves is initiated by TSOs, however executed by Balancing
Service Providers (BSP). These represent a reserve providing entity (unit or group)
able to inject power/energy in or absorb from the system, on request in a controlled
way. Every BSP is automatically a BRP, or is assigned to a BRP, as it needs
a balance responsibility because it injects or withdraws energy in or from the
system respectively. Nevertheless, a BSP has no obligation to deliver trading energy
(unequal to zero), due to its energy balance responsibility. The BSP is connected
to a single reserve connecting TSO to provide firm capacity at moments when a
connection TSO signals the need for reserves.

BSPs submit their upward and downward reserve bids during operational
planning to the reserve connecting TSO. This process captures reserve procurement,
the process for TSOs to secure a certain level of firm reserve capacity, to be available
on request during system operation.

During system operation, BSPs which are part of the balancing energy bidding
ladder receive signals for reserve activation. In section 2.3, the different types of
reserves and the activation cycles are elaborated.

At post-system operation, the connection TSO settles the firmness of delivered
services of the respective BSP, per direction and per ISP, to remunerate
BSPs (financial reward).

2.2.4.3 Energy regulator

Energy regulators are responsible to regulate transparent and well functioning
energy markets, without access-discrimination, and without abuse of market
power. Therefore, the energy regulator has the task to monitor and verify



20 Operational security

the performance of those entities part of the electricity sector, compliant to
codes and laws. E.g in the Netherlands, the Energiekamer belonging to the
Nederlandse Medededingingsautoriteit (at present known as Autoriteit Consument
& Markt (ACM) [32]), guards compliance of entities with the Dutch Electricity law
’Electriciteitswet 1998’ [33].

Well functioning energy markets are key components for the 2020 Vision for
Europe’s energy customers: reliability, affordability, simplicity, and protection
& empowerment as endorsed by Eurelectric [34]. The Union of the Electricity
Industry - Eurelectric is the sector association which represents the common
interests of the electricity industry at pan-European level, plus its affiliates and
associates on several other continents.

For the unbundling and liberalisation of the electricity sector [3, 4], transparent
and coherent regulation on European scale is essential. Here, one of the objectives
is price coherence between countries to protect customers for variable prices.
The Agency for the Cooperation of Energy Regulators (ACER) complements and
coordinates the work of national energy regulators at European Union level [35].
ACER has the main objective to work towards a single energy market to the benefit
of all European Union consumers.

ACER guides the drafting of Network Codes by ENTSO-E to ensure
harmonisation, integration, and efficiency of the European electricity markets.
Recommendations of ACER are adapted by ENTSO-E in the draft processes,
including all other relevant stakeholders.

2.2.5 Electricity markets

Electricity markets facilitate trading transactions between BRPs and facilitate power
transactions between a reserve connection TSOs and BSPs. Trading markets should
support competitive wholesale markets under a framework of open access and non-
discrimination. Balancing markets should supply sufficient and cost-efficient reserves
for TSOs, delivering benefits by reducing the need for back-up generation. Both
markets should incentivise parties to provide their services and invest in future
(energy/power) capacity to secure generation adequacy.

2.2.5.1 Trading markets

The classification of energy trading markets is based on the agreement time before
delivery, the respective Gate Closure Time (GCT). At present, several national
trading markets are harmonised to transact across border. This market coupling
improves the economic surplus, it matches the highest purchase orders and the
lowest sale orders. European examples of multinational markets are the Nord Pool
Spot [36], APX power spot exchange [37], and EPEXSPOT [38].



2.2. Organisation 21

A distinction is made between 3 types of electricity markets, in descending order
of delivered amount of energy and GCT:

Future markets are bilateral agreements (over the counter trade) and represent
transactions for the exchange of bulk energy generated and consumed in the system.
These transactions have variables free to choose such as amount of energy, duration,
and price and are often settled years ahead.

Day-ahead markets are spot markets predominantly securing the balance
between supply and demand, pre-real-time. These markets facilitate liquidity and
provide transparency. The predictions of supply and demand become more accurate
and cost-optimisation is performed. Each trader submits its bids for selling or buying
energy. In CE, the energy schedule for trading has a predominant block length of
1 hour. Based on merit order lists, associated market clearing prices and market
clearing volumes result.

Intraday markets are spot markets acting as continuous markets, and facilitate
BRPs to optimise their transactions close to real-time. It is the last opportunity to
offset deviations externally, resulting from earlier transactions. Due to close to real-
time developments such as incidents, strong changes in meteorological conditions,
and other time specific developments, intraday markets enable optimisation after
day-ahead, to bring the market back in a cost-optimised energy balance.

Two price clearing approaches applied in Europe are [39]:
Pay-as-bid - the price of each selected bid equals its submitted bid value.
Pay-as-cleared - also known as (marginal pricing). All prices are equal for the

selected bids and are determined based on the bid of the highest priced supply.
The advantage of marginal pricing is that large imbalance volumes do reflect

scarcity with relative high prices, and that the producers surplus is received by the
BSPs and can/should lead to future investments in generation adequacy [40, 41].
Furthermore, marginal pricing avoid nervous behaviour of market parties at relative
small imbalances, and marginal pricing avoids the use of inefficient mark-ups in the
bidding strategy of market parties.

2.2.5.2 Balancing markets

Balancing markets (reserve markets) ensure that reserves can secure real-time
balancing and that they can secure the lack of correspondence of physical flows and
transactional flows, to anticipate on impending network congestion. In other words,
reserves are used both to secure power balancing and network flows. Well-developed
balancing markets provide TSOs sufficient cost-efficient reserves. Therefore, TSOs
organise single-buyer-markets for different types of operating reserves. National
implementations of balancing markets differ significantly as a function of market
design parameters. Among others, contradictions are the obligatory or voluntary
based participation to offer reserve bids, energy/power responsibility between TSOs
and market parties, and the GCT of balancing markets. It is also observed that
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integration of renewable generation leads to a value shift of conventional power
plants from energy markets towards balancing markets.

Within Europe, two types of reserve activation mechanisms are distinguished:
Merit order is reserve activation in ascending order of bid price. In other

words, cheapest reserves of the merit order list are activated first, resulting in a cost-
efficient reserve activation mechanism. This approach is mostly used by Continental
European TSOs to counterbalance imbalances within their responsible area.

Pro-rata is the parallel activation of all pre-selected reserves of the merit order
list, in proportion to the actual need. It provides the connection TSO with superior
products for frequency quality. All reserves are always (partly) activated, therefore
the overall ramp rate capability is always maximal. This approach is used for the
process of stabilisation of system frequency within the Continental European system.
For the counteraction of imbalances within control areas, most TSO do not prefer
this mechanism as it is less cost-efficient and balancing prices will also not adequately
reflect the scarcity of balancing energy per moment in time.

Two types of balancing contributions may be distinguished:
Active contribution is the participation in power balancing with firm products,

pre-selected. Therefore, BSPs submit their bids to the connection TSO. Accepted
bids become firm and must lead to activation the moment BSPs receive real-time
signals from the reserve connection TSO.

Passive contribution is a voluntary based participation in energy balancing in
which e.g. market parties are incentivised to adjust their generation or consumption
without receiving reserve activation signals [20, 21]. The moment BRPs are, or
go, in opposite system imbalance, these BRPs are rewarded for supporting the
area balance. This voluntary based service provision is a method to increase the
deployment of cost-efficient balancing energy parallel to the merit order list (firm
reserve bids). For passive contribution, a single imbalance pricing mechanism is
essential. Compared to dual imbalance pricing, only those BRPs that aggravate
area balance will be settled for imbalances. This passive contribution is another key
component for reactive balancing design [21]. The imbalance pricing mechanism
is found to be the most important imbalance settlement design variable [42].
A pro-active TSO would hinder passive contribution because it deteriorates the
incentives for passive contributors. Furthermore, marginal pricing of imbalances
will support passive contribution more compared to pay-as-bid, because under the
exposure of large system imbalances, the imbalance price is more volatile, with
increased incentives for passive contributors.

2.2.5.3 Energy-Only and Capacity Markets

Currently, within Europe, Energy-Only Markets (EOMs) are relatively the dominant
energy market mechanisms to meet supply and demand. EOM rewards the actual
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delivery of electrical energy. With the current challenges of renewable energy
generation, namely its ability and predictability inaccuracy, capacity markets are
moreover considered, in order to provide the required security of adequacy [43].
With capacity markets, also the firm availability of generation capacity is rewarded.

Several European countries, among others the Netherlands and Germany,
consider the EOM still as adequate to secure the supply of electricity in a renewable
energy dominated power system [44, 45]. On the other side, several governments
in Europe have deemed the investment signal from the EOM as insufficient in itself
to ensure their national security of supply targets and thus capacity markets are
implemented [46]. The EOM can principally work, however certain criteria need
to be met, such as relative short ISPs (e.g 15 min.), priority to grid expansion,
coordination in Europe, full balance responsibility for market parties, balancing
energy pricing mechanisms that incentivise market parties to be in balance, minimum
political and regulatory interventions into the market, and fundamentally reformed
subsidy schemes for renewable energy [44]. Regulation of markets remain essential
to safeguard sufficient generation capacity on a continuous basis to secure generation
adequacy as was proven in [47].

Furthermore, the flexible energy in the system that does not receive signals (yet),
should be able to receive these, via improved market designs. In addition, the
demand side should participate in energy balancing, because of its elasticity [21, 43].
In [48], a study is performed of the economic benefit of demand side participation in
trading and balancing markets, however the economic savings are currently still poor.

In order to manage the power system in a safe and secure way with EOMs,
TSOs could intervene with non-market-based interventions, the TSO coordinated
dispatch [49] approach. In case markets do not provide correct ancillary services
to the system, TSOs can use coordinated dispatch temporary, considered as
a contingency measure. Market-oriented solutions are still preferable, however
TSOs need to have a complete system overview, achieved with the Power System
Situational Awareness, in which it is essential to have a set of monitoring, forecast,
and control specific tools and facilities in place.

Among others, France and UK recently introduced capacity mechanisms to deal
with the need for conventional generation at moments of low renewable energy
generation. According to [45], this is considered to lead to over-capacities and would
be too costly. As it is aim to efficiently operate power systems, with regulated TSOs
facilitating markets, transmission networks, and securing power balancing, EOM is
considered the optimal market mechanisms to enable market-based power systems
with high competition and liquidity, and a market-based value of energy.

2.2.6 TSO versus market parties

Market parties are responsible to balance supply and demand over a certain time
frame, the ISP. TSOs are responsible to balance generation and load continuously,
to safeguard security of supply. Consequently, TSOs are responsible for power
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balancing, and market parties are responsible for energy balancing. Power balancing
is the process that counterbalances power imbalances, imbalances within and over
the ISP. Energy balancing is the process that counterbalances energy imbalances,
imbalances over an ISP. In Figure 2.2, the difference between power imbalances
and energy imbalances are schematically depicted. The total imbalances (a) are
counterbalanced by the activation of reserves, where the power imbalances (b) are
settled to the TSO and the energy imbalances (c) to market parties.

Power imbalance
Energy imbalance

Total imbalances Energy imbalancesPower imbalances
(a) (b) (c)
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Figure 2.2: Schematic depiction of imbalances (a) experienced over an ISP, with the
distinction of power imbalances (b) within the ISP, and energy imbalances (c) over
the ISP.

A further separation of responsibilities and obligations between the TSO and
market parties are schematically depicted in Figure 2.3, as a function of the ISP. To
make the distinction between power and energy, an ISP of 15 min for Continental
European LFC Blocks is considered as the base case in this work.

In this perspective, TSOs are responsible for power imbalances within and
between ISPs. These are intra-ISP and inter-ISP power imbalances, consisting of
stochastic fast noise disturbances and deterministic power imbalances, respectively.
The market is responsible for the over-ISP energy imbalances, the stochastic forecast
errors.

The extensive use of reserves which consequently take over energy management
should not be promoted by TSOs. The market (even up to real-time) should balance
energy in a market based manner, TSOs should only balance power to secure the
continuous supply.

2.2.7 Investment and allocation optimum

The discussions of TSO versus market parties also relate to local investments in
either generation or transmission capacity. From a financial perspective, an optimal
investment in transmission capacity is achieved, when the sum of the marginal value
(price spread) of a (cross-border) trade and the marginal value (price spread) of a
(cross-border) balancing action equals the marginal cost for (cross-border) network
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Figure 2.3: Distribution of the responsibility and actions between the TSO and
market parties.

capacity, according to (2.1).

MV of XB trade + MV of XB balancing = MC of XB network capacity (2.1)

Here XB is cross-border, MV is the marginal value, and MC is the marginal
cost.

In practise, the system tends towards an network with over-capacity, as this
moreover supports security of supply.

The use of this transmission capacity can be separated between trading markets
and balancing markets. Here, an optimal allocation of transmission capacity is
achieved when the marginal price of a cross-border trade equals the marginal price
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of a cross-border balancing transaction, according to (2.2).

MP of XB trade = MP of XB balancing (2.2)

2.3 Power Balancing

An essential component of the TSO’s responsibility for operational security is to
respect the quality of system frequency by means of power balancing. Balancing is
elaborated in [26] and defined as [18]:

All actions and processes, on all time lines, through which TSOs ensure,
in a continuous way, to maintain the system frequency within a predefined
stability range, and to comply with the amount of reserves needed per
frequency containment process, frequency restoration process and reserve
replacement process with respect to a required quality.

In this work, the time horizon for active power balancing is in the range of
seconds up to the ISP, being harmonised within Europe to a value of 15 min. As
the reserve replacement process is in essence an energy balancing responsibility and
by this work considered to belong to the market. Consequently, reserve replacement
is excluded. Consequently, in this work, power balancing accentuates on the
frequency containment and restoration process. The performance of power balancing
is reflected in the sole common physical parameter of a synchronous area, system
frequency [18], impacting all installations connected to the transmission system [50],
and vice versa. There is a direct relation between the performance of power balancing
and frequency quality. The latter is measured based on the size, duration, and
occurrence of frequency deviations with respect to the nominal frequency. Frequency
deviations can jeopardise operational security [50], due to technical reasons, e.g.
the operational range of generators is limited to a certain system frequency range.
Frequency outside these ranges would trigger automatic protection mechanisms
leading to a disconnection of generators in the whole synchronous area, at worst
followed by a complete blackout.

2.3.1 Balancing mechanisms

Where each power system is exposed to power disturbances, the European power
systems use balancing mechanisms. During a power disturbance, a frequency
response is experienced. A frequency response is defined as the automatic corrective
response provided for balancing load and generation [51]. This frequency response
is classified into three different categories: inertial frequency response, frequency
containment response and frequency restoration response, all together referred as
Load-Frequency Control (LFC). In Figure 2.4, a classical frequency response is
depicted as experienced within the Continental European power system during



2.3. Power Balancing 27

the event of a sudden loss of generation. The conditions and performance of
these balancing mechanisms determine the characteristics of frequency responses.
TSOs possess the control over these balancing mechanisms of the containment and
restoration process. Associated reserves differ per process based on, amongst others,
activation (lead) time (from seconds range to minute range), and type of activation,
either automatically or manually.

Max. Import

No Flow
No Exchange

Max. Export

t1 t2 t3
49.8

49.9

50

Time

Fr
eq

ue
nc

y 
[H

z]

 

 

 Synchronous area

t1 t2 t3
Time

Po
w

er
 [W

]

Frequency Containment Reserves

Frequency Restoration Reserves

Generation
      unit

t1 t3 Max. Flow

Figure 2.4: Example of a frequency response of the Continental European power
system and its balancing mechanisms under the event of a sudden loss of generation
located in the Netherlands at t1.

2.3.1.1 Inertial frequency response

The inertial frequency response exists of two components, namely system inertia and
the self-regulating effect of system load. System inertia is the automatic resistance of
synchronously coupled generation, to any change in the sum of generation and load.
Inertial response acts when the Rate Of Change Of Frequency (ROCOF) is unequal
to zero, thus if df/dt 6= 0. Here, kinetic energy compensates for the mismatch
between generation and load. The mechanically and electrically coupled generation
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will store or release kinetic energy as an immediate response to frequency increase
or decrease respectively. System inertia acts as a damping unit and therefore only
slows down frequency deviations. System inertia is directly related to the ROCOF
and therefore has a dominant effect on the frequency at the time frame t1 - t2 in
Figure 2.4. The damping effect of inertia provides essential time for other balancing
mechanisms, to act for power balancing and keep the frequency within pre-defined
limits, such as the critical frequency level at t2.

The self-regulating effect of system load is the frequency sensitivity of load. The
load output changes proportionally to system frequency deviations, according to
∆f 6= fnom.. A frequency increase leads to an increase of energy consumption
by frequency sensitive load, such as synchronous motors. Consequently, frequency
sensitive load will stabilise frequency after a disturbance, reaching a new frequency
set-point. Self-regulating load especially effects the maximum experienced frequency
deviation at t2 in Figure 2.4 and the frequency value at steady-state at t3 in
Figure 2.4.

’Virtual’ system inertia and self-regulating load are definitions to indicate
frequency sensitive behaviour of mechanically and electrically decoupled generation
and load. This is achieved by additional control, which can be equipped on non-
synchronously generation such as wind and solar power generation [52, 53, 54], and
on HVDC interconnections [55]. Nonetheless, ’virtual’ inertia and regulating-load are
phenomena that are reactive, i.e. they react on a change in frequency as a very fast-
response balancing action, whereas ’real’ inertia and regulating-load implicitly resist
against the change in frequency. The main difference between ’real’, ’virtual’, and
’non-conventional’ inertia is researched in [56] for the future Continental European
power system.

2.3.1.2 Frequency containment

Frequency containment is the process of stabilising system frequency after a
disturbance by means of activating reserves. There reserves are units that are
equipped with droop control [57]. Therefore, primary control automatically activates
reserves, proportionately to the frequency deviation, if system frequency deviates
from its nominal value, ∆f 6= fnom.. The ramp capabilities of these reserves
especially effect the frequency reached at t2 in Figure 2.4. Larger ramp capabilities
lead to a smaller frequency drop at t2. Ramp capabilities also effect the time
difference between t1 and t2, and between t1 and t3 in Figure 2.4. Larger ramp
capabilities also lead to smaller time differences. The amount of available reserves
affect the frequency level at t3 in Figure 2.4, more reserves lead to a smaller frequency
drop at t3.



2.3. Power Balancing 29

2.3.1.3 Frequency restoration

Frequency restoration is the process of restoring the local area mismatch between
generation and load. Here, secondary control activates reserves. The ramp
capabilities of these reserves have an effect the speed of which the frequency is
completely restored. The amount of these reserves also effect ramp capabilities.

2.3.2 Frequency containment process

The frequency containment process, is the collectively organised process triggered
by system frequency, activating Frequency Containment Reserves (FCR), with the
objective to stop frequency deviations (for CE outside a dead band of± 10 mHz [17]).
The frequency containment process is organised via an automatic process called
primary control, put into practice with a droop on speed governors, as discussed
in [57]. The activation of FCR should reflect a monotonic decrease as a function
of frequency deviations [17]. Each LFC Block has its responsibility to participate,
proportionately to its area load size, in the frequency containment process.

Sizing FCR in CE is currently based on the deterministic estimation of a
simultaneous loss of two 1500 MW nuclear power plants, thus following an
(N-2)-criterion [58]. According to the Network Code [17], FCR needs to be fully
activated within 30 seconds, with the objective to result in a maximum quasi-steady
frequency deviation at all times not exceeding ± 200 mHz, time t3 in Figure 2.4.

2.3.3 Frequency restoration process

The frequency restoration process (by means of secondary control) has the target
to restore unintended inter-area power exchanges caused by power and energy
imbalances within an LFC Block. Therefore, Frequency Restoration Reserves (FRR)
are deployed. Concomitantly, system frequency is restored and FCR is replaced.
Secondary control is locally organised in every LFC Block, automatically computing
the Area Control Error (ACE), nowadays referred as Frequency Restoration
Control Error (FRCE) in [MW] [18]. The FRCE is detected (cycles of roughly
4 to 10 seconds [59]) by computing the system frequency deviation ∆f and the
unintended inter-area power exchange ∆Fn in [MW] (deviations over tie-lines) of
the LFC Block with n as the number of nodes/interconnections, according to (2.3).
The secondary response therefore reacts under the condition that ACE 6= 0.

FRCE =

N∑
n

∆Fn + ∆f ∗ λLFCBlock,i (2.3)

Here λLFCBlock,i is the frequency bias factor (also known as K-factor [17]) of the
particular LFC Block i in [MW/Hz].
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The actual power imbalance within a certain LFC Block is represented by the ACE
open loop ACEo.l. computed with (2.4).

ACEo.l. = ACEc.l.(FRCE) + FRRact. + V T (2.4)

Here ACEc.l. is the ACE closed loop equal to the FRCE in [MW], FRRact. is the
already activated capacity of FRR in [MW], and V T is the virtual tie-line component
in [MW]. The virtual tie-line represents a shadow ACE for the purpose of secondary
control optimisation, e.g. power support between adjacent areas. This support for
the frequency restoration process is left to the discretion of the connection TSO of
the LFC Block and is not triggered by automatic decision processes of the classical
secondary controller.

The frequency restoration process relies on three type of FRR products [17, 60, 61]:

� Automatically activated FRR (aFRR) automatic and continuous
activated by central control, acting as fast-response reserves. Generally, aFRR
products have an activation lead time of 4-10 s. with ramp rate requirements.

� Manually directly activated FRR (mFRRda) energy products with
power profile attached, acting as semi-flexible products. mFRRda is
(de)activated based on human operator decision, and especially deployed if
aFRR is depleted (the case of exposure to large imbalances) or because of
financial considerations.

� Manually Schedule activated mFRR (mFRRsa) with no power profile
attached acting as energy reserves. mFRRsa has a minimum activation lead
time of roughly 1 to 15 min. with a minimum duration of 15 min. Deactivation
of mFRRsa is implicit.

2.3.3.1 Sizing of Frequency Restoration Reserves

The sizing and procurement of FRR (sum of aFRR, mFRRda, and mFRRsa) is
performed by the connection TSOs of the respective LFC Block to be compliant
to the Network Code [17], Article 46.2 sub b, sufficient to respect FRCE target
parameters (probabilistic approach), and compliant to Article 46.2 sub e and f [17],
sufficient to cover the positive and negative dimensioning incident (largest possible
instantaneous power imbalance determined via deterministic approach). The
probabilistic estimation includes operating security levels. These are the percentiles
(percentage of time in a year) when available reserve capacity still meets the
expected total demand for reserves. Therefore, security levels allow a deficit
probability of not satisfying the peak demand of reserves. In [62, 63, 64] analyses are
performed for sizing reserves using probabilistic estimation methods. The dominant
capacity resulting from Article 46.2 sub b, and sub e and f [17], sets the reserve
sizing. According to the older Policy 1 B-D 5.3 [61], reserves are sized based on the
dimensioning incident of the LFC Area, rather than the LFC Block.
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2.3.3.2 Sizing of automatic Frequency Restoration Reserves

The recommended value for procurement of aFRR, aFRRrecom., for European
LFC Blocks is from ENTSO-E perspective (standard requirements) [61] a function
of system peak load Lpeak in [MW], represented by (2.5):

aFRRrecom. =
√
a ∗ Lpeak + b2 − b (2.5)

with empirically established values of:

a = 10, and b = 150.

The sizing process of FRR by means of the (N-1)-criterion can be substituted
by a probability analysis of historical activated reserves and associated LFC Block
FRCE margins to allow for certain risk not to cover total demand of reserves, as
long as ENTSO-E standard requirements are respected.

2.4 Frequency quality

The combination between the performance of balancing mechanisms mentioned in
section 2.3 and the exposure of areas to power imbalances results in a particular
frequency quality per area. As mentioned before, frequency quality indicates the
occurrence, magnitude, and duration of frequency deviations. Frequency quality
is therefore a function of: power imbalances, system inertia, self-regulating load,
and the performance of FCR and FRR. A rather poor frequency quality may relate
to large and persistent power/energy imbalances, and to slow and weak balancing
mechanisms, and vice versa.

2.4.1 Frequency quality targets

The European frequency quality target parameters are listed in Network Code [17].
The parameters are aligned with the operation ranges of generators and are set
to prevent e.g. activating under-frequency load shedding in synchronous areas.
Furthermore, there is a maximum number of minutes a synchronous area is allowed
to be outside the standard frequency range, for RG CE, GB, and NE, this is
15000 minutes. In this work, the considered frequency quality targets are:

� Nominal Frequency, Network Code [17] Article 19.1 sub a, for the
synchronous areas of CE, GB, and NE, 50 Hz.

� Standard Frequency Range, Network Code [17] Article 19.1 sub b, for the
synchronous areas of CE, GB, and NE, ± 50 mHz, ± 200 mHz, ± 100 mHz,
respectively.
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� Maximum Instantaneous Frequency Deviation, Network Code [17]
Article 19.1 sub c, also known as the frequency nadir, refers to the maximum
instantaneous system frequency deviation allowed after the occurrence of the
dimensioning incident in the synchronous area. The deviation should not
exceed 800 mHz (CE), 800 mHz (GB), and 1000 mHz (NE).

� Maximum Steady-State Frequency Deviation, Network Code [17]
Article 19.1 sub d, is the maximum frequency deviation at which the oscillating
system frequency stabilises after the dimensioning incident. This steady-state
situation occurs after the full activation of FCR. The maximum steady-state
frequency deviation should not exceed 200 mHz (CE), 500 mHz (GB), and
500 mHz (NE), respectively.

� Time to Restore Frequency, Network Code [17] Article 19.1 sub e, is the
maximum expected time after the occurrence of an power disturbance in which
the system frequency returns, and the imbalance is compensated. For CE, this
is 15 min.

� Rate Of Change Of Frequency (ROCOF), which is currently no official
quality target parameter of the Network Code [17]. Nevertheless, this
parameter is considered, especially for the relatively small synchronous areas
such as GB.

The frequency quality targets considered in this work are depicted in Figure 2.5. In
order to meet these frequency quality targets, two main options are available:

Imbalances - The exposure of areas to fewer imbalances both in number and
size will increase frequency quality. This can be effected by, among others, market
design adjustments such as the ISP-length [2] and trading intervals [23], incentives
for BRPs to self-balance [20, 21], the increase of portfolio size of market parties, and
the increase of balancing zones (merge of LFC Areas/Blocks).

Balancing mechanisms - An improved performance of balancing mechanisms
will increase frequency quality. For the frequency containment process, this can be
effected by the provision of virtual inertia [65, 66], or by changing the droop on
speed governors of FCR as was studied in [67]. A possibility for TSOs to improve
the performance of the frequency restoration process is increasing the amount of
procured FRR, and changing the ramp rate and activation time. A change in the
activation process of merit order to pro-rata, also improves the quality of controlling
the FRCE.

2.5 Power transmission

The second task within the TSO’s responsibility of operational security considered
in this work is to operate transmission networks within their operational constraints.
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Figure 2.5: European frequency quality targets assigned by ENTSO-E

Transmission networks connect generation with system load, and therefore facilitate
the integration of electricity markets and harmonising prices of electricity.

Nevertheless, network capacity is limited and network overloading can cause
damages or faster altering of components in the system, eventually reducing the
reliability of its operation. Overload will eventually lead to implications in which
power lines become longer with increased risk of short cuts with its surroundings.
Furthermore, overload can lead to vaporisation of the lubricant between the steel
core (to strengthen the line) and the outer (aluminium) conductor. Predefined limits
of network loading are a function of thermal limitations, with a direct relation of
the current over the line and the associated temperature which is constrained in the
minute time range. Disrespecting loading limits of interfaces might lead to cascade
effects and eventually blackouts.

Therefore, operational planning focusses on transmission capacity calculation
and predicting the flows over the transmission networks, related to transactions
for trading and balancing. Physical flows at real-time follow different paths in
comparison to financial transactions. Therefore, power transmission planning
involves risks and uncertainty. Per time window, TSOs need to provide the market
a reliable window of cross-border capacity. Two transmission network capacity
calculation approaches are elaborated, namely the coordinated Net Transmission
Capacity and the Flow-Based approach.

The latter approach is a rather new capacity calculation approach within Europe,
preferred over the coordinated Net Transmission Capacity approach for day-ahead
and intraday capacity calculation because of the high interdependencies between
the interconnections between bidding zones (market areas) [27]. Nevertheless, the
coordinated Net Transmission Capacity approach may be applied in regions where
interdependencies between cross zonal capacities are low and the added value of
Flow-Based approach cannot be proven [27].
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2.5.1 Net Transmission Capacity

The Net Transmission Capacity (NTC) approach [68, 69] is a bilateral capacity
calculation. It computes available network capacity between areas based on pre-
defined Generation Shift Keys (GSKs). GSKs indicate the incremental impact on
interconnections due to a transfer of power between areas. The NTC approach
is proven as a solid capacity calculation approach where the computed available
network capacity is translated into an administrative capacity for market parties.
This administrative capacity is guaranteed to the market, independent of other
transactions between areas in the system. Because relatively large safety margins
are taken into account, the NTC approach is a conservative transmission capacity
calculation. Transits (flow corridor) and loop flows (sort of low impedance detours)
are taken into account, however, to a larger extent, case independent. Associated
uncertainties and balancing export-services (FCR) are assigned to a Transmission
Reliability Margin (TRM).

The calculations of transfer capability are generally based on computer simulation
of the interconnected transmission network of the connection TSO under a
specific set of assumed operating conditions, well before real-time operation. The
computation methods and procedures of several TSOs within RG CE are elaborated
in [70, 71, 72]. The NTC approach is a transmission service reservation system with
computation of its main components:

� TTC - The Total Transmission Capacity is the capacity available for the
exchange of electricity between two adjacent LFC Blocks without risking the
security standards of respective control areas, to ensure an (N-1)-situation
(failure of any network component), and in consideration of transits and loop
flows. The TTC is computed such, that during an (N-1)-situation, the network
can continue operating in acceptable voltage and current levels. Closer to
real-time, TTC values can change as uncertainties and accuracy of system
conditions, (e.g. load and generation patterns, network topology, and tie-line
availability), improve.

� TRM - is the Transmission Reliability Margin, an ultimate reserve margin to
ensure system security to account for uncertainties and inaccuracies associated
with the transmission system, and related to the associated TTC computation.
It also provides capacity for emergency situations, to import or export
balancing services from adjacent LFC Blocks, the mutual international aid
and assistance within the framework of ENTSO-E. Furthermore, the margin
provides capacity for the case the secondary controls are switched to frequency
control mode and balancing flows remain or increase. Each connection TSO
determines its associated TRM of its LFC Block.

� NTC is the Net Transmission Capacity and represents the available capacity
for commercial activities. It accommodates reasonable uncertainties in system
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conditions and provides operating flexibility to ensure the secure operation of
the interconnected network. It is defined as the difference between the TTC
and TRM (NTC = TTC - TRM).

� AAC is the Already Allocated transmission Capacity as a result of allocated
transmission rights, which are used by market parties. These are long term
transfer nominations (monthly, yearly).

� ATC is the Available Transmission Capacity and presents the capacity
available for commercial transactions closer to real-time with deduction
of annual and monthly transfer nominations. The ATC is applicable for
day-ahead and intraday markets.

2.5.2 Flow-Based

The Flow-Based (FB) principle is a new concept to determine cross-zonal
capacity [73] with the objective to provide more (hidden) network capacity to the
market, and to let the market decide, how to use the network capacity. The FB
approach takes more adequately the network topology into account and specifies, in
more detail, source and sink of electric energy and therefore should be more precise
as the NTC approach. Consequently, the differences in physical and transactional
(administrative) flow patterns are computed and deviations between the expected
and experienced incremental impact on flows (GSKs) for transfers between areas are
estimated with higher accuracy. Besides accuracy improvement, within FB capacity
calculation, it is possible to shift transfer capacity from one border to another. In
other words, where a transfer between two areas has effect on the transfer capability
to a third area, the FB approach adapts on this. With the FB approach, commercial
trades decide how to utilise available capacity, rather than by the mutual agreements
between TSOs.

The FB capacity calculation is based on 5 components according to [74] and their
inter-relation is mathemised in (2.6).

Fmax = Fref + FRM + FAV +RAM (2.6)

The 5 FB capacity calculation components are:

� Maximum allowable Power Flow (Fmax) - is the maximum allowable
power flow in [MW] on a critical branch-critical outage.

� Reference flow (Fref) - is the physical flow in [MW] computed from the
common base case. It reflects the loading of the critical branches given the
exchange programs of the chosen reference day.
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� Flow Reliability Margin (FRM) - remaining uncertainties (e.g.
intermittent generation or capacity calculation inaccuracy) are assigned to
a FRM in [MW], according to the ENTSO-E Operational Handbook Policy
4 [75] and the Network Code on CACM, article 21 [27]. The FRM includes
uncertainties from phenomena like external exchanges, approximations within
the FB methodology (e.g. GSK), and differences between forecasts and realised
programs. For each critical branch, a FRM has to be defined.

� Final Adjustment Value (FAV) - is a component where operational skills
and experience, that cannot directly be introduced into the FB capacity
calculation, can find a way in capacity calculation. The FAV in [MW] can
be set by the responsible TSO during the qualification phase and during the
verification phases, and can be used for remedial actions if necessary.

� Remaining Available Margin (RAM) - the RAM in [MW] is network
capacity available to be utilised by the market, and corresponds to the ATC
within the NTC domain.

The FB capacity calculation approach intends to more precisely forecast network
flows. However, within a portfolio-based energy market, where market parties are
free to choose which units provide the energy related to their energy programs, the
forecast of TSOs at which nodes the actual infeed and withdrawal of energy will take
place, remains a prediction.

2.5.3 Power flow decomposition

Due to the highly meshed European networks and its components, deviations result
between financial transactions and physical flows. From a power flow point of
view, flows can be decomposed into the following sub-flows [76], and by this work
defined as:

� Internal flow is a physical flow in [MW] experienced within the considered
area, caused by a financial transaction in [e] with source and sink located
within the considered area.

� Import flow is a physical flow in [MW] entering the considered area, caused
by a financial transaction in [e] between the considered area (sink) and another
area (source).

� Export flow is a physical flow in [MW] leaving the considered area, caused by
a financial transaction in [e] between the particular area (source) and another
area (sink).

� Transit flow is a physical flow in [MW] experienced through the considered
area, caused by a financial transaction in [e] between two other areas acting
as source and sink, located outside the considered area.
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� Loop flow is a physical flow in [MW] experienced through the considered
area, caused by a financial transaction in [e] within another area acting both
as source and sink.

All five types of flows are depicted in Figure 2.6. An internal flow is experienced
in area B with Flow 1, and import flow is experienced in area E with Flow 2, an
export flow is experienced in area B with Flow 2, a transit flow is is experienced
in area A with Flow 2, and a loop flow is experienced in area C and area D with
Flow 3.

Synchronous Area

area A area B area C

area D

area E area F

Flow 2

Flow 1

Flow 3

Figure 2.6: Schematic depiction of five possible types of power flows, with Flow 1 as
an internal flow (for area B), Flow 2 as an import (for area E), export (for area B), and
transit flow (for area A), and Flow 3 as a loop flow (for area B, area C, and area D).

2.6 Power system configuration

European power systems are synchronous areas with a common frequency. These
systems consist of at least one LFC Block. Besides LFC Blocks, other areas and
zones can be identified. The three most important for this study are elaborated in
this section.

2.6.1 Bidding Zone

A Bidding Zone (BiZo) is a network area in which market participants can offer
energy in the intraday, day-ahead, and longer-term market time frames, without
having to acquire explicit transmission capacity (capacity allocation) to conclude
their trades [77]. Within a BiZo, TSOs need to manage the transmission network,
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such that market parties can trade with the assumption of a copper plate. Any
remaining congestion within a BiZo needs to be handle by the responsible TSO.
Therefore, remedial actions can be performed (own expense) such as redispatch
(changing the output of some generators or load) to keep the network within the
security of supply domain.

