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Summary

The ongoing liberalization process around the world hasdélde emergence of energy mar-
kets, facilitating more international trade between cdaatmaking the best use of energy
resources and optimizing overall power systems. Consdiguener-area power exchanges
have significantly increased and further growth can be &&esin Europe, the planning of
large energy infrastructures has entered a new dimensionely the trans-European one.
The way of thinking is gradually switching from national &gional (European) interests,
as this is the most efficient way to attain a sustainable grfatgre. This brings many new
challenges. Europe finds itself at the beginning of a treorsitowards a low carbon and
sustainable electricity supply system, which is guidedigyEuropean Union (EU) Energy
Policy core objectives: competitiveness, reliability augtainability.

This thesis looks at transmission expansion planning ames under increased uncer-
tainties. The liberalization of the electricity sectoe #mergence of international electricity
markets and increased penetration of renewable energgesointroduce many new chal-
lenges to transmission system operators. This is mainlgusscthe complexity and related
uncertainties in the power system have very much increddeske uncertainties are around
the transmission scheduling and operation, and are edipeeiated to the future needs for
transmission capacity. Consequently, more advanced dnstranethods for planning the
transmission grid are needed. In addition, the building e nransmission lines is usu-
ally a lengthy process because of the authorization protesgion. This process needs
to become shorter in order to match the fast pace of changgsnieration capacity and
location.

The main contributions of this thesis are as follows:

New method and new criteria for assessing the bottlenecks the grid. As novelty, this
thesis proposed to use a round-the-year approach for ags#ss security of the transmis-
sion grid, that is adequate for (multi-area) power systetitis migh RES penetration. Mar-
ket simulations are combined with detailed load flow caltales for getting a complete
picture of the congestions in the transmission grid. Thesictaration of the chronological
aspect and the correlation of load and wind speed and saliatian time series are enabled
by the use of the market simulations. In addition, new datésr prioritizing bottlenecks
are developed in this thesis together with a method for rapkiem according to a risk-
based severity index. The new method allows detailed anghtfal results, can be used on
a real size grid, and can also be applied for analyzing botAGi&hd HVDC grids.
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Security-based iterative method for proposing network renforcements. For finding
the right (i.e. most effective) grid reinforcements, a rddhe-year reinforcement solution
generator was developed in this thesis which follows th@egdn of grid congestion. As
novelty, the solution generator makes use of the proposeddrthe-year bottleneck as-
sessment method. This allows a robust evaluation of thdaads in the grid for different
reinforcement candidates as all the hours of the year arsidened. New criteria for as-
sessing the grid congestion level are defined and used irstfessment of candidates. The
decrease of the grid severity index is used to measure thetie#ness of each reinforce-
ment candidate. Consequently, the method gives also a gdazhtion regarding the status
of grid congestion at each reinforcement step.

Investigating the potential development of a transnation&offshore grid in the North
Sea and its effects on the onshore systemThis thesis also provided as an additional
contribution and as proof of principle an analysis of a cambi planning of a possible
offshore grid in the North Sea together with the onshore, doida high renewables scenario
in the year 2030. The round-the-year bottleneck assessisie@ised in the analysis and
detailed time-series for wind and solar generation wereldged (considering thousands
of locations) and served to the market simulations. As rngméle relationship between grid
design and offshore grid capacity that can be used secuyehetmarket is investigated for
different types of grid structures. A set of recommendatifor planning of offshore and
onshore grids together is made and factors that might hekwable generation integration
in the studied scenario are highlighted.

Proposing an approach for streamlining approval procedures of transmission lines and
fostering societal acceptance of transmission lines.In order to make the planning pro-
cess of transmission lines more robust and effective, tidsis argued that actions have to
be taken on two fronts, namely societal and regulatory. @nsticietal level, a bottom-
up approach is proposed, that supports an effective dacsaking process targeting the
increase of societal acceptance by a good information flomfand to the stakeholders
and affected population. On the regulatory front, a clegulaory (top-down) framework
should be created, harmonized as much as possible espeeish interconnections are
involved. With respect to societal acceptance, this woghlights the role of dialogue in
fostering acceptance of transmission lines with the helpnah-depth case study analysis,
and proposes a new holistic approach to stakeholder engaesith transmission lines
which embraces instrumental, substantive and normatitienms



Samenvatting

Het actuele proces van liberalisering in de wereld heeftideot de opkomst van ener-
giemarkten en meer internationale energiehandel om betmuik te kunnen maken van
energiebronnen en om het elektriciteitssysteem te opserain. Als gevolg daarvan is
grensoverschrijdende elektriciteitsuitwisseling aankjk toegenomen en verdere groei kan
worden verwacht. In Europa is de planning van grote enéndiastructuren in een nieuwe,
trans-Europese dimensie gekomen. De manier van denkertaggatam over van natio-
nale naar regionale (Europese) belangen, omdat dit de vargera duurzame toekomst in
de energie is. Dit brengt echter wel veel nieuwe uitdagingenzich mee. Europa bevindt
zich aan het begin van een transitie naar een koolstofarmewezame elektriciteitsvoorzie-
ning, geleid door de (energie) beleidsdoelen van de Euedlgage: concurrentievermogen,
betrouwbaarheid en duurzaamheid.

Dit proefschrift kijkt naar de methoden voor de planning eenuitbreiding van het
elektriciteitstransportnet onder verhoogde onzekerh&d liberalisering van de elektici-
teitssector, de opkomst van de internationale elektiisitearkt en een verhoogde penetra-
tie van hernieuwbare energiebronnen leveren vele nieutdagingen voor de beheerders
van het elektriciteitsnet op. Dit wordt voornamelijk verpaakt door de toename van com-
plexiteit en bijkomende onzekerheden in het transporidete onzekerheden bestaan rond
de dagelijkse transportplanning en uitvoering maar voaratl de toekomstige behoeften
aan transportcapaciteit. Als gevolg hiervan zijn meer geegerde en robuuste methoden
voor het plannen van het transportnet nodig. Daarnaasthsuale van nieuwe transportlij-
nen meestal een langdurig proces dat moet worden verkorteosmelle veranderingen in
productiecapaciteit aan te kunnen.

De belangrijkste bijdragen van dit proefschrift zijn aldgto
Een nieuwe methode en nieuwe criteria voor het beoordelen waknelpunten in het
net. Als innovatie, stelt dit proefschrift voor om een jaar-raahpak te gebruiken voor de
beoordeling van de veiligheid van het transportnet, datlgksis voor meerdere met elkaar
verbonden energienetten met veel duurzame energiebroektsimulaties worden ge-
combineerd met gedetailleerde berekeningen van de nstinglan om een compleet beeld
te krijgen van de congesties in het transportnet. Het chogische aspect en de correlatie
van belasting, windsnelheid en zoninstraling kunnen worlerwogen door het gebruik
van marktsimulaties. Daarnaast zijn nieuwe criteria vaorahgschikking van knelpunten
ontwikkeld, samen met een methode voor het rangschikkegeusleen risico-gebaseerde
ernstheid index. De nieuwe methode levert gedetailleendezichtrijke resultaten op. Het
kan gebruikt worden voor een volledig formaat régt toegepast worden voor het analyseren
van zowel HVAC als HVDC netten.

Vii



viii Samenvatting

Op veiligheid gebaseerde iteratieve methode om netverstdngen te vinden. Om de
juiste (meest effectieve) netversterking te vinden is inpoefschrift een jaar-rond op-
lossingsgenerator voor netversterking ontwikkeld welkgaat van de reductie van net-
congestie. Als noviteit gebruikt deze oplossingsgenerd¢ovoorgestelde methode voor
jaar-rond knelpunt beoordeling. De methode geeft een buaeoordeling van de over-
belasting van het net voor verschillende versterkingkdatein omdat alle uren van het jaar
worden beschouwd. Nieuwe criteria om de overbelasting wmat te bepalen worden
gedefineerd en gebruikt in de beoordeling van kandidaterddliag van de net-ernstheid-
index wordt gebruikt om de doeltreffendheid van elke vekitgkandidaat te meten. Als
gevolg daarvan levert de methode ook een goed indicatie #anafe van netcongestie bij
elke versterkingstap.

Onderzoek naar de mogelijke ontwikkeling van een transnatinaal offshore-net in de
Noordzee en de invloed op het onshore-net.Dit proefschrift biedt, als extra contribu-
tie en als “proof of principle”, ook een gecombineerde plaganalyse van een mogelijk
offshore-transportnet in de Noordzee samen met het onstedi@an. Het betreft een scena-
rio met een groot aandeel hernieuwbare energiebronner8it. Z8e jaar-rond beoordeling
is gebruikt in de analyse en gedetailleerde tijdreeksem winnd- en zonne-energie gene-
ratie zijn ontwikkeld (waarbij duizenden locaties wordezsbhouwd) en ingevoerd in de
markt simulaties. Als noviteit wordt het voor verschillentypes netstructuur het verband
onderzocht tussen netontwerp en offshore netcapaciteit/eilig door de markt kan wor-
den gebruikt. Een lijst met aanbevelingen voor het plan@enoffshore- en onshore-netten
is gemaakt waarbij factoren worden aangeduid die kunn@ndgjgn aan de integratie van
hernieuwbare energiebronnen in het onderzochte scenario.

Voorstel van een aanpak om de goedkeuringsprocedures vooansportlijnen te stroom-
liinen en maatschappelijke acceptatie (van transportlijren) te stimuleren. Teneinde
het planningsproces van transportlijnen robuuster erctiffeer te maken, stelt dit proef-
schrift dat maatregelen dienen te worden genomen op twatefronamelijk maatschappe-
lijk en regelgeving. Op maatschappelijk niveau wordt eettdno-up aanpak voorgesteld,
die ondersteuning biedt voor een effectieve besluitvoghgaricht op een verhoging van
de maatschappelijke acceptatie door een goede inforrtrathes van en naar de belang-
hebbende en getroffen bevolking. Op regelgeving niveauessuduidelijk regelgevende
(top-down) aanpak ontwikkeld moeten worden, zo veel mggegkharmoniseerd, zeker
bij grensoverschrijdende verbindingen. Met betrekkirngi®mmaatschappelijke acceptatie,
wordt de rol van de dialoog bij het bevorderen van acceptatietransportlijnen benadrukt
en wordt een holistische benadering voorgesteld door tekRigoor instrumentale, inhou-
delijke en normatieve begrippen.
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Chapter 1

Introduction

1.1 Motivation

The ongoing liberalization process around the world hasdélde emergence of energy mar-
kets, facilitating more international trade between cdaastmaking the best use of energy
resources and optimizing overall power systems. Consdigueter-area power exchanges
have significantly increased and further growth can be @mesin Europe, the planning of
large energy infrastructures has entered a new dimensénely the trans-European one.
The way of thinking is gradually switching from national tegional (European) interests,
as this is the most effective way to attain a sustainableggrfature. This brings many new
challenges [1]. Europe finds itself at the beginning of aditeon towards a low carbon and
sustainable electricity supply system, which is guidedheyEuropean Union (EU) Energy
Policy core objectives: competitiveness, reliability audtainability [2].

The increased penetration of variable renewable energgesin the European power
system has been impressive in recent years and furthecgnidections of large-scale on-
shore and offshore wind power installations are planneddermto meet Europe’s envir-
onmental targets for 2020 and further. Moreover, the EU posds is that also the solar
power penetration will increase dramatically, reaching=3¥ by 2020, and it will continue
to grow after 2020. By issuing the Directives on Renewablerfy (3] including national
renewable targets modified according to economic stateg thaims towards the 20-20-20
goals presented in the Energy and Climate Package (2008)néthose goals is the 20%
share of renewables in the European energy consumptiomi@20. As we are approach-
ing 2020, attention starts to shift beyond 2020, toward€D2081 even 2050. According to
EWEA's forecast|[4], in 2030 30% of EU'’s electricity will bequtuced by wind power. The
European Commission (EC) has published in 2011 a roadmdmigto a competitive low
carbon economy in 2050![5]. There are recent studies thafestighat Renewable Energy
Sources (RES) could have by 2050 a share in the electricitgrgéion varying between
40% and 100% [6].

An essential prerequisite for the RES integration and imatiéonal market facilitation is a
robust transmission grid. The planning and developmentidfigfrastructures is extremely
urgent since Europe needs to expand its extra high voltarieity grid for ensuring a
secure and sustainable future power sysiem [7]. To thatogermore adequate planning

1



2 1 Introduction

methods are needed. The unbundling of the electricity sacit the high RES penetration
increase the variability of the power flows in the system,oclHeads to congestions and
inefficiency, and require a more international orientatiml coordination of the planning
process. Furthermore, increased uncertainties (tradatiém of generation and output of
renewables) must be incorporated during the planning geoddlost of the existing trans-
missions planning methods make use of a worst-case appfj@hciin adequacy analysis
is performed for one or a small number of cases, which shdalttisfor all possible com-
binations of load, generation and interchange. With theei@®ed uncertainty and the many
assumptions necessary for the analysis, a large numberaybtwases” is likely to exist,
which must be captured in order to achieve a robust plannmfpiua variety of possible
scenarios.

The European Network of Transmission System Operators lutiicity (ENTSO-E)
[9,110] together with the EC according to its energy infrasture package are searching for
solutions on how to be able to integrate in the European psystems all the new renewable
energy sources. Large-scale RES are usually remotelyeldeatd require new transmission
facilities for transporting the generated electricity he tonsumers. With respect to large-
scale wind power, the attention is oriented towards the INSga area where there is a
great potential for offshore wind power plants developreefithat is why the North Seas
Countries Offshore Grid Initiative was born, where Trarssitn System Operators (TSOSs)
examine the feasibility of having an offshore grid in the tid8ea and also in other northern
seasl|[11]. Moreover, other non-TSO organizations invastiguch issues [12-14]. With
the challenge of transporting electricity over long dises offshore and also onshore, the
option of using High Voltage Direct Current (HVDC) becomesrmof a reality. Many point
to point HVDC lines are already operating in Europe. The idEbuilding and operating
multiterminal HVDC grids is a new challenge. Research h#nted its attention towards
the control, operation and planning of such grids, whichtbdse considered together with
the control, operation and planning of the alternating enir(AC) grids with whom they
are interconnected.

Since liberalization and unbundling took place, coordorabf generation and transmis-
sion infrastructures is difficult to attain, as generatiaailfties are build at a much higher
pace than transmission infrastructures. One reason foithhat approval procedures of
new transmission lines are very lengthy. In Europe, theaightion process of transmis-
sion line projects takes on average 5-10 years, going up @afs in extreme situations.
Reducing the time needed for infrastructure realizaticami®bjective clearly stated by the
EC [15]. The achievement of societal acceptance for the néastructure development is
one of the key factors that could help speeding up the apppowaess. However, improv-
ing this aspect is a complex process that requires simutanaction on several fronts (e.qg.
political, cultural, regulatory, informative). In [16] ¢hmain difficulties with authorization
procedures are discussed and grouped as: complicated dratmonised legal framework
for the approval procedures, lack of political involvemantd accountability on these is-
sues, lack of reasonable time limits for authorization prthoes, reduced social acceptance
of projects, lack of balance between the environmental chaaalysis and the necessity of
the project.
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1.2 Problem definition

This thesis deals with transmission expansion planninguimtreased uncertainty, motiv-
ated by the need for shaping the way towards efficient andisadtie future power systems.
It was shown in the previous section that transmission esiparplanning faces many new
challenges. In the quest for adequate transmission inficisres, the growing uncertainties
(i.e. introduced by renewables, and electricity markets)ehto be dealt with in an appro-
priate manner. Moreover getting approval for building neansmission infrastructures in
itself is a difficult task due to lack of societal acceptancetiee matter and complicated
authorization procedures.

Consequently the following specific topics have been ingattd and research ques-
tions have been answered.

How to assess the grid bottlenecks? Due to the increasing uncertainties in transmission
expansion planning, the worst case scenario approach isngei sufficient for assessing
the adequacy of the transmission grid. Many combinatiorieaaf and generation need to
be generated and analyzed in order to get a more realistigagm of the bottlenecks in
the grid. In this process it is important to model adequatiedéygeneration park including
RES-based generation. Moreover, due to the large amounfarhiation a new approach
for interpreting the results is needed.

How to make decisions on the proper network reinforcements? Transmission grid re-
inforcements cannot be justified anymore just by looking sinall number of worst case
scenarios. Consequently, the search for proper netwaonkoreements has to be done by
looking at a large number of situations, and by system#yieslaluating the reduction of
grid congestion. Indices defining the overall grid congestevel might be useful.

What would be the optimal design of an offshore HVDC grid and wtat is the impact
on the onshore grids? Offshore HVDC grids is a subject that needs attention, dafhgc
because of the ongoing discussion of building such a grithénNorth Sea. On the one
hand, research is needed for assessing various offsharelegigns and their advantages
and disadvantages. On the other hand, the effects of thieoo&grid on the adequacy of
the onshore transmission grids should be investigated.

What are the challenges in the approval process of new transmsion lines? Approval
procedures of new transmission lines are lengthy. It is it@mb to investigate what are the
delaying factors in the current procedures and what can be ishoorder to overcome them.
As societal acceptance is a critical issue it is importanntestigate improved ways of
engaging with stakeholders during the authorization pe¢er even earlier in the planning
process).
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1.3 Research objectives

The research objectives of this thesis can be divided injectitees for the technical and
policy domains of transmission expansion planning.

Objectives for the technical domain. At technical level this thesis focuses on grid secur-
ity and the corresponding objectives can be summarizedlas/fo

e To review the state-of-the art in transmission expansiseaech and currently used
approaches, with a focus on treatment of uncertainties.

e To develop a robust method for assessing the bottlenechkseifnmulti-area) power
system that accounts for the challenges introduced byriiggtgenerated by re-
newable energy sources. To this purpose many combinatidnagand generation
should be analyzed.

e To develop a method for proposing network reinforcementsiging the previous
bottleneck assessment method.

e To investigate the development of an offshore grid in thethl8ea and its impact on
the onshore grid with the help of the bottleneck assessmetitod.

Objectives for the policy domain. The objectives of this research at policy level refer to
authorization procedures of transmission projects. Theye detailed as follows:

e To analyze authorization procedures in different Europeamtries and make recom-
mendations on how to speed up approval procedures.

e To make suggestions on how to engage with stakeholders ipldin@ing process in
order to foster societal acceptance of new transmissi@s.lin
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1.4 Research approach

The research approach follows the previously defined pnablend objectives. First, a lit-
erature study is performed and method is developed for siggethe bottlenecks in the grid
that is adequate for power systems with high RES penetrafitle method is tested and
compared to the classical worst case snapshot method. Gexomethod is developed for
proposing network reinforcements that makes use of thedrtlueryear security analysis.
The round-the-year security analysis can be used itehatioefinding network reinforce-
ments. The method is tested and its advantages are emphdsed, the potential develop-
ment of a transnational offshore grid in the North Sea aneffescts on the onshore system
are investigated. In this thesis the focus is on the effefcssich a North Sea offshore grid
for a 2030 scenario. Last, it is researched how to speed{upegl procedures of transmis-
sion lines. Both strengths and weaknesses of current aplppoocedures are emphasized
in order to propose a general set of actions. A detailed aisabyf a real case is performed.

The research for this thesis was performed within two pisjegamely the European
FP7 research project REALISEGRID and the Dutch researcle@rtdSTG (North Sea
Transnational Grid).

1.4.1 The REALISEGRID project

The REALISEGRID[1]7] project targeted to develop a set afecia, metrics, methods and
tools to assess how the transmission infrastructure shosugbtimally developed to support
the achievement of a reliable, competitive and sustainelblericity supply in the EU. The
project went along three axes: identification of perforngsnand costs of new technologies
aimed at increasing capacity, reliability and flexibilititbe transmission infrastructure and
preparation of a roadmap for the incorporation of new trassion technologies into the
electricity networks; definition of long term scenarios foe EU power sector, character-
ized by different evolutions of demand and supply, with tlealgo assess the impact on
future electricity exchanges among European countried;implementation of a frame-
work to facilitate harmonisation of pan-European appreacto electricity infrastructure
evolution and to evaluate the overall benefits of transmisgixpansion investments. A
cost-benefit analysis framework was applied to test spac#itsmission projects listed in
the EC “Priority interconnection plan”.

The project REALISEGRID encompassed 30 months of actgjit@rried out by 20
partners from 9 countries. The consortium featured theepies of four major European
TSOs, an important manufacturer of transmission hardwadlesaftware, and several inter-
national research centers and universities, out of whiehvaas Delft University of Tech-
nology.

The project consisted out of three main work packages asrshowigure[I.1. WP
1 reviewed the most recent transmission technology dexsops by assessing their per-
formances and costs, and finally making a roadmap for thiggmtion in the transmission
grids. WP 2 developed and analyzed long term scenarios fdEuhepean power systems
using The Integrated Markal Efom System (TIMES) energyaysinodel. Both electricity
and natural gas infrastructures were considered, andtiségsinalyses were performed to
policy and socio-economic scenarios in order to see howggrexchanges in Europe are in-
fluenced. The largest work package was WP 3 which focused aiagerng a pan-European
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Figure 1.1: Structure of the REALISEGRID EU FP7 project (sey17]).
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framework (i.e. methodologies and a set of tools) for assgdbe costs and benefits of
transmission expansion alternatives at European levek ptinpose of this framework is
to enable the achievement of a reliable transmission gridadithe same time to facilitate
large scale renewable energy sources integration and payp&an electricity market.

For developing such a framework, WP 3 was further divided thsub-work packages
(see Figurg1l1). The work performed by Delft University etfinology is related to review
and extension of transmission expansion planning meth@s3. 1), sustainability benefits
of transmission expansion projects (WP 3.3), and consensuew infrastructures (WP
3.7). In this thesis results of this work related to WPs 3.1&fddare presented.