BiZos are essential, they provide transparency to market participants on network
congestions and associated costs between BiZo, while they allow TSOs to limit
commercial exchanges between BiZos when these can create network security
issues [77]. At present, European BiZos are predominantly related to national
borders. Some European countries, such as Norway, Sweden, and Italy, consist
of more than one BiZo. On the other hand, Germany, Austria, and Luxembourg
constitute one single BiZo. Ideally, BiZo should reflect physical network limitations
of transmission networks and provide proper investment incentives for market parties
and TSOs.

The BiZo configurations directly related to national borders might not represent
this ideal configuration. An optimal configuration should bring the market and the
network closer, and therefore matches more precisely the freedom of the market
with physical network flows, within the security of supply domain. Optimal BiZo
configurations promote robust price signals for efficient short-term utilisation and
long-term development of the power system, whilst at the same time limiting system
costs, including balancing costs and redispatch actions undertaken by TSOs [78].

Future configuration of BiZos requires a set of careful trade-offs, where on
one hand, it is important to consider the current and future status of the
transmission network within and between BiZos: system security constraints,
structural bottlenecks, typical power flows, etc [77]. On the other hand, market
aspects also have to be considered carefully, with larger BiZos providing greater
liquidity (and thus competition among market participants) [77].

BiZo reconfiguration might have an effect on the (local) dimensioning of reserves.
Behaviour of market parties might change accordingly to the change of BiZo
configurations. This also accounts for market incentives to be in balance or to
participate in balancing (with firm bids).

2.6.2 Balancing Zone

A Balancing Zone (BaZo) is the network area in which TSOs are balancing generation
and load with a common ACE. It is the area in which reserves are dimensioned and
procured. In general, a BaZo consists of a single LFC Block. However, with future
reconfiguration of BiZos, it is intuitive that BaZos should be based on BiZos and not
be based on LFC Blocks. Between BiZos, network congestion at the borders is highly
likely, and should not lead to reserve unavailability due to network constraints.
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2.6.3 Coordinated Balancing Area

Cooperation between TSOs and their respective BaZo is performed with coordinated
balancing areas (CoBAs). These operate with different services for balancing, in this
work defined as the cooperation concepts. These will be elaborated in section 3.3.
A CoBA consists of at least two or more BaZos, and thus at present of at least two
LFC Blocks. In Figure 2.7 an illustrative power system is depicted consisting of four
BaZos, in which three BaZos cooperate for a CoBA.

Balancing Zone

LFC Block

(LFC Block)

Balancing Zone

LFC Block Balancing Zone

LFC Block

LFC Block(LFC Block)
Balancing Zone

Synchronous Area

Balancing Zone

LFC Block

(LFC Block)

Balancing Zone

LFC Block Balancing Zone

LFC Block

LFC Block(LFC Block)
Balancing Zone

CoB
A=

Figure 2.7: Depiction of balancing zones as a function of LFC Blocks in the left plot
and depiction of coordinated balancing areas as a function of balancing zones.

2.7 Operational measures

TSOs are responsible to keep frequency quality and the loading of the network within
pre-defined margins. In order to indicate the operational performance of LFC Blocks,
TSOs apply operational states. The moment a normal state (state operation within
security limits) is (expected to be) affected, TSOs undertake actions at operational
planning as well as system operation, which are referred to as remedial actions.

2.7.1 Operational states

Operational states or system states are indications of the operational performance
of LFC Blocks. Operational states are continuously monitored, based on real-time
measured values of operational parameters, to provide effective state estimation and
if needed for preparation of remedial actions in order to keep the system in a normal
state, or return to it as soon and close as possible in case of disturbances [51].
Disrespect of power balancing and capacity calculation may lead to aggravation of
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normal state into other undesired states. All operational states defined by ENTSO-E
can be found in [18, 51], and the two most frequent states are:

� Normal State - System state where the system is within operational security
limits in the N-Situation and after the occurrence of any contingency from
the contingency list, taking into account the effect of the available remedial
actions. Generation and load are in balance and requirements on available
reserves are met, frequency and power flows are within their predefined and
allowed limits (thresholds) and reserve (margins) are sufficient to withstand
contingencies.

� Alert State - The operational state where transmission system is within
operational security limits, but a contingency has been detected, for which
in case of occurrence, the available remedial actions are not sufficient to keep
the normal state. In alert state, all consumption is being met, frequency and
power flows are within acceptable limits. The reserve requirements may not
be fulfilled and additional faults of critical transmission system elements or of
critical generation or load components will lead to an emergency state.

2.7.2 Remedial actions

Transition from any operational state outside Normal State may require remedial
actions. These are any measures applied by TSOs in order to maintain Operational
Security [51]. In particular, remedial actions serve to fulfil the (N-1)-criterion and
to maintain operational security limits. They can be categorised to pre-fault (i.e.
preventive) or post-fault (i.e. corrective or curative), to be used at operational
planning and at system operation stage, respectively.

Preventive remedial actions are used normally in operational planning or
scheduling stage to maintain the system in normal state in the coming operational
situation and to prevent propagation of disturbance outside the TSO’s responsibility
area. Certain preventive remedial actions are redispatch, where the output of some
generators or load will be changed (costly remedial action), topology measures by
opening or closing of a line, cable, transformer, bus bar coupler, or switching of a
network element from one bus bar to another, adjusting power flows by changing
the tap position of a phase shifter transformer, and other flow controlling devices
(non-costly remedial actions).

Corrective remedial actions are actions, which will be implemented immediately
or relatively soon after an occurrence of a contingency, which leads to a state differing
from normal state. With the corrective remedial action the system will be returned
back to normal state. Certain corrective remedial actions are: redispatch, activation
of reserves, emergency power control of HVDC links of other power controlling
devices, and change of network topology.

Remedial actions such as redispatch are corrective methods where TSOs are
responsible for associated costs. Conversely, congestion management methods
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categorised as congestion pricing, such as explicit and implicit auctioning and market
splitting, lead to additional costs for BRPs and consumers [79].

2.8 Recommendations for terminology

In the recent published Network Codes of ENTSO-E, new terminology is introduced
for the balancing process. In this section, the ENTSO-E’s terminology is discussed
and new terminology is proposed.

2.8.1 Area, Block, and Zone

LFC Blocks consist of one or more LFC Areas. In general, the border of an
LFC Block is equal to the border of a Balancing Zone and a Bidding Zone. Additional
terminology regarding power/energy imbalances exposed to areas could distinguish
between Areas, Blocks, and Zones.

� Area Control Error - is an ENTSO-E term indicating the control error over a
particular area which should target to counterbalance those power imbalances
that are the responsibility of the connecting TSO of the respective area.

� Block Control Error - could be introduced to distinguish between the control
error of an LFC Area and an LFC Block. A Block Control Error should belong
to an LFC Block, and consists of the sum of all Area Control Errors from all
individual LFC Areas, part of the LFC Block, according to (2.7).

Block Control Error =

N∑
n=1

Area Control Errorn (2.7)

The Block Control Error processes potential imbalance netting between the
LFC Areas, and is the main (aggregated) signal to activate reserve bids to
counterbalance the control error over the LFC Block.

� Balancing Zone Control Error - could be introduced to indicate the
control error of a Balancing Zone, as a further step of balancing cooperation
within a CoBA, or when a balancing zone consists of a part of an LFC Area
or LFC Block.

� Processed Area Control Error - is an ENTSO-E term indicating that a raw
ACE is processed by secondary control to translate a control target (desired
amount of reserves to counterbalance the area control error) toward a control
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request that relates to a signal to be send to reserve bids to activate reserves.
The control request takes into account technical limitations of reserves (e.g.
ramp rate and delay).

� Processed Block Control Error - could be introduced as a term idem to
processed Area Control Error, however to be applied for an LFC Block.

� Processed Balancing Zone Control Error - could be introduced as a term
idem to processed Area Control Error, however to be applied for an Balancing
Zone.

2.8.2 Frequency Restoration

ENTSO-E introduced new terminology for the former process of secondary control
(according to the previous policy [61]), which is now captured by the Frequency
Restoration Process according to [17]. This new terminology is consistent when a
synchronous area consists of a single LFC Block. For a synchronous area consisting
of multiple LFC Blocks, an alternative term could be considered.

The control target of the secondary control, or the process of frequency
restoration, is not to restore system frequency, but to restore the Block Control
Error. The moment this block control error is in equal direction of the power
system imbalance, activation of local FRR do indeed restore (part of) system
frequency. However, the moment, the power system imbalance is opposite of the
block control error, local FRR do worsen system frequency. Consequently, secondary
control / frequency restoration process is not implicitly restoring system frequency
as it concentrates on a local area balance, not system balance.

An exception on this rule is valid when secondary control is put in Frequency
Control Mode [61], which however is only the case under rare operational conditions.
Therefore the following terminology is proposed:

� Block Control Error Restoration Process - could be introduced as an
alternative for the term Frequency Restoration Process.

� Block Control Error Restoration Reserves - could be introduced as an
alternative for the term Frequency Restoration Reserves.

2.9 Summary and conclusions

The secure supply of electricity to European end-consumers is maintained by well-
organised power systems. Actors, mechanisms, and components, all together ensure
the operational security, which means the efficient, reliable, affordable, and stable
supply of electricity.

One of the actors involved in this process are Transmission System Operators.
They are responsible for the continuous balance between generation and system load,
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responsible for the transmission of electricity within pre-defined security margins,
and responsible to facilitate electricity markets. At these market platforms, Balance
Responsible Parties can trade energy to ensure that the consumption of electricity
will be met by the supply of electricity.

To support the organisation of European power system, Network Codes are
implemented which provide and manage effective and transparent access to European
transmission networks across borders, and to ensure coordinated and sufficiently
forward looking planning.

Within the Network Codes, agreements are made to balance power and energy, in
a coordinated way, centrally and locally, using balancing mechanisms, and to make
decisions how to accurately utilise interconnected transmission capacity by using
coordinated capacity calculation methods. All together, it ensures the quality of
electricity supply to end-consumers.

With respect to the further integration of renewable energy sources, challenges
include how to incentivise market parties to invest in additional generation capacity
within an energy-only market, and thus without capacity remuneration. Within
an energy-only market, generation adequacy might be jeopardised, due to missing
incentives to invest in long-term generation capacity. Therefore, additional market
function such as demand side contribution is required, to deploy the elasticity
of demand.

Concerning the topic of balancing, a clear distinction needs to be made between
the energy responsibility of market parties (electricity balance over a period of
time) and the power responsibility of Transmission System Operators (continuous
electricity balance). Otherwise, energy constraints will be solved by scarce power
products (fast-response reserves procured by Transmission System Operators). Here,
the Transmission System Operator can take a clear lead by providing a correct
imbalance settlement period to the market, and by acting reactively, without
anticipating on future power/energy imbalances. Furthermore, the market can be
incentivised to participate in real-time area balancing (passive balancing). With
single imbalance pricing, market parties can be incentivised to balance the area
dominantly to their own portfolio.





CHAPTER3
Power system balancing cooperation

3.1 Introduction

To respond to the ongoing need for (cost-)efficiency, new balancing arrangements are
introduced by ENTSO-E, where TSOs are actuated to cooperate for power balancing,
to reduce both reserve procurement and reserve activation. Balancing cooperation
organises a more cost-functional process of restoration of area imbalances and
deployment of reserves.

In this section, the different European balancing cooperation concepts and
services are elaborated. These determine the effect of optimised balancing on the
quality and costs of cross-border balancing and the use of transmission networks,
which is researched in the chapters 5, 6, 7, and 8.

In section 3.2, different balancing arrangements between TSOs and BSPs are
elaborated and in section 3.3 the cooperation concepts are mentioned. According to
the implementation of a certain cooperation concept, the Network Code prescribes
different requirements and obligations for the involved TSOs for the procurement of
reserves, which is researched in chapter 5 for the sizing and allocation of reserves.

The two balancing services, namely balancing reserves (procurement to ensure
availability) and balancing energy (actual utilisation) are elaborated in section 3.4
and its relation to power transfers over interconnected transmission networks is
described, and researched in chapter 6, and 7.

Practical examples of integrated cooperation in Europe for both the frequency
containment and frequency restoration process are mentioned in section 3.5. These
concepts, their results, and restrictions are used to introduce the research presented
in the chapters 6, 7, and 8.

In section 3.6, the developments in the regulatory framework of market design
and bidding zone configuration are elaborated with focus on its effect on balancing.

Finally in section 3.7, a summary is provided of the relevant aspects of
cross-border cooperation for power balancing in Europe.

45
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3.2 Cross-border balancing arrangements

Cross-border cooperation can be performed with different types of arrangements.
In [80], several balancing arrangements and models are elaborated, and associated
effects and consequences are discussed. Three main agreements are identified:

� TSO-TSO - Entails the inter-TSO cooperation, with reserve connecting TSOs
solely procuring reserves directly from BSPs only in its own LFC Block. No
foreign BSP-TSO communication is present. This concept is considered as
straightforward with least prerequisites, transparent, and without many actors
directly involved.

� TSO-BSP - In this concept, BSPs are free to bid into the balancing energy
markets of neighbouring LFC Blocks. Firm capacity can be offered as BSPs
may only bid in one auction. The consequences on transmission networks
and reserve availability per LFC Block due to the integration of a TSO-BSP
agreement depend on a variety of aspects and require coordination.

� Multilateral TSO-BSP - The multilateral TSO-BSP agreement captures full
participation of all (two or more) connection TSOs and all BSPs located within
the cooperating LFC Blocks. This concept uses a single pool for balancing bid
offers, and allows to deploy the full potential of balancing cooperation. It
may serve all LFC Blocks with the availability of cost-effective reserves. The
consequences on the transmission network can be kept transparent.

In this work, the TSO-TSO agreement, and the multilateral TSO-BSP
agreement are considered, and conclusions drawn relate only to these two
models. The TSO-BSP does not fully support full market integration with
level-playing field, and maximum liquidity and competition. The TSO-TSO
and multilateral TSO-BSP agreements are concluded to be most beneficial [79],
and will be implemented by the ENTSO-E [16, 17].

3.3 Cooperation Concepts

Within ENTSO-E, balancing cooperation is umbrellaed by Coordinated Balancing
Areas (CoBAs). This is the European cooperation with respect to the Exchange of
Balancing Services, Sharing of Reserves or operating the imbalance netting process
(exchange of imbalances) between two or more TSOs [16, 18]. The objective of
CoBAs is to remain compliant to balancing, securing security of supply, however
with improved cost-efficiency. In this section, the different cooperation processes are
elaborated.
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3.3.1 Exchange of imbalances

The exchange of imbalances is a concept where the counteraction of (a part of) power
imbalances is executed by another TSO, instead of the connection TSO operating the
relevant area. This counteraction may be executed by using contra-directional power
imbalances (imbalance netting), or either by deployment of reserves. Consequently,
(part of) the physical power imbalance is relocated.

The imbalance netting process nets power imbalances with opposite sign from
two or more LFC Blocks. Consequently, it prevents the counter-activation of
reserves (simultaneous activation of upward and downward reserves) between
LFC Blocks [59]. This is schematically depicted in Figure 3.1 for two areas with
local imbalances opposite in sign. The main characteristic of the imbalance netting
process is the avoidance of the activation of reserves. The imbalance netting process
does not relocate imbalances to be counterbalance with reserves in other areas.
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Figure 3.1: Example of two areas, each with a local imbalance opposite in sign (a),
their possible netting volume (b), and the residual imbalance volume to be restored (c)

3.3.2 Sharing imbalances

The share of imbalances is a concept of commonly counteracting all power
imbalances, exposed to all relevant areas. Within CE, the frequency containment
process is an example of sharing imbalances, where every LFC Block provides FCR
in proportion to its load size. Here, system frequency is used as a control input signal
and directly relates to the sum of all power imbalances exposed to the synchronous
area, independent of imbalance location.

3.3.3 Exchange of reserves

Exchange of Reserves means a concept for a TSO to have the possibility
to access Reserve Capacity connected to another LFC Area, LFC Block,
or Synchronous Area to comply with the amount of required reserves
resulting from its own reserve dimensioning process of either FCR, FRR
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or RR. These reserves are exclusively for this TSO, meaning that they
are not taken into account by any other TSO to comply with the amount
of required reserves resulting from their respective reserve dimensioning
processes [18].

The exchange of reserves is the exclusive access of one single reserve requesting
TSO to (a) certain reserve(s) from a reserve connecting TSO of another LFC Area,
LFC Block or synchronous area as firm capacity. The exchange of reserves is a
bilateral agreement (transaction) that (might) lead to a transfer of balancing energy
where the areas to act as source and sink are known pre-real time. This concept
requires a local reserve dimensioning process in order to prevent the operational
depletion of reserves per area. The sum of local reserves and the supplement of the
exchange of reserves allocated to the reserve receiving TSO needs to comply with the
amount of required reserves resulting from a local reserve dimensioning process of
either FCR or FRR for the LFC Area or Block. Therefore, reserves to be exchanged
from the reserve connecting TSO are considered as superfluous for local purposes.
The objective of the exchange of reserves is cost-efficiency to procure and activate
cheaper reserves from adjacent areas.

3.3.4 Sharing reserves

Reserve Sharing means a mechanism by which more than one TSO takes
the same reserves, being FCR, FRR or RR, into account to fulfil their
respective reserve requirements resulting from the reserve dimensioning
process [18].

Sharing reserves means that more than one single reserve receiving TSOs relies on
a particular reserve capacity from a reserve reserve connecting TSOs, to fulfil their
respective minimum reserve requirements. The access to these reserves is according
to the ”first-come, first-served” principle. This concept requires a common reserve
dimensioning process, or at least a coordinated dimensioning, in order to prevent
operational depletion of reserves. The objective of sharing reserves is cost-efficiency,
to procure less reserves, and to activate cheaper reserves from adjacent areas.
Sharing reserves might lead to a transfer of balancing energy, depending on the
actual power imbalances, in which source and sink are not (necessarily) known pre-
real time.

3.3.5 Merged LFC Blocks

The merging of LFC Blocks refers to cooperation between two or more
LFC Blocks/Areas acting as one larger LFC Block, with a common reserve
dimensioning, procurement, and activation. The latter is controlled based on the
computation of one aggregated ACE/FRCE, therefore automatically performing
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imbalance netting. Merged LFC Blocks fully cooperate for sharing imbalances and
reserves. A common FRR dimensioning will be required, compliant to [17], to cover
the dimensioning incident of the LFC Block.

3.4 Balancing Services

Balancing services support TSOs to be compliant to reserve requirements and to
perform system balancing. Therefore, TSOs possess balancing reserves, able to
deliver balancing energy. Balancing energy is the actual (used) energy real-time to
perform balancing, whereas balancing reserves is the procured reserve (balancing
capacity), to secure that real-time balancing energy can be delivered.

3.4.1 Balancing reserves

Balancing reserves (balancing capacity) is the amount of FCR and FRR that needs
to be available to the connection TSO, in order to be compliant to [17]. Balancing
reserve is a scalar with a sign, it has a magnitude in [MW], and a direction, either
upward reserve capacity or downward capacity, in order to provide positive or
negative balancing energy respectively, once it is activated.

Procured balancing reserves can be activated optionally (on request) by the
reserve connecting TSO to perform balancing. If no signals are sent, reserve capacity
will not lead to a power transfer.

Reserve capacity is essential for TSOs to secure their responsibility of power
balancing to neighbouring TSOs, part of the synchronous area.

3.4.2 Balancing energy

Balancing energy is the amount of actual energy used as a result of the activation
of FCR and FRR. Imbalance netting is an exception, it accounts for balancing
energy by exchanging imbalances with opposite sign, rather than activating reserves.
Balancing energy is a product that supports TSOs to secure power balancing.
Besides magnitude and direction, balancing energy has a time component.

Balancing energy EB in [MWh] delivered by balancing reserves, deployed a
particular time period (starting at t = 0, ending at t = T ), is the integral over
time of balancing reserve power Preserves in [MW], according to (3.1).

EB =
1

3600

∫ T

t=0

Preservesdt (3.1)
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3.5 Balancing cooperation arrangements within Europe

In this section, some examples of European initiatives are introduced with the
objective to reduce reserve procurement and activation.

In [10] a complete roadmap is proposed towards an integrated balancing market.
The summary of this roadmap is depicted in Figure 3.2. Key observation is the
foundation of agreements based on TSOs. With increased harmonisation, increased
cost-efficiency is expected to be gained.
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Figure 3.2: Roadmap for a proposed cross-border integrated balancing market [81].

The mid-term target model for balancing is proposed by ENTSO-E. It promotes
two concepts for cross-border balancing as a first step to deliver efficiency benefits
and to stimulate future integration of cross-border balancing [82]. Concept 1 is the
imbalance netting process to net power imbalances with opposite sign from two or
more LFC Areas. Concept 2 is the exchange of manually-activated, clearly defined
balancing energy products, following the notion of ”surplus methodology”.

At present, additional proposals to the mid-term target model are recommended
by means of the Network Code on Load-Frequency Control and Reserve [17]. Clear,
objective, and harmonised requirements are set out for cooperation for the exchange
and share of reserves, between and within synchronous areas.

3.5.1 Cooperation for the frequency containment process

The frequency containment process is a cooperation within European synchronous
areas where all LFC Blocks cooperate and provide FCR, proportionately to its area
load, to stabilise system frequency. Currently, part of the FCR capacity can be
procured from other LFC Blocks. In this perspective, the Dutch TSO TenneT joins
the existing German internet platform for weekly auction of FCR [83].

For future efficiency improvement of the frequency containment process, inter-
synchronous area cooperation is optioned. Here, HVDC interconnections can
transfer balancing energy, to improve cost-efficiency and aid frequency quality
compliant to regulation. A practical example of such cooperation is the bilateral
balancing coupling pilot via the BritNed interconnection.
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3.5.1.1 Bilateral coupling via BritNed interconnection

For the purposes of pilot testing, the BritNed cable is equipped and operated
with a droop controller with settings compliant to [28]. The BritNed cable is an
HVDC interconnection between the Netherlands and Great Britain, operated by
TenneT TSO and National Grid, respectively. Besides only transferring energy
for commercial transactions, additional balancing power is transferred in this
preliminary arrangement [84]. Therefore, the HVDC interconnection acts as a
frequency sensitive unit, which aims to support both areas. Conditions of the pilot
are maximum balancing transfer of ± 100 MW with an applied droop of 4 % leading
to a sensitivity factor in physical units of 500 MW/Hz. The difference of system
frequencies ∆fGB−CE between GB and CE is the input signal and will result in an
additional power exchange for balancing ∆FHVDC

B over the HVDC interconnection.
The performance of the droop control on the HVDC interconnection is depicted

in Figure 3.3. Here, actual measurements of the frequency difference between GB
and CE are shown in the top plot. The total power transfer (trading + balancing) on
the BritNed HVDC interconnection is depicted in the bottom plot. A clear positive
correlation between frequency difference and power transfer is visible. The actual
allowed transfer for trading accounts in Figure 3.3 for 1000 MW, equal to the rated
capacity, however the cable is designed, capable of transporting up to 1200 MW
(dynamic rating) for two hours [85]. Therefore, balancing capacity can be made
implicitly available for this pilot without withdrawing capacity from the market. In
Figure 3.4 the experienced rate of change of power over the HVDC interconnection
is depicted. The maximum measured ramp rate of power transfer over the BritNed
interconnection is ≈ 45 MW/s due to balancing, significantly larger than the allowed
value for trading ≈ 16.66 MW/s, because it now supports system frequency. In a
previous study for frequency control through BritNed, a maximum ramp rate of
100 MW/s was supposed [85] for balancing purposes. Locally, such ramp rates may
however induce other challenges such as reactive power management.

3.5.2 Cooperation for the frequency restoration process

Several examples are provided of practical cooperation for the frequency restoration
process within the synchronous area of Continental Europe.

3.5.2.1 Imbalance netting

A practical example of an implemented imbalance netting process within the
synchronous area of CE is the International Grid Cooperation and Control (IGCC).
Established by the four German control areas, and currently (in order of time)
extended to Denmark, the Netherlands, Switzerland, Czech Republic, Belgium,
Austria and France, IGCC performs the imbalance netting process between all
participating LFC Blocks [?]. The objective of the imbalance netting process of
IGCC is to minimise the total amount of activated frequency restoration reserves
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Figure 3.3: Measured system frequency differences and power transfers on the
BritNed HVDC interconnection for pilot purposes of the process of frequency
containment, measured for one hour at 02-06-2014 (data resolution 1 sec.).
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Figure 3.4: Measured rate of change of power transfers over BritNed, plotted in semi
log scale, measured for 24 hour at 02-06-2014 (data resolution 1 Hz)

by secondary control in all participating LFC Blocks. The energy optimisation
is performed subject to: available cross-zonal capacity, a maximum permissible
exchange per LFC Block, and no counteracting reserve activation based on own ACE.
The maximum permissible exchange of energy relates to the amount of procured
aFRR per LFC Block. When only a part of the maximum demand can be netted
per area, the proportion between the actual netting volume and the demand for
netting volumes will be equal for all areas [86]. In section 7.2.2 this approach is
mathematically elaborated.
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3.5.2.2 LFC Blocks sharing reserves

The final draft of the Network Code of Load-Frequency Control and Reserves [17]
prescribes rules for the maximum amount of reserves which can be shared between
LFC Blocks. It is limited to the difference, if positive, between the size of the
dimensioning incident and the FRR capacity required to cover the LFC Block energy
imbalances in 99 % of time based on historical records. Secondly, it shall never
exceed 30 % of the size of the dimensioning incident. At present, sharing of reserves
in CE is mainly performed with mFRR products for emergency support, e.g. the
Dutch and Belgian bilateral emergency support of mFRR products with a capacity
of 300 MW [87], part of compliance of the (N-1)-criterion.

3.5.2.3 Merged LFC Block

The German LFC Block is operated by a total of four different TSOs, each operating
its own relevant area (LFC Area). Together, they are united in the German
Netzregelverbund NRV [88]. Cooperation for power balancing is defined in the
German Grid Control Cooperation (GCC), to optimise the control energy use and
the control reserve provision technically and economically through communication
between the load-frequency controllers of the German TSOs [88]. The functionality
of the GCC is assured by four modules, each targets a different technical and
economic optimisation:

Module 1: Prevent counteracting control reserve activation - This
module allows imbalance netting within GCC, as currently extended cross-border
by means of IGCC. The potential for cost saving lies in the reduction of the reverse
control reserve activation (FRR and RR) and of the associated costs.

Module 2: Common dimensioning of control reserve - The objective of
Module 2 is the joint dimensioning of control reserve across control areas in order to
achieve a reduction of the power reserve and the corresponding costs for FRR and
RR.

Module 3: Common procurement of secondary control reserve -
Module 3 allows all four German TSOs to purchase FRR from suppliers that are only
connected to their Reserve Connecting TSO via telecontrol equipment. The potential
for cost saving through the use of Module 3 lies in the cost reduction through
direct competition between providers in the entire German secondary control reserve
market and in the reduction of the technical costs for providers.

Module 4: Cost-optimised activation of control reserve - The control
reserve is used cost-effectively throughout Germany on the basis of Germany-wide
merit order lists for FRR and RR. The aim of Module 4 is therefore the economic
optimisation of the control reserve activation across control areas. Consequently, the
potential cost saving lies in a cost reduction for control work.

Due to the integration of all 4 Modules in Germany, the German system can
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be considered as a single LFC Block (merged LFC Block), performing imbalance
netting, joint reserve procurement and activation. The reduction of reserve
procurement after implementation of GCC is confirmed in [89]. In the case of limited
transmission capacity (network congestion), the FRR optimisation, and therefore the
transmission of FRR between the LFC Areas, can be coordinated or restricted in
real-time according to the direction. In this case, diverging from the merit order list
or not fully avoiding the reverse use of control reserve is consciously accepted.

3.6 Developments in the regulatory framework

In this section, the developments in the regulatory framework of market design and
bidding zone configuration are elaborated with focus on its effect on balancing.

3.6.1 Market design

The length of the ISP, the TTRF, and the market trading period are currently
not harmonised among European areas. However, harmonisation is currently under
consideration [29], most probably targeting for a common value of 15 min for all
three. The consequences of unequal length of ISP and TTRF are listed in Table 3.1.
As the choice of ISP duration affects the organisation of the market in terms of the
definition of the finest granularity of trading products, it might interfere with, or
affect the definition of, reserve products [29].

Table 3.1: Consequences of the time period relationship of the Imbalance Settlement
Period and the Time To Restore Frequency.

Relationship Consequences

ISP = TTRF Clear and consistent distribution of power and energy
responsibility between TSO and market parties respectively.

ISP > TTRF FRR are also used to balance energy.

ISP < TTRF FRR are too slow to balance power, might interfere with
FCR, and might lead to monitoring inaccuracy.

3.6.2 Reserve dimensioning per Bidding Zone

At present, European BiZos are mainly based on member state borders with
a historical context. Nevertheless, this might not represent the most efficient
configuration in terms of the available network to support all transactions within
a BiZo. Reconsideration of the configuration of BiZos is currently performed
by ENTSO-E [90], in order to create the right incentives for market parties to



3.6. Developments in the regulatory framework 55

geographically invest in generation and TSOs to invest in (new) transmission
networks.

Reconfiguration of BiZos may result in BiZos which are only a part of an
LFC Block, or could consist of multiple LFC Blocks, or a combination of both.
As an LFC Block commonly equals the BaZo, consequently reserves might be used
between BiZos. However, between BiZos, congestion is likely to be present, which
impedes the use of reserves within the total LFC Block / BaZo. Therefore, in future
it might be possible that a BaZo should not be based on an LFC Block, but based
on a BiZo. Reserve dimensioning per LFC Block might become sub-optimal, as will
be further explained in the upcoming two sections.

In chapter 5, reserve dimensioning for LFC Block cooperation will be extensively
elaborated, however without consideration of possible future reconfiguration of
BiZos. Nevertheless, a general overview is given for the effect of BiZo reconfiguration.

3.6.2.1 Reconfiguration of BiZos

There are three options for the reconfiguration of European BiZos (currently
related to member states), namely merged, splitted, or combined (split + merge)
LFC Blocks.

� Merged zone - the merge of areas means a larger zone consisting of two or
more areas.

� Splitted zone - the split of an area means the decomposition of an area into
at least two smaller areas.

� Combined zone - combined area means a new area consisting of at least two
areas (merged) where at least one area is not completely part of the new area
(splitted).

3.6.2.2 Effect on reserve dimensioning

The effect of reconfigured BiZos on reserve dimensioning will be further elaborated.
It is considered that a BiZo equals a BaZo (BiZo=BaZo), to avoid market and
balancing distortion.

� Balancing Zone consisting of Merged Bidding Zones
A reconfigured BiZo, consisting of two or more LFC Blocks, will lead (most
certainly) to a smaller demand for reserves within the BiZo (RBiZo), due to
imbalance netting and the applicability of an (N-1)-criterion over two or more
areas, according to (3.2).

RBiZo ≤
N∑

n=1

RLFC Block,n (3.2)
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Here n is the number of LFC Blocks merging, and RLFC Block,n are the reserves
necessary per LFC Block n.

� Balancing Zone consisting of Splitted Bidding Zones
The inverse of merged BiZos is splitted BiZos. Here, a single BiZo/LFC Block
is decomposed in two or more BiZos. Each new (and smaller) BiZo still
needs to be compliant to reserve requirements, to counteract its largest power
imbalance. (Most certainly,) more reserves are necessary to counteract all
imbalances in all new BiZos, according to (3.3). Network congestion at the
borders of the BiZo might impede the availability of reserves from other BiZo
(=BaZos) within the LFC Block.

N∑
n=1

RBiZo,n ≥ RLFC Block (3.3)

Here n is the number of BiZos resulting from the split.

� Balancing Zone consisting of Combined Bidding Zones
A reconfigured BiZo, consisting of at least a part of an LFC Block combined
with at least one entire LFC Block will need (most certainly) to increase its
procurement of reserves in the new BiZo, according to (3.4). This because
reserves, within the LFC Block that is splitted, might not be available within
the entire new BiZo, because of possible network congestion.

RBiZo ≥
N∑

n=1

Rpart of LFC Block,n +

M∑
m=1

RLFC Block,m (3.4)

Here n is the number of LFC Blocks that are partly within the new
BiZo, m is the number of LFC Blocks that are entirely in the new BiZo,
Rpart of LFC Block,n are the reserves necessary in part of LFC Block n, and
RLFC Block,m are the reserves necessary in the entire LFC Block m.

In Table 3.2, the three options for BiZo reconfiguration are listed with associated
specifications for reserve dimensioning. In Figure 3.5, the effect of reserve
dimensioning is conceptually depicted for the three BiZo reconfigurations with
respect to LFC Blocks. It can be concluded that, if BiZos are the same as BaZos,
only the merger of BiZos can directly relate to a reduction of reserve dimensioning,
improving cost-efficiency meanwhile keeping reserve compliance. The split and
combined BiZo configuration will lead to an increase of reserve demand, due to
network restrictions within.
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Table 3.2: Specification of Bidding Zone (= Balancing Zone) reconfiguration as a
function of LFC Blocks, affecting the required reserves necessary.

Concept Schematic Reserve dimensioning

Merged BiZo =
∑N

n=1 LFC Blockn RBiZo ≤
∑N

n=1RLFC Blockn

Splitted LFC Block =
∑N

n=1BiZon
∑N

n=1RBiZon ≥ RLFC Blockn

Combined BiZo = RBiZo ≥∑N
n=1 part of LFC Blockn +

∑N
n=1Rpart of LFC Blockn

+∑M
m=1 LFC Blockm

∑M
m=1RLFC Blockm

Based on these findings, it is recommended that reserve dimensioning should
be based on BiZos rather than LFC Blocks. The latter only bounds the area in
which the connection TSO is responsible for the balancing quality and the security
of operating transmission networks. It does not define the most optimal reserve
dimensioning (and transmission capacity allocation) area.

3.7 Summary and conclusions

In order to increase the efficiency of balancing processes in Europe, among others,
ENTSO-E proposes cross-border balancing arrangements by using a variety of
different cooperation concepts. Reserve products can be exchanged or shared
between LFC Blocks, to ensure cost-efficiency, reserve compliance, and to improve
the quality of the balancing process.

There are several practical Continental European examples for cross-border
balancing cooperation, with the objective to reduce the procurement and activation
of reserves, aiming for cost-efficiency. Besides cooperation within the synchronous
area of Continental Europe, a pilot project has been carried out to support system
frequency between the synchronous areas of Continental Europe and Great Britain.

It can be concluded that cooperation between LFC Blocks can have both
positive and negative effects on the reserve dimensioning per area. Generally,
cooperation between Transmission System Operators has a positive effect on reserve
dimensioning, improving cost-efficiency and still being reserve compliant. However,
developments in the regulatory framework in which market zones (bidding zones) are
reconfigured, could increase the need for reserves, even with cross-border cooperation
for balancing. This is the result of network congestions between bidding zones.

It is recommended that future studies investigate that the optimal area/zone to
determine reserve dimensioning (and transmission capacity allocation) are bidding
zones, rather than LFC Blocks. Further research might investigate the optimality
of harmonisation of bidding and balancing zones in terms of market and balancing
performance.
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LFC Block A

LFC Block B
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(N-1) = 400 MW
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Stoch. = 2000 MW

Stoch. = 2000 MW

(b) SPLIT

∑ = 2000 MW

∑ = 3000 MW

No split

Split

1500 MW

1500 MW

Figure 3.5: Overview of the effect of reserve dimensioning as a function of the
three reconfigurations of bidding zones, (a) the merge of bidding zones, (b) the
split of bidding zones, and (c) combined bidding zones. The indicated values inside
bidding zones are the maximum imbalances exposed to the area for an incident and
for stochastic energy imbalances. The values outside the bidding zone indicate the
required maximum reserves. Please note that the necessary reserves are dimensioned
per LFC Block.



CHAPTER4
Power system modelling

4.1 Introduction

In chapter 3, arrangements and cooperation concepts for cross-border balancing
were introduced. In order to support the research on the effect of the arrangements
and cooperation concepts on frequency quality, and the consequences of additional
loading of interconnected transmission networks, models are essential.

In section 4.2 the Hilbert-Huang Transform technique is introduced and an
example of this decomposition technique is presented. The Hilbert-Huang Transform
is used for the proposed reserve sizing and allocation method, presented in chapter 5.
The Hilbert-Huang Transform is used to appoint the rather fast-response automatic
activated reserve products mainly to counterbalance power imbalances such as
deterministic power imbalances.

For the research presented in chapter 7, power flow analyses are conducted.
The working principle of the applied model and its assumptions are mentioned
in section 4.3. A linear power flow model based on Power Transfer Distribution
Factors is used.

In section 4.4, the applied load-frequency control model is introduced, in order
to evaluate the frequency performance of areas as conducted in chapter 8. The main
balancing mechanisms are described and the load-frequency model is verified.

Modelling of cooperation between synchronous areas using
HVDC interconnections as researched in chapter 8 is elaborated in section 4.5. The
inter-dependency of power balancing and power transmission is integrated into one
single model.

At last, in section 4.6, a summary of the applied models and techniques is
provided.

59
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4.2 Hilbert-Huang Transform

The Hilbert-Huang Transform decomposition technique is introduced in this section.
A short description of the theory is provided, and an example is given of a HHT
decomposition. At last, a literature review of the analyses of imbalances using filter
techniques is presented.

4.2.1 Theory

The Hilbert-Huang Transform (HHT) [91] is a signal processing method to
provide the magnitude of computed frequency components as a function of time,
presented chronologically in time. First, HHT makes uses of the Empirical Mode
Decomposition (EMD), an iterative process which decomposes for example a real
time signal sig(t) into simpler signals, the elemental signals named Intrinsic Mode
Functions (IMFs) ψ(t), according to (4.1).

sig(t) =

n=1∑
N

ψn(t) (4.1)

Secondly, the Hilbert spectral analysis will express the data as components with
variable amplitude and frequency as a function of time, instead of simple harmonic
components with constant amplitude (time-invariant frequency components) as
is the case of the Fourier Transform. Therefore, the simpler signals ψ(t), the
monocomponents of the real signal, are represented with an amplitude A and phase
θ according to (4.2).

ψ(t) = A(t)sin θ(t) (4.2)

Within the HHT, the mode decomposition splits data in a finite and small number
of IMFs. These functions have the same number of extreme and zero-crossings (or
differ at most by one).

The HHT is especially suitable to decompose non-stationary and non-linear
signals like power imbalances and activated reserves, and to analyse conditions and
requirements on power magnitude, ramp rate and periodicity as a function of time.
The application of HHT is in this work performed in the Matlab environment [92].

4.2.2 HHT decomposition example

Using Matlab, an HHT analysis is performed with a simple input signal according
to the input data listed in Table 4.1 and depicted in Figure 4.1.

An HHT analysis is performed and the signal decomposition leads to three HHT
components. The results of the HHT are shown in Figure 4.2. It is observed
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Table 4.1: Input parameters for an example representation of the HHT-
decomposition.

Sub-signal 1 y1(001:0500,1)= 2sin(t(001:0500,1)∗2π ∗ 0.1)

Sub-signal 2 y2(501:1000,1)=10sin(t(501:1000,1)∗2π ∗ 0.01)

Sub-signal 3 y3(001:1000,1)=50sin(t(001:1000,1)∗2π ∗ 0.001)
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Figure 4.1: A signal consisting of three pure sinusoidal sub-signals.

that HHT component 1 represents the sum of sub-signal 1 and sub-signal 2. Sub-
signal 3 of the raw signal is represented by the sum of HHT component 2 and HHT
component 3.

The according Hilbert spectral analysis is shown in Figure 4.3, which depicts
the frequency components of the HHT components in the time domain. The three
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Figure 4.2: Hilbert Huang Transform with a pure sinusoidal function as input
parameter, and its associated HHT components as output parameters.

probability density function plots in the bottom show the predominant presence of
certain frequencies associated to the individual computed HHT components. The
peaks at 0.1 Hz, 0.01 Hz, and 0.001 Hz are clearly visible in Figure 4.3 and directly
relate to the time period defined in Table 4.1 of the raw signal.

4.2.3 HHT application to imbalances

In [93] an analysis of imbalances was performed in the time domain using the wavelet
theory. The wavelet theory is characterised only featuring in the time domain, the
frequency domain is not expressed. Secondly, the wavelet theory needs to expand
the input signal for its analysis which can lead to inaccurate results. Furthermore,
wavelet uses a specific ’basis’ whereas HHT adaptively generates a specific ’basis’
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Figure 4.3: Hilbert Spectral analysis part of the Hilbert Huang Transform of a pure
sinusoidal function computed of three sub-signals.

based on the signal itself. The HHT decomposition is considered as efficient, and
results are sharper and make more physical sense for the analysis of non-stationary
and non-linear signals.

Therefore, it is proposed in this work to use the HHT technique for analysing
aFRR due to its non-stationary and non-linear condition. Nevertheless, a
combination between the Hilbert spectral analysis and wavelet theory as shown
in [94] is proven to be possible. The stand-alone use of HHT has already been used
for power system related analysis. In [95], the HHT was shown to be suitable for the
analysis of transient fault current of series compensated transmission lines under all
kinds of faults.

In [96], it is shown how HHT can be used to analyse wind data with highly
fluctuating wind speeds. In [97], the authors applied HHT to analyse power
imbalances caused by predictability and variability of wind and solar power
to determine energy capacity requirements per imbalance cause and allocate
accordingly fast- or slow-response reserves. Similar results to [98] were found, i.e.
that wind power mainly requires rather slower reserves for balancing.

4.3 Power flow analyses

The applied power flow method used in this work is elaborated in this section. It
is a linearised power flow method which computes the line loading effect for each
connection, for each single transaction between areas. Linearised aggregation of all
results show the final network loading as a result of the set of transactions.
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4.3.1 Power transfer distribution factors

The Power Transfer Distribution Factor (PTDF) matrix translates the net positions
(net import or export of energy at a certain node) into physical flows on the branches.
PTDF is a linearised approximation of how flows change in response to transactions
between two areas. In other words, a PTDF calculates the incremental distribution
factors associated with power transfers between two regions [99]. These regions can
be defined by areas, zones, single buses, injection groups, or the system slack.

4.3.2 Generation Shift Key

A Generation Shift Key (GSK) defines how a change in net position between two
areas is mapped to the generating units in a bidding area [99]. It provides information
how generation and load will be distributed over an area, when two bidding areas
transact. Regarding a certain transaction, every unit or every node has a GSK
contribution. A GSK of 0.2 (dimensionless factor) of a certain unit means that the
unit will provide 20% of the total transaction (change in net position) between two
areas. The sum of all contributions is 100%. In Figure 4.4 an example is provided
of GSK contribution between two areas.

Bidding Zone A Bidding Zone B

100 MW 100 MW

A1

A3

A2 B1

B2

Unit GSK  Power
 contribution [MW]

A1 0.2  +20
A2 0.35  +35
A3 0.45  +45
B1 0.3  -30
B2 0.7  -70

Figure 4.4: Schematic depiction of the Generation Shift Key contribution for each
node.

The computation of GSKs requires most actual market information, close to
real-time measurements, non-linear market simulations and statistical analysis and
correlations [100]. In practise, GSKs are defined per relevant generator and per
hour. GSKs generator selection is based on generator schedule (forecast), historical
operation data (dispatch order), and on the required capacity to always meet the
maximum net position.

4.4 Load-frequency control

The LFC model used in this work consists of the balancing mechanisms as mentioned
in section 2.3.1. In this section, the power disturbance - frequency response of each
mechanism is provided and the total transfer function of the system is computed.
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4.4.1 System inertia and self-regulating load

System inertia resembles to a first order response that can be computed in the
Laplace domain and only slows down frequency deviations, it does not contain them.
The self-regulating effect of system load performs as an proportional function and
does eventually contain system frequency after a power disturbance.

The transfer function for system inertia and self-regulating load HJ(s) according
to [2, 57] is described in the frequency domain as (4.3).

HJ(s) =
∆f

∆P
=

1

MJs+KSRLL
(4.3)

Here ∆f is the frequency deviation in [Hz], ∆P the power imbalance in [W], s
is the Laplace operator, MJ as the inertia of the system in [Ws/Hz], KSRL the
self-regulating effect of load in [per unit/Hz], and L system load in [W].

The inertial constant M of the system is computed with (4.4):

MJ = 4π2fm,0J (4.4)

Here J is the inertia of the system in [kgm2] and fm,0 is the nominal mechanical
rotor speed in [Hz]. The latter is computed using (4.5).

fm,0 =
f0

npp
(4.5)

Here f0 is nominal electrical frequency of the system in [Hz], for Europe 50 Hz, and
npp is the number of pole pairs of the respective generators synchronously coupled to
the system. A list of pole pairs as a function of conventional generation technology
can be found in [57].

The inertia J can be calculated using (4.6).

J =
2HPrat.

ω2
m,0

(4.6)

Here H is the inertial constant of synchronously coupled power generation in [s],
and Prat. is the rated power of the on-line synchronously coupled power generation
in [W]. ωm,0 is the mechanical rotational speed of synchronously coupled generation
at nominal speed in [sec-1.], which can be calculated with (4.7).

ωm,0 = 2πfm,0 (4.7)
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A list of inertial constants of conventional generation technology can be found
in [57]. The calculation of inertial constant of wind turbines which could show virtual
inertial response (very fast-response action) can be found in [65, 101].

Frequency sensitive load is assumed to be a function of system frequency.
The transfer function of the self-regulating effect HSRL(s) is computed with (4.8)
according to [2], with the self-regulating effect KSRL. For CE, GB, and NE, it is
assumed to be between 1-2 % [61].

HSRL(s) =
∆PSRL

∆f
= KSRLL0 (4.8)

Here L0 is the nominal load at a nominal electrical frequency f0 of 50 Hz.

4.4.2 Primary control

Generators contributing to primary control are equipped with speed governors which
deviate in their active power output depending on the reference power and any
frequency deviation experienced in the system. The change in active power is
according to the droop of the governor. Droop can be defined as ’the relative
variation in power output of a generator as a function of change in frequency’ [57].
The transfer function of primary control is shown in (4.9) according to [2].

HPC(s) =
∆PFCR

∆f
=
−PFCR,0

D%f0
(4.9)

Here HPC is the transfer function of primary control, ∆PFCR is the additional
power infeed or withdrawal in [W] acting as FCR, PFCR,0 is the actual power set
point of the generation unit at nominal frequency, and D% is the aggregated droop
in [per unit].

Besides generation units, other resources, such as controllable loads and HVDC
interconnections between synchronous areas, can contribute to primary control [60].
To be compliant to [17], FCR should be completely activated within 30 seconds
after a disturbance leading to a frequency deviation of ≥ 20 mHz from the nominal
system frequency. FCR is shared between all LFC Blocks within the synchronous
areas of ENTSO-E and are triggered solely by frequency deviations, independently
of the location of the power imbalance.

4.4.3 Secondary control

The secondary control has the target to continuously restore the ACE of a
specific LFC Block i by means of activating FRR. Therefore, secondary control
is a proportional-integral control which processes the ACE into a processed-ACE
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(pACE). The resulting transfer function for secondary control HSC is shown in
(4.10) according to [2].

HSC(s) =
pACE

ACE
=
CIT

SCKSCs+ 1

CIT
SCs

(4.10)

Here KSC is a proportional gain for the secondary control estimated between
0.1 and 0.5, and CIT

SC is the integrating time constant with a value between
50 and 200 s [102]. Both values depend per LFC Block and strongly relate to the
the TTRF, the target of the time to restore frequency.

Secondary control is often complemented with additional logic such as a low-pass
filter to reduce noise and temper very fast deviations of the ACE, a quadratic filter
to avoid unnecessary activation of FRR in case of small ACEs, and additional logic
to limit the output to the available FRR capacity, to limit activation of FRR in
the wrong direction, reduce volume of the counter-activation of different types of
reserves. Last but not least, the secondary control needs to respect the finite ramp
rate of FRR bids.

4.4.4 System transfer function

The total transfer function of a power system is represented with (4.11) and
schematically depicted in Figure 4.5. The model represents the frequency
response of a synchronous area as a function of a power disturbance within the
synchronous area i. Compared to [2], two optimisation have been made. Firstly,
the second signal input for the secondary controller has been removed. This because
the actual input of the model is a power imbalance of the synchronous area, and
not power flow deviations between LFC Blocks, which is practically the case for
the secondary controller, as is elaborated in section 2.3.3 and computed with (2.3).
Secondly, the network frequency characteristic λSA,i in [W/Hz] accounts for the
entire synchronous area i, and not for a particular LFC Block.

HSY S(s) =
∆f

∆P
=

HJ(s)

HJ(s)[HSRL(s) +HPC(s) + λSA,i ∗HSC(s)] + 1
(4.11)

4.4.5 Rate of change of frequency

The rate of change of frequency (ROCOF) a power system is exposed, is among
others, a function of the relative power imbalance in relation to the total system
power generation, and the inertial constant of the system, according to (4.12).

df

dt
=

∆Prel.f0

2H
(4.12)
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Figure 4.5: Simplified model of the frequency response behaviour of a synchronous
area, based on the work of [2].

Here df
dt is the ROCOF in [Hz/sec.] and ∆Prel. is the relative power imbalance

in [p.u.] of the system and can be computed using (4.13).

∆Prel. =
∆P

Pgen.
(4.13)

Here Pgen. is the generated power in the system in [W].
The kinetic energy Ekin. in [J] that results from the inertia of the system can be

computed with (4.14).

Ekin. =
1

2
Jω2

m (4.14)

4.4.6 Validation of the load-frequency model

The LFC model has already been validated in [2], however for the sake of
completeness, this work validates the further developed version of [2]. Therefore,
actual measurements of the Continental European system’s frequency are used.

Firstly, system parameters are calculated based on the generation portfolio of
Continental Europe, which data can be found in [103]. System inertia can be
computed by using the inertial constants listed in [57]. System load data is taken
from [104]. The self-regulating load and primary control parameters are defined
according to [17].

In Figure 4.6, the measured system frequency on the 19th of May 2014 is
depicted, where the system was exposed to an infeed loss of 1800 MW, starting
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at 18:49. In addition, the frequency response of the LFC model is depicted using the
Matlab/Simulink environment, with system parameters according to Appendix A.
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Figure 4.6: Validation of the load-frequency control model by comparing it with
actual measurements during an infeed loss of 1.800 MW at t=0 in Continental Europe.

The remaining (rather small) deviations between the LFC model and the actual
measurements relate to stochastic fast noise disturbances and other stochastic
forecast errors.

4.5 Coupling of synchronous areas

European synchronous areas are inter-coupled via HVDC interconnections. These
couplings are asynchronously, without inter-frequency response. However, by
equipping these HVDC interconnections with additional control, these become
frequency sensitive and can serve for inter-area balancing. In this section, the LFC
model of previous section is extended to simulate the frequency response of systems
which are connected with frequency sensitive HVDC interconnections.

4.5.1 HVDC

Figure 4.7 depicts the LFC model of interconnected synchronous areas with
frequency sensitive HVDC interconnections. The LFC model is developed in the
Matlab/Simulink environment, where each synchronous area is again composed
of the four subsystems: system inertia, self-regulating load, primary control, and
secondary control. Cooperation is simulated with an HVDC frequency containment
controller which can be configured differently to simulate different cooperation
concept. This controller control the HVDC interconnection transfer of active power
between the synchronous areas.

The HVDC interconnection may act as a frequency sensitive unit with transfer
function (4.15), which aims to support both areas. The difference of system
frequencies ∆fAreaA−AreaB between synchronous area A and synchronous area B
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is the input signal and will result in an additional power exchange ∆PHVDC . The
transfer function

HHVDC(s) =
∆PHVDC

∆fArea A − Area B
=
−PFCR,0

DHVDC,%f0
(4.15)

Here DHVDC,% is the droop on the HVDC interconnection in [%].
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Figure 4.7: Schematic depiction of load-frequency control for synchronous
area A (SA-A) and its connection to cooperating synchronous area B (SA-B). ∆P is
the power imbalance in [W], ∆f is the frequency deviation in [Hz], and λSA is the
bias factor of the synchronous area (SA) in [W/Hz]).

4.5.2 Correction function

To adequately take into account physical constraints of the system and its
mechanisms, correction functions are applied. These may include ramp rate
limitation, reaction delay, damping, gain, etc. The secondary control correction
ensures that the synchronous area causing the power imbalances is the only area
restoring the power imbalance with according secondary control targets. For the
droop on the HVDC interconnections, a dynamic delay delaycorr is used according
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to (4.16), with Mcorr as the correction time constant, to take into account the
physical delay of the HVDC components.

delaycorr =
1

Mcorrs+ 1
(4.16)

4.6 Summary and conclusions

The introduction of new arrangements and cooperation concepts for cross-border
balancing requires consideration of the performance of balancing mechanisms, the
process of reserve dimensioning, and power flow analyses.

In this section, the supporting signal analysis method for the sizing and allocation
of reserves is introduced and an example of an HHT decomposition is given. The
signal decomposition technique is proven to be especially suitable to decompose
non-stationary and non-linear signals like imbalances and reserve activation.

In order to develop a new transmission capacity allocation method to maximise
the system value of existing transmission capacity, power flow models are essential.
These models can convert the injection and withdrawal of balancing energy into the
physical flows within the system. The linear power flow model of Power Transfer
Distribution Factor is effective to analyse power flows caused by cross-border
balancing transaction, decomposed from physical trading flows.

Investigation of the frequency performance of synchronous areas cooperating for
the containment of system frequency requires models for load-frequency control. An
existing model from literature for analysing frequency performance per power system
is extended, and therefore made suitable to analyse the frequency performance for
cooperation between power systems. Furthermore, a power flow model is coupled
with the frequency performance model to investigate power flows as a function of
frequency support between power systems.





CHAPTER5
Sizing and allocation of reserves

5.1 Introduction

The series of proposed Network Codes by ENTSO-E [16, 17] to support cross-border
cooperation for the frequency restoration process include requirements associated
with the procurement of reserves. The latter secures the firmness of adequate
products to maintain a certain level of quality of the balancing process.

Cross-border cooperation should lead to more efficiency for the balancing process,
by procuring and activating fewer reserves and consequently reducing associated
costs.

LFC Blocks can cooperate using different concepts, which are elaborated in
chapter 3. For the different cooperation concepts, reserve procurement requirements
deviate. This deviation should not lead to an inefficient process of balancing.
Reserve over-procurement will limit cost-efficiency, it might disencourage BRPs to
stay in balance, and it may impact cost of trading, because of additional generation
capacity withdrawal from these markets [15]. Conversely, reserve under-procurement
might not secure the continuous supply of electricity. Therefore, reserve sizing
and allocation methods for cross-border cooperation should lead to a proportional
distribution of responsibility, tasks, and obligations for power balancing and thus
operational security.

This section examines the ENTSO-E [17] reserve procurement requirements for
different cooperation concepts using historical data of activated frequency restoration
reserves. The data analysis will answer whether cross-border balancing could lead
to a reduction of procured reserves, and what sizing and allocation methods could
be applied.

The objective of the reserve sizing and allocation method is to reduce the total
need for reserves by applying imbalance netting and by delivering incentives to
market parties to participate in real-time balancing for the rather low-dynamic
energy imbalances. The reduction of fast-response reserves is achieved by activating
these reserves only to counterbalance the rather high-dynamic power imbalances.

In order to separate the need for reserves for high-dynamic power imbalances from
the need for reserves for low-dynamic energy imbalances, the signal decomposition

73
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technique Hilbert-Huang Transform is used.
The structure of the chapter is as follows. First, in section 5.2 power imbalances

are classified and the purpose and use of fast-response and slow-response reserves
are discussed.

The actual use of reserves within certain Continental European LFC Blocks
is analysed in section 5.3, and it is shown to what extent power imbalances can
be levelled out according to area size growth. Furthermore, the Hilbert-Huang
Transform decomposition technique is applied which was introduced in section 4.2.
Therefore data from the Dutch and Belgian LFC Block is used. The consumption
of reserves is categorised for the different types of power imbalances as mentioned
in section 5.2.1.

The main results are presented in section 5.4, where for two cooperation concepts
the potential reserve procurement reduction is computed. Therefore, actual data is
used and the different requirements according to [17] are applied for the concept
LFC Blocks sharing reserves and for the concept merged LFC Blocks.

The results of the Hilbert-Huang decomposition technique from section 5.3 are
used for the reserve allocation process proposed in section 5.5. The need for slow- and
fast-response reserves is identified and accordingly, reserves are sized and allocated.

Finally, in section 5.6 a summary is provided and conclusions are drawn based
on the conducted research presented in this section.

The findings and conclusions of this chapter are also presented in [105].

5.2 Imbalances and reserve activation

Power systems are exposed to different types of imbalances based on their causes,
and can be characterised by occurrence, iteration, simultaneity, magnitude, duration,
and rate of change. Imbalances exposed to an LFC Block are:

LFC Block Imbalances means the sum of the FRCE, FRR Activation
and RR Activation within the LFC Block and the Imbalance Netting
Power Exchange, the Frequency Restoration Power Interchange and the
Replacement Power Interchange of this LFC Block with other LFC Blocks
[18].

Imbalances can be be classified based on four causes according to the ENTSO-E
Network Code Load Frequency Control & Reserves [17]:

5.2.1 Classification of imbalances

The following classifications of imbalances is made.

� Incidents refer to an instantaneous change of active power of a single power
generating module, single demand facility, and single HVDC interconnection
within the LFC Block.
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� Stochastic forecast errors reflect the failed responsibility of BRPs to meet
their energy programs, a deviation between the submitted (administrative)
energy program (transaction) and the actual dispatch of energy over a
particular ISP. These are caused by forecast imperfections and the stochastic
nature of (meteorologically dependent) generation and load. Stochastic
forecast errors are energy imbalances.

� Stochastic fast noise disturbances refer to the stochastic nature and
continuous variation (oscillations) of generation and load within a particular
ISP. Stochastic fast noise disturbances are power imbalances.

� Deterministic power imbalances are experienced in between consecutive
energy programs (trading blocks) due to dispatch behaviour of dispatch
units. Market design conditions put responsibility to BRPs to inject or
withdraw a volume of energy over an energy program, without incentives to
dispatch according to certain power profiles. The cost-optimised control of
centralised generation results in a scheduled based dispatch. At the transition
of consecutive ISPs or energy schedules, generators ramp up or down to the
new dispatch set-point. The instantaneous deviation of system load and
(schedule-based) generation reaches its peaks at the time point with the highest
change of schedules. For Continental Europe, these market imperfections are
strongly visible at hourly shifts during ramping periods in the morning and
evening [23]. Theoretically, these power imbalances are characterised by zero
energy imbalances, and are to a certain extent known a priori.

5.2.2 Purposes of reserves

In order to continually safeguard security of supply, both with respect to power
balancing as well as power transmission, TSOs have contractually ensured,
permanent access to FRR. It supports the continuous operational balance between
generation and load of the relevant area, to limit and restore unscheduled inter-area
power exchanges, and concomitantly system frequency. Furthermore, certain FRR
products (mFRR) can support the controllability to prevent network congestion, in
addition to changes in network topology. The purposes of FRR are categorised as
follows [50]:

- Network splitting (deployment of mFRR)
- Network congestion (deployment of mFRR)
- Incidents
- Stochastic forecast errors
- Stochastic fast noise disturbances
- Deterministic power imbalances

Reserves deployed for network splitting and network congestion are not further
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investigated in this chapter because these are network related and not caused
by power imbalances, which does not make them inextricably related to system
frequency.

5.2.3 Security levels

Security levels are the percentiles (percentage of time in a year) that available reserve
capacity can still meet the demand for reserves. Security levels are computed with
(5.1) and (5.2), and in Table 5.1 a qualitative description for the meaning of various
security levels is provided, deducted from results shown in [2, 17, 61, 63, 88]. For
larger sized LFC Blocks, stochastic forecast errors start to dominate outage incidents
in size, changing the meaning of security level 99.95 %, which then will account for
an accepted shortage of reserves for exceptionally large stochastic forecast errors.

Prob[Max. neg. reserve demand ≤Max. neg. reserve capacity] =
1− αsl

2
(5.1)

Prob[Max. pos. reserve demand ≥Max. pos. reserve capacity] =
1 + αsl

2
(5.2)

In which αsl is the applied security level in [p.u.], and Prob[] is the function that
maps reserve demand events to probabilities.

Table 5.1: Qualitative description of different security levels for sizing frequency
restoration reserves within LFC Blocks.

Percentile Characteristic

100.00 % Covers all historical imbalances

99.95 % Disregards dimensioning incident

99.00 % Disregards dimensioning incident and large stochastic forecast
errors

95.40 % Regards common stochastic forecast errors and deterministic
power imbalances. Current recommendation by ENTSO-E for
aFRR.

5.3 Activated reserves in Continental Europe

In this section, historical data of activated reserves in several Central West European
LFC Blocks are analysed to identify the presence of causal, temporal, and spatial
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relationships, and to categorise the use of reserves for the different types of power
imbalances. This will support the analyses of the possible reduction of reserve
procurement area depended, as well as the efficiency sensitivity of cross-border
cooperation between different areas.

5.3.1 Central West European LFC Blocks

Historical data of activated FRR for some Central West Continental European
LFC Blocks are analysed. Similar time domain analyses are performed for the Dutch
and German system in [106]. In Figure 5.1, histograms and their respective normal
distribution fits for both upwards and downwards activated FRR for the year 2010
(no imbalance netting was performed via IGCC) are depicted in ascending order
of LFC Block peak load size, using publicly available information [107, 108, 109,
110, 111, 112, 113]. The associated mean and standard deviation of the normal
distribution fits are listed in Table 5.2.

The probability density of activated FRR is depicted in Figure 5.1 as a function
of activated FRR in [MW], divided by the square root of uniform LFC Block peak
load in [MW]. The latter is the maximum peak load (constant value) experienced
in the specific LFC Block of that year. This square root of LFC Block peak
load is chosen to show the effect of the natural levelling/cancelling out of power
imbalances [2, 62] and therefore the results can be comparatively analysed. For
completeness, a probability density plot of the absolute activated reserves is depicted
in Appendix B. Levelling out of power imbalances is caused by the stochastic nature
of the system, by dissimilar forecast inaccuracy of generation and load, and by more
diverse loads. This is conceptually elaborated in [2], as a function of correlation
coefficients and stochastic variables.

Table 5.2: Mean and standard deviation for a normal distribution fit per LFC Block
of the historical data sets of activated reserves of the year 2010, with a resolution
of 15 min.

Mean [MW] Standard deviation [MW]

DK 3.52 98.94
CH -0.17 86.07
AT -11.64 89.31
BE -15.87 156.65
NL -7.34 114.49
DE -99.18 336.86
FR -38.29 196.30
ALL -168.8 496.24

It can be observed from Figure 5.1, that the activation of FRR in the Dutch
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Figure 5.1: Probability density of activated frequency restoration reserves in [MW]
of some Central West Continental European LFC Blocks as a function of the square
root of uniform system peak load in [MW]. Data is used from the year 2010, with a

resolution of 15 min. A binsize of 0,1 Reserves [MW ]√
Peak load [MW ]

for DK, CH, AT, BE, NL, DE,

FR, and All is applied.

and Swiss LFC Blocks reflects a normal distribution, which indicates an LFC Block
exposed to all types of power imbalances, with least impact of distortion mechanisms
such as feed-in tariffs or reserve saturation. The Dutch system performs rather
strong, as can be concluded from the (small) standard deviation listed in Table 5.2,
and high occurrence of zero activated reserves. This is caused among others by the
the transparent real-time feedback of system performance, where market parties can
contribute to area balancing with passive balancing, avoiding activation of reserve
bids [64]. Furthermore, Dutch BRPs can internally balance their portfolio, rather
than per unit, which results in lower energy imbalances [42].

In 2010, the Belgian LFC Block did not yet have a feedback mechanism.
Therefore, no real-time active market response in area balancing was delivered
and consequently a substantial amount of reserves were activated. At present, this
mechanisms is integrated in the Belgian LFC Block [114, 21]. It therefore will lead to
a smaller volume of actual activated reserves, and thus a smaller standard deviation
for the the distribution depicted in Figure 5.1 is expected. Furthermore, in the
Belgian system, relative small capacity of aFRR is procured, namely ± 150 MW.
Therefore distribution peaks for FRR at ± 150 MW are visible in Figure 5.1. For
substitution of aFRR, a substantial amount of (directly activated) mFRR products
is utilised. mFRR products in Belgium account for 25 % of the reserve energy
activated, in roughly 80 % of the time according to the 2010 data from [110].

The Danish and French systems deploy substantial amounts of additional types
of reserves next to FRR which results in a large probability density of zero FRR
activation, and for France a relative small standard deviation. Western Denmark
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passes part of the imbalance via HVDC interconnections to the rest of the Nordic
synchronous area.

The distribution peaks at procured aFRR capacity for Austria show that
additional reserves are used to supplement aFRR (among others: replacement
reserves).

The asymmetry in the FRR data (mean of -99 MW) of the German LFC Block
is caused by consequences of the RES policy rules as stated in the Erneuerbare-
Energien-Gesetz (EEG) [115]. More downward FRR is activated both in number
and size, due to priority dispatch mechanisms (feed in) of wind and especially solar
power.

For almost all areas, their mean indicate that the area position is on average
long. This is caused by the energy imbalance settlement system, constituted such
that the incentives for BRPs to be ’long’ are dominant to be ’short’. Consequently,
BRPs over-commit and are predominantly long. The penalty for under-generating
relative to a contractual position is higher than that of over-generating, due to the
(still) dominant thermal oriented areas.

For all areas combined (ALL), the effect of positive causal, temporal, and
spatial relations as observed from the correlation coefficients listed in Table 5.3
leads to a large consumption of reserves. Especially a large system like Germany is
predominantly positively correlated with other areas for reserve activation, which
restricts the potential of cross-border cooperation, resulting in a rather large
standard deviation of all systems combined (see ALL in Table 5.2).

Table 5.3: Correlation coefficients of several Continental European LFC Blocks,
based on historical data of activated reserves of the year 2010, with a resolution
of 15 min.

DK CH AT BE NL DE FR ALL
DK 1 0.01 -0.01 0.03 0.00 0.03 0.02 0.24
CH 0.01 1 0.24 0.13 0.17 0.19 -0.09 0.22
AT -0.01 0.24 1 0.10 0.15 0.15 -0.01 0.34
BE 0.03 0.13 0.10 1 0.18 0.09 0.02 0.45
NL 0.00 0.17 0.15 0.18 1 0.14 -0.01 0.40
DE 0.03 0.19 0.15 0.09 0.14 1 -0.04 0.75
FR 0.02 -0.09 -0.01 0.02 -0.01 -0.04 1 0.37
ALL 0.24 0.22 0.34 0.45 0.40 0.75 0.37 1

5.3.2 Dutch LFC Block

The Dutch TSO TenneT mainly relies on aFRR products, with mFRR products
activated incidentally, because TenneT believes in reactive balancing. Furthermore,
the activation (lead) time of schedule based mFRR products in the Netherlands
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impedes the risk avoidance of simultaneous counter-activation between aFRR and
mFRR. For the latter, full delivery of mFRR starts at the earliest the next ISP for
a minimum duration of a full ISP (15 min.).

For the analysis, aFRR activation data are used as a rough estimation of the
power imbalances exposed to the Dutch LFC Block. In Figure 5.2, the aFRR
activation is three dimensionally depicted as a function of time, using data with
minute resolution. On the x-axis, every day (365 days) is depicted, and on the y-
axis every minute per day (1440 minutes) is depicted. The colors (from blue to red)
indicate the volume of activated aFRR, where red indicates a large volume (300MW
or more) of aFRR activated. Main observations are that the Dutch LFC Block is
frequently exposed to deterministic power imbalances present at hourly transitions.
Especially at morning and evening periods, the red coloured dots indicate substantial
activation of aFRR.

The two red lines in both the top and bottom plot show sunrise and sunset as a
function of time along the year. Sunrise and sunset have an impact on the amount of
reserves activated caused by load variations (consumption of lighting). This can be
especially observed in the top plot of Figure 5.2, where directly after sunset in the
evening hours an substantial amount of upward aFRR is activated to supplement
the scarcity of energy in the system.

These phenomena result in clear reserve consumption patterns. As these
are mainly caused by power imbalances, imbalance within an ISP, these remain
responsibility of the TSO. In section 5.3.3 these power imbalances will be filtered
from energy imbalances in order to optimally allocate reserves. Furthermore, these
trends of reserve consumption per area are input parameters for a more efficient
allocation of transmission capacity for cross-border activities, as will be analysed in
chapter 7.

5.3.3 Decomposition of reserve activation

This section applies the Hilbert-Huang Transform as the decomposition technique to
analyse reserve activation signals. The technique will decompose balancing energy
into low-dynamic and high-dynamic balancing energy. This provides the inputs
for the sizing and allocation of aFRR and currently mFRR for LFC Blocks and
LFC Block cooperation. Therefore, data of the Dutch and Belgian LFC Block are
used, because this data was made available for this project in 1 min. data resolution.

5.3.3.1 The Netherlands

In Figure 5.3 an HHT analysis is shown for a normal day (24h period) for a
data set with minute resolution of activated aFRR in the Dutch LFC Block by
the Dutch TSO TenneT [107]. The decomposition results in 7 HHT components.
HHT component 1 extracts the highest frequency components and can be considered
as the performance of the secondary controller in reaction to reflecting stochastic
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MW

MW

Figure 5.2: Activated aFRR in [MW] (z-axis) by TenneT TSO B.V. for the Dutch
LFC Block in 2011, as a function of hours (y-axis) and months (x-axis). Data are
provided in minute resolution. The red lines indicate sunrise and sunset. Clearly
visible are the deterministic power imbalances at hourly transitions leading to reserve
activation (red coloured dots).

fast noise disturbances. The latter refers to the stochastic nature and continuous
variations of generation and load within a particular ISP [60] (balancing power). The
results for the Dutch LFC Block show a magnitude of roughly 10 MW (disregarding
outliers), with a time period of 1.75 min, as depicted in the second plot of Figure 5.3.
HHT components 2 and 3 are considered to reflect deterministic power imbalances
(balancing power), experienced in between consecutive energy programs (trading
time unit) due to dispatch behaviour of power units [60]. The results show a
maximum peak of roughly 150 MW of aFRR for the Dutch LFC Block, as depicted
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in the third plot of Figure 5.3. This accounts for half of the minimum required
procured aFRR capacity. The remaining HHT components 4 to 7 are considered as
stochastic forecast errors, the bottom plot of Figure 5.3 and are balancing energy.
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Figure 5.3: Hilbert-Huang Transform of Dutch activated aFRR data from [107] at
01-01-2012, time window 24h, data resolution 1 min.

In addition to the decomposition, the Hilbert spectral analyses (computed IMFs)
provide information of the time period of signals categorised by the
HHT components. In the middle bottom plot of Figure 5.4, a time component
of roughly 18 min. is computed from the spectral analysis of Dutch aFRR data.
It accounts for the unit dispatch behaviour at hourly boundaries, approximately
10 min. before and 10 min. after the hourly shift as being observed and recognised
by ENTSO-E [60]. Secondly, it accounts for the ISP length of the Dutch LFC Block
of 15 min. HHT component 3 identifies a time component of ≈ 40 min., as depicted
in the right bottom plot of Figure 5.4, which in combination with HHT component 2
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results in an hour component, reflecting Central West European (inter)national
hourly trading blocks.
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Figure 5.4: Huang spectral analysis of the first three Hilbert-Huang Transform
components depicted in Figure 5.3.
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5.3.3.2 Belgium

An HHT decomposition is also performed for activated aFRR by the Belgian TSO
Elia and the results are depicted in Figure 5.5. For HHT component 1 (second
plot of Figure 5.5), the magnitude is larger compared to the Dutch case. This
is independent of imbalance size and is caused by the Belgian pro-rata activation
mechanism of aFRR.
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Figure 5.5: Hilbert-Huang Transform of Belgian activated aFRR data (confidential)
at 12-02-2011, time window 24h, data resolution 1 min.