WP 3.1 summarised existing studies and experiences of netbhottansmission plan-
ning particularly in the EU countries. Further it aimed tovelep a robust set of criteria
for the planning of transmission systems in an internatiooatext, characterised by a lib-
eralized environment and increasing penetration of rebenergy sources. The criteria
should be suited to the European transmission network ieraoddefine reinforcement and
extension priorities according to the EU energy policy.

WP 3.7 contributed to the objective of the European Commisgsiget up national pro-
cedures under which planning and approval processes fasinficture projects should be
completed in a maximum time span of five years. To this purpessting methods adop-
ted in Europe to overcome the barriers to transmission sydvelopment were reviewed,
by analysing real case studies based on experience of TS@emar Further, the WP de-
veloped an integral process-approach in order to fostesarmsus between stakeholders of
specific priority transmission system projects, allowirgpaed-up of planning and approval
procedures.

1.4.2 The North Sea Transnational Grid research project

The objective of the North Sea Transnational Grid researofegt (NSTG) [14] was to
determine the optimal (modular, flexible, most cost effextihigh capacity transnational
offshore grid, connecting all future wind farms in the nerth part of the North Sea to
the Netherlands, UK, Norway, Denmark and Germany. Diffetenhnical solutions for
a Transnational Grid were investigated. For the most progrisolution a multi-terminal
HVDC system control was developed and tested. A second tlgewras to determine
the effects of the Transnational Grid on the national grittee operating strategy of the
Transnational Grid should be developed to regulate powehange correctly and avoid
congestion and the effect of the Transnational Grid on natigrid stability was investig-
ated. The costs, benefits, policies and regulations retatdte realisation of such a North
Sea Transnational Grid are investigated and compareddimative scenarios.

Delft University of Technology was involved in assessing piossible topologies and
determining the effects of the offshore grid on the onshgstesn. In this thesis the static
security analysis part of the NSTG research project is pteseand both onshore and off-
shore grids are examined.
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1.5 Outline of the thesis

This section presents the outline of this thesis.

Chapter 2 - This chapter reviews transmission expansion planningtioesc First,

a classification of the various practices is done accordingpime specific features. Fur-
thermore the attention is focused on the state-of-the drairsmission expansion planning
with consideration of uncertainties. Scientific papersyalcEuropean TSOs practices, and
approaches used by relevant European studies are presented

Chapter 3 - A round-the-year approach is developed by combining maiketilations
with static security analysis. Many combinations of load generation (including RES)
are created and analyzed, using unit dispatch based on pistization. For each com-
bination, the branch loadings are determined for normalcamiingency situations. A new
statistical risk-based approach for ranking the most sebettlenecks is developed. The
method is illustrated on a modified New England test systemratvind power was added
at several buses. The risks of overload versus amount d@lliedtwind power is also as-
sessed. Furthermore, the method is applied in cooperaitbrirenneT TSO on a practical
case study for a 2020 demand and supply scenario for NorgtetfeEurope, focusing on
the Dutch power system.

Chapter 4 - In this chapter a solution generator for the transmissiqgrargion plan-
ning problem is developed. The method makes use of the rtheiglear network security
analysis introduced in Chapf@r 3 and it iterates sequéntaér various possible reinforce-
ments until no more overloads occur. A robust assessmemrpeteed overloads in the grid
for different reinforcement candidates is performed, &shal hours of the year are con-
sidered. The decrease of the so-called grid severity irslesed to measure the goodness
of each reinforcement candidate. The New England testmyistased again for testing the
method.

Chapter 5 - This chapter provides as proof of principle an analysis obmlmined
planning of a possible offshore grid in the North Sea togetith the onshore grid, for a
high renewables scenario in the year 2030. The round-thesgzurity analysis introduced
in ChaptefB is used to analyze on the one hand differentlesstructures of the offshore
grid and the interdependencies that exist between gridtsiieiand available capacity for
market transactions. On the other hand, the same roungetiresecurity analysis is used
to investigate the effects of the offshore grid structurdtensecurity of the onshore grid.
Zooming into critical hours is done for both the offshore antshore grids for a better
understanding of the results. A set of recommendationdémning of offshore and onshore
grids together is made.

Chapter 6 - This chapter examines a new approach for speeding up apgmoeed-
ures for building transmission infrastructure. First thperiences of Transmission System
Operators from some European countries are studied in to'demeralize and pinpoint the
main weaknesses and strengths of current approval praeedRecommendations concern-
ing how to reduce the time needed for authorization proeaxare made. The problem of
societal acceptance of transmission lines is analyseldurSuggestions for better structur-
ing of the decision process in transmission planning, wigih involvement of stakeholders,
are made.

Chapter 7 - This chapter presents the main conclusions, contribytams recommend-
ations for further research.



Chapter 2

Transmission expansion planning

This chapter reviews transmission expansion planning oasti{in theory and practice).

First, a classification of the various practices is donettifeumore the attention is focused
on the state-of-the art in transmission expansion planmathods that consider uncertain-
ties especially those introduced by deregulation and rabinenergy sources. Both sci-
entific methods that have not yet been embraced by the idastvell as actual methods
employed by European TSOs and various case studies arafgesAt the end a discussion
is made about transmission expansion planning approaches.

2.1 Introduction

Electrical power systems consist of generation plantsswoers and electricity grids for
connecting generation to consumption. Following the Hfization of the energy sector,
the operation and development of the grids is the respditgibf Transmission System
Operators (TSOs) and Distribution System Operators (DSOQ&g TSO operates at the
transmission level which is normally performed at Extraligpltages (EHV) of minimum
220 kV, while the DSO is in charge of the grids with voltagemie220 kV. However there
can be cases when “subtransmission” grids (for example titelDTSO TenneT is since
2008 also in charge of the 110 and 150 kV grids), and evenrfidigion” grids (such as the
63 kV and 30 kV grids in France and Belgium respectively) amaed by the TSO. The
grids at different voltage levels are coupled between e#udr @ia transformers. The trans-
mission grid constitutes the backbone of the electricalggaystem and ensures electricity
transmission over long distances, connecting (centiditezge power plants to consumers
and ensuring international electricity exchanges.

The basic tasks for the transmission network planners (wgrfor the TSO) are: to
forecast the power flows in the power grid over a long-termdzoor;, to check whether or
not the acceptable limits are exceeded (security anajytsislevise a set of possible solu-
tions to overcome the problems found and to select the solsitivith the best cost-benefit
performance [18]. In order to do that, TSOs rely on futureaci®s of generation and con-
sumption for their service-area and areas of neighbour®@4. The purpose of security
analysis in the transmission planning process [8] is to khdwether the transmission net-
work can be operated in a secure way under a variety of wass-circumstances. To this

9
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end it is checked if the branch loadings with N, N-1 and N-2hblees in operation do not
exceed a certain percentage of the rated capacity as definte TSO. This percentage
varies from country to country and can be below or above ttedréthermal) capacity de-
pending on the security margins (or risks) adopted. Alse @hecked if the voltage at all
nodes is within the required limits. The planning criteriditionally employed by industry
are deterministic: N, N-1 and N-2.

In the last years, the way power systems are planned changetb dhe unbundling of
the electricity sector and the emergence of (internatjoglaktricity markets. In the past,
there was only one entity who owned the generation and thertrssion grid of a given re-
gion. Consequently, long-term power system planning wa dy considering generation
and transmission assets together. Nowadays however, iy coamtries this is no longer
the case. More precisely, generation units are owned bgrdift market parties who fol-
low their own interests. In Europe, the liberalization prss led to growth of international
electricity exchange. Moreover, generation from renewalergy sources (RES) (wind
and solar especially) has experienced an incredible boahwdircontinue to grow in order
to meet the targets of the European Commission, of a rejiablapetitive and sustainable
European interconnected power system.

All these changes have made the tasks of the TSOs more difficalto an increased
number of uncertainties that have to be considered in batoperation and planning of
the power system. With respect to transmission expansiamnpig, most of the current
planning methods are not appropriate anymore as they daketitto account the above
mentioned uncertainties. Consequently, new approacleebedng researched. These as-
pects will be discussed in this chapter.

In this thesis, the terms reliability, security and adeguafcpower systems can be en-
countered. Power system security is related to a momentim (ivhich is defined by a set
of conditions) and measures the ability of the system tostéthd unplanned disturbances
(called also contingencies) without interruption of efmity supply [19]. Power system
reliability is defined over a longer period of time and exgessthe probability of appro-
priate power system operatian [19/) 20]. Therefore a systeraliable if the likelihood of
good operation is very high (i.e. only a few interruptionghe investigated period), or in
other words, if it is secure most of the time. Power systenuréigrccan be divided in two,
namely static and dynamic security [19]. Static securitglgsis targets steady-state post
disturbance conditions, namely it is assumed that the isystaches operating equilibrium
after a disturbance and it is checked whether system limitvialated. Dynamic security
analysis targets system stability after a disturbancetlzr@fore it is investigated whether
the system can reach a new state of operating equilibriuen aftlisturbance. Sometimes
static security reliability assessment can be referredtbyature as adequacy assessment,
and dynamic security reliability assessment can be metlgiagpsecurity reliability assess-
ment [20,) 21]. Furthermore, an adequate power system impl¢h adequate generation
and transmission systems, and generation adequacy assgsstd transmission adequacy
assessment can be distinguished.

The chapter is structured as follows. Secfiod 2.2 proposdssaification of transmis-
sion expansion approaches. In Secfion 2.3 state-of-thaf adnsmission expansion plan-
ning methods that consider various sources of uncertainfiytiure generation and demand
are reviewed. Sectidn 2.4 summarizes the findings of thetehap
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2.2 Classification of transmission expansion planning ap-
proaches

As seen in the previous section, solving the transmissipam@sion planning problem means
to develop future load and generation scenarios, to chegkidfsecurity violations occur
under these scenarios, and, if needed, to determine thmalgtid reinforcements and also
when in the planning horizon they should be built. This mayrngbeasy, but it is not as
many aspects have to be considered. Consequently, thenissien expansion planning
problem has a high degree of complexity as it is a mixed imteg@n linear, non convex,
multi stage optimization problem. It is difficult to devisgkanning approach that captures
all the complexity. In literature mostly two type of apprbas to transmission expansion
planning can be identified. Some approaches try to identify gropose reinforcements
based on predefined criteria. These criteria can be justsgadrity or also other such as
investment cost, and, depending on the used criteria,dfugbsessment of reinforcements
might still be needed. That is why, other planning approacssume that a set of possible
reinforcements is already proposed and try to assess teegercements and select the
most adequate ones (according to a larger set of criteria).

Transmission expansion planning (TEP) approaches carvigediconsidering criteria
related to power system uncertainty, horizon, regulatiocture, and solution methad [22—
24]. Therefore these methods can be deterministic/nosrHutistic, static/dynamic, for
regulated/deregulated power systems, and adopting asosolmethod heuristics, math-
ematical optimization or meta-heuristics (the later cambihe features of the previous
two methods). One transmission planning method can haverésafrom all four classi-
fication groups (for example a deterministic, static, foregglated power systems plan-
ning method that uses mathematical optimization as seiutiethod). The classification is
briefly presented in the next paragraphs.

2.2.1 Static/dynamic methods

Transmission expansion planning approaches can be statimamic, depending on how
they treat the planning horizon. The static TEP (i.e.! [25} fas a goal to find the op-
timal transmission expansion solution for a given year & panning horizon, without
determining the specific moments in time when the circuititamts/modifications are to
be made|[23],.[24]. In dynamic planning (i.€._[26]), the emtplanning horizon is con-
sidered and therefore, the optimal expansion strategytiged for multiple years. To this
purpose time restrictions must be included in the mathexmlathodel for considering the
temporal continuity![23]. Such type of methods are usuaifhyted due to their increased
complexity [24], that makes them computationally speakiag-applicable for large power
systems. That is why hybrid static-dynamic models have la¢sm developed (i.el [27]).
These methods solve the TEP problem by analyzing sepadittgyent time steps (years),
without having any time restrictions included. Basicalyey perform static planning for
more different various horizons.
As shown in [3]-[18], the European TSOs adopt such a hybatcstlynamic model.

There are typically three time horizons for network plamgnétudies|[28]:

¢ long-term studies which are characterized by a high dedreeazrtainty as the plan-
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ning horizon may be up to twenty years.

e medium-term studies where the uncertainties are redudbe atanning horizon may
be up to ten years.

e short-term studies where the uncertainties are even madugee as the planning
horizon may be up to five years.

The 10-year time (medium-term) horizon is the most adoptethb European TSOs![8].
With respect to longer term analyses, there are several @rarof countries conducting
and publishing such kind of strategic studies, as for exarimpland and The Netherlands
[18].

2.2.2 Methods for regulated/deregulated power systems

The liberalization of the electricity sector led to a shitirh regulated to deregulated power
systems. In regulated environments the whole planninggs®és centralized and gen-
eration and transmission are planned together with thegserpf minimizing the overall
system cost. The planners have full access to importanmation such as generation cost,
availability, location. The obligation of vertically irgeated utilities is to serve their cus-
tomers as economically as possible, while respectingindeeels of quality and security
of supply [24].

On the other hand, in deregulated environments, the owipes§lransmission and gen-
eration assets is separated. Generation owners are teteiesnaximizing their own profit
rather than the social welfare, while TSOs must maintaircargeand reliable transmission
grid, allow non-discriminatory access to the electricitgriket to different market players
(consumers and producers), and finally also to supportetfticind sustainable power sys-
tems. Uncertainties have become more numerous, and TS@sohévlimited access to
information regarding the development of new generatialj.[An example of TEP for a
deregulated environment is introduced|in [29]. The methidizes the level of congestion
in the transmission network as the indicator for the neediditeonal transmission lines. A
combination between congestion cost and investment castitilized for determining the
optimal expansion plan.

Cost-benefit analysis is an approach normally used for cangpand assessing differ-
ent expansion alternatives. Usually an optimal powerﬂltlw)l is used for assessing the
expansion alternatives for different planning years. Tkgaasion alternatives for which
the difference between benefits and costs is the higheshasei as the best. There are
many examples in the literature, and some try to capture ofdbe costs (i.e. investment
cost, operation and maintenance cost, costs of possibteaditing works) and benefits
(i.e. network losses reduction, grid congestion relieduietion of generation costs, increase
of system adequacy to cover demand and operation secuaitie of expected energy not
supplied, avoided investments, €@missions reduction, higher integration of renewable
energy sources, etc.) related to an expansion alternathits other focus only on certain
aspects. For example [30] proposed a cost-benefit analyisisobrdinated transmission
and generation planning, focusing on environmental bengfiternalization of external

LIn optimal power flow, the power system operation is optimizéith wonsideration of network-related con-
straints.
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costs of conventional energy sources is also included$. dssumed that for reaching sus-
tainable power systems such a coordination is needed; suapmoach is therefore more
adequate for regulated power systems. A more complex agipreaitable for deregulated
environments, was proposed by the REALISEGRID project tisidopts a multi-criteria
cost-benefit analysis [31]. A wide range of benefits is caraid with respect to security of
supply, competitiveness and sustainability.

2.2.3 Deterministic/non-deterministic methods

In order to fulfill their tasks, the TSOs rely on scenariosaftasted consumption, genera-
tion development, and power exchanges evolution. For egatasio, the stochastic aspects
of the phenomena must be taken into account: load varieshaitian activity and weather
conditions; generating units may produce or not, depengat@nly on economics but also
upon external factors such as wind or hydro conditions anckfboutages; the scenarios
should reflect the asset and bidding strategies of the gémei@mpanies and other mar-
ket players; cross-border exchanges may largely vary aperttling on the behaviour of
the different market playersl/[8]. All these factors are utaiaties which can be divided
in two-types|[[32]: random, which can be statistically reyenated by using historical data,
and non-random, which cannot be estimated from previousréeqe. Some sources of
random uncertainties are for example load, variable reblnenergy sources such as wind
and solar generation, the cost of generation and the impiidiof generators, availability
of power system components [32] 33]. Non-random uncengaicgan be identified with the
expansion, closure or replacement of power system assete(plants, consumers, trans-
mission grid components), by the evolution of transmisspansion costs and by changes
in market rules and subsidy regimesl|[32]. In addition, pogyetems evolution is also in-
fluenced by vague data that cannot be clearly quantified. 8atzhare the importance of
stakeholders in decision making on the one hand, and of jplgramiteria from the view-
point of different stakeholders on the other hand, and dlsgtobability of possible future
scenarios [32].

By looking at how planning methods deal with uncertaintieere can be deterministic
and non-deterministic methods. The classic determiragtproaches select a reduced num-
ber of worst cases for the target year, usually at system peak and perform contingency
analysis (by checking if the branch loadings are exceed#tNyiN-1 branches or even N-2
branches in operation) in order to discover the weak pointhé network and suggesting
reinforcements. Such an approach has clear disadvan@{jess[no uncertainties are con-
sidered in solving the problem. By looking only at a few srragis a future scenario can
be misrepresented as the probability of occurrence of Meeloads for example is ignored,
failing in integrating also the uncertainty factors intueed by future load-generation scen-
arios. Hence, it is very likely to miss the whole picture bpkg only at some limited
aspects. While focusing on system peak load only, other rsggiem problems might hap-
pen at non-peak load points, hence the system’s reliaislityt being covered by the worst
case assumption. Consequently the risk level associatémt, N-1 and N-2 criteria is
not captured.

In contrast, non-deterministic planning approaches c@nsnhany snapshots (situations)
to which a probability of occurrence or a degree of imporéaiscassigned. The purpose of
that is to better model the uncertainties. These method$beativided in [22]: probabil-
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istic load flow [35], probabilistic reliability criteria ], scenario techniques [37], decision
analysisl|[38], fuzzy decision making [39], and combinasiaf the previous. For example,
in [32] a market-based approach in unbundled power systeas<veated. For considering
all the uncertainties and vagueness, optimal power flowaste technique and fuzzy de-
cision making were combined. The latter was used for meaguhie goodness of a plan
by defining a fuzzy appropriateness index that takes intowtcthe vagueness sources.
Fuzzy risk assessment was applied for determining the bkgian. Furthermore [40] pro-
posed a risk-based approach for transmission expansianiptaconsidering uncertainties
in load forecasting and generator sitting. The focus is erdécision making process con-
sidering some given alternatives. The planner must mirarttiz regret according to risk
acceptability levels, and finally select the most robushpla

2.2.4 Solution methods for solving the TEP problem

According to the way the search for the TEP solution is penfat, solution methods can
be divided into mathematical optimization, heuristics areta-heuristics.

The mathematical optimization solution methods use a madlieal model for the TEP
problem. The method searches for the optimum solution f®fMBP problem, by solving
the mathematical formulation of the problem which is giverttiee objective function and
a set of constraints. The goodness of various expansioargpis measured with the help
of the objective function. Generally the used constraingslianited and refer to technical,
reliability and economic issues. Consequently, the TEBRt®w is optimal only under those
conditions. The most common approaches used in mathelnagiteization are Linear
Programmingl[41], Non linear Programming|[42], Dynamic ¢gteonming [43], Mixed in-
teger Programming_[44]. Further, decomposition techrsqiBenders|[45], Hierarchical
[46]) and the Branch and Bound [47] are also used. Such mstdedompose the TEP
problem in several different subproblems.

Another way of solving the TEP problem is by using heuristi¢$euristic methods
are as the name says creative methods that use the humareegperThe experience is
used for defining a set of rules (logical, empirical, senii@is) to be used for finding in
a step-by-step process the TEP solution. The search stops wd better solution can
be found anymore giving the considered criteria (i.e. @aal| investment cost, energy
not served). Heuristic methods have a better performarene tiathematical models in
terms of computation time and convergence rate [24], ang phevide good solutions but
however not proven to be optimal. One of the most used heudpproaches is to select
the reinforcement solutions with the help of sensitivityalysis, with respect to reducing
overloads|[48], reducing energy not served or increasiadahd supplying capability [49],
or other criteria measuring the goodness of the plan [50].

Meta-heuristic methods combine heuristics with matheradtiptimization. There are
e.g. algorithms inspired from the theory of evolution (swshgenetic algorithms [51],
differential evolution|[52]), algorithms inspired fromiamal collective behaviour (e.g. Ant
Colony Optimization |[53], Particle Swarm Optimizatian [[r4algorithms inspired from
processes and phenomena (Simulated Annealing [55], TednelSE6]).
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2.3 Transmission expansion planning with consideration
of uncertainties

Because this thesis is focused on transmission expansaomipg under increased uncer-
tainties towards sustainable power systems, the followedion will examine the state of
the art in non-deterministic TEP approaches with a focusamwnimcertainties of RES gen-
eration and of power systems with RES generation in genezahadelled. The section is
divided in two parts. One is the state-of-the-art in redeantd the other are the existing
European TSOs’ TEP practices and various studies for REgration.

2.3.1 Research state of the art

Recent non-deterministic TEP approaches proposed by thetific world, try to address
the various uncertainties related to the TEP problem ontieehand, and/or consider some
of the TSOs planning targets in deregulated environmentsveder, due to the increased
complexity it would bring to the TEP problem, they do not micgkparately the uncertain-
ties related to variable RES-based generation. For exanmp|[&6], the authors propose
a meta-heuristic planning approach which considers skgereeration dispatch snapshots.
The solution is searched with the help of a Multi-Objectiab@ Search approach, which
has as objectives to minimize investment cost and to marirtiiz number of snapshots
satisfied by the solution. The different generation snajsstu@ generated with the help of a
Beta probability density function. Moreover, [n [52] a @ifential evolution (DE) algorithm
is used for searching the TEP solution. The analysis is padd using a few planning
scenarios. For each scenario DE is run and a solution is folimeh the adaptation cost of
each solution under other scenario is calculated. At thatmmdhost flexible plan is chosen
(sum of investment and adaptation costs considered). ThéHat only a small number of
shapshots is analysed is a limitation of this method.