The computed IMFs components for the Belgian case are also similar to the
Dutch case as depicted in Figure 5.6. The magnitude of their deterministic power
imbalances is smaller, however demands relatively more of the procured aFRR
capacity (> 50 %) because of the relatively lower reserved volumes of aFRR
in Belgium.
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Figure 5.6: Huang spectral analysis of the first three Hilbert-Huang Transform
components depicted in Figure 5.5.

5.4 Activated reserves for LFC Block cooperation

In this section a case study is introduced to assess and evaluate the security
of supply for LFC Block cooperation-concepts LFC Block sharing reserves and
merged LFC Blocks. For both cooperation concepts, possible inefficiency of
reserve procurement and possible disproportional procurement responsibility will
be identified based on the data analysis.

5.4.1 Hypothetical LFC Block cooperation

The case study applies a hypothetical cooperation of isolated LFC Blocks of
Denmark, Switzerland, Austria, Belgium, the Netherlands, Germany and France.
The publicly available data from [61, 107, 108, 109, 110, 111, 112, 113] of 2010 is
chosen because imbalance netting was not yet performed and therefore activated
reserve data represents more closely the actual need for reserves (actual energy
imbalance). The minimum levels of contracted aFRR of 2010 are depicted in
Figure 5.7 with black crosses, for the smaller individual countries in Figure 5.7
(left plot) and for larger areas and their collective sum in Figure 5.7 (right plot).

The results show that for 2010, all procured aFRR (black crosses of ”All” in the
right plot of Figure 5.7) within all LFC Blocks could have covered the peak activation
of all reserves (grey square of ”All” in the right plot of Figure 5.7). Therefore,
the amount of procured FRR and aFRR could be reduced with cooperation
arrangements. Indicated with most light grey crosses, the results show that current
ENTSO-E aFRR sizing generally covers 95.40 % of energy imbalances. E.g. for
the case of Germany, more downward reserves are activated which, amongst others,
relates to local regulatory frameworks and regimes, such as the feed-in policy of
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RES. It is also observed that the ENTSO-E sizing can be applied to LFC Block
cooperation for downward aFRR sizing (the black cross is predominantly larger
than the grey diamond). For upward aFRR sizing, a new value for parameter a
of (2.5) is determined (reduced from value 10 to value 4), and indicated with the
black dotted line in order to propose reduction of aFRR procurement. Therefore an
asymmetric sizing for upward and downward reserves is applied in this case caused
by mechanisms impacting the need for reserves.
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Figure 5.7: Consumed reserve capacity (peak) and the sum of procured reserves
(aFRR contracted) as a function of LFC Block peak load for individual LFC Blocks
and for hypothetical coordinated balancing areas netting their imbalances.

5.4.2 FRR procurement reduction

Based on the historical data analyses depicted in shown in Figure 5.7, a general
and rather European categorisation is deducted as a function of system load
size, namely small-sized (e.g. Denmark, Switzerland), medium-sized (e.g. Belgium,
the Netherlands) and large-sized (e.g. France, Germany) areas of Central West
Continental Europe is made. These are listed in Table 5.4 with associated conditions
when two small-, two medium- or two large-sized areas would cooperate in the
frequency restoration process and perform imbalance netting.

The dimensioning incidents are based on HVDC interconnections for
Denmark (700 MW) and the Netherlands (1000 MW), and generation facility for
France (1500 MW). Therefore, in general it holds that for small and medium
areas, peak power imbalances relate to the dimensioning incident and therefore
can be determined based on a deterministic (N-1)-criterion. The probability values
of Table 5.4 are translated from the results shown in Figure 5.7. For a large-sized area
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(E or F in Table 5.4), the largest possible imbalance relates to a stochastic forecast
outlier, whereas for two large-sized areas together (E+F in Table 5.4), the largest
possible imbalance experienced might relate to a seldom occurring, but existing,
(N-2) event. In relative larger zones, the (N-1)-criterion is considered as procuring
enough reserve capacity as the large number of generators and demand facilities
imply a non-negligible probability of loss of generation, consumption or infeed before
the system has fully recovered from a previous loss.

From the data analyses it is concluded that for larger areas, imbalance outliers
become relatively and absolutely larger. In other words, large area E+F might be
exposed to a peak imbalance of 3000 MW with a 99 % probability of 950 MW
(ratio of roughly 3:1). Medium area C+D is exposed to a peak outlier of
1000 MW with a 99 % probability of 500 MW (ratio of roughly 2:1). For an even
distribution of FRR procurement for all LFC Blocks, large areas should comply with
stricter rules for reserve procurement, otherwise FRR procurement requirements are
disproportionally distributed and could lead to reserve under-dimensioning if large
areas do not have access to reserve parallel to the merit order list.

In Table 5.5 the FRR procurement requirements per single LFC Block according
to [17], for LFC Block cooperation sharing reserves and for merged LFC Block
are listed, which are both based on 30 % of the dimensioning incident. It can be
concluded that for large-sized areas where stochastic imbalances become dominant,
FRR requirements prescribe relatively small procurement of firm FRR, independent
of cooperation concept.

As a cautionary note, results may deviate when TSOs do not consider network
margins for the transfer of balancing energy. Furthermore, real-time incentives for
market parties to limit their energy imbalances and support the area balance may
further decrease the total need for FRR.

Table 5.4: Total reserve conditions (aFRR+mFRR) per area size and for LFC Block
cooperation performing imbalance netting, with sizing requirements compliant to [17].

Area Dimensioning Imbalances for Imbalances for
Incident in [MW] prob. of 99.00 % prob. of 100 %
in [MW] in [MW] in [MW]

A or B (small sized) 700 250 700
A + B 700 350 700

C or D (medium sized) 1000 350 1000
C + D 1000 500 1000

E or F (large sized) 1500 700 2000
E + F 1500 950 3000
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Table 5.5: Reserve sizing per single LFC Block, for two cooperation concepts, with
sizing requirements compliant to [17].

LFC Block size Reserve capacity in [MW] Reserve capacity
for concept: in [MW] for concept:
Sharing reserves Merged LFC Block

Small 490 (of which 210 are shared) 350

Medium 700 (of which 300 are shared) 500

Large 1050 (of which 450 are shared) 750

5.4.3 Reduced FRR procurement for LFC Blocks sharing
reserves

The computed results from the previous section 5.4.2 are now compared with the
current FRR procurement requirements for LFC Blocks sharing its reserves defined
in [17]. For the medium-sized area, cooperation between the Netherlands and
Belgium, it is shown that FRR procurement requirements are sufficient to cover
the need for reserves for the study year 2010. A collective peak activation of
around 1000 MW is experienced (Figure 5.7, BE + NL) with FRR procurement
recommendation of 1400 MW (700 MW per area according to Table 5.5).

However, for large-sized LFC Blocks, cooperation between France and Germany,
a collective peak activation of around 2200 MW is experienced (Figure 5.7, FR + DE)
with FRR procurement recommendation of 2100 MW (1050 MW per area according
to Table 5.5). In this case, stochastic forecast errors are now dominant and overrule
the proposed FRR procurement reduction for sharing of reserves, which relates to
the single dimensioning incident, the (N-1)-criterion.

5.4.4 Reduced FRR procurement for merged LFC Blocks

Results of Table 5.5 show that current reserve dimensioning requirements for merged
areas are such, that FRR procurement can be reduced significantly, leading to a
possible reserve under-dimensioning when no other reserves are available. Thus,
the minimum required reserve procurement volume is equal or even smaller than
the consumption of reserves (based on the data). As an example, for cooperation
between the Netherlands and Belgium, at least 1000 MW should be procured
(500 MW per area, Table 5.5), with experienced FRR activation up to 1000 MW
according to Figure 5.7 (right plot).

For cooperation Germany and France, at least 1500 MW should be procured
(750 MW per area, Table 5.5) based on the (N-1)-criterion. However, up to 2200 MW
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of reserves are collectively activated according to Figure 5.7 (right plot). This
significantly exceeds the recommended FRR procurement capacity.

From the perspective of a collective operation of the power system, reserve
procurement rules for compliance should be fair with equally spaced obligations.
Especially for large areas, exposed to larger probability of failure in combination
with larger impact on the system. Therefore, three different FRR dimensioning
requirements proposals for merged LFC Blocks are provided, namely:

� (N-2)-criterion - FRR dimensioning requirements for larger areas could be
set compliant to a double dimensioning incident ((N-2)-criterion). Larger areas
with larger number of generation units and DC interlinks have increased risk of
a significant large incident followed by a second (independent) large incident,
within a time frame of 15 minutes. This 15 minutes is the time to restore
frequency and sufficiently reserves need to be available to counteract the area
imbalance. For the areas of Germany and France, an (N-2)-criterion would
lead to a procurement of around 3000 MW per area.

� Stricter security levels - FRR dimensioning requirements could be set
compliant to stricter security levels for larger areas, Network Code [17], Article
46.2 sub h and i, more than only to cover 99 % of the time the experienced
energy imbalances.

� Combined (N-1)-criterion + security level - FRR dimensioning
requirements could be set compliant to the sum of 70 % of the dimensioning
incident, and with a deficit probability of 4.6 % (2.3 % for negative and 2.3 %
for positive imbalances). This is an empirical result of the data analysis of
historical records of 2010. These requirements would result in a joint reserve
procurement of 1150 MW (700 + 450) for the Dutch and the Belgian system
and for Germany and France in 2150 MW (1050 + 1100). Accordingly this will
level with the experienced activation of 1000 MW and 2200 MW respectively.

5.5 Allocation of reserves

In this section the allocation process of FRR is introduced and elaborated. With
reserve allocation in this work is meant:

Reserve allocation is the attribution of a specific reserve product to
counterbalance specific type of imbalances. In this work the distinction is
made between power imbalances and energy imbalances.

The allocation process has the objective to minimise the use of fast-response
reserves (aFRR) and include market parties to real-time counterbalance and restore
energy imbalances. Therefore, the allocation method filters the high-dynamic power
imbalances from the lower-dynamic energy imbalances. Accordingly, fast-response
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reserves (aFRR) are allocated at the operational planning stage to counterbalance
power imbalances. The remaining lower-dynamic energy imbalances are proposed to
be counterbalanced with real-time participation of market parties in area balancing
(active market response) [20]. Any remaining (large) energy imbalances could then
still be counterbalanced with rather slow-response reserves (mFRR), also to improve
cost-efficiency [116]. The method and the role of the Hilbert-Huang Transform
is described and results are provided based on data from the Dutch and Belgian
LFC Block.

5.5.1 Approach

Reserve allocation methodologies can have different drivers. In [96], reserve
allocation is performed with cost-efficiency as the driver, and in [117] it is a function
of the level of wind power.

In this work, it is proposed to utilise aFRR only for counteracting high-dynamic
power imbalances. The rather low-dynamic energy imbalances are proposed to be
counterbalanced by active market response with passive balancing (market parties
supporting area balance in real-time), and if necessary, to use mFRR instead.

Passive balancing is possible within a reactive market design. Here, the market is
not only incentivised to balance its own energy schedule real-time, but also rewarded
if its portfolio imbalance will support the area balance. Due to single imbalance
pricing, only market parties with imbalances in opposite sign of the area imbalance
are settled. Consequently, the TSO has a less central role and acts mainly to
counterbalance residual power imbalances, subject to sufficient network capacity
to allow deviations in the transport programs.

The evidence of the effectiveness of passive balancing in the Dutch system can
be best observed during a failure of NorNed, the HVDC interconnection of 700 MW
trading capacity between the Netherlands and Norway. This interconnection is
owned by the Dutch TSO TenneT and the Norwegian TSO Stattnet. During a
failure, the Dutch TSO TenneT is solely responsible for counteracting, as TenneT
owns the balance responsibility of NorNed in the Dutch bidding zone. In Figure 5.8,
two failures of the NorNed are depicted the moment it was exporting trading energy
from the Dutch bidding zone to the Norwegian bidding zone. In both cases, passive
balancing supporting the area balancing is observed, because the market parties
portfolio imbalances change from roughly -200 MW towards roughly 600 MW. This
is an active market response of nearly 800 MW. The remaining support by TenneT’s
activated reserves accounts for only half of the lost interconnection infeed, for a
necessary duration of only two ISPs.

Please note that active market response for area balancing requires a network
within the bidding zone with capacity margins that allow market parties deviating
from their submitted schedules. For several European bidding zones, e.g. the
single bidding zone of Germany and Austria, integration of passive balancing
might aggravate the present network challenges. Optimisation for balancing should
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Figure 5.8: Market parties portfolio imbalance and activated reserves by the Dutch
Transmission System Operator TenneT, during a sudden disconnection of the NorNed
interconnection of roughly 700 MW capacity (BRP portfolio imbalance from [118],
and TSO activated reserves from [107]. The active market response of Dutch market
parties in area balancing is clearly visible after the sudden NorNed disconnection
NorNed (failure).

not initiate congestion and jeopardise system security. Possible pre-requisites
for increased market participation are bidding zone reconfiguration, full balance
responsibility to market participants, and increased network capacity.

5.5.2 Method

The proposed aFRR allocation method in this work suggests to size aFRR capacity
to cover at least all deterministic power imbalances, and the rather small energy
imbalances. The moment areas are exposed to rather small energy imbalances,
passive balancing has a low value. The chance of both upward and downward reserve
activation within the same ISP is likely, losing the financial reward. Secondly the
market response can lead to oscillating behaviour which is undesirable for the TSO
and thirdly the imbalance price / balancing energy price is rather low.

The rather small energy imbalances are computed by using a deficit probability
to disregard the large(r) energy imbalances. The resulting dominant capacity
(between deterministic power imbalances and small stochastic imbalances) will set
the minimum aFRR capacity allocation. The amount of FRR used for deterministic
power imbalances are computed deterministically using HHT. The small stochastic
power imbalances are computed probabilistically. The applied deficit probability is
based on the practical example of the Belgian LFC Block, deploying structurally
mFRR to supplement aFRR. In previous work [97], a similar allocation approach is
used to unburden fast-response reserves (aFRR) by utilising mFRR to cover for the
low-dynamic energy imbalances from wind and solar power.

After the allocation process at operational planning, the conventional decision
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algorithm for activation of slow-response reserves at system operation can remain a
function of the level of already activated fast-response reserves as is currently used
by several European TSOs.

5.5.3 Allocating aFRR for deterministic power imbalances

As shown in Figure 5.3, 5.4, 5.5, and 5.6, HHT is applied to a case study of
the Netherlands and Belgium. The peak capacity for deterministic power imbalances
based on this case study is considered to be 150 MW for the Netherlands (third
plot of Figure 5.3) and 130 MW for Belgium (third plot of Figure 5.5). With
a maximum reserve activation of ≈1000 MW (both for the Dutch and Belgian
area), the maximum utilised capacity for deterministic power imbalances accounts
for ≈ 13 - 15 % of this peak reservation of 1000 MW (based on HHT components 2-
3). For a hypothetical mutual cooperation between both areas, this would account
for 225 MW (sum of the Dutch and Belgian HHT components 2-3), and thus ≈ 23 %
in relation to the peak capacity of ≈ 1000 MW according to Figure 5.7. This is more
than

√
2 larger (coefficient value for perfect uncorrelated data), indicating a positive

correlation of deterministic power imbalances between both LFC Blocks.
The reserve demands for deterministic power imbalances in Belgium,

the Netherlands and their netted sum of respectively 130, 150, and 225 MW accounts
for roughly half of the ENTSO-E proposed aFRR capacity, which is 265, 305, and
440 MW respectively (computed with (2.5) and depicted in Figure 5.7).

5.5.4 Allocating aFRR by disregarding outliers

The applied deficit probability for aFRR is chosen based on the deployment rate of
mFRR in Belgium, which deployed 25 % of the reserve energy from mFRR products
(in roughly 80 % of the time) [110]. Therefore, a theoretical deficit probability of
12.5 % (25 % divided by 2) is applied for both upward and for downward aFRR,
as it is assumed that mFRR only supplements aFRR for the largest imbalances.
The results for several Continental European LFC Blocks are listed in Table 5.6,
including the merging of LFC Blocks of Belgium and the Netherlands. For the case
of Belgium, the Netherlands, and their netted sum, it accounts for 140, 120, and
230 MW, respectively. These results are similar to the results to completely cover
all deterministic power imbalances based on the case study (applied HHT), namely
130, 150, and 225 MW respectively.

This observation leads to the proposal that in terms of power balancing, a
minimum reserve capacity of 130 MW should be procured by the Dutch LFC Block,
150 MW by the Belgian LFC Block and 230 MW if both areas would merge into
a larger LFC Block. For the latter case, the results are only valid if the single
Bidding Zones remain and network capacity would be unrestrictedly available. This
set of aFRR procurement capacity would result in a potential reduction compared
to the proposed square root method of ENTSO-E. For the Dutch case, it would
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even reduce half of the official ENTSO-E procurement capacity recommendation,
according to (2.5), using a Dutch peak load of 19.000 MW.

Table 5.6: Reserve peak capacity per LFC Block, to completely counterbalance
deterministic power imbalances and by disregarding imbalance outliers with a deficit
probability of 25 %.

LFC Block Peak reserve capacity Peak capacity of
for deficit probability deterministic power
of 25.00 % imbalances (HHT)

BE ≈ 140 MW ≈ 130 MW
NL ≈ 120 MW ≈ 150 MW
BE + NL ≈ 230 MW ≈ 225 MW
DE ≈ 310 MW
FR ≈ 210 MW
DE + FR ≈ 390 MW

5.5.5 Recommendations

As a cautionary note, the proposed reduction of aFRR procurement requires either a
pro-active TSO participation with active and effective activation of mFRR (however
not proposed as it takes over the energy responsibility of market parties), or requires
a reactive TSO operating a bidding zone in which market parties participate in
passive balancing, with area balancing reward. This work proposes the active
market response in area balancing (passive balancing), as the market can provide
high liquidity of energy flexibility and offers it market-based.

Besides the sizing based on historical data, a model-based approach of sizing
reserve could be developed, not only related to system peak load, but as a function of
incidents, wind and solar predictability constraints, load deviations and deterministic
power imbalances, according to [119]. In this study it is also found that for every
1000 MW of wind and solar power generation integration, additional reserves of
30 - 70 MW are necessary.

Further research might investigate the frequency restoration control error quality
per LFC Block resulting from increased activation of mFRR products or market
participation in real-time balancing. For the real-time participation of market parties
in area balancing it needs to be investigated what the potential is, and how to develop
an adequate market design framework and platform to put correct incentives to the
market.
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5.6 Summary and conclusions

This work reviewed and examined the applicability of the set of ENTSO-E frequency
restoration reserve procurement requirements compliant to the new Network Code
on Load Frequency Control & Performance, applicable for LFC Block cooperation,
with the aim to reduce reserve procurement. Where reserve over-procurement will
limit the (cost-) efficiency of balancing, reserve under-procurement might risk the
security of supply, jeopardising the entire synchronous area.

Two TSO cooperation-concepts are examined: LFC Blocks sharing its reserves
and merged LFC Blocks. It can be concluded from the applied case study 2010,
that current reserve procurement requirements of the cooperation-concept LFC
Blocks sharing reserves would provide sufficient available reserves for TSOs with
rather small and medium-sized European control areas. There is no indication of
possible reserve under-procurement. Nevertheless, for relative larger control areas,
procurement requirements do not satisfy the total need for reserves based on the
case study.

This is also valid for the second investigated cooperation-concept, namely merged
LFC Block, where disproportional procurement occurs when areas would cooperate.
Especially for the relatively larger control areas, procurement recommendations lead
to relatively few reserve procurement, compared to smaller control areas. To still
safeguard frequency quality on synchronous area level, and prevent disproportional
procurement treatment, a new frequency restoration reserve sizing recommendation
is proposed. The sizing recommendation relates to the sum of 70 % of the
dimensioning incident and an allowed deficit probability of 4.6 % (i.e. security level
95.4 %), as this security level disregards the dimensioning incident and the rather
rare, very large stochastic forecast errors.

The second part of the research investigated a new sizing and allocation method
aiming to reduce the procurement of fast-response reserves. This is achieved by
performing the imbalance netting process by means of LFC Block cooperation, and
by activating fast-response reserves only for the high-dynamic power imbalances.

It is found that the current ENTSO-E sizing method for automatically activated
frequency restoration reserves (automated fast-response) is applicable for LFC Block
cooperation. It was however observed that for areas with certain market design
and framework specifics, (e.g. special treatment of RES), the need for reserves
deviates. To distinguish between the need for fast- and slow-response reserves,
a signal decomposition technique named Hilbert-Huang Transform is used. By
allocating the fast-response reserves for rather high-dynamic power imbalances, such
as deterministic power imbalances and fast noise disturbances, it was found that
the procured fast-response reserve capacity might be reduced up to 50 % for a
case study The Netherlands and Belgium. The remaining energy imbalances could
be counterbalanced by real-time balancing contribution of market parties and with
manual activated reserve products.



CHAPTER6
Transmission capacity allocation method

for balancing

6.1 Introduction

To respond to the ongoing search for balancing efficiency, Continental European
TSOs promote the cross-border process of frequency restoration, to cooperate in
secondary load-frequency control. This new cooperation for integrated balancing
markets should reduce volume and price of reserve procurement and reserve
activation. The reduction of the expenses associated with balancing optimise the
efficiency of the total system, which eventually should lead to increased social surplus
and a lower electricity bill for end-consumers. This will be further elaborated
in section 6.2.

It is essential that the integration of balancing markets is facilitated by
interconnected transmission networks. The benefits of transmission capacity relate
at present moreover to the large scale integration of wind power [120, 121]. For
various reasons, transmission capacity is almost completely allocated to cross-border
trading markets. This was considered optimal, because it was presumed that the
value of energy trade is higher than the value of exchange of reserves, and because
of the ongoing wish to promote maximum competition (minimise market distortion)
in energy markets [7]. Therefore, in [10], the priority order of transmission capacity
allocation is from long- & mid-term till day-ahead trade, to intraday trade, and any
remaining unused transmission capacity may then be used for cross-border balancing.

Nevertheless, it may be proven, that this approach is in some cases sub-optimal
from a system-efficiency perspective, because it does not necessarily lead to
maximisation of the value of existing transmission capacity, as concluded in [122,
123]. In addition, current energy prices in coupled day-ahead markets do not always
properly reflect scarcity and thus the value of available transmission capacity [46].
A fortiori, this work argues that it should not be explicitly prohibited to reserve
transmission capacity for balancing, on either AC or DC lines, in line with the
currently under review proposals by the ENTSO-E Network Code Electricity
Balancing [16, 124]. This work recommends that cross-border balancing should have

95
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access to transmission capacity in a market-based manner, to optimise the efficiency
of the total system, rather than maximise the value of a single market such as the
day-ahead or intraday market.

The value of transmission capacity for cross-border balancing historically
originates from an increase of security of supply [125]. At present, it is intended
to add even more value via cheaper and reduced procurement of balancing reserves
from abroad. This was researched in [126], for the value of aFRR between Norway
and Sweden, compared with the value of having cross-border network capacity
available in the day-ahead market. This work supplements the value determination
of transmission capacity for balancing reserves by including balancing energy. This
is the actual energy transferred for balancing purposes, which is a function of the
stochastic nature of imbalances.

In section 6.3 the different capacity allocation methods, as defined in the
Supporting Document of the Network Code Electricity Balancing [124], are
elaborated. This chapter proposes however a new methodology to allocate cross-
border transmission capacity for both balancing and for trading. With this new
method it is aimed to properly value (market-based) existing transmission capacity
and therefore to optimise the efficiency of the total system. This methodology is
developed in coherence with the transmission capacity calculation approach of flow-
based (FB), suitable for flow-based market coupling (FBMC). In section 6.4, the
proposed transmission capacity allocation method is introduced, consisting of a
five step process, to answer how much transmission capacity should be allocated
to balancing. In the succeeding chapter 7, the proposed allocation method is
demonstrated to show that this method will add value to the current use of
transmission capacity and consequently improve efficiency of the total system.

As shown conceptually in Figure 6.1, allocation of a certain amount of
transmission capacity to balancing (markets) could increase the total value of
transmission capacity, which is represented by the total area below both curves. The
point of intersection of the two curves defines the optimal mix of capacity allocated
to energy trade and to balancing respectively [7]. This is achieved when the marginal
price of a cross-border trade equals the marginal price of a cross-border balancing
transaction, according to (2.2). The grey-tinted area indicates the lost value of
transmission capacity when in this example all capacity would be reserved for trading
purposes. The exact location of an optimum point (intersection of curves) is case
dependent, and depends on which balancing components can be taken into account
for cross-border optimisation. This will be shown in the succeeding chapter 7, where
the proposed allocation method will be applied to a case study.

The determination of this allocation optimum requires information on price
spreads (price differences) between zonal trading and balancing markets and the bid
volumes. The capacity allocation method will determine the value of transmission
capacity for balancing, by determining its value for balancing reserves (procurement),
and will estimate the value for balancing energy. Balancing energy consist of the
imbalance netting process, and reserve activation. However, the latter might be
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Figure 6.1: Total value of transmission capacity as a function of the value for trading
(longer dashes) and balancing (shorter dashes) [7, 122]. The grey-tinted area indicates
the loss of value when transmission capacity is fully allocated to trading.

practically not suitable for cross-border cooperation, due to the restricted volumes
of transmission capacity as will be briefly explained in section 6.3. For the value of
balancing energy, computation always remains a function of the stochastic nature of
imbalances and therefore estimations are required.

To identify the value of balancing energy, the capacity allocation method starts
with defining the sources and sinks (injection and withdrawal respectively) of
balancing energy, explained in section 6.5. Subsequently, the resulting balancing
flows are computed as mentioned in section 6.6. The flow results are used to
compute the so-called Balance Flow Probability factor, introduced in section 6.7.
This dimensionless factor indicates the expectation of how much of the reserved
transmission capacity for balancing will be actually used to transfer balancing power,
which is a function of power imbalances. The higher the value, the more reserved
transmission capacity is used for a particular reservation of capacity for balancing.
A higher value will relatively add more value to cross-border balancing.

The Balance Flow Probability factor is essential to estimate the value of
transmission capacity for balancing energy (transfer of power). Combined with
the determination of the value for cross-border balancing reserves (procurement of
reserves), the value optimised allocation can be conducted in the fourth step of the
capacity allocation method, as elaborated in section 6.8.

The final step is to make the reservation of transmission capacity for balancing
firm. Since cross-border balancing results in a different usage of interconnected
transmission networks compared to trading markets, a blind inclusion of these
additional balancing flows (with associated uncertainties) to currently defined
(safety) margins is considered non-optimal and risky. Especially when additional
balancing flows become large, both in number and size. Therefore, this work
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proposes in section 6.9 a new margin within the capacity calculation approach of FB
for market coupling, namely a Balance Flow Margin. This margin facilitates TSOs
to secure that interconnected transmission network operation remains pursuant
to the (N-1)-criterion [17] and to maintain improved reliability of interconnected
networks [121].

All five processes of the transmission capacity allocation method for balancing
will enable a rather fair and market-based allocation of transmission capacity with
least estimation of subcomponents.

At last, in section 6.10 a summary is provided and conclusions are drawn for the
process of transmission capacity allocation.

6.2 Transmission capacity for balancing

Interconnected transmission capacity was initially designed to ensure operation
of synchronised networks and for assistance in case of system failures within the
synchronous area (e.g. incidents). In succession to that, cross-border trades further
increased the value of transmission capacity, by coupling trading markets in an
international context. At present, cross-border balancing is also considered to add
to the value of existing transmission capacity with the objective to maximise the
efficiency of the total system. Therefore, the allocation distribution of capacity
to balancing and to trading needs to be optimised, consequently increasing social
surplus and eventually a lower electricity bill for the end-consumers. As the
electricity bill consists of an electrical energy tariff, a network tariff, and taxes,
as listed in Table 6.1, cost-efficient cross-border balancing should reduce the costs
made for network tariffs.

Table 6.1: Expenses that constitute the end-consumer’s electricity bill

Expenses Examples

Electrical energy tariff Fuel
Depreciation
Risk
Profit

Network tariff Distribution costs
Transmission costs
System costs

Taxes Electricity tax

A dominant reduction of the network tariff (consisting of balancing) on the
expense of the electrical energy tariff (consisting of trading) is considered as ’justified’
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for system optimisation. Therefore, some transmission capacity is withdrawal from
the market and allocated to cross-border balancing.

In Figure 6.2, examples of the expense-effects of reservation of transmission
capacity for trading and for balancing are schematically shown. Here, the trading
and balancing expenses for area (A and B) and their sum are listed as a function
of the reservation of transmission capacity for balancing and for trading. The value
of cross-border transmission capacity with market coupling for trading is illustrated
with case II. Here, trading expenses are reduced from e310 to 283 (Figure 6.2, third
column, first and second row), when trading can utilise 1000 MW of transmission
capacity. However, the total expenses (trading + balancing) associated to this
particular case study can be even further reduced, when part of the transmission
capacity is allocated to balancing. This is illustrated with case III, depicted in the
third row of Figure 6.2.

B
Trading 1000 MW

Total trading expenses = 98
Total balancing expenses = 20

Total trading expenses = 105
Total balancing expenses = 60

∑ Trading expenses = 203
∑ Balancing expenses = 80

Total expenses = 283
+

B
Trading 900 MW

Total trading expenses = 96
Total balancing expenses = 25

Total trading expenses = 115
Total balancing expenses = 25

∑ Trading expenses = 211
∑ Balancing expenses = 50

Total expenses = 261
+

Balancing 100 MW

B
Total trading expenses = 90

Total balancing expenses = 20
Total trading expenses = 140

Total balancing expenses = 60

∑ Trading expenses = 230
∑ Balancing expenses = 80

Total expenses = 310
+

case I. No market coupling

case II. Full reservation for trading

case III. Reservation partly for balancing

B

B

BA

A

A

Figure 6.2: Schematic depiction of expenses related to trading and to balancing for
two areas (A and B), with and without certain network reservation for balancing and
trading (three cases). The numbers (expenses) are examples with unit [e].

Even though in case III, trading expenses will increase from e203 to 211 (value
of lost trade of e8), balancing expenses are reduced from a total of e80 toward 50
(balancing value of 30). Consequently, the total expenses associated to case III are
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reduced from e283 toward 261. Accordingly, it is considered that for this example
case, the value of existing transmission capacity will be increased, when 100 MW
transmission capacity will be reserved for balancing. Consequently, the total price
for electricity reflected on all end-consumers in both areas will be reduced with
e22 (283 - 261). This additional value would equal the grey-tinted area of Figure 6.1,
assuming both examples relate to the same case.

6.2.1 Value computation

Proving beyond doubt when transmission capacity reservation for balancing
maximises the value of existing transmission capacity is complex which includes
predictions. Not only regarding price spreads between areas, but also entails
questions such as what criteria and methodology should be applied to ensure that a
certain optimal point is indeed found and truly social welfare is gained. From a rather
short-term financial point of view, this optimum is found when the marginal price for
a cross-border trade equals the marginal price for a cross-border balancing exchange.

In ENTSO-E’s opinion, the key issues which need to be considered in a
price-optimised calculation for reservation of transmission capacity for cross-border
balancing are listed below, while mentioning the particular contributions of this
thesis per item:

� Assumptions concerning the generation mix and consumption features across
the interconnection, i.e. the simulations of the value of energy and reserves
across the interconnection for the duration of the proposed reservation [122].

This work identifies what the additional value of a cross-border balancing
transaction needs to be, compared to the loss of value in cross-border trading
markets, in order to still increase the total value of cross-border activities.

� All alternatives to reserve trading have to be analysed and not only day-ahead
markets. For instance, the intraday market is an alternative to reserve trading
and the foregone value of energy trade in the intraday market has to be
calculated [122].

The ”allowed” foregone value of energy trade (day-ahead and intraday) is
computed in this work based on historical data, to justify the reservation of
transmission capacity for balancing. This is conducted in chapter 7. It includes
besides prices spread also the quantity of trades.

� The timing of the reservation. The reservation might be made before or after
day-ahead gate closure [122].

In this work, it is proposed that within the long-term target model for
transmission capacity reservation for balancing, transmission reservation for
balancing is synchronised with allocation to trading, by means of equal gate
closure time of day-ahead market and procurement of balancing reserves. Both
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markets therefore clear at the same time, which enables reservation in a market-
based manner, and in compliance to security of supply (firmness for balancing).
In section 6.3.2 the proposed reservation approach is elaborated.

� The impact on system security. In particular, TSOs might require certain
reserves within their control area or, vice versa, they might depend on reserves
from outside due to technical constraints (geographical distribution) [122].

In this work, the procurement of reserves outside the own LFC Block is
considered in chapter 5, for different cooperation concepts. In chapter 7, the
resulting transfer of reserve capacity and its effect on the network is considered.

� The impact on the functioning of markets, i.e. liquidity and market power
issues. It is suggested that any study aiming to show the benefit of
transfer capacity reservation for exchanges of reserves by using a cost-efficient
calculation should include a straightforward explanation of its methodology
and explicitly focus on these elements [122].

It is recommended to perform a future study considering distortion of markets
when part of transmission capacity will be withdrawn from trading markets.
Nevertheless, market parties should always be incentivised to prioritise area
balancing support or portfolio balance above going in area imbalance, and to
prioritise scheduling their portfolio with a net balance position of zero, rather
than an imbalance position before real-time.

6.2.2 Transmission value for balancing and trading

The value/benefit of transmission capacity cross-border balancing and trading is a
function of four balancing components and one trading component, as schematically
depicted in Figure 6.3.

Value of interconnected transmission capacity

Balancing Trading

- Reduced procurement of balancing reserve bids
- Cheaper procurement of balancing reserve bids
- Reduced activation of balancing energy bids
- Cheaper activation of balancing energy bids

- Cheaper trading bids

Figure 6.3: Flow chart of the value of transmission capacity for balancing and for
trading as a function of trading, balancing bid prices for procurement and activation,
and imbalance netting (reduced activation of balancing energy bids).

Please note that within some European balancing areas, it is mandatory for some
units (market parties) to make their services available. Market parties offer their
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remaining margins (headroom and footroom) on their flexible generation and load
units. This affects the value of balancing reserves and has an impact on the price of
balancing energy (mark-up components and bidding strategy).

6.2.2.1 Value for balancing

The value/benefit of transmission capacity for cross-border balancing is a function
of four balancing components. These are:

� Price-efficient reserve procurement - Cross-border procurement of
balancing reserves enables TSOs to share bid offers and commonly select the
most price-efficient bids to save costs. This is applicable for the cooperation
concepts exchange of reserves and sharing reserves. This increase of balancing
value is independent of actual bid activation (balancing energy).

� Reduced reserve procurement - Cross-border cooperation for balancing
within CoBAs enables TSOs to reduce the total procurement of balancing
reserves, avoiding costs, and meanwhile still satisfying reserve dimensioning
requirements. This can be achieved with the cooperation concept sharing
reserves, according to [17], which is investigated in chapter 5. This increase of
balancing value is independent of actual bid activation (balancing energy).

� Price-efficient reserve activation - With cross-border cooperation, reserves
can be exchanged or local merit order lists could be merged, under the
condition that always sufficient network capacity will be available to activated
all reserves on the merit order list. In both cases, savings could be made for
balancing. More liquidity can lead to activation of cheaper reserve bids. This
increase of balancing value is a function of imbalances (balancing energy).