The work in [57] introduces a multi-stage stochastic mahjective optimization frame-
work, which has a steady-state voltage security managefaattre which is performed
with the help of an optimal AC power flow. The method considsistem load uncertainties
and produces scenarios with the help of Monte Carlo simariatiScenario tree construction
and scenario reduction techniques for the load scenargossad for reducing the number
of scenarios to only a few, which are basically snapshotghvhave a certain associated
probability. The multiple stages are considered chroro#ily starting from step 1 and
considering the reinforcements at step 1 in step 2. The fojactive functions considered
are the investment cost, the expected operating cost, &ptmad shedding cost and ex-
pected loading factor (or loading margin, used for evatygpthe voltage stability margin).
This method has the advantages that it looks at more staghe jplanning horizon and it
considers several criteria in the choice of the solutiondtwnside is that it does not model
at all the uncertainties introduced by RES generation aadatyses a reduced number of
snapshots (even though with a probability attached). Euantbre, branch overloadings are
not monitored.

A TEP approach based on dependent chance programming waduiogd in([58]. In
dependent chance programming, the objective functionrimdd by a weighted sum of
the chance measures that uncertain indices fulfil detestignéonditions. Three types of
uncertainties are modelled, namely generator output, dmalline investment cost. These
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uncertainties are merged into fuzzy random variables withé optimization model. Us-
ing tabu search, the model tries to find the solutions haviegiighest chance in meeting
the objectives related to investment cost, transmissiesel® and circuit load factor (ratio
between the loading and the rated capacity of a circuit).i\tfee uncertainties related to
RES-based energy are not modelled.

Only a few recent papers tried to address the uncertairgiated to variable RES, with
a focus mainly on wind energy. [59] made a review of some ofpttedabilistic problems
introduced by variable generation integration for bothrafien and planning of power sys-
tems. Research in the field on how to model these resourcelscantb integrate the res-
ulting models in power system operations and planning lisngti mature enough. One of
the main challenges is due to the need of modelling depereteimcthe primary resources
(wind, solar) among various locations in the power systemd®reover modelling such
resources increases tremendously the complexity of thepr&flem. A Monte-Carlo ap-
proach was proposed in_[60] for modelling stochastic gdiwardor power systems studies.
Copula theory is used for modelling the correlated randoriabiges, and model reduction
technigues were proposed for making the method applicableefl power systems. This
method could be applied for example in a probabilistic loasvfbased TEP approach.
However, probabilistic load flow has the disadvantage thegalistic snapshots are also in-
cluded in the analysis and inter-temporal constraintshsiscgeneration minimum up and
down times and ramp rate constraints) are not considered.

Going back to TEP literature, a mixed-integer linear pragrang model was proposed
in [25]. The model considers the variability of wind powerdatihe wind power impact
on system security and on the reserve market. However, wenérgtion is modelled in a
very simple way by considering a few peak and off-peak s¢esavhere wind generation
contribution is changed.

A reliability-based TEP approach was proposed.in [61], gisisequential Monte-Carlo
simulation for examining transmission reinforcement raléives when connecting new
wind farms. Wind power variability is modelled (for eachesgeparately) with the help
of the auto-regressive moving average (ARMA) model. Furttoze, [62] proposed a se-
curity value based method for comparing power system pfansthemes. Both generation
and transmission planning are considered in this apprdasti.commitment simulation is
used for assessing security related costs (for preventigeemergency control, and social
losses) due to uncertainties in load and wind power. Hoody land wind data are used for
the unit commitment. The various planning schemes can atridebe compared through
their security costs. This method has the advantage thatiittains chronology throughout
the simulation, it generates realistic generation and madbinations, and it models the
uncertainties related to load and wind generation throhghuse of load and wind power
time series. This method however does not propose reinfenesolutions, as these are
served as an input.

A risk based probabilistic multi-objective TEP approachichtalso models wind power
was recently proposed in [63]. The ability of the power syste integrate wind power is
evaluated with the help of risk of overload indices. Thre strategies are modelled and
combined in one risk of overload index, namely the branchao@rload probability, system
non-overload probability and margin of non-overload ptulity for the system. The model
uses Genetic Algorithms for searching for the expansiom&wsi and runs probabilistic load
flow for each solution, while trying to maximize the ratio Wetn the overload risk index
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and the investment cost of the system. For speeding up tbelatbn, for the probabilistic
load flow combined cumulants and Gram-Charlier series (whjproximate a probability
distribution in terms of its cumulants) are used, insteathefMonte Carlo simulations. A
Weibull distribution is assumed for wind speed, and the datiwe distribution function and
probability distribution function for the wind generationtput are derived from the ones of
the wind speed. Itis assumed that the load demand at thersg$teses as well as the wind
generation output at different locations are statistjcaltlependent. This method is very
interesting, however some important aspects are not neztislich as the actual severity of
the overloads, and also the wind and load correlations.

2.3.2 Recent steps towards application of non-determinist transmis-
sion planning in Europe

2.3.2.1 TSO practices

Within the REALISEGRID project a thorough comparison ofigas transmission expan-
sion practices in Europe was performedlin [8]. Some intergsesults from that work are
presented in this section.

In Europe, TSOs have two main objectives when planning theldpment of the trans-
mission grid. The first one is to maintain an adequate levekldbility and security of
supply, and the second objective is to facilitate eledfrimiarkets. Consequently transmis-
sion planning has to target the specific connection of a nevergdion unit to the grid and
the general development of the main transmission grid fonéhg secure and efficient use
of the whole generating system. While the analysis of the ectiwn to the transmission
grid is a case-by-case process, the general planning prtadess place regularly at certain
intervals of usually 2 years. The planning is generally ig/static-dynamic focusing on
a future target year and one or more intermediate years fatwdtenarios are being de-
veloped and the security of supply is checked. For assetsngetwork security, for each
of the developed scenarios the network design must be krifith a security analysis.
Generally, load flow analyses are performed for normal dimeraf the network (N), and
contingency situations (N-1 and sometimes even N-2 sgotniteria). The load flow ana-
lyses allow the identification of bottlenecks in the exigtinansmission network, and, in
addition, they are a means to verify if possible grid rein@ments will solve these issues.

The following are the most common measures used for gridaeiement:

e Adding transformers in existing substations in order to keegally able to feed
higher load and/or evacuate higher power.

e Upgrading some assets, for example by replacing the cooduef a line with ones
of a higher ampacity, or adding new circuits in parallel tceaisting line.

¢ Installing new equipment in some grid substations, forlifating a better grid op-
eration (e.g. shunt and series reactive compensationatevihases shifting trans-
formers, FACTS).

e Replacing existing transmission lines with ones operadih@ higher voltage and
implicitly having a higher transmission capacity (for exglemnew 400 kV line in the
place of an existing 220 kV line).
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e Building new high voltage lines or substations.

Alternatively, if possible, congestion management candegldor solving grid bottlenecks.
When managing congestion, generators in the power systamgdispatched in order to
relieve congested corridors. Congestion management iperational measure and results
in a sub-optimal dispatch as compared to the unconstraisekiatequilibrium. Congestion
management cannot always relieve congestion completdlit @generally not considered
as a long-term solution.

All the TSOs rely on scenarios of forecasted consumptionegdion development and
power exchanges and they have to consider their stochadticen In addition the methods
used by the TSOs in making their assumptions largely differthe current competitive
environment the role of generation adequacy criteria isctedr anymore. The practices
are different as some countries prefer to rely on such @itghen planning their system,
while others regard the evolution of supply and demand in eergeneral way. The TSOs
practices vary with the time horizons, used analysis metlaodl the investment criteria.
Regarding planning approaches, most European TSOs sk ore of deterministic plan-
ning criteria, and the consideration of uncertainties thealimited. However there is a
slow trend towards more non-deterministic approaches iagécognized that better con-
sideration of uncertainties for example by using probsatidirisk-based planning standards
are needed [64]. While many of the European countries alreadyider to a certain level
uncertainties introduced by the market, only a few coustadopted some probabilistic
items within their planning practices. This will be discedsn detail bellow.

The planning process in Italy, in the responsibility of tH&O Terna, starts with data col-
lection and analysis. Consequently one or more likely dpmral scenarios are developed
for the target year and specific snapshots are created fgrith@nalysis. The power dis-
patching assumptions for each scenario are based on astisyaf production cost and
market simulation results. The static security of the gsichmalyzed for each snapshot,
using the N-1 criterion, and possible grid problems withresponding grid reinforcement
solutions are identified. The necessary grid reinforcemare defined in order to maintain
N-1 grid security, reduce grid congestion and reduce i&tris on constrained generation
units. During the N-1 security analysis the uncertaintyated to wind generation units is
considered by estimating their probable production lelidéle main drivers for grid plan-
ning are reliability and security of supply. However, at tra also the economic benefit
each project brings is considered. This is done using almrstfit analysis. Only projects
bringing an overall economic benefit larger than their castsncluded in the Transmission
Development Plan.

In France (TSO RTE France) [8], transmission expansionnitenalso covers several
steps. First scenarios are developed and constraints teetetin N and N-1 operating
conditions. Next several reinforcements strategies aveldped considering technical,
environmental, legal and also sometimes contextual isquesence of influent political
actors in the considered area; the area history of societapsance of new transmission
infrastructure). These strategies are compared (commsglawvestment cost of a strategy,
the operating cost and the cost of unsupplied energy) andesteone is chosen. Last step
is to find the optimal date for the first investment. For thed gnhalysis part, load flow
analyses performed via probabilistic methods are maingdder the 400 kV network as
in those cases the network is quite influenced by the geparptan and the cross-border
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flows. Different load situations are forecasted (winterip@énter off-peak, summer peak,
summer off-peak, inter-season peak), different scenari@slso established for exchanges
on interconnectors, thousands of generation scenariggpglan availability of the different
units and on wind level on French wind areas are sampled arstraints are detected in all
load flow situations and summarized statistically. Thislmdne hand, better considers the
uncertainties in the planning process, but on the other ihamplicates the analysis and
brings extra difficulties such as estimating the probabdita given situation.

The transmission planning approach used by the Spanish TEHO([65] is more ad-
equate for competitive environments and has a better tegdtof uncertainties than the
French practice, by trying to look at a high number of plalgsdperating conditions. The
main criteria used are minimization of investment and gpération costs, secure and ef-
ficient static and dynamic grid operation, and complyingwgpecific environmental, ad-
ministrative and social requirements. The TEP approacHdassteps: multiple scenario
generation covering the whole planning horizon and detalealysis of these scenarios,
information structuring and index calculation, identifioa of competitive and necessary
network reinforcements and finally decision making. Forfiret step, about 400 scenarios
are generated trying to cover all plausible operating doms of the target year, including
extreme scenarios. An operating condition is given by loandiions, generation profile
and network status. A probability of occurrence is asseditt each scenario. For the target
year, the scenarios must cover the expected demand rangapttoe all the technical con-
straint violations in the system (overloads and high andMoltage bounds) and to consider
also the uncertainty of fuel prices, hydro conditions (wad ary), wind conditions (high
and low), international exchanges etc. Both static and mlyonanalyses are performed.
For the static analysis an optimal power flow (OPF) tool idused N-1 criterion is tested
for generating units, lines and transformers and N-2 doiteis tested on double-circuit
lines, substations with a high level of generation or tram@sid substations with very short
fault-clearing times. For dynamic analyses a transiettilgiatool is used for the related
studies. The results of the analysis are summarized withéhz of criteria (grid element
criticality@ and sensitivi@) and indices (extreme values, probability-weighted RMiBes,
probability-weighted deviations over limits). Using hisperience, the planner proposes
reinforcement alternatives considering the degree dtatity and sensitivity in each trans-
mission corridor. The target is to achieve a network thatkeavithout limit violation for
(most of) all the investigated scenarios. At the end a cesebt analysis is performed on
the proposed reinforcements and the most competitive areashasen. Finally, these solu-
tions together with well structured information are presdrto the decision maker, who
will define the most appropriate expansion plan.

Even though the Spanish planning approach has a bettengetibf uncertainties than
the French practice, it should be noted that both French padiSh approaches do not con-
sider the chronological aspect, i.e. inter-temporal aairsis when scheduling generation
resources over a given time horizon and temporal correlati@tween load and wind power
inputs. In addition, it is not clear whether the spatial etations of load and wind power
were taken into account to some extent by the Spanish TSO gdmegrating the scenarios.

2Criticality is the impact that the failure of a given elemens lom other elements.
3Sensitivity is the impact on a given element as a result of tieréaof other elements in the system.
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2.3.2.2 European studies and initiatives for wind integraibn

In the last years many studies have been focusing on integrattlarge-scale wind energy
in the European power system. To this purpose these stuaie®ltonsider the variability
of the wind energy resources within their calculations.

The European Wind Integration Study (EWI5)|[66] adopted adstine-year approach
using a market simulations tool that considers transmissimstraints via a Power Transfer
Distribution Factor (PTDF) matffk However, while here the chronological and correlation
aspects are considered in the market study, the grid seematysis was performed only on
a small number of critical cases at European level, seledftedanalysing the output of the
market simulations.

A similar approach was taken by the TradeWind study [67] Wifierthermore con-
sidered the European transmission grid only by its intemectors. Generation capacity
forecast for one year was an input and the tool determinedptimum power output of all
generators subject to interconnector transmission ainsit The power flow on all lines
was also computed. The findings of this study indicate thgttdyi wind power penetration
will result in increased cross-border exchanges, and cuesdly more (onshore but also
offshore) transmission reinforcements will be needed éalucing grid congestion. As an
additional remark, the approaches used by both EWIS and Wiadestudies are one of the
first examples of using large multi-area market based mo&lsh models produce more
realistic generation and international exchange profiles.

The idea of a possible offshore grid started contouring,remd the OffshoreGrid Study
[12] looked at the feasibility of building an offshore grid ihe North and Baltic Seas to
connect both offshore wind farms and coastal countries ¢h e#her. Different offshore
grid development strategies are proposed and optimal pteweris used for comparing
the resulting grid topologies. Both AC and DC reinforcemeptions are considered. A
limitation of the model is that the optimization does not rbihter-temporal constraints
when scheduling conventional generation. Furthermora|ahility of both wind and solar
generation is modelled, but the latter is modelled in a venpified way as constant gen-
eration (meaning that solar generation is available alsight). In addition, the impact on
the onshore grid security is not analyzed.

The Irish TSO Eirgrid also performed a study for a possibfetaire grid in the Irish
Seal[1B]. More precisely it looked at what the best optiomscémnecting future offshore
generation are. The software used in the study providesptimom network expansion
plan, which minimises the combined cost of network develepintapital costs, the costs
of resulting electrical losses from the network and the cbstroduction for a future year.
A higher cost generation selection may prove ultimatelyegaaldower cost solution if the
cost of grid development or losses can be reduced. DC oppowér flow was used for
estimating the impact of a certain grid reinforcement ondherall system, and branch
and bound techniques were used for choosing the best regmf@nt solutions. The TSOs
of some North European countries have created the North Geastries Offshore Grid
Initiative (NSCOGI) [11]. They also look at the feasibiliby building offshore grids in the
North Seas. Cost-benefit analysis is used for assessinthevg#fshore and onshore grids
reinforcements.

4The PTDF matrix holds the relationship between inter-zonelgr transfer and the distribution of the transfer
on the different flowgates (which can be borders but alsstrassion elements).
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Moreover, the Friends of the Supergrid initiative supptitesdevelopment of an European
Supergrid. Such a supergrid is a European transnationssifg HVDC) transmission grid
which would play an essential role in future integration afgle-scale renewable energy
sources and as well in the general secure operation of thapEan power system. The first
steps towards such a Supergrid have been announced by timaiG&50s as several high
capacity HVDC corridors between the North and South of Gesnaae planned to be build
in the next 20 years.

With the new challenge of transporting electricity overdatistances offshore and also
onshore, the option of using HYDC (Current Source Conve@SC) or Voltage Source
Converter (VSC) based) becomes more of a reality. Many goipbint HVDC lines are
already operating in Europe. The idea of building and opggahultiterminal HYDC grids
is a new challenge. The existence of such a grid is at this mbimempered by the de-
velopment of DC circuit breakers. However it is believed thach breakers will be on the
market in a few years (see press releases ABB, Alstom). Aisgutine existence of HYDC
breakers, research (i.e._[68+72]) has oriented towardsdh#ol, operation and planning
of such grids, which has to be considered together with thegAds with whom they are
interconnected.

2.4 Discussion on transmission expansion planning
approaches

Transmission expansion planning is a complex problem fackva solution that is a global
optimum seems impossible to find. TEP approaches can befiddssccording to criteria
related to power system uncertainty, horizon, regulatomcture, and solution method.

Due to the recent changes in power systems, planners hasedord for more and more
uncertainties when searching for good reinforcement mwist Planning methods can look
only at technical aspects (e.g. branch overloads, voltagersions) or at more aspects (i.e.
social welfare, environmental issues, reliability). Cemsently planning methods, before
presented to decision makers, can propose reinforceméith Wave to be further analysed
on multiple criteria, or can assess the costs and benefitxriofus proposed reinforcements.
There are also methods which try to do both (propose reiafoents and also analyse them
with i.e. cost-benefit analysis), but this increases thiecdity of the problem and limits the
treatment of more complex uncertainties (such as outpuaidélble RES generation).

The approaches used by TSOs usually solve the transmisgl)an&on problem in steps
and also with the help of expert knowledge. First, scenaatesdeveloped. Next, security
analysis is performed on the grid and problems are identifidding expert knowledge
several solutions for overcoming the problems are foune. Sidiutions are further analysed
and compared typically with the help of cost-benefit analysit the end decision-makers
decide what the actual reinforcements will be. Giving theptexity of the TEP problem,
maintaining certain steps (i.e. testing the grid security finding solutions for the found
problems; comparing the solutions with cost-benefit ansjys the transmission expansion
process seems like a good idea. In this way, uncertaintiebedetter considered at each
step.

With respect to consideration of variable renewable ensmyrces within the trans-
mission expansion planning problem, there is not very mugiegence available. Some
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European TSOs approaches and studies try to model RES-gasedation, introducing
non-deterministic elements in the planning process. Heweke treatment of RES based
generation in transmission expansion planning has a lobafrfor improvement. The
spatial and temporal correlations between load of differearket areas and RES power
inputs for different production locations, are importaspects that should be considered
when assessing the security of the grid and transmissicemsign alternatives. Moreover,
the output of conventional generation should also be medefiore realistically by consid-
ering inter-temporal constraints such as minimum up andndiinves and ramp rate con-
straints. In this way more realistic combinations of load generation can be achieved.
A few European studies [12,166,/67] considered the wind aad tmrrelations by serving
as input hourly load and wind power time series to market Etans or to the optimal
power flow. These multi-area optimization models produse alore realistic international-
exchange profiles. Recent scientific papers [[61—63] alstotiyetter model RES-based
generation when trying to solve the TEP problem. The mostneomapproach is to use
probability distributions for wind power, but no corretatis are considered (even though
models for this exist e.g.|_[60]). Such methods have also tbaddantage that they do
not model inter-temporal constraints. On the other hanel,athproach proposed in [62]
uses a unit-commitment based assessment of transmisgians#@n solutions, where wind
power time series were served as input. The approach hasithatage that it can con-
sider correlation of wind and load at different locationy (ksing adequate time series)
and also it maintains chronology when scheduling conveatigeneration (inter-temporal
constraints). This method is used for comparing alreadp@sed solutions. By contrast,
in this thesis unit-commitment and economic dispatch satmrhs together with load flow
calculations will be used for identifying bottlenecks amdgsing reinforcement solutions.

Recent studies and research also focus on the developmefisiobre and/or onshore
HVDC multiterminal grids|[11-13, 68—70]. In Europe this isstly with respect to offshore
grids in the Northern seas and to a so called onshore parp&amnd‘'supergrid” connecting
multiple countries and remote large-scale generatios giteonsumer centers. The HYDC
and HVAC grids are interlinked. Consequently planning mdthneed to be adapted for
considering this new type of mixed HVAC - HVDC grids.



Chapter 3

Round-the-year network security
analysis

The ongoing liberalization process together with the gngapenetration of renewable en-
ergy sources (RES), e.g. wind power, require an internaliiporiented transmission plan-
ning approach that considers the increased uncertainttesms of trade, location of gener-
ation and output of (variable) generation. This chaptepihices a method for identifying
and ranking bottlenecks, which is the first step of the trassion planning process for
interconnected high-voltage grids. A round-the-year apph is proposed, by combining
market simulations with static security analysis (introeld in Chapter 2). Many combina-
tions of load and generation (including RES) are createdaaradlyzed, using unit dispatch
based on cost optimization. For each combination, the brvadings are determined for
normal and contingency situations. A statistical riskezhapproach for ranking the most
severe bottlenecks is developed. The method is illustraesl modified New England test
system where wind power was added at several buses. Thef skeidoad versus amount
of installed wind power is also assessed. Furthermore, tthaod is applied in coopera-
tion with TenneT TSO on a practical case study for a 2020 deraad supply scenario for
north-western Europe, focusing on the Dutch power system.

3.1 Introduction

The ongoing liberalization process around the world hastidethe emergence of energy
markets, facilitating international trade between caestr Consequently, inter-area power
exchanges have significantly increased and further groathbe foreseen. At the same
time, the increased penetration of variable renewableggreurces in the European grid
has been impressive in recent years and further grid-cdionscof large-scale onshore
and offshore wind power installations are planned in ordenéet Europe’s environmental
targets for 2020 and further.

Both developments increase the variability of the power $lawthe system and require
a more international orientation and coordination of trenping process. Furthermore, in-
creased uncertainties (trade, location of generation atglibof renewables) must be incor-

23
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porated during the planning process. Most of the existiaggmissions planning methods
make use of a worst-case approach [8]: a security analyperfermed for one or a small

number of cases, which should stand for all possible contibimaof load, generation and

interchange.

With the increased uncertainty and the many assumptiorsseary for the analysis, a
large number of “worst cases” is likely to exist, which mustdaptured in order to achieve
a robust planning under a variety of possible scenarios.célémEurope some TSOs (in
France and Spain [65]) and projects of European interes&IS [66] and TRADEWIND
[67] studies) have started to adopt more probabilistic wastor assessing the transmission
grid, as surveyed in [8]. Especially the large-scale wingdgrantegration is a driver for this.

The US Midwest Independent System Operator (ISO) also derssithe relationship
between wind integration and transmission expansion iveilise-based transmission plan-
ning. The expansion plans are economically driven and atedean parallel during their
development with traditional reliability calculationseasure system security. Wind power
is considered within the market simulations, which are grened for one or more years
within the planning horizon|([73]) and which are used fonpding the necessary inform-
ation for designing the grid. At the inter-regional leveltive US, a coordinated joint plan-
ning effort between more ISOs has adopted the same valesetHagproach [74]. It should
be emphasised that the security analysis is based on sigapshoth [73]-[74].

Atinternational (or inter-regional) level, when there arany load and wind power vari-
ations for the different countries (areas) that parti@pat regional transmission expansion,
chronology (inter-temporal — between different time stepsnstraints when scheduling re-
sources over a given time horizon such as ramp up and ramp daes of generators)
and correlation between load and wind power based on measuntalata, become even
more important than at national level. To this purpose, daldistic approach combining
chronological market simulations and static security ysialto deal with uncertainties was
introduced in|[75] and is proposed and further developetigwork. In order to handle the
increased variability of power flows in the system many corations of load, conventional
generation and renewables are created and analyzed, usindjgpatch based on opera-
tional cost optimization. The correlation aspect is alsnsidered by using simultaneous
load profiles and wind speed measurements. For each comolireditioad and generation
the branch loadings are determined for normal and contiygsituations via load flow
analysis. Subsequently, criteria are developed to ranknibst severe bottlenecks which
will become the main problems to be solved. This approacks doeconsider voltage con-
straints in the first place. As for speeding up the calcutet@linearised (DC) load flow for
contingency analysis is used, where the voltage issuesegteated. Moreover, the target
of this approach is the interconnected transmission grid,ifis assumed that each TSO
solves locally its own internal voltage problems.

In contrast to the other approaches, the proposed methdtidnasivantage of consider-
ing both chronological and correlation aspects within tlaekat simulations and performing
after that security analysis for all the simulated time st@gmurs). Thus, this method is also
adequate for security analysis at regional level.

The chapter is structured in three main parts. First, thadehe-year security analysis
and the bottleneck identification method are explainedttegeawith the proposed ranking
criteria. Secondly the method is tested on a modified New d&mtest system. Further-
more, the method is applied on a practical case study of thehDgrid for a scenario for
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the year 2020. At the end the main findings of the chapter argrsurized.

3.2 Method formulation

3.2.1 Round-the-year approach

Figure[3.1 shows the proposed round-the-year approaclnwvtith network planning pro-
cess, underlining the need to also consider the uncesraimtiroduced by wind power. The
methodology is focused on the first steps of the planningggmmamely on the power sys-
tem security analysis part which refers to finding transiisgrid bottlenecks and deciding
which are the most constrained grid elements. In particaleound-the-year approach is ad-
dopted by combining market simulations (where wind intégreis considered) with hourly
load flow analyses (which constitute the round-the-yeaur$tigcanalysis) as illustrated in

Figure[31.
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Figure 3.1: Round-the-year security analysis within thaerpling process.

Instead of performing load flow analysis for only a few worases, this method pro-
poses to perform it for each hour of the year. Such a methodheaadvantage of clearly
highlighting the structural rather than incidental botdeks. Moreover, since this method is
based on prognoses of wind speed time series per locatisrexpected that analyzing one
year (or more if desired) of data will automatically captamepresentative number of worst-
cases, together with their probability of occurrence. Téwmults can be used for comparing
and selecting solutions which might be network reinforceta@r congestion management
measures (which means redispatching the generation in tardéleviate bottlenecks).
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3.2.1.1 Market simulations

Establishing the balance between the production and deofatectricity depends on many
parameters such as availability of primary energy soupmésgs of fuel, bidding strategies,
generation dispatch, etc. The way generation covers theugeifitom moment to moment
can be modeled with the help of market simulations. The iatEssumption here is that the
market operates perfectly: the system marginal price ibysttie operating cost of the most
expensive unit on-line during a given time period. For thelementation of the proposed
method, a probabilistic multi-area, multi-fuel chronaleg simulation model is used that
can handle technologies such as combined heat and powrgyesterage, wind power and
hydro power.

For the market simulations the tool called Powrsym3 [76]sedi Powrsym3 adopts a
zonal market model, where the physical grid is not consitlekénit outages are modeled
using a Monte Carlo method for a given time period. The powstesn operation is sim-
ulated by the means of a total generation system operatimsalminimization (including
fuel costs and emission penalties) in user-definable séigliime steps, while taking into
account many technical constraints such as minimum up awd times of power plants,
ramp rates of power plants, start-up costs, spinning reseequirements, etc. In this thesis
1-hour time steps are adopted. The model is fully adaptectalle systems with large-
scale wind power; multiple, chronological, correlated avipower time series can be input
to the model. In addition, in order to accurately simulatedorction cost, unit maintenance
can be scheduled and system reliability indices can be leaézl

The presented method does not depend on a specific softwayavtich means that
also tools with similar characteristics can produce a valitput to be further used in the
security-analysis approach. In the market calculatiory thre inter-area transmission ca-
pacities allocated to the market are considered, while gtearks of different areas are
seen as a “copper-plate”. For the European power systerh,asuonsideration is correct
as the electricity market adopts a zonal operating modéheglects the internal grid. But
for the network security analysis it is necessary to see thegateal power flows in the grid
are using a detailed network model. Hence, for every housidened in the market cal-
culations, it is investigated what the effects of the geti@naand load distribution on the
network security are. Because it considers all the hourkefear, this analysis is called
round-the-year security analysis and is performed as mqaan sectiof 3.2.712.

3.2.1.2 Round-the-year security analysis

The real power flows that may occur in the network as a resuhefjeneration and load

patterns obtained from the market simulations are detethiria load flow and security

analysis. Given the load demand at all buses of the eleaimiepsystem and the generation
of each power plant, the power flow through each line and toamer of the interconnected

network can be determined for different network situatiomke flows in the network are

determined for operation of the grid with all N elements,halt-1 or, for some specific

cases, with N-2 elements in service. For each hour simulagetie market calculations,

the load flow analyses are repeated. Hence every hour of treigyanalysed, each with

its own operating point with different values for load andhgrtion at the nodes of the
network.
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This round-the-year network security analysis procesdi@s large number of calcu-
lations to be performed with specialized load flow analysitvweare (such as PSS/e). The
results are also numerous and it is important to be able wegrsthem in a structured man-
ner. Hence, there is a need to make a compromise betweesipreand computation time.
A combined AC-DC calculation approach is used, by perfogr@n AC load flow for the
normal operating situations (with all N elements in seryexed DC load flow contingency
analysis for the N-1 and N-2 states. It is also possible toauB€-DC approach (where a
DC load flow is run for the N situations and also for N-1 and Nt@ations), in cases when
convergence is an issue. For better results, it is recometetacadopt an AC-DC approach.
In this thesis the software PSS/e version 32 is used for tiflow calculations.

3.2.1.3 Coupling market simulations and load flow analysis

In order to be able to perform the load flow calculations foively moment in time, first
generation and load must be specified at the nodes of thefispgrad. It should be men-
tioned that when one examines a distant year in the futurey macertainties regarding the
location of power plants and of loads arise. Hence a set ofhgssons must be made in the
process of attributing load and generation to the netwodero These assumptions may
differ from case to case depending of the data availabifify],[[77], [78] but they are not
the subject of this work. The nodal distribution has to beedmpeatedly, for all the hours
in the year. For each hour, load and generation are attdiotthe grid nodes and then the
security analysis is performed and finalized with an outppbrt. Therefore an automated
process must be created for allowing a rapid and continucesugion of all the steps.
Figure[3.2 illustrates the implementation of the proposedhwmd, showing the inter-
action between market simulations and load flow analysise fhlarket simulations have
two inputs, 1a and 1b. Input 1a contains the generating daitsbase (generation techno-
logy, heat rates, emission penalties, ramp up and ramp dates, Istart-up costs, fuel costs,
forced outage rates, maintenance outage rates, etc), aiies $average hourly wind power
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Figure 3.2: Block diagram of the round-the-year approach.
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production) and inter-area flow constraints. Input 1b iddlagl data for the study period, as
average hourly values; the load data is also an input forg¢hergy analysis.

The output of the market simulations (Results 1) is the lyostdtus and production of
each generation unit (including wind power production) & was the hourly programmed
interchange between different areas. Results 1 togethierimput 1b are further processed
via an interface where specific assumptions for attributiagl and generation to the nodes
of the grid are made and sent as an input to the load flow asalysi together with the
model of the network (topology, transformer and line parems). This process is repeated
for each hour of the study period and the output is Results8isting of hourly loadings
of the grid elements for the normal situation and contingesittiations.

Because of the large amount of data these results have tsb@meessed using rank-
ing criteria for indicating the weakest links in the netwarlorder to present results that can
contribute effectively to the decision-making processe Tdmking criteria will be described
in sectior 3.2P.

The process of exporting the hourly market simulation tsdato the load flow model
is automated using Python 2.5. Python is an open-sourcerfidwignamic programming
language that can be used to interact with the load flow to&/@8ia an application pro-
gramme interface (API). An additional advantage is thagriiaicing with Microsoft Excel
and ASCII files is a default capability. The numerous ASCHBdilith the hourly reports
of load flow calculations can be easily processed with Pytkxcel templates are used for
providing the input to the load flow calculations, and theuhssof the processed results of
the security analysis are saved in Excel format also. Thigiges both transparency in the
generated cases and capabilities to visualise the reduolthe analysis of the aggregated
results, specific cases can be easily reproduced and carebdearsfurther analysis and
validation.

3.2.2 Bottleneck ranking process

The criteria for choosing the weakest links in the netwourk @eveloped based on a stat-
istical analysis of the results. Whereas the time dimengi@abgent in the classical snap-
shot method, in the proposed method it plays an importaaetwithin the severity ranking
process. Moreover, since more aspects determine thesesghirding the severity of a
bottleneck, a multi-criteria ranking method as shown iruFéf3.3 is adopted.

For each generation and load scenario, bottlenecks areddinktly per network status
situation (N, N-1 and N-2). Then they are further ranked penario, and finally aggregated
for more scenarios according to their likelihood. The ragkis done according to certain
calculated severity indices.

In subsectiol 3.2.2.1, the criteria to be considered in #wsibn-making process are
illustrated. After that, the multi-criteria ranking meth@s explained more in detail in sub-
sectior:3.2.2]2 including the calculation of the severitjices.

3.2.2.1 Bottleneck ranking criteria

In this section the criteria that can be used in the bottlemanking process are defined.
These criteria are formulated for the N, N-1 and the N-2 sibuns.
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Figure 3.3: Multi-criteria bottleneck ranking.

a) The normal (N) situation The examined criteria are:
e CO1: branch loading median for the overloaded hours,
e CO02: total number of overloaded hours,
e CO03: maximum loading of overloaded equipment.

Figure[3.2 a) shows an example of a loading-duration curva fiiven branch. A loading-

duration curve is similar to a loading curve but the data @eced in descending order of
magnitude, instead of chronologically. With such a curveait be easily visualized how
often values are very high or very low. Of interest here agetlerloads that occur when the
loading is higher than a percentage of the elements ratextitgas agreed by the involved
TSOs. Itis assumed here that an overload occurs above 1G6&baapacity. Hence from

the previous curve only the first part with loadings over 10@#&d capacity is extracted.
The resulting curve can be named overload-duration cuna lofanch, as illustrated in

Figure[3.4 b). The three criteria are also depicted in thisrig

a) The N-1 situation The examined criteria are:
e C11: branch loading median for the overloaded hours,
e C12: total number of overloaded hours,
e C13: maximum loading of overloaded equipment,

e C14: the total number of branches that can be congested dugiven branch being
off service,
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Figure 3.4: a) Loading-duration curve for a branch; b) Owveald-duration curve for a
branch with indication of the criteria.

e C15: the total number of branches that if taken out causedhgestion of a given
branch.

For each simulated hour there are many N-1 contingencytgihsaand therefore the same
number of loading values for each transmission elementceélérns important to decide on
how the results are to be interpreted. For this reason oslyndiximum (hourly) loading for
each transmission element during an arbitrary N-1 contiogés considered.

MaxLoading; = Max{load branchi in hourt, during N-1}, t € study period (3.1)

Using this value, thenaximum N-1 loading - duration cunand furthermore thenaximum
N-1 overload - duration curvean be obtained for each branch. Using this curve, criteria
C11, C12 and C13 can be identified similarly to C01, C02 and i6(3gure[3.4 b). Cri-
terion C14 is calculated as the sum of all the branches thet wengested in the study
period while branch was absent. Similarly, C15 is calculated as the total nurobéi-1
situations in which congestion on branicbccurs in the study period.

¢) The N-2 situation The examined criteria are:
e C21: branch loading median for the overloaded hours,
e C22: total number of overloaded hours,

e C23: maximum loading of overloaded equipment.
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These criteria are defined similarly to C11, C12 and C13 bysicleming the maximum
loading-duration curves for N-2 situations.

3.2.2.2 Risk of overload and severity ranking of bottleneck

For each of the three situations (N, N-1, N-2) the same pnaeeid applied. The severity
ranking index of a branch for a situation is given by the rikwerload for that branch. The
risk of overload is computed as the product of the total @astéd hours and the branch
loading median for the overloaded hours minus the 100% oadrthreshold. Hence the
risk of overload for branch i during the N situatioR@ ;) is:

RO\, = (C01; — 100) - CO2 [% of rated capacityhours, i = 1..Ng (3.2)

Similarly the risk of overload for a branch during the N-lusitions is illustrated in
Figure[3.5 and given by the formula:

ROy-1 = (C11 —100) - C12 [% of rated capacityhours, i = 1..Ng (3.3)

140 _C 13 Risk of overload

S (RO)

)

3

@

>

[=]

£

b=

E

E e

= C |

|

100 \l

Duration [h]

Figure 3.5: Maximum overload-duration curve for a branctdahe calculated risk of over-
load.

The risk of overload during the N-2 contingency situatias i
RON-2; = (C21; —100) - C22 [% of rated capacityhours, i = 1..Ng (3.4)

In planning, a scenario describes a possible future of loa@dcanventional and renew-
able generation (including wind power) developmentNdfis the total number of future
scenarios andNg the total number of branches in the system analyzed, thesawerity
index for each scenario and each branch can be computed agldedesum:

Ski = [WyRO\, +Wn—1RON_1; +WN_2RON_2,]s (3.5)

wherewy +wn-1+Wn—2 = 1,5=1..Ns, i = 1..Ng. Sk; is the severity index for scenario
sand branch; wy, wn-1, Wn—2 are the weighting factors for the N, N-1 and N-2 situations
respectivelyROy i, ROy-1, andROy_2; are the normalized values of the risks of overload
computed in Eq._3]12, 3.3, ahd B.4. The normalized risks ofload are calculated according
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to Eq.[3.6, wherenaxRQ;; is the maximum risk of overload during situatisit for all Ng
branches and alls scenarios.
RGsit;i.s

ROutis =
Osn,|,s maxRQy

wheresit = {N,N—1,N—2},i = 1..Ng, ands= 1..Ns.

At very little overloads during N situation with respect tel\situations the normaliza-
tion can distort the results. In order to prevent that, f@esavhen the number of overloaded
hours during N-1 situation (C12) of the top N-1 situationtlesteck (which hagnaxRQ;_1)
is at least 100 times higher than the number of overloadetstthuring N situation (C02) of
the top N situation bottleneck (which hamxRQ,), the first term of E¢[_3]5 corresponding
to ROy, is ignored.

The values of the above mentioned weights should be setdingaio the preferences
of the decision-maker and based on the requirement for tl@ t6S®nsure the security of
electricity supply in the area under its responsibility. tekfconsulting with transmission
planning experts [79], values in the rangewaf= 0.6-0.5,wn-1 = 0.3-0.4 andvy-_2 = 0.1
were chosen. Note that the choice of weights is influenciag#hues of the severity indices
and maybe also the ranking order of the various bottlenddtwiever all detected overloads
are presented to the decision-maker, ordered from mosasg $evere, together with their
bottleneck ranking criteria for each scenario.

For an overall view, an aggregated severity index for alligtd scenarios can be ob-
tained (see Figuife3.3), with higher weights assigned torttwe likely scenarios. The final
severity index of branchcan be computed as:

(3.6)

Ng Ns
Sk = WjS|j7i, i = 1..Ng, Wj = 1 (3.7)
A &

wherew; are assigned to individual future scenarjos

The aggregation can be performed if an overall ranking foravszenarios is needed.
However, scenarios are usually compared instead of beiggegated. This is the normal
practice of TSOs. In this way the differences between vargeenarios can be compared
and analysed. In this case EQ.]3.7 is not needed.

An observation is that the severity indices are always divelaeasure which depends
on the set of scenarios analysed. The severity indices bglpesent the information in an
aggregated way for all situations (N, N-1 and N-2). For alisomeasures of overloading
in N, N-1 and N-2 situations, the risks of overload should bedl

The remaining criteria (C03, C13, C14, C15 and C23) can bihdumsed by the de-
cision makers if more information is needed for priorit@inottlenecks and recommending
solutions for eliminating them. After obtaining the finalttbeneck ranking for all elements
in the system, further investigations can be also done. Bsemwing if the voltage is within
limits, AC contingency analysis can be performed on somatified critical moments in
time. System stability issues can be also investigatedeifiad for the most critical cases.
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3.2.2.3 Risk of overload related to installed wind power

For assessing the risk of overload in the system relatecetestploitation of renewables (in

terms of installed capacity), different scenarios of ihethwind power can be studied, and
separately, with the proposed method, the severity ingieescenario for all the branches
in the system can be compared. Conclusions can be formukadadding the influence of

the installed wind power capacities level on the congestidhe grid and consequently on
the need of grid reinforcement. The focus in this work is onudtirarea analysis where the
risk of tie-line congestion is quantified.
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3.3 Method testing

In this section the method proposed in the previous seditested.

3.3.1 The New England test system

As a case study, the 39-bus New England test system is usedTB@& system consists
of 46 branches (lines and transformers), 10 generators @hdiges (see Figuie 8.6). The
system is modified in order to fit the needs of this study. Issumed that bus 31 connects
a wind power plant. Two more buses (40 and 41 ) are added toytens, and they con-
nect wind power generation to the rest of the system via two ranches (transformers)
between buses 41 and 25 and between buses 40 and 21. The¢hefgyestem becomes a
41-bus system with 12 generators, 41 buses and 48 tranemissinches. All branches are
assumed to have a rated capacity of 900 MVA.

Area 3

Area 2

Figure 3.6: New England test system.
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Furthermore, the system is split up into three intercoretkateas: Area 1, Area 2 and
Area 3. The three areas are connected by the branchesdtkessin Tablé 3]1.

Table 3.1: New England interconnectors.

Areas Branches [bus no. - bus no.]
Area l - Area 2 1-39;3-4
Area l - Area 3 26-29;26-28;16- 17
Area 2 - Area 3 14-15

The loads are not fixed to the values given in the originalesystinstead, three load
curves for one year (hourly values) are taken from a reaégsysind are scaled relative to the
peak load values of these time series. These relative vidaéseen 0 and 1) are multiplied
by the area total load values specified for the original Newl&md system.

Also, the data for the generators is enhanced and made tantsigth current conver-
sion technologies and fuel prices. The types of generas®d in the test system are given
in Table[3.2. In this table also the installed wind capadtgiven. This example is used
for the method validation. Wind power time series based oasued wind speed data are
scaled to the installed wind capacity considered for thdistliscenario. It is important to
mention that the load and wind input data are chronologindl @rrelated, and span one
year of hourly averages. A perfect forecast is assumed tbnbimd and load. After running
the market simulations, the output of each generating srobtained together with other
information as exchanges between areas. Within the mairkefiation the transmission
capacity limits between the three areas are enforced.

Table 3.2: Types of generation in the New England test system

Area Plant type Installed capacity [MW]  Utilization factor [%0]

Lignite bus 37 965 85
Area 1 Gas bus 30 640 22
Wind bus 41 300 41
Coal bus 39 1100 59
Area 2 Gas bus 32 1852 33
Wind bus 31 400 24
Coal bus 38 1050 82
Gas bus 33 2002 4
Area 3 CCGT bus 35 790 79
CCGT bus 34 625 33
CCGT bus 36 699 40
Wind bus 40 400 38

In Table[3.2 the resulting utilization factors of each poywkmnt for the studied year
are given, whereas Talle B.3 presents aggregated infemmatiarea level for load, total
generation, imports and exports.