� Reduced reserve activation - Cross-border cooperation in which the
imbalance netting process is performed, leads to a total reduction of activated
reserves within CoBAs, to avoid costs. This increase of balancing value is a
function of imbalances (balancing energy).

An overview of savings related to the four balancing components is listed
in Table 6.2.

6.2.2.2 Value for trading

The value/benefit of transmission capacity for cross-border trading is:

� Price-efficient market transaction - The cross-border cooperation for
trading (exchange of energy as commodity) in which bidding zones will be
coupled, leads to larger (common) merit order lists in e.g. day-ahead markets.
On aggregated level, this results in a total of cheaper trading bids from market
parties. Cross-border trading markets do not change the total volume of bids.
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Table 6.2: Overview of the savings related to using transmission capacity for cross-
border balancing.

Balancing reserves Balancing energy

Expenses related to Procurement Activation

Type of savings Static Dynamic

Uncertainty of No Yes
savings

Function of Balancing reserve bids Power/energy imbalances
and balancing energy bid
prices

The change of market value for increased of decreased volumes of transmission
capacity is a characteristic of market resilience (market depth). In Figure 6.4, the
outcome of a market resilience analysis by the APX power spot exchange is shown,
as published in [127]. The absolute day-ahead market price shows a downward trend,
however with increased market resilience. Both phenomena increase the potential
for price-efficient capacity allocation to balancing.
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Figure 6.4: Market resilience of the monthly average day-ahead market clearing price
of APX the Netherlands of 2013 and 2014.

As a cautionary note, not every single area will be exposed to higher trading
prices, the moment transmission capacity is reduced. For those areas with relatively
cheap local trading bids, local prices reduce as these areas will not export the
relatively expensive bids any more, which influences the local price of the constrained



104 Transmission capacity allocation method for balancing

bidding zone. Nevertheless, the total trading expenses of all bidding zones within
the CoBA will increase the moment transmission capacity will be withdrawn from
trading markets, leading to price differences between bidding zones.

The effect of transmission capacity reservation for trading and for balancing on
the total value of transmission capacity is depicted in Figure 6.5.

Reservation of transfer capacity:

Opportunity to allocate
more to trading

Optimal

Capacity reserved [MW] Opportunity to allocate
more to balancing

Va
lu

e 
[€

]

TradingBalancing

Figure 6.5: Schematic depiction of the value of transmission capacity reservation for
balancing and for trading. As an example, if more capacity is allocated to trading, the
value for trading increases and the trading block moves away from the balance center
(triangle with e sign). However, the restriction in cross-border balancing reduces the
value and moves the balancing block closer to the balance center. The reservation
allocation is now considered sub-optimal.

6.3 Transmission capacity reservation methods

There are multiple options how part of the transmission capacity can be reserved
for the balancing process. In the upcoming two sections the ENTSO-E methods and
the proposed target model in this work are elaborated.

6.3.1 Reservation methods for TSOs

According to the Supporting Document of Network Code Electricity Balancing [124],
three methods for transmission capacity reservation are proposed. These are
schematically depicted in Figure 6.6.

Transmission Capacity Reservation for Balancing

Co-optimisation 
process

Market-based
reservation

Economic e�ciency
analysis

Figure 6.6: Three transmission capacity reservation approaches for TSOs to acquire
transmission capacity for cross-border balancing, according to [124].

These three approaches are in detail:
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� Co-optimisation process - TSOs participate simultaneously with market
parties in a single transmission capacity auction, with equal gate closure
time. TSOs place bids to explicitly procure only transmission capacity, with
prices based on the available balancing reserve bids. Market parties remain
bidding with implicit auctions, resulting in hybrid coupling or open market
coupling [128]. The actual bids of the TSOs are based on estimations of the
value for balancing energy and depending on the time frame on balancing
reserves.

� Market-based reservation - The market-based reservation process is a
pricing method where the value of cross-border market trades (prices and price
differences of markets) is forecasted. Based on these predictions, an efficient
allocation of cross-border transmission capacity is estimated.

� Economic efficiency analysis - Within the economic efficiency analysis,
both balancing reserve bids (differences) and market price differences are
forecasted and accordingly the optimal reservation of transmission capacity
is estimated.

6.3.2 Proposed target model

This work proposes a capacity reservation method with harmonised gate closure of
balancing reserves and trading markets. Market and balancing reserve bids will be
linked, to provide auctioning in a market-based manner. An optimisation algorithm
decides how to allocate transmission capacity, with least amount of estimations
involved. Compared to the other capacity reservation methods it can maximise
transparency, minimising unnecessary mark-up, and complex bidding strategies.
Balancing and trading auctioning can become implicit for the day-ahead time frame.
The target model therefore maximises the combined efficiency of balancing and
trading markets using the available transmission capacity. The amount of price
forecasts is minimised, only the value of balancing energy needs to be estimated.
However, independent of any applied allocation model, this will always be the case
as balancing energy remains a function of the stochastic nature of imbalances.

In Table 6.3 an overview is provided of the gate closures of cross-border trading
and balancing markets as defined in this target model. All markets include
implicit transmission capacity allocation, meaning a selected bid is always implicitly
accompanied by network capacity. In order to take into account the value of
transmission capacity for balancing energy, estimated balancing energy bids and the
volumes (function of power imbalances) are incorporated in the day-ahead allocation
algorithm.

Further details of transmission capacity allocation to TSOs via the flow margin
defined as the Balance Flow Margin will be discussed in section 6.9.

As a cautionary note, moving the gate closure of balancing reserves even closer
to real-time, e.g. synchronised with intraday markets, is considered problematic
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by TSOs to guarantee the compliance of reserves (sufficient amount of reserves
locally available). At the day-ahead stage, more time is available to verify if network
constraints are present.

Table 6.3: Overview of the gate closure time (GCT) for trading and balancing
markets, and the position of the estimation of balancing energy. Note that
the balancing energy estimation only influences the price-optimised transmission
allocation, it is not a gate closure.

GCT Time Market

-24 hour DA trading market
Balancing reserves with component of
Balancing energy estimation

-1 hour ID trading market
recomputed Balancing energy estimation

<-1 hour Balancing energy

6.3.2.1 Allocation limitations

Within the target model, the allocation of transmission capacity to balancing is
market-based, however two allocation limitations are included in the optimisation
algorithm in order to secure system operation:

� Transmission capacity allocation to balancing should be prioritised above
trading, if locally not sufficient reserves can be procured

� Transmission capacity allocation to balancing should include a cap, to have a
minimum amount of reserves locally available within the balancing area

6.3.2.2 Challenges

The proposed target model for transmission capacity also involves challenges due to
its complexity:

� Computation - The optimal allocation is based on a complex computation
with significant amount of bids for both balancing and trading, with several
constraints, for multiple areas.

� Iterations - Finding the allocation optimum requires computation iterations.

� Linking of the bids - Trading and balancing reserve bids need to be linked,
however can not be merged, as both settle at a different price and have a
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different quantity behind (total volume of bids that are price affected). Due
to marginal pricing as the pricing method of the day-ahead market, a change
in price for trading will affect all nominated market parties.

� Power Exchanges - The optimisation calculation could be performed at market
auctioning, however this is (currently) outside the direct control of TSOs.
Power exchange failure might jeopardise the system as not much time is left
up to real-time to make a second run or adjustments.

� Common merit order lists - The merge of local merit order lists of balancing
energy is only possible under the condition that sufficient transmission capacity
is available to activate all bids on the merit order list. It is ineffective to
merge local merit order lists with the risk that the balancing market will
be congested within an ISP. This because of remaining interdependency of
prices and net positions of market parties (BRPs + BSPs). This will lead
to inefficient and perverse incentives and settlement constraints, consequently
an inefficient balancing process will be conducted. Both under a pay-as-bid
as well as marginal pricing scheme, an common merit order list of balancing
energy with the risk of congestion within an ISP, is ineffective. Either an
unfair settlement between BRPs will occur, or an unfair settlement between
market parties (BRPs + BSPs) and the TSO will occur. If for any reason,
merit order lists must be merged, balancing areas should not cooperate within
an CoBA, but balancing areas should merge into a larger balancing region,
with one single ACE, reserve dimensioning, etc.

6.3.3 Scope and assumptions

Generally, it is accepted that a transmission allocation principle, that is both cost-
reflective and suitable for trading markets, is implicit auctioning [15, 128]. In [129]
it is confirmed that this also applies to balancing. There it is found that for several
European zones, the opposite approach, namely explicit auctioning, would lead to
welfare loss compared to implicit auctioning. Therefore, in the continuation of this
work, implicit auctioning is assumed, where selected cross-border balancing reserve
bids are implicitly facilitated by sufficient transmission capacity.

It is also assumed that for the search of an allocation optimum, balancing
and trading markets are not distorted. This could however be the case, caused
by e.g. market power or unharmonised and uncoordinated market conditions,
malfunctioning, and strategic behaviour. In that perspective, the rather longer term
impact of transmission capacity allocation for balancing on depreciation, risk, and
decrease of producer and consumer surplus is not taken into account. Nevertheless,
it is recommended to conduct social welfare assessments.

Cross-border balancing will only be transparent and effective with harmonised
regulatory frameworks. Differences in e.g. imbalance settlement and imbalance
pricing methods will distort correct incentives for the balancing process as studied
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in [15, 64, 80]. Besides, network restrictions within an ongoing ISP, that limit further
cross-border transfer of balancing energy between two balancing areas, distorts
balancing markets and might be practically impossible to implement. As the final
price of imbalances will be determined after the ISP, both balancing areas still
affect each others prices, even if during the imbalance settlement period cross-
border balancing is constrained. Therefore this work does not implicitly recommend
to merge merit order lists of balancing energy between balancing areas within a
coordinated balancing area. A merge of balancing areas would be more applicable
for merging merit order list of balancing energy.

Transmission capacity allocation to balancing has the objective to maximise
the efficiency of the system, rather than maximise the value of a single market
such as day-ahead or intraday markets. Nevertheless, the incentives for market
participants to keep their schedules in balance or to support control area balancing
in a passive way (when not acting as balance service providers) should be larger,
than the incentives to risk or go in an imbalance (reserve activation) that aggravates
the control area balance.

6.4 Five step process

The proposed transmission capacity allocation method for balancing consists of a
five step process in coherence with the capacity calculation approach of FB market
coupling. The process aims to provide a common set of criteria to determine
the optimal transmission capacity reservation, taking into account the uncertainty
related to imbalances.

Independent of the future decision how TSOs will procure their necessary
transmission capacity as proposed in [16, 124], the exact estimation of the actual
value of transmission capacity for balancing will always be accompanied by
predictions and estimations. This is due to the stochastic nature of imbalances. The
uncertainty of actual energy that will be activated/transferred, impedes the value
estimation of transmission capacity for balancing. The five step process takes this
uncertainty into account, and therefore will provide for each predefined period, and
for each direction (import or export), the ”optimal” mix of transmission capacity
allocation to balancing and to trading. Therefore, the five step approach can be
used for all transmission capacity allocation methods mentioned in the Supporting
Document of Network Code Electricity Balancing [124], in order to estimate the
value of balancing energy. This is also independent of the time frame allocation of
transmission capacity.

The proposed transmission capacity allocation method consists of five steps as
listed below, including their objectives:

1. Determining the injection and withdrawal of balancing energy. The
first three steps compute the expected value of balancing energy, where it is
combined with the value of balancing reserves and trading in the fourth step.
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Thus, in order to compute the value of balancing energy, first, the ’exact’
locations of injections and withdrawal of balancing energy are determined,
based on balancing energy prices and power imbalances. In other words,
the net position (all imports and exports) regarding the balancing process is
determined per node. Each node is in fact a sub-area within the network, where
the TSOs aggregates all injection and withdrawal and uses the net position of
this node for its power flow analysis. The more nodes, per area, the more
detailed the power flow analysis. Computed results are used as input in the
succeeding step to accurately model the expected network exposure to power
flows caused by cross-border balancing.

2. Computing the expected balancing flows. The second step is the
estimation of the probability of balancing flows, i.e. the cross-border transfers
of balancing energy for the frequency restoration process.

Here, the expected balancing flows are probabilistically computed based on the
net balancing positions calculated in step 1. The flows are a function of cross-
correlation of power imbalances, imbalance netting, and balancing energy bids.
Results are essential to determine the occurrence and magnitude of balancing
flows, as will be analysed in chapter 7.

3. Calculating the Balance Flow Probability factor. In this step, the
probability of balancing flows from step 2 is translated into an average
balancing power transfer, for each marginal reserved transmission capacity.
In section 6.7, it is further explained how this relates to the value of
balancing energy.

The detailed computation of all relevant system parameters, as determined in
the previous two steps, is essential, because not every cross-border balancing
transaction/agreement actually leads to a balancing transfer. Fewer and
smaller balancing transfers lead to unused transmission capacity, meanwhile
cross-border trading could have converted this transmission capacity into
(more) value.

4. Price optimised allocation. In combination with prices of procurement
and activation, the price optimised allocation of transmission capacity to
balancing can now be determined. Therefore, the value loss of reduced cross-
border trading is compared with the value of cross-border balancing reserves
(procurement) and balancing energy (using the Balance Flow Probability
factor), to set the optimal transmission reservation for balancing.

5. Allocating the Balance Flow Margin . At last, after determination of the
price-optimal transmission capacity allocation in the fourth step, probabilistic
results are translated via a deterministic estimation into a Balance Flow
Margin, to make transmission capacity available for balancing firm for TSOs,
as further elaborated in section 6.7.
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An overview of the five step process is depicted in Figure 6.7. Before market gate
closure of day-ahead auctioning, the Balance Flow Probability factors for imbalance
netting (and in theory reserve activation) are computed (step 3) to be used for the
price optimised allocation of transmission capacity (step 4). Together with actual
trading and balancing reserve bids, the transmission capacity allocation is derived
and network capacity for balancing is assigned to a day-ahead Balance Flow Margin
(DA-BFM).

Day-ahead auctioning:
Price optimised allocation
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Figure 6.7: Flow chart of the transmission capacity calculation method consisting of
the five step process. For both the day-ahead (DA) as well as intraday (ID) time frame,
the Balance Flow Probability (BFP) factor and the Balance Flow Margin (BFM) are
computed. (Step 1 to 3 is to compute the value of balancing energy)

At intraday (continuous auctioning), again the value of balancing energy is
computed which might lead to (small) adjustment of the Balance Flow Margin after
intraday (ID-BFM) in both directions.
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6.5 Determining injection and withdrawal

The additional loading of interconnections, caused by cross-border balancing, is a
function of injection and withdrawal related to the balancing process of frequency
restoration. The locational position, magnitude, and duration of injection and
withdrawal within the network determines the exact exposure of the network to
balancing power flows.

6.5.1 Parameters

Injections and withdrawals of balancing energy are a function of the cross-correlation
of imbalances, balancing energy bids, and their reserve activation mechanism
(pro-rata and merit order).

As categorised in section 5.2.1, imbalances differ based on their cause, and
therefore have a different effect on the network; incidents (contingencies) result in a
local injection and withdrawal of balancing energy, with a relative large local effect
on the loading of the network. On the contrary, non-contingency related imbalances
such as stochastic forecast errors result in dispersed unscheduled injections and
withdrawals of balancing energy, less concentrated and relatively smaller in size.

Secondly, for sake of completeness of this study, upward and downward balancing
energy bids are considered. These determine the common merit order list for reserve
activation, and therefore the location of injections and withdrawals of balancing
energy respectively. These reserves will counterbalance the remaining imbalances,
left after the imbalance netting process. Those areas with relatively price-efficient
balancing energy bids will highly contribute to cross-border balancing, and as a
consequence, these areas will be exposed to large import/export flows, both in
number and size.

6.5.2 Trading versus balancing

Step 1 and step 2 of the transmission capacity allocation method are requisites
because current results of transmission flows acquired from multinational trading
activities are sub-optimal to be used for analyses of balancing flows, because of two
main differences:

First, cross-border balancing activities lead to different GSKs (generation shift
keys) compared to trading activities. In other words, point of injections and point
of withdrawals caused by balancing activities differ from trading activities. Energy
units may respond in different proportion to balancing activities as these units
would do to trading activities. For trading, flows are determined by generation
and load selected at trading markets. For balancing, resulting flows are a function
of imbalances and reserves.

Secondly, cross-border balancing transactions between LFC Blocks do not
necessarily lead to balancing flows. This is mainly due to the stochastic nature
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of imbalances that initiates the imbalance netting process and activation of reserves.
This correlation factor is an additional uncertainty component in the attempt to
predict transmission network flows.

6.6 Computing expected balancing flows

In this step, the expected balancing flows are computed, based on power imbalances
and balancing energy bids. As previously mentioned, due to the predominantly
stochastic nature of imbalances, the exposure of areas to imbalances is uncertain.
Therefore, the probability of flows is computed, i.e. the chance of occurrence of
flows due to balancing activities, given a certain set of conditions.

Balancing flows consist of flows caused by the imbalance netting process and by
flows caused by reserve activation. Computation of these flows require knowledge of
the associated sources and sinks of balancing energy (as estimated in the previous
step) and the topology of the network.

The European bidding and balancing zones consists of multiple relevant nodes
and branches, which all need to be operated within their security margins. Therefore,
injections and withdrawals of balancing energy will be linked to the relevant nodes
rather than to an area. For each node n, power injection and withdrawal related to
balancing PB,n in [MW] is determined, as defined in (6.1). Positive values indicate
injection of balancing power, negative values indicate withdrawal of balancing power.

PB,n = X [MW] (6.1)

Here X is a real number.
The second step is the multiplication of power injection and withdrawal per

node (PB,n) with the applied PTDF matrix. Depending on the branches of concern
(i.e. critical branches), a PTDF may vary in number of branches m and nodes n.
Nevertheless, the total expected balancing flow FB,m in [MW] for each branch m is
computed using (6.2).

 FB,m=1

...
FB,m=M

 =

 PTDF11 ... PTDF1N

... ... ...
PTDFM1 ... PTDFMN

 ∗
PB,n=1

...
PB,n=N

 (6.2)

6.6.1 Imbalance netting flow

First, the imbalance netting flows are computed. Imbalance netting is performed
between areas, in which the sum of all nodes within the relevant area determines
the net position of the area. Because in this example a node equals an area, the
computation is elaborated using node indication. Imbalance netting results from
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the netting of positive power imbalances ∆P+
n per node n in [MW], with negative

imbalances ∆P−n per node n in [MW]. The net position PIN,n (injection positive,
withdrawal negative) of a node n for imbalance netting is computed using (6.3):

PIN,n


=

∆Pn
∑N

n=1|∆P−
n |∑N

n=1 ∆P+
n

, if
∑N

n=1 |∆P−n | <
∑N

n=1 ∆P+
n

∆Pn
∑N

n=1 ∆P+
n∑N

n=1|∆P−
n | , if

∑N
n=1 |∆P−n | >

∑N
n=1 ∆P+

n

= ∆Pn , otherwise

 (6.3)

Here
∑

∆P+
n is the sum of all positive imbalances within the CoBA, and

∑
∆P−n

the sum of all negative imbalances within the CoBA.

The first two criteria of (6.3) represent that if the maximum need for balancing
energy exceeds the possible netting volume, each area (in this case each node) will
net with a volume in proportion to its need for reserves (proportionally shared),
according to [88, 86]. In addition, the process of imbalance netting always maximises
the netting volume, for each period in time.

The imbalance netting flow FIN,m in [MW] per branch m can now be computed
using (6.4).

 FIN,m=1

...
FIN,m=M

 =

 PTDF11 ... PTDF1N

... ... ...
PTDFM1 ... PTDFMN

 ∗
PIN,n=1

...
PIN,n=N

 (6.4)

6.6.2 Reserve activation flow

In substitution of determining injection and withdrawal of balancing energy caused
by the imbalance netting process, injections and withdrawals caused by reserve
activation can be calculated if merit order lists of different balancing areas would
be merged. The reserves counterbalance the remaining imbalances ∆Premain,n at
each node n in [MW]. Remaining imbalances are computed with (6.5), the difference
between the actual imbalance ∆Pn and the participation in imbalance netting PIN,n

for each node n in [MW].

∆Premain,n = ∆Pn − PIN,n (6.5)

The remaining imbalances ∆Premain,n are counterbalanced by reserves located
at certain nodes n. This occurs according to the respective common merit order list
and activation mechanism. Selected balancing energy bids from the merit order list
will lead to additional injection or withdrawal of balancing power, represented as
reserve activation PRA,n. In addition to the remaining imbalance ∆Premain,n per
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node n, the power injection or withdrawal referred as restoration Prestoration,n per
node n in [MW] can be calculated with (6.6).

Prestoration,n = ∆Premain,n + PRA,n (6.6)

It is now possible to calculate the reserve activation flow FRA,m per branch m.
To that effect (6.2) is used, where the reserve activation flow FRA,m equates to the
balance flow FB,m, and injection at node n resulting from the restoration process,
Prestoration,n equates to the power injection PB,n of (6.2), resulting in (6.7).

FRA,m=1

...
FRA,m=N

 =

 PTDF11 ... PTDF1N

... ... ...
PTDFM1 ... PTDFMN

 ∗
Prestoration,n=1

...
Prestoration,n=N

 (6.7)

6.6.3 Total balancing flow

The total balancing flows FB,m per branch m in [MW] are computed with (6.8) and
consist of the flows caused by the imbalance netting process FIN,m and the flows
caused by reserve activation FRA,m.

FB,m = FIN,m + FRA,m (6.8)

6.7 Balance Flow Probability factor

The Balance Flow Probability factor is introduced as a tool to determine the value-
optimal reservation of transmission capacity. To determine this optimal point,
the value of capacity for balancing is computed for every marginal reservation of
transmission capacity. Due to a wide variety of factors, e.g. demand variability,
variability in the availability of weather dependent renewables and possible outages
of generation or load, the actual utilisation of reserved transmission capacity for
balancing is expressed as a probability density function. For each margin of reserved
transmission capacity, the expectation of the average utilisation of this margin by
balancing is calculated. This is then expressed by the Balance Flow Probability
factor, in this work defined as:

The Balance Flow Probability factor is the ratio between the estimated
average amount of transferred balancing power, and the conditional
margin of reserved transmission capacity for balancing.

In other words, the Balance Flow Probability factor summarises the transfer
utilisation of a given margin of transmission capacity made available for balancing
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actions, for a certain time period, in a certain direction. The factor has a value
ranging between 0 and 1, the higher the value, the more the reserved transmission
capacity can be expected to be used to carry out balancing by means of transferring
balancing power. The combination of a high Balance Flow Probability factor and
high price differences for balancing energy between areas results in a larger potential
to withdraw capacity from trading markets.

The Balance Flow Probability factor BFPm is computed for each branch m as a
dimensionless factor for a certain time horizon (t = 1 : T ) using (6.9). Here, the time
integral is computed for the average of all possible balancing flows FB multiplied
with their probability, which indicates the average balancing power flow on branch m
for the certain time horizon (t = 1 : T ). The resulting average balancing flow is
divided by the time integral of the transmission capacity margin that is reserved for
balancing and thus withdrawn from trading (TCwitdrawn

Tr ). (PD) is the sign taken
for the respective probability distribution.

BFPm,t=1:T =

∫ T

t=1
[FB,m,t(∈ PD) × Prob.F lowt] dt∫ T

t=1
TCwitdrawn

Tr,t,m dt
(6.9)

Here, TCwitdrawn
Tr,t,m is the withdrawn transmission capacity from trading markets,

reserved for balancing in [MW] per branch m and per moment in time t, Prob.F lowt

is the probability of balancing flows in [p.u.] for each time period t, and FB,t(∈ PD)
are the expected balancing flows as a function of its probability in [MW] at time t.

The BFP factor can be applied per branch (interconnection coupling two different
bidding zones), or per border (set of interconnections coupling the same two bidding
zones).

6.8 Price optimised allocation

The price optimised allocation of transmission capacity to balancing is determined
based on three price differences.

� Price difference in cross-border trading - the lost value in cross-border
trade caused by withdrawal of transmission capacity.

� Price difference in cross-border balancing reserves - the gained value
in cross-border balancing by procurement efficiency (less and cheaper).

� Price difference in cross-border balancing energy - the gained value in
cross-border balancing by reserve activation efficiency (less and cheaper).

The optimum allocation of transmission capacity is found the moment that a
further MW allocation to balancing, leads to a relatively larger marginal loss for
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trading, than the value gain for balancing for that particular marginal increase of
transmission capacity. I.e. the marginal value for trading becomes dominant to the
marginal value for balancing. The optimum is the intersection the two dotted lines
in Figure 6.1 and can be computed using (6.10). This intersection results in the
minimum of total costs for the system for both trading and balancing CostsTr+B

in [e], as a function of the allocation of transmission capacity for balancing. The
minimum of total costs for trading and balancing exposed to the system results in a
maximisation of the value of existing transmission capacity.

min
ca

Costs
TrCA−ca+Bca

CA = CostsTr,CA−ca + CostsreservesB,ca + CostsenergyB,ca (6.10)

Here CostsTr are the total expense for trading, CostsreservesB are the total expenses
for for balancing reserves, CostsenergyB are the total expenses for balancing energy,
ca is the amount of transmission capacity allocated to balancing in [MW], and CA
is total transmission capacity of a line or border that can be allocated.

The total costs for an area related to balancing energy CostsenergyB is computed
using the Balance Flow Probability factor BFP . The probability factor is multiplied
with the price associated to balancing energy, consisting of reserve activation and the
imbalance netting process. Therefore, (6.11) is used, where the volume of balancing
energy (computed via the balance flow probability factor BFP in p.u. multiplied
with the reserved transmission capacity TCwitdrawn

Tr,m in MW ) is multiplied with the
balancing energy bid price [e/MW].

CostsenergyB = (BFP ∗ TCwitdrawn
Tr,m ) ∗ PriceenergyB,bid (6.11)

6.8.1 Balancing costs

The costs made by the system related to balancing consist of the costs made for the
procurement of balancing reserves CostsreservesB and the costs made for balancing
energy CostsenergyB , (i.e expenses for the imbalance netting process and the actual
activation of balancing energy), according to (6.12).

CostsB = CostsreservesB + CostsenergyB =∑N
n=1[V procured

B bid,n × PriceprocuredB bid,n ] +∑M
m=1[V activated

B bid,m × PriceactivatedB bid,m ] + Pricenetting × V netted
B

(6.12)

Here n is the number of reserve bid volumes procured V procured
B bid , each with its own

price PriceprocuredB bid , m is the number of bid volumes activated V activated
B bid , each with

its own price PriceactivatedB bid , PricenettingB is the price settlement for the imbalance
netting process in e/MWh, and V netted

B bid,n is the netted imbalance volume in [MWh].
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6.8.2 Trading costs

The total costs exposed to a system for trading CostsTr,CA−ca, that are used as an
input for (6.10), are a function of the volumes of trading bids VTr bid and the price
per trading bid PriceTr bid in [e/MWh], according to (6.13).

CostsTr,CA−ca =

N∑
n=1

VTr bid,n × PriceTr bid,n (6.13)

Here n is the number of bid volumes cleared in the day-ahead and intraday market.
Note that those bids that are cleared with marginal pricing all have the same

price. The moment market splitting occurs, due to saturation of available transfer
capacity for trading, different bid prices between the bidding/balancing zones bids
may occur.

As a cautionary note, not every single area will be exposed to higher trading
prices, the moment allocated transmission capacity is reduced. For those areas
with relatively cheap trading bids, trading becomes more attractive because limited
transmission capacity constrains bidding zones. Nevertheless, within the entire
CoBA, the total expense for energy trading will increase the moment transmission
capacity will be withdrawn from trading markets, leading to price differences between
bidding zones.

6.9 Balance Flow Margin

After the value-optimised calculation of the optimal transmission capacity allocation
for balancing, the necessary transmission capacity can be secured via a transmission
capacity margin within the FB domain. Therefore, this work proposes the Balance
Flow Margin (BFM).

6.9.1 Objective

The Balance Flow Margin is the margin within the flow-based domain
which allows to perform the cross-border process of frequency restoration,
the exchange and the share of both imbalances and reserves.

The objective of the BFM is to provide firm transmission capacity for integrated
balancing markets. This firm transmission capacity is available under the condition
that it maximises the total value of existing transmission capacity, and this is
based on the knowledge (using historical data) available before real-time, based
on a combination of deterministic (balancing reserves) and probabilistic (balancing
energy) analyses ahead. By appointing a BFM, interconnected transmission network
margins can be respected and associated uncertainties of the cross-border balancing
process can be safely assigned.
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Historically, the control target of TSOs for the frequency restoration process was
to locally restore mismatches between the administrative import/export and the
physical import/export of electricity, in order to restore the resulting unscheduled
inter-area exchanges. These unscheduled flows should be restored within 15 min,
the TTRF compliant to regulation [17, 61].

Conversely, the newly-introduced cross-border process of frequency restoration
does not locally restore these unscheduled flows and additional inter-area exchanges
remain. Without assigning a BFM, these cross-border balancing flows could violate
interconnected transmission network margins, possibly triggering system defense
actions and further degrading the operational states of power systems [130].

6.9.2 Time-line allocation

According to the target model, twice a Balance Flow Margin is determined. First
at the day-ahead stage, and secondly at intraday auctioning.

At day-ahead, trading bids (PriceTr bid) and balancing reserve bids

(PriceprocuredB bid ) are coupled, and the value of balancing energy is estimated to
determine the optimal allocation of transmission capacity, within this implicit
auctioning, using harmonised gate closure times. The result is the day-ahead Balance
Flow Margin (DA-BFM).

At intraday, trading bids and the value of balancing energy are in continuous
auctioning competing for the transmission capacity left after day-ahead. This might
lead to an intraday Balance Flow Margin (ID-BFM), different from the day-ahead
Balance Flow Margin (DA-BFM), due to more accurate estimations.

At present, the GCTs of balancing reserves differ among European balancing
zones. E.g. there are yearly auctions (Netherlands), monthly auctions (Belgium),
but also weekly auctions (Germany) [104]. Furthermore, upward and downward
bids are in some balancing zones coupled (Netherlands) and in other zones
decoupled (Germany). The long term target model proposed in this work sets the
GCT of balancing reserves at day-ahead market gate closure, with a resolution in
coherence with the ISP, which should be harmonised within the CoBA.

The BFM enables to respect all transmission margins and operational security
limits, to protect the system against the range of uncertainties and probability of
occurrence of all scenarios, in coherence with the methodology of [131]. The firmness
of transmission capacity for balancing is guaranteed with the BFM which becomes
part of the capacity calculation approach of FB according to (6.14).

Fmax = Fref + FRM + FAV +RAM +BFM (6.14)
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6.9.3 BFM period

Optimally, BFMs are settled per predefined period, per line or per border, and
are bidirectional (import/export). Small BFM periods optimise the true value of
transmission capacity. For an optimal use of the BFM, its time slot resolution
should be set in coherence with the resolution of (harmonised) trading and balancing
markets.

An example of the potential of short BFM periods is shown in Figure 6.8,
based on historical data from 2010. Here, a boxplot depicts the possible exchange
of balancing energy (exchange of reserves) by imbalance netting between The
Netherlands and Belgium, as a function of time (aggregated time window of
24 hours). The possible imbalance netting volume resulting from two areas in
opposite imbalance was elaborated in section 3.3.1.
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Figure 6.8: Distribution of the possible imbalance netting volume in [MW] between
The Netherlands and Belgium in 2010, with a data resolution of 15 min. as a function
of time of the day. The black line depicts the quarter-hourly average value of the year.

It is clearly shown, that at hourly transitions at a.m. 1, 2, 4, 6, 7, 9, 12, and p.m. 2,
3, 4, 8, 10, 12, the imbalance netting possibility is minimal, because of a dominant
netting capacity of 0 MW. Solely based on these findings (thus with disregard of
further cross-border cooperation), the volume of a BFM capturing these hourly
transitions could be small, because it rarely adds value to cross-border transmission
capacity.

However, the other time periods of the day show clear trends in certain direction
for imbalance netting, thus providing potential for assigning a BFM for cross-border
balancing. In [132] it was also found that certain areas can perform imbalance
netting with each other, predominantly in certain directions, analysed for the
LFC Blocks of Germany, Denmark, the Netherlands, and Switzerland. Furthermore,
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the smaller the BFM period, the more optimally the value of transmission capacity
can be represented.

From another perspective, the loss of value in trading is also a function of
time and the volume of transmission capacity reservation. As can be observed
in Figure 6.9, based on data from the first half of 2015, the available transmission
capacity after intraday (ID) gate closure differs per border. The capacity left after ID
GCT is shown for both border connections of the Netherlands. As can be observed,
E.g. Belgium hardly exports to the maximum extent possible to the Netherlands for
trading, therefore the export of balancing energy from Belgium to the Netherlands
would have a rather strong business case, justifying a large allocation of a BFM.
Conversely, the available transmission capacity after ID GCT from Germany to
the Netherlands is extremely small, where cross-border balancing would require a
relative larger revenue in order to justify the reservation of transmission capacity for
balancing.
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Figure 6.9: Available transmission capacity after intraday gate closure for the two
border connections of the Netherlands, , with Belgium and Germany, both import as
well as export. Data used 1-1-2015 until 30-06-2015 [133].

6.10 Summary and conclusions

In this chapter, a new transmission capacity allocation method is proposed. The
method promotes a fair and market-based distribution of transmission capacity
between trading and balancing. The objective is to optimise the efficiency of the total
system, by maximising the value of transmission capacity. This should translate into
increased social surplus and therefore minimises the electricity bill of end-consumers.
Transfer capacity for cross-border balancing enables to reduce the expenses made for
balancing reserves because of fewer and cheaper reserve procurement and it enables
reduction of costs for the system for balancing energy, because of fewer reserve
activation (imbalance netting).

However, the value of cross-border balancing energy is a function of the stochastic
nature of imbalances. This requires predictions which are incorporated in the
allocation method, consisting of a five step process. Eventually, a trade-off will be
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made between the loss in value for trading (when transmission capacity is allocated
to balancing) and the value gain for balancing.

The five step process includes the computation of a Balance Flow Probability
factor. This dimensionless factor represents the ratio between the estimated average
amount of transferred balancing power, and the conditional margin of reserved
transmission capacity for balancing. This factor indicates the expectation of how
much (on average) of the reserved transmission capacity for balancing will be used
to transfer balancing power, calculated for each margin of reserved transmission
capacity. In the fourth step, the value of transmission capacity for balancing energy
is compounded with the savings made by balancing reserves (procurement). These
are put in contrast to the value loss of trading, to determine the price optimised
allocation of transmission capacity, estimated with the knowledge available before
real-time.

Finally, to make transmission capacity firm for balancing markets, a Balance Flow
Margin is introduced in this work. The size of the margin results from the price-
optimised allocation. It provides firm transmission capacity for TSOs to perform
cross-border balancing for the frequency restoration process without jeopardising
system security.

Based on data from the Netherlands and Belgium, it is concluded that a short
BFM period (compatible with the settlement period of balancing markets) can
optimise the value of transmission capacity in time. The results show that possible
imbalance netting volumes between the two countries have certain trends. At some
moments of the day, it is clearly observed that Belgium and the Netherlands can
structurally export or import balancing energy (exchange of reserves), which justifies
a different value for the BFM, compared to the moments there is structurally no
imbalance netting potential. These are the moments of hourly transitions, where
the system is exposed to deterministic power imbalances, which were analysed
in chapter 5. More parameters that influence the value of transmission capacity
and thus the value of a BFM will be investigated in the succeeding chapter.





CHAPTER7
Configuration of Coordinated Balancing

Areas

7.1 Introduction

In the previous chapter 6, the transmission capacity allocation method for balancing
is introduced. This method consists of a five step process to determine the optimal
reservation of transmission capacity, with the objective to optimise system efficiency
by maximising the value of transmission capacity. This increases social surplus and
eventually should minimise the electricity bill of end-consumers.