The time needed for the round-the-year security analygisther with the results pro-
cessing is 1 hour in the case of the New England test systemyHiwh 37 N-1 outages
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were used. The simulations were performed on an Intel(Re@d)Duo CPU E6550
@2.33 Ghz, 2 GB of RAM.

Table 3.3: Generation, load and exchange data for New Erdylan

Area  Totaldemand Total generation Imports Exports

[GWh] [GWh] [GWh]  [GWHh]
Area 1 7249 9497 750.7  3008.5
Area 2 13306 7545.7 5755.1  17.8
Area 3 15280 18759 194.9 36745

3.3.2 Detailed security analysis; comparison with the snaghot method
for Area 1

In this section a comparison between the snapshot methodhandroposed round-the-
year method is made in order to show that the round-the-ye#inad gives more in-depth
results. For purposes of illustration this comparison ievshfor Area 1. Two seasonal
peaks (summer (hour 3804) and winter (hour 8466)) are ifiethtirom the load curve for
Area 1 for the snapshot method.

In Figure[3.7 the loadings of the 13 branches belonging t@Are@re shown for the
snapshots related to the N and N-1 situations. It can beetbticat during the summer
peak there are no overloads. The winter peak gives 9 oveartbadanches for the N-1
contingency situations, and no overload for the N situation

Figure[3.8 shows the aggregated results for the roundehesecurity analysis. The
risks of overload are computed as in Hg.]3.2 3.3 and thematiaed relative to the
maximum risk of overload during N and N-1 respectively. Tlygr@gation is done ac-
cording to Eq.[ 356 and with the weights for 0.67 for the N ditumand 0.33 for the N-1
situation. All 11 branches in the figure are overloaded atleace in the study period. The
other two branches of Area 1 (not shown in Figlurd 3.8) are mewerloaded. Because in
this example the maximum risks of overload for N and N-1 docwhcide for the same
branch, the severity index for the top bottleneck (bran@) & smaller than one.

Table[3.4 shows the most important results of the classipstr based security ana-
lysis and of the round-the-year security analysis. Whilehandnapshot a number of over-
loads were identified only at the winter peak during N-1 gitwes, by using the round-
the-year analysis it was noticed that actually already énrtbrmal situation 3 branches are
overloaded and in the N-1 situation 11, in comparison to Orasgectively 9 overloaded
branches in the snapshots. It can be concluded that thetsstapsthod misses a number
of overloaded situations.
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Figure 3.7: Area 1 branch loadings for the winter and summeals.
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Figure 3.8: Bottleneck ranking for Area 1.
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Table 3.4: Security analysis results: round-the-year usrsnapshot.

Branch \ Snapshot | Round-the-year
Winter Peak C01 Co02 cCo3 Cl1 C12 C13
N-1 max loading
[%] %] [h] [%] [%] [ [%]

01-02 101.6 0 0 0 120.6 8 129.3
01-39 101.6 0 0 0 120.6 8 129.3
02-03 146.3 109.6 246 1354 1375 7302 219.7
02-25 158.7 102.6 464 109.8 153.8 7139 185.6
03-04 132.9 0 0 0 106.0 671 1423
03-18 59.1 0 0 0 103.4 131 1311
16-17 122.9 104.2 31 1159 111.0 583 180.2
17-18 59.5 0 0 0 108.2 536 1275
17-27 154.5 0 0 0 132.3 6495 166.9
25-26 100.6 0 0 0 106.6 2794 140.2
26 - 27 158.8 0 0 0 155.3 6637 185.6

Table 3.5: Bottleneck ranking for Areal: snapshot versusmdsthe-year security analysis.

Rank \ Snapshot Round-the-year
Branch name  Winter Peak N-1 | Branch name  Severity Index
Max Loading[%] [p.u.]
1 26 -27 158.8 02-03 0.905270
2 02-25 158.7 02-25 0.667438
3 17-27 154.5 26 -27 0.315349
4 02-03 146.3 17 -27 0.180250
5 03-04 132.9 16 - 17 0.042642
6 16 - 17 122.9 25-26 0.015844
7 01-02,01-39 101.6 17-18 0.003753
8 - - 03-04 0.003459
9 25-26 100.6 03-18 0.000383
10 - - 01-02,01-39 0.000141

Moreover the round-the-year approach gives more relevesults as it captures bet-
ter the severity of the bottlenecks. Table]3.4 illustratexdt for example line 16-17 in the
snapshot is not overloaded for the normal situation anchdux-1 it is overloaded with a
loading of 122.9% of rated capacity. The round-the-year@ggh shows that actually there
are hours when the line is more heavily loaded in both N andsieations, in N-1 reaching

a maximum of 180.2%.

As a consequence of all the above mentioned, the rankingdddtilenecks is different
for the snapshot and the round-the-year method. Table/@sfrdtes the changing in ranking
together with the ranking values. It can be noticed that ifferdnces between ranks are
clearer with the round-the-year approach.
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3.3.3 New England tie-lines overview

In actual regional studies with more interconnected amghsre individual areas are modeled
possibly in a more simplified way, the focus could be on irdarectors only. Consequently,
in this section an overview of the bottleneck ranking residt the tie-lines in the New Eng-
land system is made.

Table[3.6 shows the main criteria and the normalized risksvefload for the normal
situation and for the N-1 situations respectively. Thelbatck ranking according to the
severity index is shown in Figufe_3.9. The aggregation isedaccording to Eq[_3]5 and
with the weights for N and N-1 situations, of 0.67 and 0.3Pessively.

Table 3.6: Tie-lines: main criteria and risks of overload.

Border Branch CO01[%] CO02[h] ROy Ci11[%] C12[h] ROpn_1
Al-A2 01-39 0 0 0 120.6 8 0.025635
03-04 0 0 0 106.0 671 0.627787

Al-A3 16-17 104.2 31 1 111.0 583 1
A2-A3 14-15 0 0 0 118.8 211 0.618556

The tie-lines that appear in Figure 3.9 have a severity irgles0, and therefore they
are congested. The top 3 bottlenecks are branch 16-17Avdldy 3-4, and 14-15. Last in
line is branch 1-39. By analyzing this together with the infation shown in Table-3.3 it
can be noticed that probably the reason for tie-lines 16314, 14-15 being the most con-
gested ones, is the structure of the grid and the limitedataiinterconnection capacity, in
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Figure 3.9: Bottleneck ranking for all the tie-lines.
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combination with the high exports from Area 3 to Areas 1 andri?] from Area 1 to Area
2. The subsystem formed by buses 28, 29 and 38 in Area 3 is remtlg connected with
the rest of the Area 3 buses (where most of the generationoalddre concentrated), this
leading to having only line 16-17 overloaded between aressd13.

3.3.4 Risk of overload with increasing wind power

An example of evaluating the risk of overload versus exptah of renewables is presented
in this section. The generation park is the same as in TaBlex@ept for the wind power.
Three scenarios of installed wind power are consideredwstriited in Table_3]7. The tie-
lines of the New England system are monitored. The purpoigéxample is to see what

Table 3.7: Scenarios of installed wind power.

Installed Wind Power [MW]

Area

Scenariol Scenario2 Scenario 3
Area 1 300 300 300
Area 2 400 800 1600
Area 3 400 800 1600

happens in the grid when the installed wind power is incr@aséreas 2 and 3 (while in
Area 1 it is constant). The three scenarios differ only tigtothe wind power capacities.
The load time series and other generation data are the saave.nfdrket simulations are
run for the scenarios 2 and 3.

The comparison of the final severity indices is shown in Feflf0. The aggregation
is done according to E@._3.5 and with the weights 0.67 for theade and 0.33 for the N-1
case. The risks of overload are computed according td Edar®il3.3 and then normal-
ized relative to the maximum risk of overload during N and Ke&pectively for all three
scenarios.

It can be noticed that with the increase of installed windacites in Areas 2 and 3,
the severity of the bottlenecks changes due to the shiftiggeeration output between the
three areas. Figufe 3]11 illustrates the generation mix#éeh of the three scenarios. In
Areas 2 and 3 the conventional units decrease their pramuetid more wind energy is
produced. In Area 1 the lignite power plant maintains camstatput in all three scenarios,
due to its inflexibility, while the gas and wind power plangsluce their output as Areas 2
and 3 have to accommodate much more wind power.

Furthermore, Table_3.8 shows the total generation, impanmts exports for the three
areas under scenarios 2 and 3, while the same data for Szédnads presented earlier in
Table3.3.

The total generation in Area 1 is decreasing while in Areaig iibcreasing. In Area 3
the generation slightly increases in Scenario 2, while Enacio 3 it dramatically decreases.
Consequently, the imports and exports change. Figuré 3v&2 g more detailed image of
the area-to-area total energy transports under the thesasos.
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Figure 3.10: Comparison of severity indices for three searsof installed wind power.
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Figure 3.11: Generation mix for the three scenarios.
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Table 3.8: Generation and exchange data - Scenarios 2 and 3.

Scenario 2 Scenario 3
Area Generation Imports Exports Generation Imports Exports
[GWh]
1 9367.3 766.5 2890.3 9187.4 621.6 2561.2
2 7664.1 5661.5 29 13343.7 1510 1547.8
3 18790.5 185.6 3694.3 13301.3 2511.2 533.8
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Figure 3.12: Inter-area total transports for the three saeios.
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3.4 Dutch power system case study

This section illustrates the method further by implememtiron a practical case study for a
2020 demand and supply scenario for North-Western Europeasing on the Dutch power
system. The implementation has been done in collaboratitni@nneT TSO. The market
model has a larger perimeter (10 countries) than the gridem@dcountries) in order to
more accurately reflect influences of generation, i.e. RBE&,d@mand in the area outside
the transmission grid planning focus area. Of course suémplementation brings many
challenges in terms of coupling the market and the grid neydit this is not the purpose
of the current section. More details can be found.in [78] andppendiX €. Running this
method of combined market simulations and load flow calmnatfor a real system on a
regular office computer is demonstrated. The results tleablbtained with the round-the-
year approach are compared to an analysis based on two sitmp$imoments chosen in
transmission grid planning for the same future scenariodnn&T, the Dutch TSO, in their
2011 Quality and Capacity Plan [81].

3.4.1 Case study description
3.4.1.1 Market model

The zonal market model is formed by detailed models of temtr@s in Northwest Europe:
Belgium, Netherlands, Luxembourg, France, Germany, Dekn$aveden, Norway, Great-
Britain, and Ireland. The model is split into 14 market nodaated to grid design while
neglecting the internal bottlenecks. These market nodes@rmected with each other by
links of limited cross-border transfer capacities. Thdrp@ver plants are clustered into
126 different categories. Furthermore in total 54 nonsfa@rgeneration categories are
modelled. The hourly output of the market simulations cigts the hourly planning
cases for the studied year (2020). The underlying scenatioei EU 2020 scenario which
has been used in [81].

3.4.1.2 Grid model

Loadings of selected branches in normal and contingenagtgins are determined using
PSS/E version 32. A DC-DC contingency analysis is used. Tidengodel that is used to
perform the calculations for the analysis, consists of easgntation of the Dutch EHV grid
(380 kV and 220 kV) and a small part of the HV grid (150 kV and kW) where appropri-
ate. Similarly a significant part of the HV and EHV of the neighring grids of Belgium,
Luxemburg, Germany and France have been included. Themnamg interconnections
between the modelled countries (38 tie-lines modelled)atso between the modelled area
and the rest of the interconnected system (71 tie-lines Heatje Tableg 3.D gives an over-
view of the elements within the grid model. The contingeneglgsis is performed only on
the Dutch part of the grid. The surrounding countries areetied to obtain realistic cross-
border flows. Phase shifting transformers are set to theitraleposition in all cases and
no post-contingency generation re-dispatch is taken iotoant. A diagram of the Dutch
EHV grid is given in Figuré 3.73.
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Table 3.9: Characteristics of the used grid model.

Element Buses Machines Loads Lines Transformers
Total System 4876 2582 3711 5157 1713
The Netherlands 250 80 39 122 93
3.4.2 Results

3.4.2.1 Computational aspects

For this study case, N-1 and N-2 contingency analyses on thehDyrid for a complete
year are performed. The analyses are carried out on a regartgyuter with an Intel Core2
Duo P8700 processor at 2.53 GHz with 2.9 GB of RAM and a 320 G# d&k. The
computational characteristics are presented in 3THe vast amount of produced
data exists partly due to the fact that for each hour a fultiogency report is stored in a
plain ASCII file which can be compressed at a later stage.

Table 3.10: Calculation reference.

Type Contingencies  Monitored lines Comp. time Storage Compressed

[no.] [no] (] [GB] [GB]
N-1 133 119 5 9.4 0.6
N-2 1789 119 24 154.6 5.2

3.4.2.2 Overall results

Table[3.11 illustrates the main results of the round-tha-gecurity analysis. All branches
reported in the first column were congested at a certain moumeler N, N-1 or N-2 condi-
tion[] For each of them the criteria C01, C02 and C03 (for the N sanxtC11 to C15 (for
N-1 situation) and C21, C22 and C23 (for N-2 situation) ammpoted. Using the criteria
the risks of overload are computed, and ultimately the $sviedex is determined for each
branch using the weights 0.6 for N, 0.3 for N-1, and 0.1 for Blt@ations. The results of the
bottleneck ranking are shown in Figlire 3.14 and Table] 3.aITable[E. 1 from Appendix
[E, the link between node full name and node abbreviation ednind.

It can be noticed that the branch between MEE and DRT (coimetite substation of
Meeden to the phase shifter in Meeden) is overloaded in N, &hdél N-2 situations and
is the most frequent occurring bottleneck. The next mosiueatly occurring bottleneck
is given by the branch EHV-MBT (Eindhoven-Maasbracht)ldiekd by the lines GT-KIJ
(Gertruidenberg-Krimpen) and DIM-OZN (Diemen-Oostzaalm) addition, by looking at
the C15 values it can be noticed that the most frequently roogubottleneck (between
MEE and DRT) is sensitive to 125 N-1 outages (almost all N-tages). Also the branch
DIM-OZN is sensitive to 107 outages. The same line DIM-OZNhis most critical from
the perspective of C14, meaning that 9 branches are affegtdte outage of this line.

INote: for the branches that have more identical parallebitsconly the results for one circuit are presented
because the results are the same for these circuits. Herderathch names refer to one circuit only.
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Table 3.11: Results of the round-the-year contingency\aisl

colr cCo02 cCo3 Ci1 Cil2 Ci3 Ci14 Ci15 c21 C22 cCz3

Branch o 1 6l [l (][] [br] fout] [ [ [%]

EOS-EEM 0 0 0 108 57 130.1 6 1 107.1 134 134.1
DIM-OZN 102.2 1 102.2 110.35 114 130.7 9 107 110.9 645 162.6
DIM-BKL 0 0 0 105.25 88 134.3 3 1 110.7 148 139.2
EHV-MBT 0 0 0 112.2 719 148.1 6 2 1185 1067 169.9
GT-KIJ 0 0 0 107.45 252 132.6 6 1 1126 690 1524
HGL-ZL 0 0 0 103.3 71 118.3 3 1 105.7 342 128.7
KIJ-BKL 0 0 0 107.7 97 129.9 5 1 1099 181 1405
MEE-DRT 107.1 92 1394 122.05 1190 2243 3 125 123.2 1652 225.3
ENS-ZL 0 0 0 0 0 0 0 0 103.9 15 111.9
BVW-OZN 0 0 0 0 0 0 0 0 104.2 43 116.1
TBG-GT 0 0 0 0 0 0 0 0 105.7 388 127
TBG-EHV 0 0 0 0 0 0 0 0 113.6 1066 152
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Figure 3.14: Bottleneck ranking for the normal, N-1 and Ni#2ations in the Dutch EHV
grid.

For getting a better picture of the cause-effect relatigpesbetween bottlenecks and
outages, the relationship between them is analysed by naasmsnatrix containing the
number of overload instances per outage. Tablel 3.12 shassasmatrix for the top 5 N-1
outages (in terms of number of overload instances). On theréiw the outage names are
listed and on the first column the bottleneck names. At thergetction of each row and
column the number of instances of branch overload due tooil@ige can be found. The
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last row sums all the number instances of branch overloguiéngutage for the whole year.

Table 3.12: Top 5 N-1 outages measured in instances of aada the 380kV grid.

w MEE-DRT EHV-MBT GT-KIJ1 DIM-OZN KIJ-BKL
Branch

EOS-EEM 0 0 0 0 0
DIM-OZN 1 7 3 0 109
DIM-BKL 0 0 0 88 0
EHV-MBT 0 719 0 1 0
GT-KIJ 0 0 252 0 0
HGL-ZL 0 0 0 0 0
KIJ-BKL 0 0 0 97 0
MEE-DRT 1190 82 80 79 76
Total no. of overloads 1191 808 335 265 185

3.4.2.3 Zooming into a specific bottleneck

From the results in the previous subsection it can be sedrthhaseverity index of the
branch MEE-DRT is the highest. When looking at the actuahsibm in the grid, this branch
appears to be fully controllable due to a series phase sppiftansformer in the substation
of Meeden|[82]. As stated before, in the current analysispiiese shifter settings have
not been optimised hence it is assumed that the setting akpdtdfters would resolve this
issue in most of the cases. Therefore in this chapter thenlitiethe second largest risk of
overload (EHV-MBT) is zoomed into. This line is connectimg tsubstations of Eindhoven
and Maasbracht. The line EHV-MBT has been identified by Té&rind81] as a bottleneck
presenting N-1 and N-2 risks. One of the scenarios in thatitent is comparable to the
underlying scenario for the results in this work, namely Bt¢2020 scenario. The results
of the N-1 assessments on a high onshore wind situation aigth afishore wind situation,
both in conjunction with high load are given in Figlire 3.15.

EHV - MBT

@M

high anshore wind -| ....................... I |
high offshore wind R T | . O N1

n] 50 100 150
Brandh Loading [%:]

Figure 3.15: Results of the snapshot analysis for two higidwihigh load situations [81].

One of the options for reducing this bottleneck is the insecaf the rated capacity of
the line itself. The line EHV-MBT currently has a rated capaof 2.5 kA (1645 MVA
at 380kV). The effect of increasing the rated capacity oflihe to 3.0 kA (1975 MVA at
380kV) has been assessed. According to the conventionatipiganalysis, by increasing
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the line’s capacity to 3.0 kA, the EHV-MBT line becomes N-fesaHowever, the round-

the-year analysis gives different results as shown in Tad8. It can be seen that C12,
the number of overloaded hours under N-1, decreased blgdsatt205 hours. The risk of
overload of line EHV-MBT reduces more than ten times becaifishe capacity increase,
but does not disappear. Hence more or other grid reinfornemeasures should probably
be taken. For the other lines, the risks of overload do natghand are not reported in the
table.

Table 3.13: Effect of increasing the rated capacity of the/8HBT line.

Case Ampacity C01 C02 C03 Cl1 C12 Ci13 R@:

Current capacity 2.5kA 0 0 0 112.2 719 148.1 87718
Increased capacity 3.0kA 0 0 0 104.1 205 125.2 8405

3.5 Scalability of the round-the-year security analysis

It was shown in this thesis that the round-the-year secariglysis method is scalable for
different power system sizes and thus can be used for both anghlarge power systems.
Table[3.I# sums up the grid models on which the round-thesesaurity analysis is applied
in this work (model 2 is used later in Chapiér 5). Furthermdeble[3. 15 shows the total
round-the-year security analysis computation time fottinee grid models. For performing
the calculations, regular computers were used: for modatgl2 an Intel(R)Core(TM)Duo
E6550 CPU @2.33 Ghz, and for model 3 an Intel Core2 Duo P87Q00 @R.53 GHz.

The time needed for the round-the-year security analygisth@r with the results pro-
cessing was 1 hour in the case of the 41-bus New England t&sinsymodel 1), for which
37 N-1 contingencies were performed and 37 branches werd&areh In the case of the
316 bus EHV Dutch transmission grid with simplified repreaéon of the Belgian and
German grids (model 2), with 139 N-1 contingencies and 96itomed lines, the security
analysis together with the data processing took about 2ishd-or both models 1 and 2
an AC-DC approach was used (AC for the N situations and DCHerN-1 contingency
situations). For grid model 2, due to convergence issue#jpi@uAC load flows had to
be run in some cases. A third of the 2.5 h was taken by the dategsing. In model 3
the transmission grids of the neighbouring systems wenesepted with a higher level of
detail. In total 4876 buses can be found in the intercondesystem. The analysis for 133
N-1 contingencies and 119 monitored lines, using a DC-DCaaah, took 5 hours. Here
also N-2 contingency analysis was performed separatety fiee N-1, using again a DC-
DC approach (DC for the N situations and DC for the N-2 situz). This process took 24
h for 1789 contingencies and 119 monitored lines.
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Table 3.14: The three AC grid models used in this thesis agid tharacteristics.

No. Model Buses Generators Loads Branches
1 New England 41 12 19 48
2 NL + simplified BE, DE 316 209 87 421
3 NL + detailed BE, DE, LUX, FR 4876 2582 3711 6870

Table 3.15: Computation time comparison.