In this chapter, the transmission allocation method is applied to a hypothetical
case study based on historical data, to show that the proposed method can further
optimise the allocation of transmission capacity because it takes the probability of
balancing energy transfers into account.

Secondly, it is investigated how the configuration of CoBAs will have an effect
on the value of cross-border balancing and concomitantly the value of transmission
capacity. The aim is to find efficient configurations of CoBAs, which maximise the
value of cross-border balancing between balancing areas within a power system. The
effect of the configuration of CoBAs on its value is a function of network topology
and balancing and trading characteristics of areas (LFC Blocks) that cooperate
within the CoBA. In this chapter, the following system parameters are investigated,
namely the (distribution of) power imbalances per area, their cross-correlation, and
balancing reserve and energy bid prices.

The effect of the relevant system parameters is investigated with a probabilistic
assessment, using a two area case study. The case study is introduced in section 7.2
to probabilistically estimate expected balancing flows within a network, given the
high uncertainty of the balancing process, caused by the mainly stochastic behaviour
of power imbalances.

The probability and size of balancing flows as a function of the reserved
transmission capacity are computed in section 7.3 using the Balance Flow
Probability factor. This factor takes into account the value of cross-border capacity
for balancing energy, the actual transfer of balancing power between balancing areas.

123
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Together with the value for balancing reserves, a price optimised allocation can be
defined, which is performed in section 7.4.

In section 7.4, the price optimised reservation of transmission capacity for trading
and balancing is computed for the case study. It shows the application of the
proposed transmission capacity allocation method and that ignoring the value of
balancing energy would lead to different allocation optimums, which lead to system
inefficiencies. Therefore, historical data from European day-ahead markets and
historical data on reserve procurement and balancing reserve activation prices are
used to quantify the value gains and losses from capacity allocation to balancing
versus trading.

Results are further discussed in section 7.5 and recommendations are given for
optimal CoBA configurations. These add to the development to bring trading,
balancing, and the network closer to each other within the unbundled European
power system.

At last, a summary is provided in section 7.6 and conclusions are drawn.

7.2 Probabilistic estimation

The value of cross-border transmission capacity for balancing is determined as a
function of the following balancing parameters:

� Power imbalance distribution - Areas are exposed to different
(distributions of) power imbalances, as was found in section 5.3. The
occurrence, magnitude, and duration of power imbalances deviates between
areas, leading to different balancing flows when imbalance netting and
cross-border reserve activation is performed within CoBAs.

� Cross-correlation of power imbalances between areas - The correlation
of power imbalances between areas determines the flows between the areas.
E.g. highly correlated power imbalances between areas can hardly be netted,
with almost no balancing flows as a result.

� Merit order list of reserves - Depending on the reserve bid price and reserve
volume per area, these act as balancing import or export areas. E.g. areas with
low reserve bid prices for upward reserves will act as balancing export areas.

7.2.1 Two area case study

A hypothetical case study consisting of two areas, linked with a single interconnection
(infinite capacity) is introduced to illustrate the method, with two nodes n = 1
and n = 2, and a single branch m = 1, schematically depicted in Figure 7.1.
LFC Block A and LFC Block B are both exposed to power imbalances. Therefore
a power imbalance normal distribution with zero mean (µPI = 0 MW ) is chosen,
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according to the results of the data analysis of activated reserves in Continental
European LFC Blocks, presented in section 5.3. For simplicity, equal values for the
respective standard deviations of σPI = 100 MW are assumed. Both areas will
cooperate (without restrictions) in the cross-border balancing process of frequency
restoration. Resulting balancing flows are caused by the imbalance netting process
and reserve activation in accordance to the theory presented in section 6.6.

m=1 BBA
n=1 n=2

Figure 7.1: Schematic depiction of the two area model, with node n = 1 in
LFC Block A, node n = 2 in LFC Block B, and interconnection m = 1.

The probability of power imbalances is created in the Matlab environment for
LFC Block A, by making a number of random observations (1000000) according
to (7.1), with PI as the set of power imbalances. In parallel to the set of power
imbalances exposed to LFC Block A, a number of perfectly uncorrelated observations
are made according to (7.2), for LFC Block B.

PILFC Block A ∈ N [µPI, LFC Block A, σPI, LFC Block A] (7.1)

Here N is the normal distribution notation, with µPI as the mean and σPI as the
standard deviation of power imbalances.

PILFC Block B ∈ N [µPI, LFC Block B , σPI, LFC Block B ] (7.2)
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Figure 7.2: Normal distribution of power imbalances exposed to LFC Block A.

The data set of power imbalances of LFC Block B, which is initially perfectly
uncorrelated to the data set of LFC Block A, can be post-processed to correlate
LFC Block B with different correlation coefficients to LFC Block A. Therefore,
the Cholesky factorisation is used [134], which is also available in the Matlab
environment [135]. The Cholesky factorisation correlates a data set to another
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data set. In Figure 7.3, the Cholesky factor is depicted as a function of the
correlation coefficient, according to (7.3). For the case two areas are exposed to
independent identical distributions of power imbalances, and hence they are perfectly
uncorrelated, their sum of maximum power imbalance is 2× the Cholesky factor.
According to Figure 7.3, this is 2 × 1

2

√
2 multiplied with the maximum power

imbalance of one of the two areas. If the areas are perfectly correlated, their sum
of maximum power imbalances is 2× the Cholesky factor of 1 times the maximum
imbalance experienced in either of the two areas.
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Figure 7.3: Cholesky factor as a function of the correlation coefficient.

Cholesky factor =

√
correlation coefficient + 1

2
(7.3)

In the continuation of this study, correlation coefficients between LFC Block A
and LFC Block B of -1, -0.5, 0, 0.5, and 1 are used.

7.2.2 Balancing flows

Balancing flows between LFC Block A and LFC Block B (Figure 7.1) can be
computed using (7.4). The respective PTDF matrix simplifies in this case to (0 1).

(
FB,m=1

)
=
(
0 1

)
∗
(

∆PA,n=1

∆PB,n=2

)
(7.4)

7.2.2.1 Imbalance netting flows

Assuming A and B will join in a coordinated balancing area, the power imbalance
data set of LFC Block A is netted with the power imbalance data sets of LFC Block B
(for different correlation coefficients), using (6.3). The resulting imbalance netting
flow distributions can be computed with (6.4) and are shown in Figure 7.4.

It is observed that for two perfectly positively correlated areas, with equal mean
and standard deviation, their power imbalances are always equal in direction and
size, and thus no imbalance netting will be performed and thus no balancing flows
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Figure 7.4: Distribution of experienced power transfers caused by imbalance netting
between LFC Block A and LFC Block B for different correlation coefficients.

are experienced. For other values of the correlation coefficient between the two
imbalance time series, imbalance netting is expected to occur.

7.2.2.2 Reserve activation flows

For sake of completeness, this section will investigate balancing flows between areas
resulting from merged merit order lists of balancing energy. Nevertheless, it is not
proposed by this work to merge balancing energy bids between balancing areas as
long as network restrictions remain available.

The remaining power imbalances ∆Premain,n are counterbalanced by activation
of balancing reserve bids. For sake of completeness, this sectuiIn Figure 7.5, an
example of a possible common merit order list of reserve bids from both LFC Block A
and LFC Block B is shown, with bid steps of 50 MW, in ascending price order for
the two areas.

The resulting reserve activation flows FRA,m on branch m are computed
using (6.7). To that effect, the remaining power imbalances ∆Premain,n are first
computed with (6.5) to determine the reserve injection or withdrawal to restore
the remaining power imbalances, referred as restoration Prestoration,n per node n as
calculated with (6.6). In Figure 7.6, the probability of flows between LFC Block A
and LFC Block B, caused by reserve activation, are depicted.

The probability peaks at power transfer steps of 50 MW result from the chosen
reserve bid step of 50 MW between LFC Block A and LFC Block B. For example,
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LFC Block A

LFC Block B

Volume [MW]

Price [€/MW]

50 150100 200 250

-250 -150-200 -100 -50-300

300

Figure 7.5: Common merit order list with reserve bid steps of 50 MW, alternating
in bid price between LFC Block A and LFC Block B.
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Figure 7.6: Distribution of experienced power transfers caused by reserve activation
between LFC Block A and LFC Block B for different correlation coefficients.

there are multiple moments when a complete reserve bid of 50 MW is activated
in LFC Block A, to be completely transferred to LFC Block B. The moment
LFC Block A does not experience an imbalance, and LFC Block B experiences
a power imbalance between -50 MW and -100 MW, the fully activated reserve bid
in LFC Block A will be transferred to LFC Block B. This phenomena results in the
peaks in the probability distribution of power transfers observed in Figure 7.6.

Another observation is the limited maximum size of balancing flows for the case
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when LFC Block B is perfectly correlated to LFC Block A, depicted in the bottom
plot of Figure 7.6. In this case, both areas are always exposed to the same power
imbalance, and thus reserves activated in one of the two blocks are always used in
same proportion by both blocks. This leads to a peak balancing transfer of maximally
half of the last activated bid volume, in this case 25 MW (50

2 ).
For the top plot of Figure 7.6 it is observed that due to the perfectly negatively

correlated areas, with equal mean and standard deviation of power imbalances, all
imbalances are netted, and no reserve activation results. Consequently, no reserve
activation power transfers will be observed.

7.2.2.3 Total balancing flows

The total balancing flows can now be computed using (6.8). These flows are the
sum of flows caused by the imbalance netting process FIN,m and flows caused by
reserve activation FRA,m. The total balancing flows of the case study are depicted
in Figure 7.7.
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Figure 7.7: Distribution of total experienced balancing transfers, between
LFC Block A and LFC Block B, for different correlation coefficients.

7.2.3 Results and discussion

Several observations are made based on the hypothetical case study, and these are
discussed in relation to making recommendations for the configuration of CoBAs.

Two areas which are characterised by (almost) perfectly negatively correlated
power imbalances will be exposed to balancing flows mainly caused by the imbalance
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netting process (the top plot of Figure 7.7). For a potential CoBA this would mean,
that the value of transmission capacity reservation for balancing predominantly lies
in avoiding costs, namely savings made by reduced reserve activation (balancing
energy), and most probably the option to reduce the total procurement of reserves
(balancing reserves). The effect of price differences of reserve bids between the areas
have a smaller impact on the value of transmission capacity reservation for balancing,
because the quantity of reserve activation is smaller.

Two areas which are characterised by (almost) perfectly positively correlated
power imbalances will be exposed to balancing flows caused by reserve activation
(the bottom plot of Figure 7.7). For a potential CoBA this would mean, that the
value of transmission capacity reservation for balancing predominantly lies in savings
made by cheaper reserve procurement and activation. I.e. the price differences of
reserve procurement and activation bids would have direct and significant impact on
the value of transmission capacity reservation for balancing.

For a potential CoBA, where the correlation of power imbalances between the
two areas fall somewhere in between, the value of transmission capacity reservation
for balancing lies relatively in all four balancing components (reduced and cheaper
reserve activation, and procurement). Furthermore, the reserve bid sizes per area
are clearly visible in the distribution of balancing transfers.

In Table 7.1, a small summary is provided where the characteristics of
transmission capacity reservation for balancing, as a function of the correlation of
power imbalances between two areas, are listed for the four balancing components.

Table 7.1: Effect of the reservation of transmission capacity for balancing on the
value of transmission, as a function of the four balancing components.

Correlation ≈ 1 Correlation ≈ 0 Correlation ≈ −1

Price-efficient depends on price depends on price depends on price
procurement differences differences differences

Reduced small medium large
procurement

Price-efficient depends on price depends on price depends on price
activation differences differences differences

Reduced small medium large
activation
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7.3 Balance Flow Probability factor

As defined in section 6.8.1, the value of transmission capacity reservation for
cross-border balancing is, besides balancing reserves (procurement), a function of
balancing energy (price-efficient and reduced reserve activation). In the previous
section, the occurrence of expected transfer of balancing energy is estimated based
on the distribution of imbalances per area, their cross-correlation, and balancing
energy bids, and their geographical location. In this section, the Balance Flow
Probability (BFP) factor can be computed, as a function of transmission capacity
for balancing.

The BFP factor represents the ratio between the estimated average amount of
transferred balancing power, and the conditional margin of reserved transmission
capacity for balancing. This factor indicates the expectation for a certain time
horizon, how much (on average) of the reserved transmission capacity for balancing
will be used to carry out balancing by means of transferring balancing power
(balancing energy) for a margin of reserved transmission capacity.

For both the imbalance netting process and the actual reserves activated, BFP
factors are computed, and for both processes a financial settlement is included.
For imbalance netting, the value is based on the amount of costs saved by the
participating balancing areas as a result of avoided reserve activation due to netting
(opportunity costs) [136]. The total costs made for balancing, as discussed in
section 6.8, can therefore be further decomposed using (7.5).

CostsenergyB = CostsenergyB, imb.net. + CostsenergyB, res.act. =

PriceenergyB, imb.net. × V netted
B bid × BFPimb.net. +

PriceenergyB, res.act. × V activated
B bid × BFPres.act.

(7.5)

Here CostsenergyB, imb.net. are the costs made for balancing based on the netted

imbalances in [e], CostsenergyB, res.act. are the costs made for balancing based on the

activated reserves in [e], PriceenergyB, imb.net. is the price of balancing energy based on the

imbalance netting process in [e/MWh], V netted
B bid is the volume of netted imbalances

in [MWh], V activated
B bid is the volume of activated balancing reserve bids in [MWh],

and PriceenergyB, res.act. is the price of balancing energy based on the activated reserves
in [e/MWh].

7.3.1 Balancing Energy - imbalance netting

The Balance Flow Probability factor for imbalance netting flows is depicted
in Figure 7.8 (legend: ”netting”), and computed with (6.9). It is observed that
differences of BFP factors between the two correlations 0.5 and −0.5 are significant.
Furthermore, due to the large probability of zero netting flows for both cases, the
BFP factors do not start at 0.5 (according to the normal distribution of power
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imbalances with a mean of 0). This is especially valid for the positively correlated
case (correlation 0.5), with a high occurrence of equal direction of power imbalances
in the cooperating areas.
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Figure 7.8: Balance Flow Probability factor as a function of the reservation of
transmission capacity for balancing, with input data of balancing flows presented in
section 7.2.2 for correlation 0.5 and −0.5.

For sake of interpretation, the associated average balancing flows per margin of
transmission reservation for balancing, belonging to the BFP factors of Figure 7.8,
are depicted in Figure 7.9.
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Figure 7.9: Average expected balance flow as a function of the reservation of
transmission capacity for balancing, with input data of balancing flows presented in
section 7.2.2 for correlation 0.5 and −0.5.

7.3.2 Balancing Energy - reserves activated

Besides the BFP factors for imbalance netting, Figure 7.8 (legend: ”reserves”) depicts
the BFP factors for activated reserves flows, computed with (6.9). It is observed that
the coefficient difference between the two correlations 0.5 and −0.5 is relatively small.
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This difference would become larger the moment the the local balancing energy bids
of the areas would diverge in price. With a predominant cheaper balancing energy
area, in combination with rather positive correlated imbalance areas, significant
volumes of reserves activated will be exported from the cheapest balancing area,
leading to larger BFP factors in that direction.

7.4 Price optimised allocation

The price optimised allocation of transmission capacity is illustrated in this section
using both historical data and using the results presented in the previous sections.

Price differences for trading and balancing between areas are driven by spatial,
temporal, and volume differences. Temporal price differences relate, among others,
to sun rise and sun set as is researched in section 5.3.2. An example of geographical
price differences (predominantly determined by generation portfolios and market
designs) for energy trading and balancing is depicted in Figure 7.10, left plot, with
price differences between e 0 and e 25, between the bidding zones of Belgium,
Germany, France, and the Netherlands. In the right plot of Figure 7.10, an example
of price differences for balancing energy up to e 400 are depicted as a function of
time and activated volume.

2−1−15 3−1−15 4−1−15 5−1−15
0

25

50

75

100

Time [days]

 

 

BE DE FR NL

Ba
la

nc
in

g 
En

er
gy

 p
ric

e
[€

/M
W

h]

−500 −250 0 250 500

−200

0

200

400

Reserves activated [MW]

D
ay

-a
he

ad
 p

ric
e

[€
/M

W
h]

Figure 7.10: National day-ahead prices and activated balancing energy prices

7.4.1 Trading prices

The loss in trading value due to withdrawal of transmission capacity directly relates
to the merit order lists of bidding zones. The resulting price difference are a function
of the market resilience or market depth, as depicted in Figure 6.4.

Based on this data, a marginal loss value for trading according to (7.6) is chosen
for the illustrative price optimised allocation case study.

CostslossTr =
TCwitdrawn

Tr

250
∗ (V nominated

DA − TCwitdrawn
Tr ) (7.6)
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Here CostslossTr is the loss in trading value in [e], TCwitdrawn
Tr in [e/MW] as

the transmission capacity reservation for balancing, and V nominated
DA as the volume

of nominated day-ahead auction bids. For the case study, a value of 5000 MW is
taken, which is roughly the Dutch day-ahead auctioning volume, according to [137].

Please note that due to marginal pricing, a transmission capacity withdrawal of
e.g. 1 MW, which leads to a day-ahead market price that is e.g. e1 higher, affects
the price of all other bids selected, which are all nominated day-ahead auction bids
V nominated
DA .

7.4.2 Balancing reserve prices

Historical data of European procurement prices for balancing reserves are publicly
available at [104]. As the Dutch LFC Block procures with a yearly auction, the
price over 2015 is already known and is on average e 6, 80/MW per hour. Where
the German LFC Block has weekly auctions, the average price over 2014 was
e 7, 13/MW per hour. The Belgian LFC Block has monthly auctions and for
the months January until October 2015, the procurement prices differed between
e 8, 67/MW and e 17, 00/MW per hour.

For the illustrative price optimised allocation case study, two prices are used.
The first is savings made because fewer reserves need to be procured ∆PricereservesB

in [e/MW]. Therefore an average procurement price of e 7/MW per hour is chosen.
Secondly, savings made because reserves can be activated cheaper ∆PricereservesB,cheaper

in [e/MW], therefore an average price difference between areas of e 1/MW is chosen.

7.4.3 Balancing energy prices (imbalance netting)

Imbalance netting avoids activation of reserves, the moment two areas are in opposite
imbalance. The transferred balancing energy (volume) from the surplus area to the
deficit area is however settled at a price. This price, as a function of volume and ISP,
will mostly be paid in the direction of the energy deficit area to the energy surplus
area.

The settlement price for imbalance netting PriceenergyB, imb.net. in [e] via IGCC is
calculated based on opportunity prices Priceopp. in [e/Wh] using (7.7), according
to [88, 136]. Based on historical data, the economic savings made between 2011 and
2014 are more than e 100 million, with a netted energy volume of 3.8 TWh [136].
This accounts for roughly e 26/MWh. The countries of Germany, Denmark, the
Netherlands, Switzerland, Czech Republic, and Belgium contributed to this result.

Accordingly, for this study, the price difference between reserves activated and
the opportunity price from imbalance netting in [e/MWh], thus ∆PriceenergyB,less , is
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chosen to be e 26/MWh.

PriceenergyB, imb.net. =∑N
1=n ∆Enetted,n

exp. × ∆Priceopp.,n +
∑M

1=m ∆Enetted,m
imp. × ∆Priceopp.,m∑N

1=n ∆Enetted,n
exp. +

∑M
1=m ∆Enetted,m

imp.

(7.7)

Here Enetted
exp. is the balancing energy in [MWh] that is exported as a function of

imbalance netting, Enetted
imp. is the balancing energy in [MWh] that is imported as a

function of imbalance netting, n is the number of exporting balancing zones, and m
is the number of importing balancing zones.

7.4.4 Balancing energy prices (reserves activated)

In addition to savings made for balancing energy as a function of imbalance netting,
also the savings made as a function of cross-border reserve activation are taken into
account for the case study. Therefore, the results of two studies are used. According
to [42], the average price differences of balancing energy from May to December
2009, between the Dutch and German imbalance price area is roughly e 40/MWh.
The analysis presented in [64] observed common price differences of balancing energy
between the Dutch and the Belgium imbalance pricing area between e 10−20/MWh
for the year 2012.

For the illustrative price optimised allocation case study, an average price
difference in [e/MWh] between the cheaper cross-border bid and the more expensive
local bid of balancing energy ∆PriceenergyB,res.act. of e 15/MWh is chosen.

7.4.5 Results

The total savings for cross-border balancing SavingsB as a function of the
reservation of transmission capacity can now be computed using (7.8).

SavingsB =

∆PricereservesB,cheaper × V procured
B,cheaper +

∆PricereservesB × V procured
B,less +

∆PriceenergyB,less × TCallocated
B × BFPimb.net. +

∆PriceenergyB,res.act. × TCallocated
B × BFPres.act.

(7.8)

Here ∆PricereservesB,cheaper is the price difference for the cheaper procurement of balancing

reserves in [e/MW], V procured
B,cheaper is the volume of cheaper procured balancing reserves

in [MW], ∆PricereservesB is the price for the procurement bids in [e/MW], V procured
B,less

is the volume of fewer procured balancing reserves in [MW], ∆PriceenergyB,less is the
price difference between reserves activated and the opportunity price from imbalance
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netting in [e/MWh], and ∆PriceenergyB,res.act. is the price difference in [e/MWh]
between the cheaper cross-border bid and the more expensive local bid of balancing
energy.

Please note that the volume of reduced procurement of balancing reserves is
under all conditions smaller or equal to the amount of reserved transmission capacity
for balancing (V procured

B,less ≤ TCallocated
B ), in order to serve security of supply and

reserve compliance.

7.4.5.1 Imbalance correlation differences

The effect on the savings made for the cross-border transfer of balancing energy
within a CoBA is in this work researched as a function of the cross-correlation of
power imbalances between the cooperating areas. For two correlation coefficients,
and using the price assumptions based on historical data described in the previous
sections, the differences in the value of balancing energy are depicted in Figure 7.11.
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Figure 7.11: Savings made by the cross-border transfer of balancing energy, as a
function of transmission reservation for balancing.

It can be concluded that differences in the cross-correlation of power imbalances
significantly impact the savings made by the reduction of reserve activation, caused
by potential of the imbalance netting process.

On the other hand, the differences between cheaper cross-border reserve
activation for the two correlation coefficients of power imbalance are very small (see
legend: ”Activation cheaper”). This is caused by the applied common merit order list
in this case study. Applying a common merit order list with predominantly cheaper
bids from one particular area would increase transfer from one area. Consequently,
this affects the value of cross-border transmission capacity reservation for balancing
energy as a function of reserve activation.
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Depending on the imbalance correlation between the areas, the savings of
balancing energy as a function of imbalance netting can be clearly dominant to
the savings made by reserve activation, or clearly minor to the savings made by
cheaper reserve activation.

7.4.5.2 Value of balancing versus trading

The results of the value of transmission capacity reservation for balancing reserves,
balancing energy, and their sum is depicted in Figure 7.12.
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Figure 7.12: Additional value of cross-border cooperation for balancing reserves,
balancing energy, and their sum, as a function of transmission capacity reservation for
balancing.

In this particular case study, it is observed that the value of cross-border
transmission capacity for balancing energy (black, thick, dotted line) is dominant
to the value for balancing reserves (black, thick line), for transmission capacity
reservations up to 80 MW (see circle in Figure 7.12). Further increase of the
transmission capacity will mainly add value to cross-border balancing reserves. This
is due the loss of potential imbalance netting for larger volumes. The addition value
for procurement reduction (balancing reserves) however keeps present.

The final results of the price-optimised allocation of transmission capacity to both
balancing and trading with the objective to maximise the value of interconnected
transmission capacity are depicted in Figure 7.13. Here, the value gain for balancing
and the value loss for trading as a function of the amount of transmission capacity
reserved for balancing (withdrawn from trading) are shown.

It is observed that in this particular case, transmission capacity reservation would
only add surplus, if all balancing components would have been taken into account.
This is visible at the intersection of Loss Trading and value Balancing at a reservation
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Figure 7.13: Additional value of cross-border cooperation for balancing and the loss
in trading, as a function of transmission capacity reservation for balancing. Example
provided for the case of correlation coefficient of -0.5.

of transmission capacity slightly above 40 MW. Especially the savings made with
the imbalance netting process have a dominant effect on these results.

According to this case study, even though only based on average prices, it is shown
that a fair evaluation for the value of transmission capacity allocation to balancing
requires computation of all four balancing components. Despite the fact that the
savings made for balancing energy are to a large extent uncertain pre real-time and
involve estimations, the value of balancing energy affects the results significantly.

For the configuration of CoBAs, it is observed that a rather efficient CoBA
is based on cooperation with the concept sharing reserves and performing the
imbalance netting process. These two balancing-related phenomena lead to the
largest savings.

Areas that can reduce their procurement of reserves are those areas with reserve
dimensioning based on the (N-1)-criterion. Due to a very low simultaneity factor of
incidents, TSOs are allowed to mutually support each other during contingencies.
Furthermore, areas with rather negative power imbalances (high potential of
imbalance netting) can reduces activation of reserves. For both situation, costs
for balancing can be prevented, rather than be reduced, which according to average
prices maximises savings that can be made between CoBAs.

7.5 Results and recommendations

In this section, the main findings of the probabilistic assessment using the
transmission capacity allocation method for an efficient configuration of CoBAs.
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7.5.1 Transmission capacity allocation method

The proposed transmission capacity allocation method applied in this chapter
intends to bring balancing, trading, and the network closer to each other within
an unbundled and liberalised power system. Pre-requisites for a fair optimisation
are harmonised gate closure of cross-border trading and balancing markets, and
configurations of CoBAs based on the balancing characteristics of balancing areas
within.

The applied method shows that when any of the four components of cross-border
balancing are not taken into account, results for the savings made for balancing,
and results for an optimal capacity reservation are significantly affected. The four
balancing components are both fewer and cheaper activation and procurement of
reserves. Fewer activation of reserves is a function of imbalances, and requires
estimations as it a function of the rather stochastic nature of imbalances.

It is concluded that for a fair evaluation of the value of transmission capacity
allocation to balancing in all time frames, the value of balancing energy should be
taken into account as it (significantly) impacts the results of transmission capacity
allocation.

A proper sensitivity analysis is recommended, as price differences as a function
of time and location vary significantly, as observed from the historical data. This
analysis might reveal that in certain cases no transmission capacity should be
allocated to balancing, with social surplus as the optimisation criterion. On the
contrary, the analysis might also reveal that for certain moments transmission
capacity reservation for balancing might be maximised, up to the permissible
maximum exchange that is based on European cooperation restrictions according
to [16].

7.5.2 Further (sensitivity) analyses

The case study presented in this chapter 7 was used in combination with average
prices of historical data. It is recommended to conduct a more comprehensive
(sensitivity) analysis, using data sets of with a high resolution, optimally 15 min.
data, the ISP length. The following data is proposed to be used in the analysis:

� Trading bids - Besides the prices and price spreads, especially the volume
behind cross-border trading are relevant to compute the optimal distribution
of transmission capacity between trading and balancing.

� Remaining available capacity after ID gate closure - Any remaining capacity
after intraday gate closure means no loss in trading value for capacity
reservation for balancing.

� Power imbalances - Instead of using synthetic data of imbalances which are
inter-correlated, the analysis could use historical data of balancing areas.
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� Balancing reserve bids - European balancing areas have tenders for balancing
reserves with weekly, monthly and even yearly auctions [104]. European TSOs
are currently working towards shorter tenders up to day-ahead. The resulting
balance reserve bids will more accurately represent the actual value of keeping
flexibility reserved up to real-time.

� Balancing energy bids - Besides that these bids determine the value of
balancing energy bids, these bids also determine the opportunity price for
imbalance netting.

� Proactive vs. reactive balancing - A CoBA consisting of proactive and reactive
TSOs is ineffective. These CoBAs might be considered as area relocating
financial revenues and expenditures. It might be compared with cross-border
trades between two bidding zones where only one zone has a subsidy scheme
for generation. Another example is two balancing areas in which one area uses
marginal pricing, and the other area uses a pay-as-bid pricing scheme. Instead,
proactive TSOs could procure their balancing energy in intraday trading, the
moment they decide before real-time to inject or withdraw energy in or from
the area, respectively.

� Regulated vs. commercial interconnections - Not every interconnection, either
AC or DC, is owned by a TSO. Therefore, depending on the applied capacity
reservation method and the question if TSOs should ever bid into auctions
themselves, results of a optimal allocation of transmission capacity deviate.

7.5.3 Common merit order list for balancing energy

As it is clearly stated several times in chapter 6 and in this chapter 7, the merge
of two or more merit order lists of balancing energy between balancing areas is
not proposed. The practicability of merging is low, caused by possible network
congestion between balancing areas within an ISP. This disables a correct and fair
settlement process for imbalances and balancing energy.

The moment transmission capacity between balancing areas becomes suddenly
restricted within the same ISP, the interdependency of prices and net positions of
market parties (BRPs + BSPs) remains. This will lead to inefficient and perverse
incentives and settlement constraints, consequently an inefficient balancing process
will be conducted. Both under a pay-as-bid as well as marginal pricing scheme,
a common merit order list of balancing energy in ineffective, due to the risk of
congestion within an ISP. Either an unfair settlement between BRPs will occur,
or an unfair settlement between market parties (BRPs + BSPs) and the TSO will
occur.

The settlement process of imbalances and balancing energy between balancing
areas within the CoBA is indeterminable. The imbalance settlement is determined
based on an energy deviation over a certain time, the ISP length. The moment one
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ISP counts two balancing cooperation situations, one uncongested (one price), and
the other one congested (at least two prices), the three different prices within one
ISP can not be settled adequately to all parties involved as the imbalance settlement
only counts one net position over an entire ISP.

7.5.4 Configuration of CoBAs

Efficient CoBAs are in this work considered as areas that maximise the value of cross-
border transmission capacity by optimising the cross-border process of balancing.

Based on the conducted research, it is concluded that efficient CoBAs consist
of a) balancing areas with a tendency towards negatively correlated imbalances,
and b) balancing areas that are able to reduce their reserve procurement due to
sharing reserves. Therefore, savings relate to avoiding costs, namely fewer reserve
procurement and activation. From the data analysis, it is concluded that these two
balancing phenomena lead to the largest savings. Reduced reserve procurement is
especially applicable for those areas where their reserve dimensioning is based on
reserve compliance rather than stochastic imbalances. For sharing reserves, 30 % of
the dimensioning incident capacity may be shared, compliant to [16].

In the case of a relatively large balancing area like the German LFC Block, where
the volume of energy imbalances is significantly larger than the applied case study,
and where the use of balancing energy is dominant to reserve compliance, additional
common sense observations can be made. In that case, the value of cross-border
balancing would be a function of savings predominantly made by balancing energy.
The use of the proposed transmission capacity allocation method would identify the
possible savings each balancing area could make.

7.5.5 Power flow control

For an efficient usage of interconnected transmission capacity, phase shifting
transformers could be used to limit the risk of network constraints. Phase shifting
transformers can effectively exercise control over individual transmission lines, able
to change the distribution of power between different branches of the network.

In [138] some of the risks and challenges of coordination of tap settings of phase
shifting transformers have been summarised. These are, among others, the lack of
coordination of settings between different transformers, the impact on other parts
of the network [139], and the relative long time period because of manual operation
(up to 20 minutes).

Another consideration for controlling power flows are the use of HVDC
connections embedded within the AC system, which enables the transmission of
large amounts of power in a coordinated and controlled way. These kind of corridors
are already considered by Germany, to transmit the generated wind power in the
North to the South of Germany [140].
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7.6 Summary and conclusions

In this chapter, hypothetical case studies based on historical data are introduced
to illustrate the transmission capacity allocation method. This method aims to
maximise the value of existing transmission capacity by allocating part of it to
balancing. The allocation method computes the value of balancing, not only
restricted to balancing reserves (reserve procurement), but also taking into account
the rather uncertain value of balancing energy, with the exchange of imbalances and
the activation of reserves. Both are a function of the stochastic nature of power
imbalances.

Even with this uncertainty, it is found that the value of balancing energy is
essential to be taken into account, in order to determine the true value of coordinated
balancing areas, in which areas cooperate for the purpose of cross-border balancing.
Especially for the rather lower volumes of capacity reservation for balancing, it is
shown that the value of balancing energy is dominant to the value of balancing
reserves.

Furthermore it is concluded that one of the dominant system parameters is
the cross-correlation of imbalances between areas. This influences the potential
of the imbalance netting process and sharing reserves. Based on historical data and
average prices, it is concluded that the value of cross-border balancing cooperation
predominantly lies in savings made by avoiding costs. These are fewer reserve
procurement and activation, rather than in savings made by price reductions, due
to cheaper reserve activation and procurement.

Therefore, it is considered that efficient configurations of CoBAs, these would
maximise the value of transmission capacity, consist of balancing areas with tendency
towards negatively correlated imbalances, and of areas that can participate in
sharing reserves. For the latter, this is especially valid for those areas with reserve
dimensioning based on the (N-1)-criterion. Therefore, costs made for balancing can
be avoided.



CHAPTER8
Trilateral balancing coupling between

synchronous areas

8.1 Introduction

Increased integration of non-synchronous generation, with limited predictability,
variability, and no or a low share of inertia, results in deterioration of frequency
quality of European power systems [67, 141, 142, 143, 144, 145]. Consequently,
frequency deviations become larger, both in number and size, with increased Rate Of
Change Of Frequency (ROCOF). These phenomena hamper the ability of systems
to resist and stabilise system frequency during and after the occurrence of power
imbalances respectively [2, 56, 67, 146]. It might result in protection relays triggering
the cascading of generation outages, further deteriorating frequency quality, even if
protection settings are not set over-conservatively in order to unnecessarily restrict
the power transfer capability [147].

In order to secure frequency quality for the future European power systems, a
range of measures is proposed. E.g. generation units might deactivate their ROCOF
relays or increase their ROCOF relay threshold. In [148] it is found that this improves
the observed frequency quality of power systems consisting of significant share of
non-synchronously coupled generation. In [65, 101, 142, 143, 149] modelling results
show to what extent inertial response and other types of balancing services from
wind and solar power generation might improve frequency quality.

Another viable option to secure frequency quality and to increase the efficiency
of the frequency containment process, is cooperation between synchronous areas
(inter-synchronous area). Therefore the HVDC interconnections, interconnecting
the different synchronous areas, are used to transfer balancing services. Previous
work [146, 150, 151, 152, 153, 154, 155, 156, 157, 158] investigated cooperation
between synchronous areas for the purpose of supporting system balance. However,
the focus was mainly on one single cooperation concept, and mainly on a bilateral
cooperation (two synchronous areas).

This chapter extends the concept of cooperation between two synchronous areas
and investigates a trilateral synchronous area balancing cooperation to add value

143
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to three synchronous areas, namely CE, GB, and NE. In Figure 8.1 this trilateral
synchronous area balancing cooperation is schematically shown with a European
map and its HVDC interconnections.

DE= Germany
DK= Denmark
FR= France
NL=  Netherlands
NO=  Norway
SE= Sweden
UA= Ukraine
GB=  United Kingdom

UA

SE

NO

FR

NL
DK

GB
DE

Figure 8.1: European map indicating the existing HVDC interconnections (solid
lines) and the future possible HVDC interconnection (dotted line) between United
Kingdom and Norway, enabling a trilateral synchronous area coupling.

A trilateral inter-synchronous area cooperation can be practically implemented
in Europe when the planned HVDC interconnection between Great Britain and
Norway (NorthConnect) would be commissioned [159]. The exact conditions of this
HVDC interconnection are still under review in order to optimise social welfare
and to provide profitability from a merchant investor perspective. This is strongly
dependent on market developments and economic drivers in both Great Britain and
Norway as indicated in [160].

However, the differences in system size, HVDC interconnection capacity, and
the balancing performance per individual system will have its characteristic effect
on system frequency. Furthermore, different balancing cooperation concepts can be
applied each with its own particular consequence. Especially for the extension toward
a trilateral cooperation, situations might occur in which a system simultaneously
responds to two other systems, which on their turn also respond to each other.

With insufficient system coordination and without alignment on cooperation and
control settings, it is expected that HVDC balancing might lead to disproportional
support between systems, to frequency oscillations, non-compliance of reserves, and
to network constraints [55]. Therefore, this chapter researches frequency quality
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and associated DC power flows and evaluates the performance of five balancing
cooperation concepts.

This work contributes by recommending adequate balancing cooperation
arrangements in line with the European cooperation concepts as defined in [16],
and how to consider HVDC control settings with the objective to secure frequency
quality, and prevent undesired effects.

The different cooperation concepts introduced in section 3.3 are elaborated
in section 8.2 for the inter-synchronous area cooperation and the case study is
introduced accordingly. The modelling of such inter-synchronous area cooperation
is described in section 8.3. The results are presented in section 8.4.

The findings are furthermore discussed in section 8.5 and recommendations are
provided, how to achieve the desired frequency quality and how to set control settings
to prevent undesired effects. At last, in section 8.6, a summary is provided and
conclusions are drawn.

The findings and conclusions of this chapter are also presented in [55].

8.2 Cooperation for the frequency containment process

In this section, the five different cooperation concepts for the trilateral balancing
coupling are elaborated and the case study is introduced.

8.2.1 Cooperation concepts

The main objective of the five frequency containment cooperation concepts are
listed in Table 8.1, with FCR as Frequency Containment Reserves and FCP as
the Frequency Containment Process, which includes the inertial response and the
self-regulating effect of system load.

The conditions and working principles of the five cooperation concepts are:

� Droop on HVDC is the concept where a frequency sensitive HVDC
interconnection responds to frequency deviations with additional power
transfers, compliant to [28]. It results in a virtual increase of FCR for all
synchronous areas. Due to the fast response of HVDC, the support also
emulates fast action similar to inertial response.

� Exchange of FCR is the concept enabling the exchange of reserves between
synchronous areas for the purpose of e.g. deployment of cheaper FCR [16].
If total accessible FCR per synchronous area remains equal (same reserve
dimensioning), the experienced frequency quality remains similar.

� Sharing FCR is the concept enabling sharing of reserves between synchronous
areas [16]. The additional HVDC power transfer is in coherence with the
ramp capabilities of FCR products of the participating LFC Blocks. In
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Table 8.1: Classification of five concepts for inter-synchronous cooperation based on
the different mechanisms of the frequency containment process of ENTSO-E.

Concept Principle

Droop on HVDC HVDC as frequency sensitive balancing resource.

Exchange of FCR Cost-efficient deployment of FCR from cooperating
synchronous areas.

Sharing FCR Joint utilisation of FCR.

Combining FCP Acting as one large virtually coupled synchronous
area sharing not only FCR, but also ’virtual’ inertia
and self-regulating load.

Sharing imbalances Distribution of power imbalances among the
synchronous areas.

this work a full share of all FCR is considered. The support is area and
direction dependent, while taking into account the total capacity of HVDC
interconnections. ’Virtual’ inertia and self-regulating load are however not
shared in this concept.

� Combining FCP combines the Frequency Containment Process (FCP)
of multiple synchronous areas. The concept is similar to the concept
Sharing FCR, however in addition the fast-response support is provided,
similar to ’virtual’ inertia and self-regulating load. Therefore the concept
resembles to a certain extent one larger ’virtual’ synchronous area. The
resulting power transfer profile is not only in accordance with the reserve
capabilities of the participating reserves, but also includes the fairly fast
response of ’virtual’ inertia and self-regulating load. The support is again
system and direction dependent, while taking into account the total capacity
of HVDC interconnections.

� Sharing imbalances is a concept where the containment of power imbalances
is proportionately distributed over the synchronous areas, independent of the
location of the power imbalance [16]. In other words, the control targets for
the frequency containment process are distributed amongst the synchronous
areas. Therefore, this concept uses a central control optimisation. Therefore
it is furthermore optional to equip the controller with additional control
functions to enable cost efficiency and relief network congestion on HVDC
interconnections, and even to a certain extent to avoid congestion in the AC-
network.
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8.2.2 Control and communication infrastructure

Necessary control and communication infrastructure for each cooperation concept
is presented in [55]. In Table 8.2 an overview is provided of the communication
requirements per cooperation concept. For the cooperation concepts droop on
HVDC, share of FCR and Combining FCP, the difference between the system
frequencies at both ends of the HVDC interconnection are the input signals for
the inter-synchronous area frequency support and thus no real-time communication
is necessary. For none of the concepts, direct communication between the individual
HVDC interconnection systems is necessary.

Table 8.2: List of central communication requirements as a function of the five
investigated cooperation concepts

Cooperation concept Communication principle

Droop Static and local setting for each HVDC connection,
without central communication

Exchange of FCR TSOs send signals to the relevant HVDC connections

Sharing FCR Based on prior agreed optimisation, a static and
local setting for each HVDC connection is set

Combining FCP Based on prior agreed optimisation, a static and
local setting for each HVDC connection is set

Sharing Imbalances Centralised optimisation controller, with dynamic
settings to each HVDC connection

For the concept sharing imbalances, a centralised frequency optimisation control
centre is necessary to receive all local power imbalance signals and compute the
targets for each individual HVDC interconnection system. Here, each converter
station needs to be equipped with a remote control interface [156], for communication
with the centralised frequency control optimisation centre. Consequently, the voltage
or current source converters can receive overruling frequency control targets and
accordingly power transfers over the HVDC interconnections can be rapidly changed
for frequency control using the active and reactive power controllers. For stability
issues, it is recommendable for all cooperation concepts, to equip each single HVDC
converter station with a time-synchronised (via GPS) system frequency measurement
appliance [155] to avoid failure performance because of incorrect local frequency
signals.
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8.2.3 Objectives for cooperation

Four of the five concepts (except for the exchange of reserves) have the main objective
to support frequency quality by improving the overall performance of the frequency
containment process by means of shared services and/or responsibility. Here,
frequency quality is improved per moment in time in the most affected synchronous
area(s) at the expense of the least affected synchronous area(s).

The concept exchange of FCR may aid in cost optimisation by deploying
relatively cheaper reserves from cooperating synchronous areas which are not
utilising these reserves. This concept is also the only concept with a bilateral
LFC Block agreement, rather than agreements on synchronous area level.

8.2.4 Case study

The case study exists of a trilateral coupling via HVDC interconnections between
the synchronous areas of Continental Europe (CE), Nordic (NE), and Great
Britain (GB). Two cases are introduced in order to investigate frequency quality
and associated power transfers over the aggregated HVDC interconnections for the
five mentioned cooperation concepts.

Case 1: Single infeed loss in GB investigates the load-frequency control
performances of all three synchronous areas during a sudden generation loss of
1000 MW in the GB system.

Case 2: Simultaneous infeed loss in GB and NE investigates the load-
frequency control performance of all three synchronous areas during a simultaneous
generation loss of 1000 MW in the GB system and in the NE system.

8.3 Modelling

The LFC model is build in the Matlab/Simulink environment, where each
synchronous area is composed of four subsystems: system inertia, self-regulating
load, primary control, and secondary control, as is introduced in section 4.4.
Cooperation is simulated with an HVDC frequency containment controller which
is configured differently for each cooperation concept. Parameters relevant to each
synchronous area are listed in Appendix C.

8.3.1 Droop on HVDC

The concept Droop on HVDC is based on a pure proportional transfer function
with a droop value equal in both directions, where the frequency difference between
two synchronous areas is used as input signal. In accordance to ENTSO-E Network
Code’s recommendation [28], an HVDC droop of 3 % is used for modelling this
particular concept. The associated proportional gains Kp of European HVDC
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interconnections are listed in Table 8.3. The schematic configuration of the HVDC
controller is depicted in the top drawing of Figure 8.2.

Kp 
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*
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*
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Figure 8.2: Schematic depiction of HVDC control for cooperation concepts
Droop on HVDC, Sharing FCR, Exchange of FCR, and Combining FCP, with
frequency deviations as signal input and HVDC transfer signal and secondary control
(SC) correction as signal output. * please note that per cooperation concept, different
values for Kp are applied.

Table 8.3: System conditions for the droop on HVDC concept.

Interconnection Capacity Droop HVDC bias factor Kp

NE - GB 1400 MW 3.00 % 933 MW/Hz

CE - GB 3200 MW 3.00 % 2133 MW/Hz

CE - NE 4550 MW 3.00 % 3033 MW/Hz

In order to adequately take into account physical constraints of the system and
its mechanisms, correction functions are applied. These may include ramp-rate
limitation, reaction delay, damping, gain, etc. The secondary control correction
ensures that the imbalance causing synchronous area, will locally counterbalance
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the power imbalance and concomitantly restores system frequency. For the droop
on the HVDC interconnections, a dynamic delay is used according to (8.1), with
Mcorr = 0.3 sec. to take into account the physical delay of the HVDC components.

delaycorr =
1

Mcorrs+ 1
(8.1)

8.3.2 Exchange of FCR

Similar to the Droop on HVDC concept, a control with a proportional gain Kp is
used, but only acting on the frequency deviation of one single system. The actual
power transfer over the HVDC will be equal to that requested by the control logic
(control request) in accordance to the capabilities (ramping) of FCR. In other words,
the additional HVDC balancing transfer is equal to the response of the power units
providing frequency containment services. This needs to be taken into account in
the control algorithm per HVDC interconnection, and thus also for the simulation.
Without this limitation, the balancing transfer will be faster than the actual reserve
providing units, and the reserve providing system will experience additional power
imbalances which consume inertia and self-regulating load. Therefore, a correction
component is applied with a delay according to (8.1) with Mcorr = 4.0 sec. It
takes into account the actual FCR capabilities, because generators are not able to
instantaneously increase power output up to desired level, due to physical delay
of power plants. The signal input is the frequency of the requesting system. The
schematic configuration of the HVDC controller is depicted in the middle drawing
of Figure 8.2. For the case study single infeed loss in the GB, CE exchanges FCR
with GB, with a value for Kp of 133.33 MW/Hz to illustrate the example. For case
study simultaneous infeed loss in GB and NE, CE exchanges FCR with GB with a
chosen value for Kp of 133.33 MW/Hz and with NE with Kp of 200.00 MW/Hz.

8.3.3 Sharing FCR

The concept Sharing FCR is characterised by the provision of FCR among the
systems and therefore a proportional transfer function is used. The gain Kp is
programmed such that the systems support each other in proportion to their network
power frequency characteristic λ, in order to proportionally contain the imbalances
per system. Therefore, the frequency bias component of all HVDC interconnections
Kp,HV DC,A−B between system A and system B, is computed according to (8.2),
with values for λSA (CE, NE, and GB) according to Appendix C. A time delay is
applied using a correction component Mcorr = 4.0 sec. It leads to an actual power
transfer accordance to FCR capabilities.

Kp,HV DC,A−B =
λSA−A × λSA−B

λSA−A + λSA−B
(8.2)
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Furthermore, the control setup takes into account a direction sensitive support
and the performance of FCP per synchronous area. The frequency difference of the
two systems is the input signal for the HVDC control as depicted in top drawing
of Figure 8.2. The used parameters of Kp are listed in Table 8.4 and are computed
with (8.2) with values for λSA .

Table 8.4: Frequency bias component HVDC Kp,HV DC for the concept Sharing FCR
and Combining FCP.

NE - GB GB - CE NE - CE

Frequency bias [MW/Hz] 1371 2229 2445

8.3.4 Combining FCP

The concept Combining FCP is characterised by the provision of FCR, similar to
the concept Sharing FCR, however in addition ’virtual’ inertia, and self-regulating
load are shared. This ’virtual’ inertia is however a fast acting reactive service based
on a frequency change, it does not replace the implicit resistances of actual inertia
against any frequency change as researched in [56]. For the modelling a proportional
function is used and the correction factor applies a delay of Mcorr = 0.3 sec.
for a faster response. Furthermore, as depicted in the bottom plot in Figure 8.2,
a term proportional to the frequency derivative term df/dt with a deadband
(-0.01 and 0.01 Hz/s) is added for ’virtual’ inertia. For this cooperation concept
the sensitivity factors Kp of Table 8.4 are used.

8.3.5 Sharing imbalances

The concept Sharing imbalances is based on computation (estimation) of the physical
power imbalance ∆Pt,SA i per synchronous area i at time t, according to (8.3). Signal
inputs for the central controller for HVDC balancing support are the aggregated delta
ACE open loop per synchronous area. These power imbalances will be restored with
a speed compliant to TTRF agreed, TTRF . Within the agreed TTRF, the actual
power imbalance to be shared with other synchronous areas reduces, because of
the expected frequency restoration process taking place in the affected synchronous
area i. Therefore, the share of power imbalance reduces until zero over a time period
equal to the agreed TTRF, and in (8.3) this is programmed linearly.

∆Pt,SA i =

N∑
n=1

∆Pt,SA n − Pt,SA i ∗ (1 +
n

TTRF
) (8.3)
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Here n is the propagator n = (1, ....N) of the synchronous areas connected to
synchronous area i.

The computed power imbalance ∆P imb
t,SA i per synchronous area i at time t will be

distributed over each cooperating synchronous area n, according to (8.4), leading to

a power transfer PHVDC transfer
SA i over the HVDC connection to synchronous area i.

PHVDC transfer
SA i = SFfreq,SA i

N∑
n=1

∆Pt,SA n − ∆Pt,SA i (8.4)

Here n is the propagator n = (1, ....N) of the synchronous areas connected to
synchronous area i.

A positive PHVDC transfer
SA i indicates import of balancing power for system i,

negative values indicate export of balancing power. The applied scaling factors of
SFi for every synchronous area i are computed with (8.5) with bias factors λi per
synchronous area i according to Appendix C.

SFi =
FQRiλi∑N

n=1 FQRnλn
(8.5)

Here n is the propagator n = (1, ....N) of the synchronous areas connected
to synchronous area i and FQR is the Frequency Quality target parameter Ratio
in [p.u.] for the quasi steady-state frequency deviation.

For the systems of CE, GB, and NE, the quasi steady-state frequency deviations
are 200 mHz (CE), 500 mHz (GB), and 500 mHz (NE). Therefore used frequency
quality ratios FQR are 0.4 (CE), 1 (GB), and 1 (NE). Resulting scaling factors
SF are 0.53 (CE), 0.22 (GB), and 0.25 (NE), however can be adjusted to control
support and exchange of services, under the condition that the sum of all scaling
factors equals 1.

8.4 Power system responses with inter-synchronous support

This section presents the results of frequency responses and associated power
transfers over aggregated HVDC interconnections for the two case studies and
elaborates on the findings. The additional HVDC balancing transfers that result
from the inter-synchronous coupling need to be facilitated by reserved DC capacity,
which is briefly discussed in section 8.5.4.

8.4.1 Single infeed loss in the GB

The first case is introduced to especially research how the different cooperation
concepts deal with transit flows, the indirect support from a reserve providing
synchronous area, via a transit system toward the reserve receiving system.
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The frequency responses of CE, NE, and GB under the event of an infeed loss
in GB are depicted in Figure 8.3. Due to the relative large (strong) system of CE,
rather similar frequency responses are observed in CE for the different cooperation
concepts when CE supports the synchronous area of GB. For the case exchange of
FCR, no differences in frequency performance are observed, because the supply of
reserves remains the same in absolute terms (as mentioned in section 8.2).

8.4.1.1 Sharing FCR

The concept Sharing FCR shows additional inter-synchronous frequency oscillations
(clearly visible in middle and bottom plot of Figure 8.3). This is caused by the
relative slow support of these products, resulting in a small damping, causing
overshoots. The relative longer timer delay of Mcorr = 4 sec. for FCR products acts
slow, with faster local performance of system inertia and self-regulating load which
is disproportionally present per synchronous area. This results in less and more
unbalanced damping per system, however still the support is frequency sensitive. A
power oscillation damping controller may prevent unwanted oscillations.

8.4.1.2 Combining FCP

For Combining FCP, GB’s frequency quality is significantly improved as ’virtual’
inertia and self-regulating load are also shared, the mechanisms that provide essential
fast response support. Key observations made are improved ROCOF and frequency
nadir for GB compared to those cooperation concepts, where ’virtual’ inertia and
self-regulating load are not shared.

8.4.1.3 Sharing imbalances

The concept Sharing imbalances shows that a proportional distribution of power
imbalances nearly quarters the amount of imbalances to be counterbalanced by GB,
resulting in a superior frequency response compared to all the other cooperation
concepts. This however will be on the expense of the frequency response of CE and
NE, which also show deterioration of the experienced ROCOF.

8.4.1.4 HVDC power transfers

In Figure 8.4 the HVDC balancing flows for all cooperation concepts are depicted
for the case of single infeed loss of 1000 MW in GB. From the top plot of Figure 8.4
it is observed that the concepts Exchange of FCR and Sharing imbalances are the
only concepts viable to prevent and control transit flows via NE from the reserve
providing system CE toward the reserve receiving system GB. These transits could
lead to additional congestion and transmission losses.

Contrarily, the concept Sharing FCR results in the largest transit (indirect
support), the sum of the transits from the reserve providing system CE via NE
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Figure 8.3: Frequency responses of the three synchronous areas for a case study of
a Single infeed loss in GB of 1000 MW, depicted for the five considered cooperation
concepts.

toward the reserve receiving system GB and from the reserve providing system NE
via CE toward the reserve receiving system GB. This is caused by the differences in
the dynamic performance of the three synchronous areas and the chosen cooperation
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strategy.
For the concept Droop on HVDC a smaller support from NE to GB is observed

in the bottom plot of Figure 8.4. This is caused by the rather low capacity HVDC
interconnection between NE and GB (single HVDC interconnector of 1400 MW, cf.
Table 8.3) resulting in a relatively small bias factor for the HVDC interconnection.
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Figure 8.4: Power transfers over aggregated HVDC interconnections for a case study
of a Single infeed loss in GB of 1000 MW, depicted for the five considered cooperation
concepts.
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8.4.2 Simultaneous infeed loss in the GB and the NE

In Figure 8.5, the frequency responses are depicted of all three synchronous areas
during a simultaneous infeed loss of 1000 MW in GB as well as of 1000 MW in NE
for all five cooperation concepts.

8.4.2.1 Sharing FCR

For this concept, the same observations are made compared to a single infeed loss,
that due to a relative slow response of FCR, inter-synchronous frequency oscillations
for NE and GB might be observed. Furthermore, this concepts leads to a largest
frequency nadir exposed to the CE system, however meanwhile does not result in
the best frequency nadir response for the NE and GB system. This might be the
result of the oscillating behaviour. Future research should analyse this phenomena
with a more detailed load-frequency control model, for example capable to simulate
the individual droops on speed governors, to confirm these observations.

8.4.2.2 Combining FCP

For Combining FCP, GB’s and NE’s frequency quality is significantly improved as
’virtual’ inertia and self-regulating load are also shared, the mechanisms that provide
essential fast response support. Key observations made are improved ROCOF and
frequency nadir for GB and NE compared to the other cooperation concepts, where
’virtual’ inertia and self-regulating load are not shared.

8.4.2.3 Sharing imbalances

For the concept Sharing imbalances it is observed that the frequency responses of
all three systems show the classical frequency response when systems are operating
stand alone for balancing.

After primary control ’completely’ activates FCR (≈ 30 sec.) and the system
does not exhibit fast dynamics any more, the frequency responses of the concepts
Sharing FCR and Combining FCP become identical. This is caused by the equal
inter-system support with FCR of these two cooperation concepts. Now, the effect
of the differences in system inertia and self-regulating load on the frequency per
system are negligible.

8.4.2.4 HVDC power transfers

The associated simulated HVDC balancing flows (on top of trading flows) resulting
from the inter-synchronous support are depicted in Figure 8.6 for all cooperation
concepts. The flows between GB and NE are quite small (up to ≈ 55 MW) as
can be observed from the bottom plot of Figure 8.6. Due to the similar infeed
loss modelled for GB and NE, their mutual support is low, and possible indirect
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support from CE through NE to GB and from CE through GB to NE is limited.
The remaining small support relates to the differences in dynamic performance of
system GB and NE.

8.4.2.5 Rate of change of power transfers

The maximum rate of change of power transfer over the aggregated HVDC
interconnections between two systems resulting from the simulations is 140 MW/s.
This aggregated value exceeds the one measured from the BritNed trial (45 MW/s)
as observed from Figure 3.4 and previously used in literature [85] (100 MW/s).
However, as this maximum value is the peak aggregated value, the actual required
peak ramping per single HVDC interconnection could be in line with the values from
literature the moment two or more HVDC interconnections would interconnect two
synchronous areas.
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Figure 8.5: Frequency responses of the three synchronous areas for a case study of
Simultaneous infeed loss in GB and NE, depicted for the five considered cooperation
concepts.
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Figure 8.6: Power transfers over aggregated HVDC interconnections for a case study
of Simultaneous infeed loss in GB and NE, depicted for the five considered cooperation
concepts.
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8.5 Recommendations

Based on the presented results in section 8.4.2, recommendations are provided
aiming for an efficient inter-synchronous area process of frequency containment.

8.5.1 Frequency quality targets

It is observed that the quality target maximum instantaneous frequency deviation of
a synchronous area is significantly influenced by the ramp-rate of the power (transfer)
support between systems. The concept Combining FCP, in which virtually one
large system is created, shows best results. The fast-response support especially
contributes to the rather smaller system with relative low system inertia.

The frequency quality target quasi steady-state frequency is significantly affected
by the amount of shared FCR capacity. The concepts Combining FCP and
Sharing FCR are both considered as adequate concepts to support the quasi
steady-state frequency.

The concept Sharing imbalances also shows satisfying results and is suitable to
centrally optimise control targets to be send real-time, to control power flows, and
limits the risk of counteracting HVDC interconnections.

For the concept Droop on HVDC, the frequency performance per synchronous
area depends on the amount of HVDC interconnections, their applied droop
settings, and whether or not the support is direction-sensitive. Without coordinated
alignment of droop settings, it is observed that this decentralised balancing support
can fail to reach the common frequency quality targets, caused by disproportional
support between systems.

8.5.2 Coordinated Droop on HVDC

According to the ENTSO-E Network Code’s recommendation [28], an HVDC droop
of 3-5 % should be applied per interconnection, leading to different balancing support
effects. Besides this droop value, also the number and size of HVDC interconnections
between synchronous areas has an effect on the actual balancing support between
the systems. The planned new HVDC interconnections in Europe will influence the
effect and outcome of the inter-synchronous area cooperation.

As an example, besides the connections between UK and the Netherlands, and
between UK and France, new interconnections are planned. A connection between
UK and Belgium (NEMO of around 700-1300 MW [161]), an additional cable from
UK to France parallel to the existing (IFA2 of 1000 MW [162], a new cable from UK
to France (Eleclink of 1000 MW [163]), and a complete new interconnection between
UK and Denmark (Viking Cable within the range of 1000 MW to 1400 MW [164]).
These four planned HVDC interconnections would more than double the existing
capacity between the synchronous areas of GB and CE. The effect and outcome of
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uncoordinated droop on HVDC will be significantly large on both systems, as well
as on the synchronous area of NE.

8.5.3 Continental Europe reserve compliance

As concluded before, for the concept Droop on HVDC, CE will disproportionally
support NE and GB, because CE is a larger system and because of the inequality
of DC interconnection capacity between the systems. Principally, CE is not able
to provide the required frequency quality under all conditions for this cooperation
concept. This is caused the moment all systems are experiencing severe imbalances in
equal direction. At these moments, CE will export relatively more reserves compared
to the other systems, and consequently it fails on the local reserve compliance [58].
Nevertheless, with coordinated control settings, and adequate sensitivity and scaling
factors, reserve compliance per system could be guaranteed. Additional work should
consider control options such as power transfer saturation, to keep synchronous areas
compliant to [17], without the need to increase local reserve dimensioning.

In addition to the local reserve security challenges, increased ROCOF might
trigger cascading effects contributing significantly to blackout risks. Further research
should investigate this phenomenon, as researched in [165]. Here, the challenges and
failures of cascading are discussed and a summary of a variety of state-of-the-art
analyses and simulation methods is provided. There is a general need for greater
understanding of cascading outages and how major blackouts arise.

Important aspects when preventing cascading outages is to have more reliable
protection and control, with the focus on coordination, the essential part of the
trilateral balancing coupling. In [166] important aspects of understanding cascading
are highlighted, which might be considered when investigating the relation between
ROCOF and cascading.

As this work only investigated the active power balance within and between
synchronous areas, further work should investigate system (frequency) stability.
Phenomena exposed to the systems in the time range shorter than seconds are
not investigated, however can burden the system. The investigated fast-response
balancing actions in this work are signal based (reactive) and do not relate to implicit
mechanically and electrically coupled balancing/stability support. Furthermore,
local reactive power management should also be taken into account. These future
investigations however require a different model as the one developed in this work.

8.5.4 Balancing markets

Future work should investigate the effect on other markets if DC interconnection
capacity will be used for the frequency containment process. Therefore, the
approaches applied in chapter 6 and chapter 7, as well as the approaches of [167, 168],
could be used to optimise the allocation of DC transmission capacity to trading and
to balancing markets. With a market-based approach, the most efficient results
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for end-consumers could be achieved because the real needs of the system can be
reflected [10].

Consequently, settlement and remuneration can be organised on inter- and intra-
synchronous area level. In [15] different market designs and their impacts are
mentioned for integration of balancing markets in Europe. In [169], the motivation
and implementation of a primary frequency response market is elaborated, to provide
correct incentives for response reliability. In the second part of that two-paper serie,
results are shown for integration of certain market designs for inertia and frequency
containment services [170].

For a fair distribution of benefits and costs, future work might investigate
cross-zonal balancing markets consisting of capacity and energy components for
DC transfers. As designed in [15], balancing markets with energy and capacity
components may fully reflect all procurement expenses incurred by TSOs and or
synchronous areas, for delivering energy in real-time. Correct passing on of these
costs, including future transmission expenses (and reward of transit systems) will
incentivise actors for securing power balancing. ENTSO-E proposes the Inter-TSO
Compensation mechanism, a multi-party agreement to compensate parties for costs
associated with losses resulting from hosting transit flows on network and for the
costs of hosting these flows [171].

In order to limit national implications and to promote optimisation of the
total system, this work would propose an Independent Frequency Operator, or a
European Frequency Operator, assigned and recognised by ENTSO-E and ACER.
The Independent Frequency Operator takes over functions from local TSOs and
is responsible for a stable system frequency (including the process of frequency
containment). The frequency operator will dimension the need for FCR per
synchronous area, and procures, settles, and remunerates, with participation in
market auctions to reserve AC and DC interconnection capacity. This will prevent
maximisation of the value of a single HVDC interconnection and focusses on a
market-based inter-synchronous balancing cooperation, where an independent entity
might be a pre-requisite. For future cost-benefit analyses, in order to analyse the
potential of independent system operators, it should also be taken into account how
feasible system optimisation can be performed without a single controlling entity.

8.5.5 Centralised control

With the current decentralised control, multiple entities are involved, which might
lead to indecisive cooperation, as an inter-synchronous area cooperation intends to
optimise the total system, rather than to maximise the efficiency, performance, or
value of a single system, area, or connection.

The independent operator should receive information from the TSOs of
the performance per area and per system, and the operation of the HVDC
interconnections. Possible customisation of this data should be prohibited, as
it affects the targets of the centralised control, of benefit of local entities. The
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integration of a centralised controller should not lead to competition between TSOs
for receiving services.

The control ability of an independent entity over a local area is a political
sensitive topic. These control capabilities could be restricted such that under
all circumstances, local TSOs always have a minimum amount of local control
capabilities to secure its local security of supply. In physical terms, TSOs should
keep control over network elements and being in control over a minimum amount of
local reserve units.

8.6 Summary and Conclusions

The integration of renewable energy sources and multinational electricity markets
may deteriorate frequency quality, notably in weaker power systems. To secure
system balancing, a European trilateral synchronous area balancing coupling for
cooperation in the frequency containment process could be performed. However,
due to differences in system size and interconnection capacities, and because of
different possible cooperation concepts, frequency quality is impacted differently.
Without alignment on control conditions, security of supply might be jeopardised.
This research contributes by defining five fundamental different cooperation concepts
and develops the simulation models to assess their frequency performance. It is the
objective to identify per cooperation concept the effect on frequency quality and to
identify possible undesired effects.

Based on the analysis, it is concluded that the concept Combining the frequency
containment process provides sufficient and fast support as not only frequency
containment reserves are shared, but also virtual inertia and self-regulating load.
Therefore, the rate of change of frequency and the frequency nadir (the largest
instantaneous frequency deviation) will improve significantly.

Frequency response simulations for the concept Sharing imbalances also show
a clear improvement of frequency quality. Here, (local) power imbalances are
proportionally distributed over the synchronous areas by the central controller.
This controller also allows for the option of additional optimisation by applying
dynamic scaling factors triggered by cost optimisation subject to network congestion
constraints. Furthermore, this concept prevents transit flows which act as indirect
support, recognised as undesired effects.

At last, cooperation requires sufficient inter-system coordination with adequate
control settings, essential to prevent disproportional support between systems and to
keep the synchronous areas’ reserves secure, compliant to European Network Codes,
as can be observed from the possible incoherent control associated with the concept
Droop on HVDC.



CHAPTER9
Conclusions and recommendations

9.1 Conclusions

In this section, a summary of the conclusions drawn in this work is provided. The
main research question is answered: Which (control) arrangements and associated
requirements of the current European framework of operational planning and system
operation need to be reconsidered and by what method, to adequately facilitate the
developments in cross-border balancing?

It is researched that with cross-border cooperation by balancing areas and
power systems, additional requirements for reserve dimensioning and transmission
capacity allocation are necessary. Here, inter-TSO and system coordination is the
most important measure to be taken. One of the main aspects of coordination is
reserve procurement for compliancy, as it has a significant effect on the benefits of
cooperation, and on the optimal allocation of transmission capacity for balancing.

In the upcoming sections, more detailed conclusions are drawn for the three
balancing topics that are researched in this work.

9.1.1 Sizing and allocation of reserves

Cross-border cooperation for balancing requires consideration of sizing and allocation
methods for reserves. In this work, the set of reserve procurement requirements for
LFC Block cooperation, from ENTSO-E, are examined. It is proposed how new
procurement requirements could prevent the discrimination between different sized
balancing areas and between the different cooperation concepts, with the general
aim to improve efficiency for balancing. Where reserve over-dimensioning will limit
cost-efficiency, reserve under-dimensioning might jeopardise security of supply.

The first research question: Could cross-border balancing lead to a reduction
of local procured frequency restoration reserves (secondary control), and what
set of procurement requirements support reserve compliance and harmonise the
distribution of procurement responsibility per control area? is answered as follows.
It can be concluded that the current framework of cross-border cooperation should
discriminate between areas due to the differences in local area characteristics. Still,
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with the current restrictions, cross-border cooperation does reduce the total demand
of reserves, mainly driven by the imperfect positive correlation of imbalances.
Imbalances fundamentally have a stochastic nature, even though temporal, causal,
and spatial relationships remain.

From the data analysis of activated reserves, it is concluded that additional
requirements for reserve sizing should be imposed on larger sized areas, the moment
they cooperate cross-border. Especially for the larger sized areas that consume more
reserves for stochastic energy imbalances, than to be compliant to their dimensioning
incident. These larger sized areas are disproportionately affecting frequency quality
within the synchronous area, and possible reserve under-dimensioning may result.

It is concluded that reserve sizing for larger areas could include stricter rules
for reserve procurement. Instead of being compliant to the (N-1)-criterion, larger
areas could be required to be compliant to an (N-2)-criterion. Due to a reasonable
probability of the occurrence of two independent dimensioning incidents within a
time frame equal to the time to restore frequency for larger areas, an (N-2)-criterion
might be a feasible reserve requirement. Especially when no additional balancing
resources are available next to the common merit order list, and active market
response in area balancing is not made available by the local market design.

The second research question: Which method is applicable for sizing and
allocating frequency restoration reserves for control areas cooperating in load-
frequency control, securing reserve compliance with a minimum of reserves? is
answered as follows. For the sizing of fast-response reserves, it is concluded that the
current ENTSO-E sizing method for automatically activated frequency restoration
(fast-response) reserves is also applicable for LFC Block cooperation, under the
condition that certain market designs and frameworks (e.g. special treatment of
renewables) do not significantly affect the consumption of reserves per area.

In order to further reduce the procurement and use of fast-response reserves, a
new reserve allocation method is introduced. It is proposed to use fast-response
reserves mainly to counterbalance high-dynamic power imbalances. A signal
decomposition technique named Hilbert-Huang Transform is used to separate
the need for fast-response reserves from the need for energy to counteract the
low-dynamic energy imbalances.

For the latter, it is proposed that these low-dynamic energy imbalances should
be counterbalanced with real-time participation of market parties in area balancing.
These parties are in fact responsible for energy balancing. Applying the sizing
and allocation method shows that several West Continental European LFC Blocks
could half their procurement of fast-response reserves, when their low-dynamic power
imbalances are counterbalanced by market parties.
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9.1.2 Transmission capacity allocation for cross-border balancing

In order to optimise the efficiency of the total system, balancing markets should be
facilitated with interconnected transmission capacity to transact cross-border, the
moment it can be proven that this adds to social surplus. Therefore, it needs to be
estimated with the knowledge available before real-time, that cross-border balancing
increases the value of transmission capacity, even though part of it is withdrawn from
trading markets. Because of the stochastic nature of imbalances, this computation
is not straight forward and requires a new transmission capacity allocation method.

The third research question: How can a method of transmission capacity allocation be
designed, where transmission capacity is reserved for balancing (frequency restoration
process), with the objective to maximise the value of transmission capacity? is
answered as follows. An transmission capacity allocation method is introduced
consisting of 5 processes, which together take all balancing parameters into account
for a fair evaluation, with the objective to allocate transmission capacity market-
based.

Within the 5 step process, a balance flow margin is introduced, to secure using
part of the network for balancing. It is shown that it is efficient to harmonise the
time period of the margin with trading and balancing bids, to better reflect the value
of reservation, and to take into account imbalances as a function of time.

The fourth research question: What system parameters determine the value
of transmission capacity reservation for balancing, with the objective to increase
social surplus? is answered as follows. It is concluded that the dominant system
parameters for the value of transmission capacity for cross-border balancing, are
the cross-correlation of imbalances between the balancing areas. These determine
the potential that can be made by reducing the amount of procured and activated
reserves. Based on historical data, it is observed that the largest savings are made
by avoiding costs, namely reduction of both reserve activation and procurement.

Secondly, it is found that for the smaller volumes of reservation, the value
of balancing energy (even though it has a stochastic nature) is dominant to the
value of balancing reserves. This observation confirms that it would be fair and
efficient to take into account the value of balancing energy, even though this relates
to estimations. The proposed allocation method takes all balancing components
into account.

The fifth research question: How do configurations of coordinated balancing areas
influence the value of transmission capacity for balancing, when considering network
restrictions? is answered as follows. Coordinated balancing areas, consisting of
areas with the tendency towards negatively correlated imbalances, are efficient and
deliver benefits to the system. Here, cooperation activates the imbalance netting
process and reserve sharing, where their combined total activation and procurement
of reserves is decreased respectively. Associated savings made relate to avoiding
costs, and depend on the price spread of the market, the absolute price of reserve
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procurement, and the opportunity price for imbalance netting.

9.1.3 Trilateral balancing coupling of synchronous areas

Besides cooperation within a synchronous area, cooperation between synchronous
areas for the frequency containment process (primary control) is investigated, to
secure the fast-response balancing performance of power systems. Five different
cooperation concepts are considered, to assess their frequency performance and to
identify possible undesired effects, when cooperation (and control settings) is not
coordinated and aligned.