Model no. Approach Contingencies Monitored Computation

elements time
1 AC-DC 37 N-1 37 1lh
2 AC-DC 139 N-1 96 25h
3 DC-DC 133 N-1 119 5h
3 DC-DC 1789 N-2 119 24 h

The computation time is determined by several factors whighdiscussed in the fol-
lowing.

e Computer performance and parallel processing. The computer used has a great
impact on the speed of the calculation. However even on thdaecomputers used
for the study cases investigated in this thesis, the cortipntame is acceptable. With
computers having multiple processors parallel computingoissible, this leading to
a significant reduction of the total computation time. Théiapof using multiple
processors in parallel during the calculation has beendadetzently to some of the
commercial power system analysis software.

e Used load flow approach and case difficulty The load flow approach, namely AC
or DC load flow, for the base case (N situation) and the coetioges situations (N-
1, N-2) influences the computation time. The power flow pnobtd an AC power
system is a non linear problem and therefore it should be=dddy using an iterative
solution method (AC load flow). Finding a solution is not guateed, as convergence
may not necessarily be reached. As a simplifying alteredtie so called DC load
flow or better said linearised load flow method can be used¢hvadopts a simpli-
fied linear model of the AC system and is not iterative, themefilways providing a
solution. Summing up, DC load flow is faster but less accuratéle AC load flow
gives more accurate results but is slower than the DC load #iod in addition it
may not converge. In this thesis AC-DC and DC-DC approachesised. For solv-
ing the convergence issues of the AC calculations, in CnEpgebsequent load flow
calculations are performed, and this is also increasingtimputation time. If an
AC-AC approach was to be used, an automated method for gohginmany as pos-
sible of the convergence issues should be developed. Tredifzrent AC load flow
methods, which bring their own advantages and disadvasitaghk respect to com-
putation speed and ease of reaching convergence. In tisis the Newton-Raphson
method was used (when AC load flow was performed), which gdigdras a good
convergence rate no matter the size of the system [83]. Anatbpect to be noted
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here is the complexity of the load flow cases. If there are ndfifficult cases with
respect to reaching convergence when using AC load flow rdettbis will add to
the computation time.

e Data processing efficiency. The efficiency of the approach used for reading and
writing files during the data processing phase also playsnoitant role, as if pro-
grammed poorly could result in very high computation time.tHis work the data
processing has been already optimized, but further opitioiz is still possible and
could probably make the process even more efficient.

e Size of the grid modelThe size of the grid model will also impact the computation
time largely. By comparing models 2 and 3 for N and N-1 cordimzy analysis, it can
be noticed that the computation time is double in the casecofat (5 h for model 3
and 2.5 h for model 2). Although the number of contingencresraonitored lines is
comparable, the grid model 3 is much bigger than model 2 {beimes more buses
and 16 times more branches in model 3).

e Number of contingencies and number of monitored elementsThe number of con-
tingencies to be performed and the number of monitored aleswell also influence
strongly the total duration of the computation. First, themier of contingencies
determines the number of load flow calculations that havestpésformed for every
hourly snapshot. Moreover the number of contingenciesals increase the amount
of data to be processed, leading to a further increase in gtatipn time. By com-
paring the analysis for N and N-1 situations to the one for N8 situations in the
case of grid model 3, we can see that the only parameter thagell was the number
of contingencies (139 N-1 versus 1789 N-2). The high numlbeontingencies in
the N-2 contingency analysis leads to a total computatioe tf 24 h in comparison
to the 5 h needed for the N-1 contingency analysis. This mewifor an increase
of 13.5 times in the number of contingencies, the computatioe is almost 5 times
longer for a DC-DC approach. Similarly, the number of mor@tblines will impact
the simulation time from the point of view of data processifidpis is due to more
load flow results having to be written on the hard-disk anthierrprocessed.

3.6 Summary

In this chapter a statistical method for bottleneck rankimdpe used in transmission ex-
pansion planning has been presented. The method uses athmipdar approach and is
adequate for large interconnected power systems having afnigieneration technologies
including a high penetration of wind power. Market simwas are combined with detailed
load flow calculations for getting a complete picture of tbagestions in the transmission
grid, while considering the chronological aspect and threetation of load and wind speed
time series. Criteria for prioritizing bottlenecks werevel®ped together with a method for
ranking them according to a risk-based severity index.
The method is tested on a modified New England test systennttiaties wind power

plants, using one year of load and wind data. The resultsedfr#fditional snapshot method
and of the proposed round-the-year method are comparedsfoedfic area. It was shown
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that the new method gives more detailed and insightful tesidentifying bottlenecks that
the snapshot method missed and also giving a reliable hettleranking based on the risk
of overload calculation. In addition, an analysis for ak tifie-lines of the New England
system split up in three areas is made via the proposed methedound-the-year security
analysis pinpoints which physical transmission lines ffiexted by a given scenario and the
top bottlenecks are identified. The structure of the grid Jitnited interconnection capacity
and the market simulation results regarding the optimaiggnexchanges between the three
areas lead to presence of congestion in these corridors. mpadgson between different
wind penetration scenarios reveals the relationship evike tie lines severity indices
and the increase in installed wind power. The subsequemigesain the generation mix
cause changes in the grid power flows, and therefore in thexrigeindices of the tie-lines
as well.

The method is also applied on the Dutch transmission grichfecenario for the year
2020. With an up-to-date standard computer, using the predenethodology proves to
be feasible for the hourly one year evaluation of a largeesystthere 133 N-1 outages and
1789 N-2 outages were performed. The results were compaead with the traditional
snapshot planning method where only a few planning casesapegesent a whole year are
analysed. In a comprehensive way the presented methoddpsosidditional information
with respect to the risk of overload of transmission brasched assessing the severity
of each bottleneck. Furthermore, with the help of the ragldriteria the relationships
between outages and bottlenecks are emphasized, revéfadingost critical sensitivities
in the grid. The method can also be used for testing grid cedeiments in order to get
insight into the effect of grid modifications aimed at rechgcspecific bottlenecks. The
case of increasing the rated capacity of one of the maindmattlks is checked against the
bottleneck ranking criteria by using the same market sitrafaesults. It is observed that
the risk of overload is dramatically reduced but not comglle¢liminated in this example,
while in the classical planning (snapshot) method the &o#itk would disappear. The used
grid model is representative for the study area of the Dutdkl Brid. More reliable results
can be obtained on the one hand by having better grid mod#is aieighbouring countries,
and on the other hand by using Power Transfer Distributicsidfa (PTDFs) established
jointly by responsible TSOs i.e. by ENTSO-E. Over the lagtadies the controllability
of cross-border flows in the Dutch and Belgian grids has begmadved by installing phase
shifters on several tie-lines. In the DC load flow model thagghshifting capabilities are not
considered. A more accurate modelling of the control cdjpiglsi of phase shifters should
be adopted in future research.






Chapter 4

Round-the-year reinforcement
solution generator

In this chapter a solution generator for the transmissigrargion planning problem is pro-
posed. The method makes use of the round-the-year netwoukityeanalysis introduced
in Chaptef B and it iterates sequentially over various fpsseinforcements until no more
overloads occur. A robust assessment of overloads in tiefgridifferent reinforcement
candidates is performed, as all the hours of the year aréd=yes. The decrease of the so-
called grid severity index is used to measure the goodnessabf reinforcement candidate.
The reinforcement candidates are formed by doubling exjdtnes and by building new
lines. The existing lines candidates are limited with thip lné the round-the-year security
analysis to the most serious bottlenecks and the most sezamtingencies. The set of new
lines candidates is chosen by expert judgement and serwepdgo the solution generator.
The New England test system is used again for testing theadeth

4.1 The need for a reinforcement solution generator

The round-the-year security analysis is meant to be useHdrtransmission expansion
planning (TEP) process. For that, bottleneck ranking issmatugh, as the result should be
an assessment of the reinforcement candidates. Indeeglahef transmission expansion
planning is to determine what reinforcements are needed fature scenario in order to
maintain a reliable, efficient and sustainable power system

Because of the deregulation of the electricity sector, thergence of regional electri-
city markets and continuously increasing penetration dftde renewable energy sources,
it was already shown in Chaptdrs 2 drd 3 that transmissioansipn planning is facing
new challenges and has to deal with a lot of uncertaintiee r€kearch in the transmis-
sion expansion field has to keep up with these uncertairdied,at the same time offer
solutions that are optimal from as many viewpoints as ptes¢#inch as reliability, econom-
ics, sustainability). However due to the complexity of tHePTproblem, finding the global
optimum solution seems an impossible, even arbitrary tdgieover, it should be noted
that no matter how advanced a method is, in the end decisikennalways determine

53
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the reinforcement plans on the basis of the regulatory freorie transmission companies
strategies and policies, and the need and opportunitie®iiciorcements. Hence it could
be useful to give the decision makers robust and intuitif@mation.

To this purpose, in this chapter a round-the-year reinforr@ solution generator is
developed, which has as goal to reduce the overloads inithégin efficient way based on
a priority list until complete elimination (if desired). €solution generator makes use of the
round-the-year security analysis for assessing the eféertss of reinforcement candidates
at each reinforcement step. In this way a robust result caobbeined by considering a
large set of realistic generation (including renewabl@s) laad combinations provided by
the initial market simulations. Criteria for measuring tb&l risks of overload in the grid
are developed (in addition to the bottleneck ranking datértroduced in Chaptéd 3) and
used in the assessment. At the end of the process, the orilrefl reinforcements is
given together with the grid overloading indices for eadhfrecement step. Additionally,
detailed information for each step and the results of thadethe-year analyses at each step
are made available for allowing further in-depth analysisesults and efficient decision
making.

The chapter is structured as follows. In secfion 4.2 the dethe-year reinforcement
solution generator is introduced. Further in seclion 4e3rtiethod is applied on the New
England test system and a few sensitivity analyses are npagfb for investigating how
stable and robust the reinforcement solution is. At the émdnbain conclusions of the
chapter are summarised.

4.2 Method description

After having determined the bottlenecks (the overloadexhdines) in the grid and their

severity, the next step is to find solutions for reinforcihg grid in order to solve these

bottlenecks. It was already shown in the Chapier 3 (se€tid®3) that the round-the-

year network security analysis can be used for testingosements. Consequently, in the
current chapter a solution generator that makes use of thedrthe-year network security

analysis is introduced. Candidates for the transmissiga®sion problem are tested and
selected iteratively (sequentially) until all bottlensdk the grid are removed (see Figure
[4.T). During this process, the same initial market simatatiresults are used, while the
grid topology is changed. By using the proposed method nenéarcements solutions can
be proposed. The method stops here. The different reinfarnésolutions can be better
defined and further assessed in a (multi-criteria) cosefieanalysis such as the one intro-
duced in|[31].

4.2.1 Grid risks of overload and grid severity index

In this chapter the grid structure prior to adding any reioément is referred to as the base
case. Itis assumed that in the solution generator only N afidsituations are investigated,
due to computation time. In case overloads are discoveredgithe base case round-
the-year security analysis (see Figlre] 4.1) the solutioregdor is initiated. In order to
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Figure 4.1: Round-the-year security analysis and reinéonent solution generator.

assess the reinforcement candidates some new criteriaddbeantroduced and these new
guantities to be used in the proposed method are defined la[@dh

In Chaptef B the risks of overload for the N and N-1 situati@nd the severity index are
defined for each branch and so also for each bottleneck. drehigEipter indices defining the
overall grid risks of overload are introduced.

For a certain grid structurgr (including the base case), the grid risks of overload for N
and N-1 situations are computed by summing up the risks alaae for each bottleneck
during N and N-1 situations respectively (see [Eql 4.1).

Ng
[Rogrid,sit]str = [Z\ ROsit,i}str (4-1)

wheresit = {N,N — 1}, Ng is the number of branches. Consequently, the grid risks of
overload for the base case af®Qyrid n]base [ROyrid N—1]base

Further the grid severity index for a certain grid structate(different than the base
case) can be calculated by a weighted sum, as il EQ. 4.2. Bedaeigrid severity indices
are computed with respect to the base case, in this equatagrid risks of overload of the
structurestr are normalized with respect to the risks of overload of theelzase.

[Rogrid.N]str [Rogrid,N—l}str
a1 TWN-1To
[R%rid,N]base [Rogrid,Nfﬂbase

If Eq. [4.2 is applied for the base case then it can be noticaikhie grid severity index for
the base case is alwaiBlyid|base= 1.

[Sbrid}str =WN (4.2)
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Table 4.1: Relevant quantities

Name Symbol Definition

Top bottleneck B The bottleneck that has the highest severity
index (SI)

Top contingency TC The contingency that causes the highest
number of branch overloading occurences
for the whole study period (multiple over-
load occurences per hour are counted)

New possible lines NPL New lines that connect nodes that are not
directly connected in the base case

List of candidates LC Contains the candidates (new lines or up-
grades of existing corridors) to be tested
during a certain step of the reinforcement
solution search

N grid risk of overload ROyrid,N A measure of the overload in the grid during
the normal (N) situation

N-1 grid risk of overload ROyrign—1 A measure of the overload in the grid during
single contingency (N-1) situations

Grid severity index Slyrid A measure of the overload level in the grid

Top reinforcement candidate(s) TRC The candidate(s) that brindsghest de-
crease in the grid severity index

Reinforcement r The chosen reinforcement, where T RC

in case more candidates are in TRC, then
r is the one of shortest length (lowest cost
approximation)

At very little overloads during N situation with respect telN\situations the normaliz-
ation can distort the results. In order to prevent that (icoagance to sectidn 3.2.2.2), in
cases when the number of overloaded hours for a grid stestuduring the N-1 situations
(C12) of the top N-1 situation bottleneck (havintaxR@,_1) is at least 100 times higher
than the number of overloaded hours during the N situatidd2j@or the top N situation
bottleneck (which hamaxRQ), the first term of Eq._4]2 is ignored.
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4.2.2 Choosing the reinforcement
4.2.2.1 The list of candidates

Let Gg be the set of branches in the base case grid. Ggebe the set of branches in a
reinforced grid withk reinforcements with respect @y.

If in the base cas&g overloads are found, a list of candidates for reinforcen(ie@g)
is made, providing the candidates to be tested in the firptadtéhe reinforcement solution
search. The list consists of the top bottleneckBy) and top contingencie§ ) branches
from the round-the-year security analysis which can be agepl (here implemented as
adding another circuit to an existing line), together witistiof new possible linesNPLg)
which are lines that do not exist in the initial grid. It is as®ed that other existing lines than
the top bottlenecks or the top contingencies bring less@réload reduction, as the TB is
the most sensitive branch and the TC is the most criticalr{@agy with the criticality and
sensitivity network theory concepts used in TEP for exanmplgpain [65]). Consequently
computational time is saved by limiting to TB and TC the lifegisting lines that can be
upgraded. It should be noted that in this work the critigadita contingency is measured by
the total number of branch overloading occurrences caustttisystem during the whole
study period; for a given hour of the study period multipledsad occurrences can exist.

The base case grid risks of overload for N and N-1 situatioes@amputed according to
Eq.[4.]. In the base case there is an inll&lLy chosen by expert judgement, which during
the search process, is reduced each time the grid is regtfavith a linel € NPLy, as this
line might become a top bottleneck or a top contingency.

For a certain stef in the reinforcements search, a list of candiddt€g is used. The
list of candidates for reinforcement is given by the reurabthree sets as shown in Hg, ¥.3.

LC=TB« 1UTG1UNPL 1 (4.3)

T Bx_1 is the set of top bottlenecks for stkp- 1, namely the top bottlenecks (with maximum
severity index) for grid configuratioBy_;. The top contingencies for stép- 1 areTG_1
which are the contingencies that cause the highest numlzsedbads in the study period.
Last but not leastNPLy_; is the set of new possible lines. (These lines do not exist in
Gk_1.) The list of candidates is updated at each reinforcemeptatcording to EQ.4.3.

It should be kept in mind thallPLg is an input data set for the solution generator and
has impact on the final solution. The more options the béetiesblutions. However, more
options means also an increase in the total computation titeace a largél PLy should
be carefully selected by expert judgement before serviranaaput to the simulation and
possibly reduced in the first 2-3 steps of the solution geaelyy eliminating the lines that
do not bring enough grid overload reduction or that incréheeayrid overloads.

4.2.2.2 Selection of reinforcements

As mentioned previousl\.C is the set of candidates for reinforcement for adding rein-
forcementk (in stepk) to grid Gx_;. Each candidaté € LCy is added to the gridsy_1,
and the round-the-year security analysis is performed s€guently the grid risks of over-
load (RQyrid,N]g, ;ufl}s [ROyria N-1]G, ;uq1}y) @and the grid severity indefSlyria]g, ,uq) are
estimated for each reinforcement opti@g_, U {l } separately, according to Hg. 4.1 4.2.
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The impact of different reinforcement optio@®_1 U {l } with respect to th&y_; case
in terms of reduction of overloads in the grid is measurediveadecrease in grid severity
indexASlyiq. For each reinforcement cagg_1 U {I}, the decrease in grid severity index
is calculated as the difference between the grid severitgxof theGy_; case and the grid
severity index of the reinforcement case with liredded toGy_; (Eq.[4.3).

[ASlyria]e, ;u1y = [Skrid]e s — [Skyridle, yupy, VI € LG (4.4)

From all the lined € LCy, the ones which bring the highest decrease in grid severity
index are selected. Hence, the set of top reinforcemenidatedT RG is calculated as the
set of candidates that cause the highest decrease in gadtgeéndex (see Eq.415).

TRQ( = {| (S LCk,l . [Asbrid]Gk,lu{l} = max and[ASlgrid]kalU{” > 0} (4.5)

Most likely, TRG has only one element, and thé¢n} = TRG, wherery is the Kth
reinforcement. IfT RG = 0 then there is no reinforcement candidate found. Assuming
that more than one top reinforcement candidates are fouhétliwis not very likely but
might happen), then the line with the smaller length is chasethe reinforcememg (as
an approximation for least investment cost). A similar agjgh could be used if the top 2
reinforcement candidates are very close in terms of theedserin grid severity index. This
option is not considered in this work.

After selecting reinforcemeri, the gridGy_; is updated and becomes gk (Eq.
[4.9). The grid severity index for gri@y is assigned according to EHg. ¥.7.

Gk = Gr_1U{r«} (4.6)

[Skyrid] e, = [Skyrid]e, Ui} 4.7)

If [Skyria]e, = O there are no more overloadings in the grid. Consequehiysearch
can stop as no more reinforcements are needed. Otherwisedheh continues to next step.
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4.2.3 Execution procedure

Figure[4.2 shows the flow chart for the execution of the sofugienerator, which summar-
izes the procedure described in the previous section. Toeedure starts from the base
case which is step (iteration) 0.

For each stef the procedure is the following. First the list of candiddt@sreinforce-
ment for stegk (LCy) is formed considering the top bottlenecksE_1), top contingencies
(TGc_1) and the new possible linedlPL,_1) that result from the previous stép- 1, ac-
cording to Eq[4RB.

Next, all the lines fromLCy are tested one by one. This is done by adding separately
each line to the initial grid and performing the round-thesay security analysis. For each
tested lind added to the grid of the previous st€p_;, the grid risks of overload during N
and N-1 situation (Eq._4l1), together with the grid severitex (Eq[4.R) are computed.

The lines that bring the highest decrease in the grid sgviedex (ASlyig) are chosen
to be the top reinforcement candidates for stefl RG). If TRG is not void then the
reinforcementry is selected fronT RG. In case there are more equal top reinforcement
candidates, the reinforcement is the one with the smabesfth. The grids,_1 is updated
with the reinforcementy and becomes grity. If the grid severity index is zero then the
search has finished. If the grid severity index is still difet from O, then the TB, TC and
NPL are calculated for stdp(in casery was part oNPL,_; then itis removed fronNPLy).
LCx. 1 is calculated and the procedure repeats until no more @aairigs occur or an early
stop condition is met.

Because after a certain number of steps the grid risks ofaadbecome very small,
adding new lines is not the most logical thing to do as it isaraker economically desirable.
In such cases congestion management could be used to selesgHoadings. Hence it
is possible to stop the solution generator earlier by intigaa certain threshold of grid
risks of overload and maximum overloading during N-1 sit@{C13) for example. This
is the early stop condition. In this way valuable computatione is saved by avoiding
unnecessary simulations.
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Figure 4.2: Round-the-year solution generator executiowthart.
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4.3 Application to the New England test system

In this section, the solution generator is applied to the E@gland test system introduced
in Chaptef B, sectidn 3.3.1. It is assumed that the reinfoece of the grid is computed for

all three areas simultaneously. Consequently, the bettlenanking is done this time for

the whole New England test system.

4.3.1 The base case

In this section the main results of the round-the-year netwecurity analysis for the base
case are presented. Tablel4.2 illustrates the main botieramking criteria and risks of
overload during N and N-1 situations for the New Englandggstem. The security analysis
indicates the presence of 22 bottlenecks. Figure 4.3 shHmnsdttlenecks on the grid map,
sorted according to C12.

Table 4.2: The base case for the New England test systentedmtk ranking criteria and
risks of overload.