The sixth research question: What are the system frequency responses of
HVDC balancing arrangements for an inter-synchronous area cooperation for the
process of frequency containment (primary control) and how to model this set of
possible arrangements? is answered as follows. A developed high-level load-
frequency control model is used in combination with a case study, a trilateral
balancing coupling for the power systems of Continental Europe, Nordic, and Great
Britain. The simulated frequency responses, as a function of power imbalances, show
that the resulting system frequencies and their characteristics differ significantly per
cooperation concept.

For the cooperation concept Combining frequency containment process, where the
three systems cooperate like one large virtual system, it is concluded that sufficient
fast-response balancing services are provided, with significantly imnproved frequency
quality. The frequency quality targets the Rate Of Change Of Frequency (ROCOF)
and the frequency nadir (the largest instantaneous frequency deviation) will improve
significantly.

The seventh research question: What
cooperation concepts of a trilateral synchronous area cooperation for the process of
frequency containment are adequately supporting frequency quality under the event
of (an) infeed loss(es), and which cooperation concepts initiate undesired effects?
is answered as follows. The cooperation concept Sharing imbalances is proposed,
as an alternative to current cooperation. This cooperation concept shows a clear
improvement of frequency quality within the affected synchronous area(s). For this
concept, it is not system frequency that triggers cooperation, but the actual (local)
imbalances. With a central optimised controller, the imbalances are proportionally
distributed over all synchronous areas, where each individual HVDC interconnection
is controlled centrally. Therefore, this controller allows for the option of additional
optimisation by applying dynamic scaling factors triggered by, e.g. cost optimisation,
and subject to network congestion constraints. It is also the only concept where
balancing service providing synchronous areas are protected for unwanted additional
support when other systems fail in their obligations to provide support, by means
of system inertia, self-regulating load and primary control, and when the imbalance
system fails to restore system frequency compliant to regulation.
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Undesired effects of cooperation may be experienced with the cooperation
concept Droop on HVDC, with settings compliant to the current ENTSO-E
Network Code on HVDC. Based on the simulation, it is concluded that the
Continental European system will disproportionately support the Nordic and Great
Britain system. This is caused by the unequal amount of HVDC interconnection
capacities between the systems, and the differences in system size.

The overall conclusion that can be drawn from the investigation of the inter-
synchronous area cooperation is that cooperation requires inter-system coordination
(with associated cooperation settings). This is essential to prevent disproportional
support between synchronous areas and to keep the systems reserve compliant to
Network Code on Load-Frequency Control & Performance.

9.2 Recommendations

In this section, a summary of the main recommendations in this work is provided.
These are subdivided for the three balancing topics researched in this work.

9.2.1 Sizing and allocation of reserves

It is recommended that sizing and allocation of reserves should not only be a
function of system load. Other parameters such as applied market design measures,
regulatory frameworks, subsidy schemes, generation portfolio, and the performance
of the Transmission System Operator should be taken into account and could be
studied in future work. Especially when in future bidding and balancing zones are
not member state oriented any more, reserve sizing will require new methods.

To date, the official ENTSO-E recommendation of sizing fast-response reserves
is under review by ENTSO-E. Rather than using system peak load, the differences
between the 15 min. average power imbalance and the 1 min. average power
imbalance are considered to decide how much reserves per area should be procured.
However, for cooperation between areas, this historical data is not sufficiently
available and therefore a more comprehensive sizing method might be required.

In this work it is recommended for larger areas to apply stricter security levels
for sizing reserves, and to apply the (N-2)-criterion rather than the (N-1)-criterion.
However, additional work should take into account other phenomena for reserve
requirements. As an example, the block control error quality (the amount of
minutes a certain area is outside certain frequency restoration control error control
bands) should be considered. Furthermore, the block control error quality is also a
function of the type of imbalances and the performance of reserves (activation time,
ramping, etc.).

A further decisive role in reserve procurement requirements per LFC Block should
be real-time market participation in area balancing. The data analysis shows the
significant contribution of passive balancing, where marginal and single pricing for
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energy imbalances provides the correct incentives for market parties and reactive
TSOs.

Nevertheless, the transition from compulsory services towards marketing of
services might risk the availability of services when markets fail and do not provide
correct incentives. It is recommended to assess the availability of services based
on voluntary participation, captured within new frameworks such as smart grids,
where transmission system operators suddenly are competing with e.g. market
parties and distribution network operators, for different services delivered by the
same product/consumer.

Further reduction of procurement costs may result from a dynamic reserve sizing
and procurement. Therefore, sizing and procurement gate closure times should be
rather short (day instead of month or year), with smaller block periods (down to
the imbalance settlement period?).

The current reserve dimensioning area, the LFC Block, is in this work considered
as sub-optimal. A slight explanation is given in chapter 3, however future work might
investigate reserve dimensioning per bidding zone. This could become the (most-)
optimal geographical reserve dimensioning area, especially when in future bidding
zones would be reconfigured and do not exactly relate to LFC Blocks any more.
This development would improve bringing market freedom and network congestion
closer to each other for correct investment signals within an energy-only market.

9.2.2 Transmission capacity allocation for cross-border balancing

One of the first steps for a successful transmission capacity allocation to balancing is
harmonisation of the current national regulatory frameworks for balancing. Design
measures such as gate closure time, block lengths, balance responsibility, and pricing
mechanisms for imbalances should be equal within coordinated balancing areas. Due
to this diversity, savings that can be made are indistinct, do not reflect true savings,
and discriminate areas with unfair allocation of benefits, due to different mark-ups
and bidding strategies.

Furthermore, as is already proposed for the transmission allocation method,
the gate closure time of balancing reserves and day-ahead markets could be
harmonised. Then, an optimisation algorithm enables that non-selected reserves
bids can automatically be selected for trading, without the need for market parties to
choose ahead, where to submit their bids. It is recommended to use this optimisation
algorithm, as it optimises the use of the most cheapest bids for both balancing and
trading, by maximising the market-based approach of trading and balancing.

The reconfiguration of bidding zones as currently under investigation by
ENTSO-E Bidding Zone task force, does also take balancing zones into account. For
cooperation of balancing zones (coordinated balancing areas), this work proposes to
apply the transmission capacity allocation method to efficiently configure European
coordinated balancing areas.
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The results presented in this work are based on average prices from historical
data. A comprehensive sensitivity analysis should be performed to conclude
more accurately on efficient configurations of coordinated Continental European
balancing areas.

Further analysis should be performed to identify the practicability of taking the
value of balancing energy into account, as this will always remain a function of the
stochastic nature of imbalances. Even though the value of balancing energy initiated
by the cross-border process of imbalance netting needs to be estimated, it can be
taken into account with least pre-requisites. This does not account for the value of
balancing energy when merit order lists of balancing energy bids are merged. Future
work should elaborate on and provide proof for the (in)feasibility of equal balancing
energy and imbalance prices of multiple balancing areas within a CoBA.

9.2.3 Trilateral balancing coupling of synchronous areas

The research on power system cooperation proves that coordination of fast-response
support for the frequency containment process between synchronous areas is
essential. Future work could investigate essential design and coordinated cooperation
settings. The following topics can be analysed.

Reserve compliance per synchronous area is a pre-requisite for security of supply.
With inter-synchronous cooperation, the simultaneity of incidents exposed to all
synchronous areas should be investigated, with the objective of reduction of local
reserve procurement requirements.

The loss of an HVDC interconnection that facilitates inter-synchronous area
support for the frequency containment process could endanger cooperating systems.
This relates to system frequency, however also to the sudden change in AC power
flows.

The introduction of a central optimisation controller could control AC and DC
balancing flows. The potential of such an advanced control should be investigated.

Furthermore, an analysis should be conducted using historical data to identify
the overall improvement of frequency quality, the volumes of power transfers between
the three European power systems, and the costs and savings involved. One of the
decisions that can be made is whether or not all three systems should be completely
and continuously coupled during normal operation, only to use it for imbalance
netting between synchronous areas, or restrict the support only for frequency support
during critical situations, when a system is exposed to large imbalances.

At last, optimisation of balancing cooperation between synchronous areas could
be umbrellaed by a single independent frequency operator, taking over functions of
local TSOs. The independent frequency operator could be made responsible for the
frequency containment process of an entire synchronous area, or even responsible for
the coordinated balancing zone, consisting of multiple synchronous areas. This new
identity should be recognised by ACER and ENTSO-E.





APPENDIXA
System conditions

Table A.1: System parameters of Continental Europe for the load-frequency control
model to simulate an infeed loss of 1.800 MW exposed to Continental Europe,
according to [103]

Parameter CE

System load in [MW] 272.220

Inertia in [MWs/Hz] 7.56 · 103

Self-regulating effect 2
of system load in [%]

Droop primary control 3% over 200 GW

Frequency characteristic λ in [MW/Hz] 16.472
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APPENDIXB
Reserve activation distribution
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Figure B.1: Probability density of activated frequency restoration reserves in [MW]
of some Central West Continental European LFC Blocks. Data is used from the year
2010, with a resolution of 15 min. Please note the inconsistent x-axis window. A
binsize of 16,67 MW for DK, CH, AT, BE, NL is applied and for DE, FR, and All a
binsize of 33,33 MW is applied.
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APPENDIXC
Synchronous area parameters

Table C.1: Synchronous area parameters estimated for the year 2020 according to
[150, 103, 172, 173]

Parameter GB CE NE

(Low) system load in [GW] ≈ 25 ≈ 320 ≈ 37

Inertia in [MWs/Hz] 7.56 · 103 4.86 · 104 7.38 · 103

Self-regulating effect of 1.5 1.5 1.5
system load in [%]

Aggregated droop in [%] 18 20 20

Frequency characteristic λ in [MW/Hz] 2600 15600 2900
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List of acronyms

Abbreviation Meaning

AAC Already Allocated Capacity
ACE Area Control Error, idem to FRCE
aFRR Automatically activated Frequency Restoration Reserves
ATC Available Transmission Capacity
BaZo Balancing Zone
BiZo Bidding Zone
BFM Balance Flow Margin
BFP Balance Flow Probability
CM Capacity Markets
CoBA Coordinated Balancing Area
EMD Empirical Mode Decomposition
EOM Energy-Only Market
FB Flow-Based
FBMC Flow-Based Market Coupling
FCP Frequency Containment Process
FCR Frequency Containment Reserves
FRCE Frequency Restoration Control Error
FRP Frequency Restoration Process
FRR Frequency Restoration Reserves
GCC German Grid Control Cooperation
GCT Gate Closure Time
GSK Generation Shift Key
HHT Hilbert-Huang Transform
ID Intraday
IGCC International Grid Control Cooperation
IMF Intrinsic Mode Function
ISP Imbalance Settlement Period
LFC Load-Frequency Control
mFRR Manually activated Frequency Restoration Reserves
mFRRda Directly activated mFRR
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Abbreviation Meaning

mFRRsa Schedule activated mFRR
MC Marginal cost
MV Marginal value
NTC Net Transmission Capacity
pACE Processed Area Control Error
PC Primary Control
PD Probability Distribution
p.u. Per unit
PTDF Power Transfer Distribution Factor
PTU Program Time Unit
RR Replacement Reserves
SA Synchronous Area
SC Secondary Control
TRM Transmission Reliability Margin
TTC Total Transmission Capacity
TTRF Time To Restore Frequency
XB Cross-border
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List of regional acronyms

Abbreviation Meaning

AT Austria
BE Belgium
CH Switzerland
CZ Czech Republic
DE Germany
DK Denmark
ES Spain
FR France
HU Hungary
IT Italy
NL The Netherlands
NO Norway
PL Poland
PT Portugal
SE Sweden
SI Slovenia
UK United Kingdom
UA Ukraine
CE Regional Group Continental Europe
GB Regional Group Great Britain
NE Regional Group Nordic
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List of symbols

Symbol Meaning Unit

λLFCBlock Network power frequency characteristic of an
LFC Block

MW/Hz

λSA Network power frequency characteristic of a
synchronous area

MW/Hz

αsl Applied security level p.u.
ψ Intrinsic Mode Function -
θ Phase rad
ωm mechanical rotational speed of synchronously

coupled generation
sec.−1

ωm,0 mechanical rotational speed of synchronously
coupled generation at nominal speed

sec.−1

µPI Mean of a power imbalance distribution -
σPI Standard deviation of power imbalances -
PI Set of power imbalances -
N Normal distribution
∆PricereservesB,cheaper price difference for the cheaper procurement of

balancing reserves
e/MW

∆PricereservesB Price for the non-selected procurement bids e/MW
∆PriceenergyB,less Price difference between reserves activated and the

opportunity price from imbalance netting
e/MW

∆PriceenergyB,res.act. Price difference between the cheaper cross-border bid
and the more expensive local bid of balancing energy

e/MW

∆F Unintended inter-area power exchange W
∆P Power imbalance MW
∆PA Power imbalance in Area/Block A MW
∆PB Power imbalance in Area/Block B MW
∆PFCR Change in output of FCR W
∆PHVDC Additional power exchange for balancing over the

HVDC-interconnection
W

∆PSRL Change in output of SRL W
∆Prel. Relative power imbalance p.u.
∆Premain Remaining power imbalances after the imbalance

netting process
MW

∆f System frequency deviation Hz
aFRRrecom. Recommended value for procurement of aFRR by

ENTSO-E
MW

ca Transmission capacity that is allocated to balancing MW
delaycorr Correction delay sec.
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df/dt Rate of change of frequency Hz/sec.
f System frequency Hz
fnom. Nominal system frequency Hz
f0 Nominal frequency Hz
fm,0 Nominal mechanical rotor speed frequency Hz
i Sample number -
m Sample number -
n Sample number -
npp Number of pole pairs -
s Laplace operator -
sig(t) Real time signal sec.
t Time sec.
ACEc.l. ACE closed loop, equal to FRCE MW
ACEo.l. ACE open loop, the physical power imbalance MW
BFM Balance Flow Margin MW
BFP Balance Flow Probability p.u.
CIT

SC Integrating time constant for secondary control sec.
CA Total transmission capacity of a line or border MW
Cost Costs e
CostsenergyB Total costs for balancing energy e
CostsreservesB Total costs for balancing reserves e
CostsenergyB, imb.net. Costs of balancing based on netted imbalances e
CostsenergyB, res.act. Costs of balancing based on activated reserves e
CostsTr Total trading costs e
CostslossTr Loss in trading value e
CostsTr+B Balancing and trading costs e
D% Aggregated droop p.u.
DHVDC Aggregated droop for the HVDC interconnections %
DA−BFM Day-ahead Balance Flow Margin MW
DA−BFP Day-ahead Balance Flow Probability factor MW
EB Balancing energy MWh
Enetted

exp. Exported balancing energy for imbalance netting MWh
Enetted

imp. Imported balancing energy for imbalance netting MWh
Ekin Kinetic energy J
FB Balancing flow MW
FRA Reserve activation flow MW
FIN Imbalance netting flow MW
Fmax Maximum allowable power flow MW
Fref Physical flow resulting from the base case MW
FAV Flow Adjustment Value MW
FRCE Frequency Restoration Control Error MW
FRM Flow Reliability Margin MW
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FRRact. Activated FRR capacity MW
FQR Frequency Quality target parameter Ratio p.u.
H Inertia constant of synchronously coupled generation s
Hsys Transfer function of the total system s
HJ Transfer function of system inertia s
HPC Transfer function of primary control s
HSC Transfer function of secondary control s
HSRL Transfer function of self-regulating load s
ID −BFM Intraday Balance Flow Margin MW
ID −BFP Intraday Balance Flow Probability factor MW
J System inertia kgm2

KSC Frequency bias component for the secondary control W/Hz
KSRL Frequency bias component for the self-regulating

effect of system load
W/Hz

Kp Frequency bias component W/Hz
Kp,HV DC Frequency bias component for HVDC

interconnection
W/Hz

L0 Nominal system load W
Lpeak Power system’s peak load W
L Power system load W
M Last sample number -
Mcorr Correction time constant sec.
MJ(s) Power system inertia Ws/Hz
N Last sample number -
PB Balancing power injection/withdrawal MW
PFCR Power infeed of activated FCR W
PIN Power injection/withdrawal taking part in the

imbalance netting process
MW

PRA Power injection/withdrawal by reserve activation MW

PHVDC transfer
SA HVDC power balancing transfer for a synchronous

area
W

Pgen Generated power W
Prat. Rated power of on-line synchronously coupled power

generation
W

Preserves Balancing reserve power MW
Prestoration Power injection/withdrawal followed by remaining

power imbalances and activated reserves
MW

PriceenergyB Price of balancing energy bids e/MW

PricenettingB Price settlement for the imbalance netting process e/MWh
PriceactivatedB bid Price of the volume of activated balancing reserve

bids
e/MWh
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PriceprocuredB bid Price of the volume of balancing reserve bids
procured

e/MWh

PriceenergyB, imb.net. Price of balancing energy based on imbalance netting e/MWh

PriceenergyB, res.act. Price of balancing energy based on activated reserves e/MWh

PriceTr bid,n Price of the trading bids e/MWh
Priceopp. Opportunity price of imbalance netting e/MWh
Prob.F low Probability of flows p.u.
Prob[] Function that maps reserve demand events to

probabilities
%

RBiZo Reserves necessary for a certain Bidding Zone W
RLFC Block Reserves necessary for a certain LFC Block W
RAM Remaining Available Margin MW
SavingsB Savings from cross-border balancing e
SF Scaling factor p.u.
T End of time period sec.
TCallocated

B Transmission capacity allocation to balancing MW
TCwitdrawn

Tr Transmission capacity withdrawn from trading MW
V activated
B bid Volume of activated balancing reserve bids MWh
V netted
B bid Volume of netted imbalances MWh

V procured
B bid Volume of balancing reserve bids procured MWh

V procured
B,cheaper Volume of cheaper procured balancing reserves MW

V procured
B,less Volume of fewer procured balancing reserves MW

V nominated
DA Nominated day-ahead auction bids MW
VTr bid Volume of trading bids MWh
V T Virtual tie line MW
X Real number -
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ENTSO-E glossary

(N-1)-Criterion
The rule according to which elements remaining in operation within TSO′s
Responsibility Area after a Contingency from the Contingency List must be capable
of accommodating the new operational situation without violating Operational
Security Limits.

(N-1)-Situation
The situation in the Transmission System in which a Contingency from the
Contingency List has happened.

Adjacent LFC Blocks/Areas
Adjacent LFC Blocks/Areas means LFC Blocks/Areas having a common electrical
border.

Area Control Error
The sum of the instantaneous difference between the actual and the set-point value
of the measured total power value and Control Program including Virtual Tie-Lines
for the power interchange of an LFC Area or an LFC Block and the frequency bias
given by the product of the K-Factor of the LFC Area or the LFC Block and the
Frequency Deviation.

Balancing Energy
Energy used by TSOs to perform Balancing.

Balancing Energy Bids
Balancing Energy Bids means a product on a Common Merit Order List that entails
an option to accept an Imbalance Adjustment on the Position of the associated
Balance Responsible Party due to activation and specificities of the Balancing
Energy activated from the product.

Balancing Reserves
All resources, if procured ex ante or in real time, or according to legal obligations,
which are available to the TSO for balancing purposes.

Balancing Reserves Bids
Balancing Reserve Bids means that the Balancing Service Provider offers to provide
a certain amount of Balancing Reserve power for a certain reservation price for a
given procurement cycle.
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Bidding Zone
The largest geographical area within which Market Participants are able to exchange
energy without Capacity Allocation. Each generation and load unit shall belong to
only one Bidding Zone for each Market Time Period.

Capacity
Capacity is the rated continuous load-carrying ability of generation, transmission,
or other electrical equipment, expressed in megawatts (MW) for active power or
megavolt-amperes (MVA) for apparent power.

Capacity Calculation Approach
Capacity Calculation Approach means either a Flow-Based Approach or a
Coordinated Net Transmission Capacity approach.

Capacity Calculation Methodology
Capacity Calculation Methodology means the description of the way in which
Capacity Calculation is performed.

Capacity Calculation Process
Capacity Calculation Process means a process in which the capability of the
Transmission System to accommodate market transactions is assessed, it consists
of calculation of the Cross Zonal Capacity. This assessment must be in line with
operational security and optimisation of Cross Zonal Capacity made available to
market participants.

Capacity Calculation Region
The geographic area in which coordinated capacity calculation is applied.

Congestion
It means a situation in which an interconnection linking national transmission
networks cannot accommodate all physical flows resulting from international trade
requested by market participants, because of a lack of capacity of the interconnectors
and / or the national transmission systems concerned.

Congestion Management
Sum of measures of the system operator taken to avoid or eliminate congestion (e.g.
auctioning, redispatch, counter trading, market splitting). Congestion management
is a system developed to prevent a situation where the electricity supply exceeds
the capacity of the local or regional high-voltage grid (congestion). Congestion
management makes use of price mechanisms and market forces in the energy sector
to manage supply and demand.
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Connection TSO
Connection Transmission System Operator means the single Transmission System
Operator which operates the Relevant Area in which a Balancing Service Provider
or Balance Responsible Party shall be compliant with the terms and conditions
regarding Balancing.

Contingency List
The list of Contingencies to be simulated in the Contingency Analysis in order
to test the compliance with the Operational Security Limits before or after a
Contingency took place.

Control Capability Providing TSO
Control Capability Providing TSO means the TSO which shall trigger the activation
of its Reserve Capacity for a Control Capability Receiving TSO under conditions of
an agreement for the Sharing of Reserves.

Control Capability Receiving TSO
Control Capability Receiving TSO means the TSO calculating Reserve Capacity
by taking into account Reserve Capacity which is accessible through a Control
Capability Providing TSO under conditions of an agreement for the Sharing of
Reserves.

Coordinated Balancing Area
Means a cooperation with respect to the Exchange of Balancing Services, Sharing
of Reserves or operating the Imbalance Netting Process between two or more TSOs.

Costly Remedial Action
Means a Remedial Action with direct payments made to procure the service (this
may include but shall not be limited to, Countertrading and Redispatching).

Cross-Border
Means across a border between two or more Member States or a Member State and
one or more jurisdictions in which this Network Code applies

Cross Zonal Capacity
Means the capability of the Interconnected System to accommodate energy
transfer between Bidding Zones. It can be expressed either as a Coordinated Net
Transmission Capacity value or Flow Based Parameters, and takes into account
Operational Security Constraints.

Exchange of Reserves
Means a concept for a TSO to have the possibility to access Reserve Capacity
connected to another LFC Area, LFC Block, or Synchronous Area to comply with
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the amount of required reserves resulting from its own reserve dimensioning process
of either FCR, FRR or RR. These reserves are exclusively for this TSO, meaning
that they are not taken into account by any other TSO to comply with the amount
of required reserves resulting from their respective reserve dimensioning processes.

LFC Block
A part of a Synchronous Area or an entire Synchronous Area, physically demarcated
by points of measurement of Interconnectors to other LFC Blocks, consisting of one
or more LFC Areas, operated by one or more TSOs fulfilling the obligations of an
LFC Block.

LFC Area
A part of a Synchronous Area or an entire Synchronous Area, physically demarcated
by points of measurement of Interconnectors to other LFC Areas, operated by one
or more TSOs fulfilling the obligations of an LFC Area.

Dimensioning Incidents
Dimensioning Incident means the highest expected instantaneously occurring Active
Power Imbalance within an LFC Block in both positive and negative direction.

Explicit allocation
The allocation of cross zonal capacity only, without the energy transfer.

Firm/Firmness
Arrangements to guarantee that capacity rights remain unchanged once allocated
(physical firmness) or compensated in case of curtailment (financial firmness).

Flow-Based Approach
A capacity calculation methodology in which energy exchanges between bidding
zones are limited with power transfer distribution factors and available margins on
critical network elements.

Flow-Based Parameters
Flow-Based Parameters mean the available margins on Critical Network Elements
with associated Power Transfer Distribution Factors.

Frequency
The electric frequency of the system that can be measured in all parts of the
Synchronous Area under the assumption of a coherent value for the system in the
time frame of seconds, with only minor differences between different measurement
locations, expressed in hertz.
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Frequency Control
The capability of a power generating module or HVDC system to adjust its active
power output in response to a measured deviation of system frequency from a
setpoint, in order to maintain stable system frequency.

Frequency Containment Reserves
Frequency containment reserves are operating reserves necessary for constant
containment of frequency deviations (fluctuations) from nominal value in order to
constantly maintain the power balance in the whole synchronously interconnected
system. Activation of these reserves results in a restored power balance at a
frequency deviating from nominal value. This category typically includes operating
reserves with the activation time up to 30 seconds. Operating reserves of this
category are usually activated automatically and locally.

Frequency Containment Process
Frequency Containment Process means a process that aims at stabilising the System
Frequency by compensating imbalances by means of appropriate reserves.

Frequency Restoration Control Error
Idem to Area Control Error.

Frequency Restoration Reserves
Frequency Restoration Reserves means the Active Power Reserves activated to
restore System Frequency to the Nominal Frequency and for Synchronous Area
consisting of more than one LFC Area power balance to the scheduled value.

Frequency Stability
The ability of the Transmission System to maintain stable frequency in N-Situation
and after being subjected to a disturbance.

Frequency Quality Target Parameter
Frequency Quality Target Parameter means the main System Frequency target
variables on which the behaviour of FCR, FRR and RR activation processes are
evaluated in Normal State.

Generation Shift Keys
A means of translating a Net Position change of a given Bidding Zone into estimated
specific injection increases or decreases in the Common Grid Model.

Imbalance Netting Process
Imbalance Netting Process means a process agreed between TSOs of two or
more LFC Areas within one or more than one Synchronous Areas that allows for
avoidance of simultaneous FRR activation in opposite directions by taking into
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account the respective FRCEs as well as activated FRR and correcting the input of
the involved FRPs accordingly.

Intraday Market
The market timeframe between Intraday Cross Zonal Gate Opening Time and
Intraday Cross Zonal Gate Closure, where commercial transactions are executed
prior to the delivery of traded products.

K-factor
A factor used to calculate the frequency bias component of the ACE of a LFC Area
or a LFC Block.

Net Position
Means the netted sum of electricity exports and imports for a certain time period,
for a given geographical area.

Network Power Frequency Characteristic
Defines the sensitivity, given in watts per Hertz, usually associated with a (single)
Control Area / Block or the entire Synchronous Area, that relates the difference
between scheduled and actual System Frequency to the amount of Generation
required to correct the power Imbalance for that Control Area / Block (or, vice
versa, the stationary change of the System Frequency in case of a Disturbance of the
generation-load equilibrium in the Control Area without being connected to other
Control areas); it is not to be confused with the K-Factor. The Network Power
Frequency Characteristic includes all active Primary Control and Self-Regulation
of Load and changes due to modifications in the Generation pattern and the Demand.

Non Costly Remedial Action
Means a Remedial Action without direct payments.

Operational Security
Operational Security means keeping the Transmission System within agreed security
limits and means the Transmission System capability to retain a Normal State or
to return to a Normal State as soon and as close as possible, and is characterised
by thermal limits, voltage constraints, short-circuit current, frequency limits and
stability limits.

Operational States
The operational states are normal state, alert state, disturbed state, emergency
state and network collapse.

Ramp Rate
For generators: the rate, expressed in power per time (e.g. megawatts per second),
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that a generator changes its output. For energy schedules: the rate, expressed in
power per time (e.g. megawatts per second), at which the interchange Schedule is
attained during the ramp period.

Redispatch
Redispatch is a measure activated by System Operators after the day ahead
Allocation, by altering the generation and/or load pattern, in order to change
physical flows in the grid and relieve a Physical Congestion, as part of congestion
management on behalf of a TSO.

Reliability Margin
Means the margin reserved on the permissible loading of a Critical Network
Element or a Bidding Zone Border to cover against uncertainties between a capacity
calculation timeframe and real time, taking into account the availability of Remedial
Actions.

Remedial Action
Any measure applied by a TSO (system operations) or several TSOs, manually or
automatically, that relieves or can relieve Physical Congestions, in order to maintain
operational security. They can be applied pre-fault or post-fault and may involve
costs.

Replacement Reserves
Replacement reserves are operating reserves necessary to restore the required
level of operating reserves in the categories of frequency containment (FCR) and
frequency restoration (FRR) reserves due to their earlier usage. This category
includes operating reserves with activation time from several minutes up to hours.
In the following table a cross-reference is given between these definitions and
existing names of reserves.

Reserve Connecting TSO
Reserve Connecting TSO means the TSO responsible for the Monitoring Area to
which a Reserve Providing Unit or Reserve Providing Group is connected to.

Reserve Receiving TSO
Reserve Receiving TSO means the TSO involved in an exchange with a Reserve
Connecting TSO and/or a Reserve Providing Unit or a Reserve Providing Group
connected to another Monitoring or LFC Area.

Responsibility Area
A coherent part of the interconnected Transmission System including
Interconnectors, operated by a single TSO with connected Demand Facilities,
or Power Generating Modules, if any.
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Sharing of Reserves
Reserve Sharing means a mechanism by which more than one TSO take the same
reserves, being FCR, FRR or RR, into account to fulfil their respective reserve
requirements resulting from the reserve dimensioning process.

System Operator
A party that is responsible for a stable power system operation (including the
organisation of physical balance) through a transmission grid in a geographical
area. The System Operator will also determine and be responsible for cross border
capacity and exchanges. If necessary he may reduce allocated capacity to ensure
operational stability. Transmission as mentioned above means “the transport of
electricity on the extra high or high voltage network with a view to its delivery to
final customers or to distributors. Operation of transmission includes as well the
tasks of system operation concerning its management of energy flows, reliability of
the system and availability of all necessary system services

Transmission Capacity Allocation
Means the attribution of Cross Zonal Capacity.

Transmission System
Means the electric power network used to transmit electricity over long distances
within and between Member States. The Transmission System is usually operated
at the 220 kV and above for AC or HVDC, but may also include lower voltages.

Transmission System Operator
Means a natural or legal person responsible for operating, ensuring the maintenance
of and, if necessary, developing the transmission system in a given area and, where
applicable, its interconnections with other systems, and for ensuring the long–term
ability of the system to meet reasonable demands for the transmission of electricity.

Virtual Tie-Line
Virtual Tie-line means an additional input of the controllers of the involved areas
that has the same effect as a measuring value of a physical Tie-Line and allows
exchange of electric energy between the respective areas.
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Glossary

Active market response
Means the active response of market parties real-time to support either their
portfolio balancing, or area balancing. The latter is also known as passive balancing.

Balance Flow Margin
Means the margin within the flow-based domain to perform the cross-border process
of frequency restoration, the exchange and the share of both imbalances and reserves.

Balance Flow Probability Factor
Means the dimensionless factor representing the ratio between the estimated
average amount of transferred balancing power, and the conditional margin of
reserved transmission capacity for balancing. This factor indicates the expectation
for a certain time horizon, how much (on average) of the reserved transmission
capacity for balancing will be used to carry out balancing by means of transferring
balancing power (balancing energy) for a margin of reserved transmission
capacity. The factor has a value ranging between 0 and 1, the higher the value,
the more the reserved transmission capacity is used by transferring balancing power.

Balancing Transaction
Means an agreement, pre-real-time or real-time, for the purpose of the balancing
process. It includes the exchange of imbalances, sharing imbalances, exchange of
reserves and sharing reserves. Each concept can contribute to cost-optimization
over the cooperating areas, when cross-border balancing is performed.

Balancing Zone
Means the largest geographical area within one or more Transmission System
Operators perform balancing, in which all Balance Responsible Parties creating an
imbalance are exposed to the same imbalance price per MWh per ISP, and in which
one single merit order list for balancing reserves and balancing energy is defined
based on the submitted bids of Balance Service Providers.

Capacity allocation
Means the allocation of a certain amount of transmission capacity to a certain
market, such as trading or balancing.

Capacity calculation
Means the calculation of the volume of transmission capacity available for trading
and balancing markets.
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Combining FCP
Combining Frequency Containment Process is a cooperation concept where two or
more power systems cooperate using all balancing mechanisms part of the frequency
containment process. These are sharing inertia, self-regulating load, and frequency
containment reserves.

Cooperation concept
Means a concept for the cooperation for balancing between TSOs, LFC Blocks and
synchronous areas in which imbalances or reserves can be exchanged or shared, or
a combination of these options. Cooperation concepts can apply to the frequency
containment process as well as to the frequency restoration process.

Critical Branch
Means a network line or cable that is significantly loaded as a result of power
exchanges, and has a significant impact on the security of supply conditions of the
LFC Block, Bidding Zone and Balancing Zone.

Cross-Zonal
Means across a zone, between two or more bidding zones, balancing zones,
LFC Areas or LFC Blocks.

Detour flow
Means a power flow route from the source node to the sink node, which is not the
lowest impedance route.

Efficient configuration of Coordinated Balancing Areas
Means a configuration of coordinated balancing areas such that it maximises the
value of cross-border transmission capacity, by taking into account cross-border
trading. Therefore, network topology, trading bids, imbalances, balancing bids are
taken into account.

Flows-Based Market Coupling
Means a market coupling methodology which describes the network in order to take
into account the impacts of cross-border exchanges on network security constraints
when optimising the market flows (i.e. the match of offer and demand) for the
concerned region, thus offering more capacity and maximising the social welfare
generated.

Independent Frequency Operator
A party that is responsible for a stable system frequency (including the process
of frequency containment). The frequency operator will dimension the need
for frequency containment reserves per synchronous area and is responsible for
reservation of cross border capacity between balancing zones and for reservation
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of HVDC interconnection capacity between synchronous areas if inter-synchronous
frequency support is performed.

LFC Block Sharing Reserves
Means cooperation between two or more LFC Blocks with the common access
to a certain amount of (shared) reserves from each Block, following the ”first-
come, first-served” principle. Reserve sharing especially supports areas during
contingency events. Each LFC Block remains compliant to its reserve dimensioning,
however with reduced reserve procurement, because of mutually sharing part of the
(procured) reserves.

Main flow
Means a power flow route from the source node to the sink node, which is the lowest
impedance route.

Merged LFC Block
A merged LFC Block represents one larger LFC Block consisting of two or more
LFC Areas or Blocks. A merged LFC Block activates reserves based on the
computation of one aggregated FRCE. A common FRR dimensioning will be
required, in accordance with FRR dimensioning compliant to the Network Code
Load-Frequency Control and Performance, to cover the dimensioning incident of
the LFC Block.

Passive balancing
Means the active response of market parties real-time to support area balancing.
Therefore, market parties deviate from their energy schedule and go in opposite
imbalance of the area, consequently supporting the area balance. Single imbalance
pricing enables that market parties are rewarded when going in opposite energy
imbalance of the area.

Reserve Activation
Means the actual activation of reserves trigged by a signal, to support the area
balance. Reserve activation leads to an injection of withdrawal of power real-time.
Procured as well as non procured reserves may lead to reserve activation.

Reserve Allocation
Reserve allocation is the attribution of a specific reserve product to counterbalance
specific type of imbalances. In this work the distinction is made between power
imbalances and energy imbalances.

Reserve Deployment
Means the process of procurement, allocation, and utilization of reserves for a
certain balancing (or congestion) purpose.
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Reserve Procurement
Means the purchase of reserve capacity which might be activated real-time resulting
in reserve activation. The procurement of reserve capacity by TSOs to dispose
of balancing energy on request real-time. It ensures to other LFC Blocks that
the connecting TSO of a particular LFC Block may exists of system services for
balancing in order to provide security of supply measures.

Transmission capacity allocation
Means the attribution of transmission capacity for trading purposes or for balancing
purposes, or a combination for both, in this work based on a value-optimisation
approach for transmission capacity.

’Virtual’ inertia and self-regulating load
Means mechanically and electrically decoupled generation and load that is showing
frequency sensitive behaviour, achieved achieved by additional control equipped
on generation, demand of HVDC interconnections. Where conventional inertia
implicitly resists against any frequency change, ’virtual’ inertia explicitly reacts on
a frequency change, as a reacting/lagging process.
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