Ccol1 Co2 Co3 CO03 R® Ci1 cCi12 Ci13 Ci13 RQ_1

Branch  1oil 0]  [%] hour [%*h]  [%] [n] [%] hour  [%*h]

1-2 0o o0 0 na 0 12055 8 1203 1188 164.4
1-39 0o 0 0 na 0 12055 8 1293 1188 164.4
2-25 10255 464 109.8 5419 11832 153.8 7139 1856 608384078.2
2-3 10955 246 1354 6764*23493 1375 7302 219.7 6932 273825
3-4 0o 0 0 na 0 106 671 1423 6920 4026
3-18 0o 0 0 na 0 1034 131 1311 6920 445 4
4-14 o 0 0 na 0 1061 39 1183 5131 237.9
8-9 0o 0 0 na 0 11255 12 128 1188 150.6
9-39 0o 0 0 na 0 1134 13 1293 1188 174.2
14-15 o o0 0 na 0 1188 211 1595 5442 3966.8
15-16 o o0 0 na 0 110 553 180.2 5135 5530
16-17 1042 31 1159 6920 1302 111 583 180.2 5135 6413
16-21 o o0 0 na 0 1227 2812 15905 5208  63832.4
16 - 24 0o o 0 na 0 115 1846 142.2 5118 27690
17-18 o o0 0 na 0 10815 536 127.5 6957 4368.4
17-27 o o0 0 na 0 1323 6495 166.9 2189 2097885
21-22 0o o 0 na 0 1339 2516 147 5432  85292.4
22-23 o o0 0 na 0 1017 264 107.1 7289 448.8
23-24 o o0 0 na 0 134 2852 1595 5298 96968
25-26 o o0 0 na 0 1066 2794 1402 1242  18440.4
26-27 o o0 0 na 0 1553 6637 1856 6003  367026.1

Next the ranking of bottlenecks is performed according éortiethod in Chaptéld 3. The
risks of overload are normalized for N and N-1 situationpeesively to the maximum risk
of overload values emphasized in italics in Tdbld 4.2. Thights used for calculating the
severity index arevy = 0.67 andwy_1 = 0.33, which were chosen by expert judgement as
specified in Chaptérd 3 (a sensitivity analysis to the chofageights will follow in section
[4.33). The top 5 bottlenecks according to the value of thewerity index are shown in
Table4.3B. It can be noticed that the top bottleneck is lirgg lowed by line 2 - 25. Hence
TBp = {2—3}. In the same table, the top 5 contingencies are also showaratking of
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Table 4.3: Top 5 bottlenecks and contingencies for the base.c

Rank Bottleneck SI[%*h] | Rank Contingency ) Total # of
overloading occurences
1 2-3 0.90527 1 2-25 16217
2 2-25 0.66744| 2 26 - 27 13375
3 26 - 27 0.31535] 3 17 -27 12265
4 17 - 27 0.18025| 4 2-3 8962
5 23-24 0.08331] 5 23-24 5919
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Figure 4.3: Base case bottlenecks ranked according to C12.
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contingencies is done according to the total number of iramerloading occurrences each
contingency causes in the study period. The top contingenttye outage of line 2 - 25,
followed by line 26 - 27. It results thatCy = {2 — 25}. It can be noticed that the top 5
bottlenecks are also the top 5 contingencies.

A set of 7 new possible lines is proposed (based on experejudgt) for the further
search of solutionblPLy = {24—29,16—28,15—28 1—5,5—39,13—19,2—18}. As
there is no information on the actual distances in the Newldfrjtest system, it was
assumed that the parameters of MBLy lines are similar to those of other lines in the
New England test system, and each new line has a rated gap&@@0 MVA. In Appendix
[Althe line parameters of both initial New England lines (E&8I[1) as well of the proposed
NPLg lines (Tablé"A.2) are given.

4.3.2 Finding reinforcements

As in the previous section bottlenecks were found, the Eoligenerator can be applied for
finding grid reinforcements. The weights that are used ftmutating the grid severity index
are the same as the ones used for the branch severity indetatadn, namelyy = 0.67
andwy_1 = 0.33. The simulation stops whe®lyjg = 0 and no early stop conditions are
taken.

4.3.2.1 The first two steps

For a better understanding of the solution generator, teetfiro steps are detailed in the
following paragraphs and illustrated in Tablef.4

Step 0. Step 0 is the base case with the gBg. The base case grid risks of overload
([RQyrid,n]base [ROyrid N—1]base are calculated with the help of Hg. #.1 and the grid severity
index for the base case is 1. The top bottleneck B = {2 — 3}, the top contingency

is TG = {2— 25} and the set of new possible lines proposed in the previoutores
NPLy = {24—29,16—2815—281—5,5—39,13—19,2—18}.

Step 1. The list of candidates for reinforcement at stepLCy is calculated with Eg.
4.3. HencelC; = TBpUTC UNPLy. Consequently, each of the candidates LC; is
tested by adding it to the gri@o and performing round-the-year security analysis. For each
reinforcement cas&o U {1 }, the grid risks of overload are calculated with Eql 4.1, dvaht
the grid severity index is determined according to[Eql 412ne the normalization is done
with respect to the base case grid risks of overload. Théarei@ment candidatewith the
highest decrease in grid severity index with respect to @tsdine 15 - 28. Hence, line 15

- 28 is chosen as the reinforcement The grid is updated with;: G; = GouU {15— 28}.

The set of new possible lines is also updated and becausé&3ine28 belongs tiNPLy,
NPL; = NPLy\ {15—28}. The new top bottleneck i$B; = {2 — 3} and the new top
contingency isTC; = {25— 26}. From Tabld 44 it can be noticed that sometimes (here
when testing candidate? - 3}) a reinforcement can result in an increase of the grid sgveri
index. This is caused by power flow shifts in the meshed grid.

1if the RQyrig,n Value is in brackets, then the exception is applied BGgrq is ignored. This is because
there are very little overloads in the N situation in compamig the N-1 situation.
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Table 4.4: First two steps of the solution generator.

Step Sub Grid Slyrid ASlgrig  ROgria N ROgrid N—1 B TC
k step [p.u.] [p.u.] [%*h] [%*h] forreinf.r
0 na. Gp 1.00000 n.a. 3662.7  1553030.9 2-3 2-25

Gou{2-3} 1.03536  -0.03536 4190.2  1265343.3
GouU{2-25} 0.63151 0.36849 2601.5 732432.5
GoU{24-29} 0.14854 0.85146 262.0 473507.8

GouU{16— 28} 0.13704 0.86296 329.6 361193.6
GpuU{15—28} *0.12618 *0.87382 270.9 360602.0 2-3 25-26
GouU{1-5} 0.65086 0.34914 1952.6  1382082.1

GouU{5—39} 0.59054 0.40946 1538.6  1454621.5
GpU{13—-19} 0.95384 0.04616 34449  1523288.8
Gou{2-18} 1.36892 -0.36892 6016.5 1262882.4

r1=15 - 28,Gy = GoU{15— 28}, NPLy = NPLy\ {15— 28}

-
©O©oO~NOOOAWNPR

1 G u{2-3} 0.07011 0.05607 0.0 329930.0
2 Giu{25—-26} *0.06204 *0.06416 (8.0) 2919549 23-24 23-24
3 GiU{24-29} 0.11291 0.01326 184.8 372300.2
5 4 G1U{16—-28} 0.12075 0.00543 252.0 351313.0
5 G u{l1-5} 0.07132 0.05486 0.0 335625.1
6 G U{5-39} 0.07245 0.05373 0.0 340964.4
7 G1U{13-19} 0.12635 -0.00017 287.1 347449.6
8 Giu{2-18} 0.07006 0.05612 0.0 329712.9

r,=25 - 26,G, = G U {25— 26}, NPL, = NPLy

Step 2. The list of reinforcement candidates for stepp.@, is calculated.C, = TB; U
TCLUNPL;. Consequently, each of the candiddtesL.C; is tested by adding it to the grid
G, and performing round-the-year security analysis. For eeictiorcement casé&; U {l},
the grid risks of overload are calculated with EHqg.]4.1, arehtthe grid severity index is
determined according to Ef._%.2, where the normalizatiaoige with respect to the base
case grid risks of overload. The reinforcement canditiatith the highest decrease in grid
severity index with respect to step 1 is line 25 - 26 which éstthp contingencyf C;. Hence,
line 25 - 26 is chosen as the reinforcement The grid is updatedG,; = G1 U {25— 26}.
The set of new possible lines is also updated ldfdl, = NPL;. The new top bottleneck is
TB, = {23— 24} and the new top contingency T, = {23— 24}. And then step 3 begins.
For all the detailed solution generator steps please cofable[B.1 from AppendikB.
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4.3.2.2 The final result

The solution generator needs 13 steps to find a list of radefoents for which no grid
overloads occur. Table 45summarizes the reinforcement found at each step togetitter wi
the new grid structure grid severity index and grid riskswértoad.

As mentioned in sectidn 4.2.3, by targeting 0 overloadséngfid, the risks of overload
in the last steps (here after step 6 or 7) become very smalhddihg new lines may no
longer be justified.

For getting a better insight into the iterative process|ddig illustrates the bottleneck
ranking criteria and risks of overload for the reinforcedlgat step 6 and step 7. In both
cases there are no overloads in the N situation and the porrdig criteria are all 0 and
not reported in the table. It can be noticed that the numbeérsamerity of the bottlenecks
is very much reduced in comparison to the base case. If atGstbpre are still some
overloads going up to 121% of rated capacity (line 16-173tep 7 all overloads are under
110% of rated capacity. Hence the reinforcements after Btegn be ignored and step 7
reinforcement remains a possible solution that is not kigieicessary. This will depend
on the operating philosophy of the grid operator and thel lefvsecurity mandated by grid
codes.

Giving all the afore mentioned, Figure #.4 illustrates theppsed reinforcements which
are 4 new lines (3 important and 1 optional) and 3 cases oflohgubf existing lines.
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Table 4.5: The list of reinforcements.

Step  Added Shria  ROgrian  ROgrid N—1

K rg pu]  [%*h] [%*h]

0 n.a. 1.0 3662.7 1553030.9
1 15-28 1.262E-01 270.9 360602.0
2 25-26 6.204E-02 (8.0) 291954.9
3 23-24 1.757E-02 (8.0) 82698.8
4 16-24 3.959E-03 (8.0) 18633.4
5 16-28 1.318E-03 (0.1) 6204.0
6 5-39 5.652E-04 0.0 2659.7
7 13-19 2.505E-04 0.0 1178.8
8 22 -23 3.332E-05 0.0 156.8
9 4-14 8.691E-06 0.0 40.9

10 24 -29 3.272E-06 0.0 154
11 1-5 4.675E-07 0.0 2.2

12 2-18 1.487E-07 0.0 0.7

13 6-11 0.0 0.0 0.0

Table 4.6: Bottleneck ranking criteria and risks of oveuddar the reinforced grid at steps
6and 7.

Branch  Cl1 Cl12 C13 RQ_3
(%] []  [%] [%*h]

Step 6 reinforced grid &

2-3 101.8 89 106.2 160.2
2-25 102.05 112 1129 229.6
3-4 102.45 108 113.8 264.6
5-39 104.25 6 108.5 255

14 -15 102 88 110.3 176
15-16 103.4 21 107.9 714
16-17 1054 124 1216 669.6
16-21 101.7 292 107.2 496.4
17-18 103.5 20 108.6 70
22-23 101.7 292 107.2 496.4

Step 7 reinforced grid &

2-3 101.35 18 105.1 24.3
2-25 100.8 14 1021 11.2
4-14 101.55 14 104.2 21.7

5-39 101.2 2 1019 2.4
6-11 103.3 29 1075 95.7
10-11 100.5 3 100.5 15
16-21 10175 292 107.2 511

22-23 10175 292 107.2 511
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4.3.3 Sensitivity analyses
4.3.3.1 Sensitivity analysis to the weights used

In Chaptei B no sensitivity analysis was performed on theiémite the weightsy and
wn-_1 have on the results of the bottleneck ranking. As in the ctitbapter the weights
might affect both the bottleneck ranking and the final raeicémnent solution, a sensitivity
analysis is needed.

Hence, four sensitivity scenarios to the used weights argiest, in addition to the
original pair of weightswy = 0.67 andwy_1 = 0.33. Two of the sensitivity scenarios
have small variation of the weights, namely the paigs= 0.64, wy_1 = 0.36, andwy =
0.7 wn—1 = 0.3. The other two sensitivity scenarios have a bigger vamatif the weights:
wy = 0.5, wy_1 = 0.5, andwy = 0.8, wy_1 = 0.2. Other scenarios having a more than
50% weight for the N-1 situation are not considered in thialgsis as they are not logical
from both researcher’s and system operator’s points of (geesectioh 3.2.2.2) since it is
reasonable to give higher weight to the risk of overload aRhsituation.

First the effects the choice of weight has on the base cafleftk ranking are studied.
The results show that the ranking of bottlenecks is not &by the weights. The weights
only influence values of the severity indices in such a way ttha difference between dif-
ferent ranks is increased or decreased, generally with@artging the ranking order (Table
4.7). This is a positive finding. There is only one exceptimnthe set of weightsvy = 0.8,
wn_1 = 0.2, branch{ 21 - 22} becomes the'8instead of the ® and brancH 16 - 17} vice
versa. In cases when N-1 situation is not highly dominanafoertain branch, the ranking
order might change if extreme priority is giverMi. This is the only ranking order change.
The top 5 bottlenecks remain unchanged, as well as the ahks.r

Further, the effect of the weights on the final reinforcensitition given by the solu-
tion generator is investigated. Again the results show ¢lvah though the values of grid
severity indices change, there is no effect on the reinfoesd solution. This is again a ro-
bustness signal. The changes in grid severity indices ochgase/decrease the differences
between reinforcement steps and between the candidatear¢htested. Table 4.8 shows
the grid severity indices at each reinforcement step fobtse case and for all sensitivity
scenarios.

Summing up, it was shown that varying the weights given fond -1 situation (while
keeping the weight for the N situation at least equal to 50%@sdnot influence the bot-
tleneck ranking nor the solution generator, although el the severity index and grid
severity index values. This can separate better both bettless and reinforcement candid-
ates. The results are stable and the weights used in this #resa good choice. If desired,
equal weights for N and N-1 situation can be also used.
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Table 4.7: Base case bottleneck ranking comparison for §higiscenarios.

wy =05 wy = 0.64 wy = 0.67 wy = 0.7 New wy = 0.8
Rank Branch wyn_1=05 wn_1=036 wy_.1=033 wy_1=03 ] rank wyn_1=02
Sl [p.u.] Sl [p.u.]
1 2-3 0.856470 0.896659 0.905270 0.913882 1 0.942588
2 2-25 0.751820 0.682329 0.667438 0.652548 2 0.602912
3 26 - 27 0.477801 0.344017 0.315349 0.286681 3 0.191121
4 17 - 27 0.273106 0.196637 0.180250 0.163864 4 0.109243
5 23-24 0.126235 0.090889 0.083315 0.075741 5 0.050494
6 21-22 0.111035 0.079945 0.073283 0.066621 8 0.044414
7 16-21 0.083098 0.059831 0.054845 0.049859 7 0.033239
8 16-17 0.036059 0.041480 0.042642 0.043804 6 0.047676
9 16-24 0.036047 0.025954 0.023791 0.021628 9 0.014419
10 25-26 0.024006 0.017284 0.015844 0.014404 10 0.009602
11 15-16 0.007199 0.005183 0.004751 0.004319 11 0.002880
12 17-18 0.005687 0.004095 0.003753 0.003412 12 0.002275
13 3-4 0.005241 0.003774 0.003459 0.003145 13 0.002096
14 14 -15 0.005164 0.003718 0.003408 0.003098 14 0.002066
15 22 -23 0.000584 0.000421 0.000386 0.000351 15 0.000234
16 3-18 0.000580 0.000417 0.000383 0.000348 16 0.000232
17 4-14 0.000310 0.000223 0.000204 0.000186 17 0.000124
18 9-39 0.000227 0.000163 0.000150 0.000136 18 0.000091
19 1-39 0.000214 0.000154 0.000141 0.000128 19 0.000086
1-2 0.000214 0.000154 0.000141 0.000128 0.000086
21 8-9 0.000196 0.000141 0.000129 0.000118 21 0.000078
Table 4.8: List of reinforcements for 5 weights scenarios.
wy =05 wyn = 0.64 wy = 0.67 wy = 0.7 wy = 0.8
Step Addedr wn_1=05 wyn_1=036 wy_1=033 wy_1=03 wy_1=02
Slgrid [p.u.]
0 n.a. 1.0 1.0 1.0 1.0 1.0
1 15-28 1.531E-01 1.309E-01 1.262E-01 1.214E-01 1.056E-01
2 25-26 9.400E-02 6.768E-02 6.204E-02 5.640E-02 3.760E-02
3 23-24 2.662E-02 1.917E-02 1.757E-02 1.597E-02 1.065E-02
4 16-24 5.999E-03 4.319E-03 3.959E-03 3.599E-03 2.400E-03
5 16-28 1.997E-03 1.438E-03 1.318E-03 1.198E-03 7.990E-04
6 5-39 8.563E-04 6.165E-04 5.652E-04 5.138E-04 3.425E-04
7 13-19 3.795E-04 2.733E-04 2.505E-04 2.277E-04 1.518E-04
8 22-23 5.048E-05 3.635E-05 3.332E-05 3.029E-05 2.019E-05
9 4-14 1.317E-05 9.481E-06 8.691E-06 7.901E-06 5.267E-06
10 24 - 29 4.958E-06 3.570E-06 3.272E-06 2.975E-06 1.983E-0
11 1-5 7.083E-07 5.100E-07 4.675E-07 4.250E-07 2.833E-07
12 2-18 2.254E-07 1.623E-07 1.487E-07 1.352E-07 9.015E-08
13 6-11 0.0 0.0 0.0 0.0 0.0

69
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4.3.3.2 Sensitivity analysis to the hours considered

As running the solution generator for the whole year is timestiming, an investigation of
what happens when the solution generator is ran only foraf seitical hours is performed.
Here, the solution generator is ran for the 16 critical hdros the base case (see Table
[4.2). The computational time is very short. These criticalds (CO3 hour and C13 hour) are
the hours when the maximum branch overloadings during N @splctively N-1 situations
occurred. However, the solution is different from the rothe-year solution generator.
The critical-hours solution generator needs 12 steps twerge to aSkyig of zero. Table
4.9 shows the reinforcement selected at each step by timaktiburs solution generator.

Table 4.9: Solution generator for critical hours:list ofirforcements.

Step  Added Shia  ROgrian  ROgrid N—1

K re bu]  [%*h] [%6*h]

0 n.a. 1 166.7 5490
1 24-29 3.016E-01 42.8 2156
2 1-5 1.117E-01 1 1791.6
3 16-21 7.841E-02 0 1304.4
4 21-22 3.583E-02 0 596
5 13-19 2.069E-02 0 344.2
6 25-26 1.132E-02 0 188.4
7 15-28 6.336E-03 0 105.4
8 5-39 2.020E-03 0 33.6
9 6-11 1.767E-03 0 29.4
10 16-21 5.049E-04 0 8.4
11 10-11 2.404E-05 0 0.4
12 5-39 0 0 0

In order to see if indeed there are no more overloadings irgtlieproposed at step
12 (G12) by the critical-hours solution generator (Tablel4.9), thend-the-year security
analysis is ran on this grid. The results of the round-thergecurity analysis reveal that
the grid risk of overload during N-1 situation BQyrig.n—1 = 14.2 [%*h], which is still
pretty small but not 0 as in Takle 4.9.

Further, the grid reinforced at step &) in Table[4.9 is also tested with the round-the-
year security analysis. The results show that the N-1 gskiof overload isRQyrig n—1 =
71559 [%*h]. This value is higher than tHeQyrig n—1 at step 6 in Table4l5, when running
the solution generator round-the-year, and even higher #aROyiq n—1 at step 5 from
the same table.

Table[4.10 shows the results of the round-the-year secamijysis ran on the gridSg
andGa. from steps 6 and respectively 12 of Table]4.9.

It can be concluded that by considering only a few criticaldsdor the analysis, the big
picture is missed. Even though the round-the-year solgtererator is time consuming, its
advantages are obvious as it gives a good insight of how edicforcement influences the
overloadings in the grid and considers this in the solutearsh process.
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Table 4.10: Round-the-year bottleneck ranking criteria aisks of overload for the rein-
forced grid obtained at steps 6 and 12 of the solution geeredn for 16
critical hours. Note the presence of overloads in the (NitLjggions.

Branch Cl1 C12 C13 RQ_1
%] [h]  [%] [%*h]

Round-the-year results fords

1-39 115.6 9 126 140.4
2-25 104.3 1149 114.3 4940.7
2-3 101.05 46 107.1 48.3
6-11 103.7 12 105.3 44.4

8-9 118.9 7 1255 132.3
9-39 119.3 7 126 135.1
16-19 102.3 3 103.7 6.9

16-21 102.1 62 110.1 130.2
16-24 101.45 68 110.2 98.6
24 -29 102.4 562 109.9 1348.8

Round-the-year results for{G

2-3 101.6 1 101.6 1.6
5-6 101.8 7 107 12.6

4.4 Summary

In this chapter a round-the-year reinforcement solutiaregator is proposed. The solution
generator solves the transmission expansion problem sgglewhile following at each
reinforcement step the maximum reduction of the grid owtings in a future year. The
method makes use of the round-the-year security analydibattieneck ranking method
introduced in Chaptéd 3. This allows a robust assessmenenfoadings in the grid for dif-
ferent reinforcement candidates, as all the hours in thedutear scenario are considered.
New criteria for defining the grid overload level are defined ased in the assessment of
candidates where the decrease of the so called grid sevmiliéy is used to measure the
effectiveness of each reinforcement candidate. The neiefoent that brings the highest
decrease in the grid severity index with respect to the presstep is chosen. The process
stops when no more overloadings occur or when an early stogitoan that satisfies the
grid planners is met. The reinforcement candidates aredidrny doubling of existing cir-
cuits and by building new lines. The existing lines candidaire limited with the help of
the round-the-year security analysis to the most seriotiehecks and most serious contin-
gencies. The set of new possible lines is selected by exgement and served as input
to the solution generator. After each reinforcement stepligt of reinforcement candid-
ates is updated since the top contingency and top bottlemegkchange for the new grid
configuration. At the end of the process an ordered list affoetements is given together
with the grid risks of overloads and severity indices at eathiforcement step. Regarding
computation time, on a regular computer (PC) the procedsiessd¢onsuming and it is pro-
portional to the total number of times the round-the-yeaus#y analysis is run. However
with the help of powerful computers and parallel progranartime process duration can be
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easily reduced (the algorithm can be easily parallelized).

The method is applied on the same New England test systeninugdtptef B, in this
case focusing on the whole system. A reduced set of new pedsibs is given as input
and the solution generator stops when no more overloadicgs.o

Next, a sensitivity analysis to the set of weights for the N BlR1 situations is performed
in order to see whether the bottleneck ranking and the neiafoent solution are robust with
the change of the weights. The sensitivity scenarios shawtite solution is stable as both
the bottleneck ranking and the list of reinforcements fobgdhe solution generator are
generally not affected. The values of the branch and griérégvindices change indeed,
but this hardly influences the final ranking result.

Because the round-the-year solution generator is timeuroimg as it is run for all the
hours in the year, it is checked whether by running the smiugjenerator only for some
critical hours identified in the base case round-the-yeaurity analysis, the same solution
can be obtained. However, the results show that the criticats solution is different from
the one obtained when the solution generator is run roueg«ttar. Moreover, by testing
the final reinforced grid with the round-the-year securibalgsis it is shown that some
overloadings still remain. Step 6 is also tested, and theltreg grid severity index is
higher than the one which was obtained for step 5 of the rdhadrear solution generator.
It is concluded that using only a set of critical hours doetsrapresent well the whole set
of load and generation combinations provided by the maiikatlations for the study year
and the big picture is missed. Running the solution genefatcall the hours in the year
gives robustness to the solution and also good indicatidhe@rid planners regarding the
status of the overload in the grid at each reinforcement step

The result of the solution generator is dependent on thialisiet of new possible lines
that is served as input. It is recommended that a more extesst is carefully selected. As
more candidates means increased computation time, thtaeedlready be reduced after
the first steps of the solution generator by eliminating thed that show not to improve
(much) the overloadings in the grid. Also for reducing comagion time, early stop condi-
tions can be defined for stopping the solution generator vahesrtain low and manageable
overloading level in the grid is reached.

Furthermore, in the presented example only one capacitgrofur line doubling or for
building a new line was considered. It is possible to use rinescapacity options as well
as upgrading of lines by increasing the capacity of an @égstircuit instead of adding an
extra circuit to it. As all these increase computation timis recommended that not too
many such options are used. Details of reinforcements caedtided later.



Chapter 5

North Sea transnational offshore
grid case study

This chapter provides as proof of principle an analysis afraltined planning of a possible
offshore grid in the North Sea together with the onshore, §oida high renewables scenario
in the year 2030. The round-the-year security analysisdghtced in this thesis in Chapfér 3
is used to analyze on the one hand different possible ofésipad structures and the interde-
pendencies that exist between grid structure and avaitatgeacity for market transactions.
On the other hand, the same round-the-year security apatyssed to investigate the ef-
fects of the offshore grid structure on the security of thelmme grid. Zooming into critical
hours is performed for both the offshore and onshore grida fwetter understanding of the
results. A set of recommendations for planning the offstam@ onshore grids together is
made.

5.1 Introduction

The planning of large energy infrastructures in Europe héered a new dimension, namely
the trans-European one. The way of thinking is slowly switgHfrom national to regional
(European) interests, as this is the most efficient way tiratt sustainable energy future.
Europe finds itself at the beginning of a transition towarlissacarbon and sustainable elec-
tricity system, which is guided by the European Union (EUgEyy Policy core objectives:
competitiveness, reliability and sustainability [2].

By issuing the Directives on Renewable Energy [3] includiagjonal renewable targets
modified according to economic status, the EU aims towaml2@h20-20 goals presented in
the Energy and Climate Package (2008). Among those godis B1% share of renewables
in the European energy consumption within 2020. As we arecgmbing 2020, attention
starts to shift beyond 2020, towards 2030 and even 2050. rdocapto EWEA's forecast
[4], in 2030 30% of EU’s electricity will be produced by winebwer. Moreover, the EU
prognosis is that the solar power penetration will incredrsenatically to 80 GW by 2020,
and it will continue to grow after 2020. The European Cominis$EC) has published in
2011 aroadmap leading to a competitive low carbon econor@@%® [5]. There are recent
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studies that suggest that Renewable Energy Sources (REB) ftave by 2050 a share in
the electricity generation varying between 40% and 100% [6]

ENTSO-E [9, 10] together with the EC according to its energyaistructure package
are searching for solutions on how to be able to integratiedrEuropean power systems all
the new renewable energy. With respect to large-scale womep the attention is oriented
towards the North Sea area where there is a great potentiafffthhore wind power plant
developments. That is why the North Seas Countries Offs@oi@ Initiative (NSCOGI)
was born, where TSOs together look at the the feasibilityasfifg offshore grid in the
North Sea and also in other northern seas [11].

It is of main interest whether a transnational grid conmgctioth wind farms and coun-
tries amongst each other is worth building. For such a tratsmal grid, VSC-HVDC
power transmission technology is most likely to be used beeaf the large distances over
which cables would span, for which HVAC undersea cables @aha used. This is be-
cause the capacitive charging of AC cables limits the lerig#h can actually be used to
maximum 100km|[84] per section without reactive power congag¢ion. Moreover, VSC-
HVDC technology is compatible with a multi-terminal gridelto its flexibility. The only
condition needed for having such grids is the existence ofdd€lit breakers which at
the moment are still under development. Next to ENSTO-E,ymdhers [12-14, 67, 85]
have set up studies for the integration of large-scale wirttlé future European power sys-
tems. The OffshoreGrid Study [12] has investigated the ldgweent of offshore grids in the
North Western European seas and the North Sea TransnaBodadtudy [14] specifically
focuses on a transnational grid in the North Sea. Furthexnjd8] has investigated the op-
tion of building an offshore grid for integrating Irish widdrms mostly located in the Irish
Sea. These studies have in common the fact that they lookexttged wind power develop-
ments and the modalities of transporting to shore and iat&gy the large amounts of RES,
together with also allowing international electricity deavia the offshore grid. All these
studies took into account at least North Western Europearpsystems for an adequate
assessment of the offshore grid development.

The focus of this chapter is on studying the development @hiashational offshore
grid in the North Sea and assessing its impact on the onshiatefgr a future 2030 high
renewables scenario. Consequently models for North WeE@mopean power systems are
developed and used. As a general approach the round-thegaaity analysis introduced
in ChapteiB is used for both offshore and onshore grids. €prently both market and
grid models are developed. The chapter is structured amafsll In sectiof 5)2 the Base
Scenario is presented and the market simulation resulthéoBase Scenario. This is the
starting point of the analyses in the next sections, andanstrational offshore grid is con-
sidered yet. Next, sectidn 5.3 looks at at the relationskipvben offshore grid topology
and interconnection capacity that can be given to the maakek using the findings a more
suitable offshore grid topology is chosen. Furthermoresdation[ 5.4 the security of the
onshore grid is assessed. This is done first for a Refererer@a8o where the previously
chosen offshore grid is assumed, and next sensitivity aralgre performed to both differ-
ent structures of the onshore and offshore grids. At thethednain findings of the chapter
are summarized.
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5.2 Base Scenario for North-Western Europe in the year
2030

The development of a North Sea transnational offshore §t&I1(G) which will be assessed
in this thesis work, cannot be separated from the power mgstievelopments in the sur-
rounding countries. Hence, a Base Scenario for the Nortlof&#ore grid-related countries
has to be considered for a 2030 scenario of load, generatiimgerconnection capacities
[86]. Furthermore, hourly wind and solar power time seriesdeveloped and serve as an
input to the market simulation tool (chronological unit amitment and economic dispatch
(UC-ED)), which is run for a whole year with hourly resolutioThe market simulation is
run for the Base Scenario. The ability of the modeled powstesy to cope with a high RES
penetration level is examined. The development of temjyerahd spatially-correlated time
series for RES production enable accurate assessmentsifaiots related to the flexibility
of fossil-fuel resources, as well as of the positive smawgteffects when RES are traded
across large geographical areas.

5.2.1 The market model

The Base Scenario is a future scenario for the year 2030 df ¢geration and interconnec-
tion capacities for North-Western Europe (Figlre 5.1). Thesidered countries are Bel-
gium, Denmark, France, Germany, Great Britain, NethedaNdrway and Sweden. For the

Figure 5.1: Transmission corridors in North-Western Eugop

market simulations the commercially available PowrSyne! teas used. [76]. PowrSym4
is a probabilistic, chronological, multi-area, multi-fdectricity and heat unit commitment
and economic dispatch simulation tool. The market modelptindzed considering se-
guential hourly time steps (within each weekly horizon)thathe purpose of obtaining the
minimum operating cost (including fuel, emission and stgrtcosts) at the system level
while the technical constraints for generating units atergonnection capacities are met at
all times. The model is run in zonal mode, where only the #atea transmission capacities
allocated to the market are considered, while the netwdriseadifferent areas are seen as
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a “copper-plate”, hence the underlying physical grid isleetgd. The modeling of different
types of power plant technologies for the 8 countries isridkem |87, 88]. Biomass was
considered only in Germany, and only a part of it was considér be flexible.

Weekly hydro energy schedules for the different countriiesarved as input to the mar-
ket simulation. For Norway and Sweden the schedules arerltgn considering amongst
others also wind power availability. For details about tiidrb schedules consult Appendix
The hydro power stations are scheduled in the weekly apdition using a price lev-
elling algorithm, which refers to time-related constraiit the system. Consequently, the
hydro schedule is optimized based on the system’s margasal while taking into account
reservoir size limits, load prediction and wind power anthspower forecasts. Wind and
solar generation are scheduled before hydro generatior Hiey are usually taken as they
occur while hydro generation hourly scheduling usually sase flexibility. In the event
that more energy is available than needed in a given weektladr resources (including
wind) will be curtailed before hydro. This is because theayre physical consequences
for curtailing the hydro generation and there are no corsecgs other than economic op-
portunity for curtailing wind generation and other res@s:cBoth hydro and RES genera-
tion are modeled as having zero generation cost. The totappd storage capacity in the
system is assumed to be 21.88 GW, and no other storage teghnsimodelled.

Scenario B (“most likely” scenario) from the System AdequBorecast 2011-2025 re-
port (SAF) from ENTSO-E [9] is used as a reference for sizimgdonventional generation
parks of each country per technology and also for scalingticsl load series from 2011
to the year 2030. One exception is Germany, for which thentbc@announced nuclear
shut-down was considered, resulting in no installed nuaapacity in Germany in the year
2030. To compensate this, some increases in the forecasgtadities of other conventional
generation are assumed. The installed capacities for eagftry per technology can be
found in AppendiX{_DD. The fuel prices are based on the Worldrggn©utlook 2010/[89]
published by the International Energy Agency, scenario Relicies. The CQ price is
taken from the same scenario and it is 46 Euro/ton CO2.

To ensure a uniform model, combined heat and power plantsaspecifically modeled
as data availability for such modeling was only availablgli@ Netherlands. Instead of this,
heat delivery obligations are translated in minimum geti@nabligations. Assumptions of
minimum operating requirements are made for thermal ankkaupower plants. Moreover,
it is assumed that in order to accommodate more RES the ctiomahgenerating park will
be more flexible than at present, meaning that the minimumpubuequirements for some
conventional thermal power plants were reduced.

When simulating, there might be situations where dumpedggnand/or energy not
served are reported indicating that there is an operatjormddlem. On the one hand, en-
ergy is dumped as a last resort when there is excess generaggl due to the flexibility
constraints of the system. On the other hand, energy notd€BNS) appears as a con-
sequence of a deficit in generated energy with respect tot#tedemand. In reality dump
energy and energy not served do not occur as the TransmiSggiam Operators (TSOs)
take operational security measures to prevent this fromdwipg.

The Net Transfer Capacities (NTCs) between countries goeoapnated for the year
2020. This is done based on TenneT and ENTSO-E data [9, 9@fdieg the current
NTC values, and rough estimates of an increase of the cUWEGSE based on the Ten-Year
Network Development Plan for the next decade (2020) (seeréliD.3 of AppendixD for
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the values). The rest of the continental European systeniratashd are not modelled. A
perfect forecast is considered for both load and wind poWéthin the market simulation,
it is assumed that all wind power can be curtailed, while rsalad part of the biomass
generation categories are assumed to be uncurtailablecurtaéled wind energy is reported
separately in the market simulation output.

The installed capacities for onshore wind power per couwartestaken from the TradeWind
high wind scenario [67] for Denmark and from the Offshored3mioject for the rest of the
countries|[12], and for the offshore wind power from the bifee wind from the Global Off-
shore Wind Portal [91]. The resulting capacities are itiistd in Tabl€ 5]1. Detailed wind
power time series are developed for both onshore and offsivord farms as detailed in
AppendixD. Moreover, solar power time series are also ageal for France and for Ger-
many. The installed capacities in 2030 are 13 GW for Frantaril 66 GW for Germany
(German government’s target for 2030) (see Appehdix D).

Table 5.1: Scenario of installed wind capacities for 2030

Country Country abbreviation ~ Wind onshore [GW]  Wind offshore [GW)]
Belgium BE 25 3.8
Denmark DK 4.7 3.8
France FR 38 7
Germany DE 47 31.6
Great Britain GB 19.4 43
Netherlands NL 6 10.3
Norway NO 5.8 11.9
Sweden SW 7 7.5
Totals | - 130.4 118.8

5.2.2 Market simulation results

Table5.2 illustrates the generated energy per technoiqmgyin the Base Scenario for 2030
North-Western Europe. It should be reminded here that feedannection capacity in the
Base Scenario was kept at the values for the year 2020. Fretalfe, it can be noticed
that the wind generation sums up at 30.7% of the total gee@ectrical energy (in line
with EWEA's forecast), and all together the RES (biomassrsahd wind) constitute about
38% of the whole generation mix. If hydro is also added, thal toercentage of more or
less “clean” electricity production is almost 52.4%. Therclear plants deliver 24.5% of
the energy share, and the rest of 23.1% is represented bifffedgenerated electricity. It
may be noted that the minimum output requirements for carweal thermal power plants
sum up to a total of 27.1 % of the system’s minimum load.

Table[5.8 shows other main results of the Base Scenario insirkalation. It can be
noticed that the wasted wind energy (because of system amctdmnection constraints)
sums up to 115 TWh, representing 14.7% of the total availabid energy of 781.3 TWh.
Besides wasting of wind power, there still are some flexipitiroblems in the system as
there 1.35 TWh of dump energy and 0.6 TWh of energy not serveis mibans that the
system — even though able to integrate almost all availaddé energy — still faces some
operational problems due to inflexible generating unitsteaagsmission constraints.
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Table 5.2: Base Scenario: generated energy per technology

Technology  Generated electricity [TWh] % total generation

Biomass 50.53 2.33
Coal 184.07 8.48
Gas 230.30 10.61

Hydro 310.79 14.32
Lignite 84.35 3.89

Mix fuel 0.99 0.05

Nuclear 531.71 24.50
Qil 1.9 0.09
Solar 108.95 5.02

Wind onshore 369.18 17.01
Wind offshore 297.18 13.69
System 2169.96 100

Table 5.3: Base Scenario: main market simulation results

Pumped Storage Load [TWh] 25
Curtailed Wind Energy [TWh] 115
Dump Energy [TWh] 1.35
Energy Not Served [TWh] 0.6
CO, Emissions [kton] 345676
CO, Cost [M<€] 15900
Fuel Cost [M€] 30522.1
Start-up Cost [M€] 2202

Operation & Maintenance Cost  [M€] 6798
Energy Not Served Cost [M€] 130
Total System Operating Cost  [M€] 55553

In the Base Scenario there are already point-to-point HVE$hore connections be-
tween various countries around the North Sea. Table 5.4 shiwese links and the Base
Scenario market simulation results regarding their anogage. It can be noticed that
all links have quite high usages, all of them being more th@¥ &f the time used and
more than 50% of the time used at maximum capacity. This isdication that additional
interconnection capacity within the North Sea might be fieiz.

5.3 Offshore grid topologies analysis

In this section an analysis of various offshore grid top@sgs performed. The investigated
topologies are introduced as well as the approach used édoagkessment. Further, the
results of the analysis are presented. A discussion onayfisrid structure and security is
made.
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Table 5.4: Base Scenario market simulation results: ofisfioks between countries in the
North Sea and their usage statistics.

Link Capacity [MW] % hours at max % hours used

NL-NO 1400 76.8 84.4
GB-NO 1400 74.5 88.9
DK-NO 1600 67.7 80.3
NL-GB 1000 66.5 93.8
BE-GB 1000 88.3 99.8
NL-DK 700 50.7 83.4
NO-DE 1400 80.7 91.5

5.3.1 Topologies

For a given set of onshore nodes and offshore generatiorsptitere are more ways of
connecting the nodes to each other. Each way of connectmgades is called a grid
structure or a grid topology. When talking about offshoredyithe wind farms (or at an
aggregated level the offshore wind hubs) can be either abedeadially to shore only,
or they can also be interconnected to other wind farms (oshahd to more than one
onshore system. These interconnections allow for inccbtiseling capacity and enhance
the reliability of the offshore grid.

In this thesis three types of offshore grid structures afened and used as reference,
as shown in Figure 5.2: radial, looped and meshed grid siret In a radial grid topology
there is no loop in the offshore grid, in a looped grid streetinere is one loop in the grid,
and in a meshed grid structure there are multiple loops igtite

Radial Meshed
LEGEND
@® Node <__7> Onshoregrid — Line

Figure 5.2: Different offshore grid structures.

In the development phases of the offshore HVDC grid propdsethe NSTG study
[14], the radial, looped and meshed topologies are encoeahies illustrated in Figuie 3.3.
In this section each of the three topologies is studiedistaftom the same 2030 Base
Scenario (which was introduced in Section 5.2).

In total there are 18 nodes in the offshore grid, that can baected by different com-
binations of lines. The lines that appear in Fiduré 5.3 ataildel in Tablé 5.5, together with
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(c) Meshed

Figure 5.3: Investigated offshore grid topologies, for ntwy abbreviations see Talle b.1
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an estimate of their length that corresponds to the geograftine North Sea area.

Table 5.5: Approximate lengths of the transnational offstgrid sections.

Line no. Linename FromBus ToBus Length[km]

Hub-to-shore

1 L1-10 1 10 40
4 L2-11 2 11 25
6 L3-12 3 12 80
9 L4-13 4 13 60
10 L5-14 5 14 40
12 L6-15 6 15 125
14 L7-16 7 16 150
16 L8-17 8 17 55
18 L9-18 9 18 120
Hub-to-hub
2 L1-9 1 9 600
3 L1-2 1 2 250
5 L2-3 2 3 100
7 L3-4 3 4 125
8 L4-5 4 5 260
11 L5-6 5 6 40
13 L6-7 6 7 75
15 L7-8 7 8 50
17 L8-9 8 9 225
19 L1-8 1 8 500
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5.3.2 Approach for assessing offshore grid topologies

In order to assess the differences between the three offgral topologies, and finally
choose a topology for studying the effect of the offshord gn the onshore grid in section
5.4, both market and grid issues have to be considered. Wthelp of market simulations
(performed with a zonal market model that uses net transfeacities - NTCs) the market
benefits of having an offshore grid can be assessed. Withelipeofiload flow calculations
the security of the grid for various combinations of load geteration coming from the
market simulation can be assessed. Hence the round-thesgearity analysis approach
is used for the offshore grid but performed for the N situatimly. With the round-the-
year security analysis it is investigated how much offstysié capacity can be given to the
market. For a future offshore grid for which there is no nahfer capacity (NTC) history,
it is important to have some NTC estimates.

Sectiond 5.3.2]1 arld 5.3.2.2 explain how the offshore gritiédelled in both market
and grid models. Furthermore, sectlon 5.3.2.3 shows howdbed-the-year security is
used for the offshore grid.

5.3.2.1 Offshore grid and the market model

A market analysis is performed by using the market modebéhiced in section 5.2. The
Base Scenario is used as a starting point for the offshodegpiology investigation.

For modelling the offshore grid, the market model is chanbggdssuming that part
of the offshore wind in the North Sea (see Tdbld 5.6) is comkem a transnational off-
shore grid. This is modelled by adding market areas with #ead, for the hub nodes 1
through 9 in Figur€5]3. It is assumed that each of the hubsisdeonnected to the shore
with sufficient transmission capacity (the closest mudtipl 1256 MW to the installed wind
capacity of the hub node). 1256 MW is the rated capacity peuitifor the chosen VSC-
HVDC bipolar transmission lines. More details are giventie hext section, where the
grid model is described. For simplicity, only the multipiel®200 MW is given to the wind
area-to-country links in the market model. All this is iliteted in Tablé 516. Furthermore,
connections between the hub areas are modelled accordihg tiesired offshore grid to-
pology using the same rated capacity (1256 MW) and as a gatimt it is assumed that
the capacity given to the market is also 1200 MW per circuit.
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Table 5.6: Wind capacities and hub-to-shore links chosethi®DC offshore grid

DC  Wind capacity Hub-to-shore links

Line
node [MW] No. of circuits ~ Rated capacity [MW] Market capacity [MW ]
1 13000 L1-10 11 13816 13200
2 7200 L2-11 6 7536 7200
3 2000 L3-12 2 2512 2400
4 2045 L4-13 2 2512 2400
5 875 L5-14 1 1256 1200
6 17418 L6-15 15 18840 18000
7 3523 L7-16 3 3768 3600
8 1200 L8-17 1 1256 1200
9 5200 L9-18 5 6280 6000

5.3.2.2 Offshore grid and DC load flow model

As mentioned in sectiopn 8.1, it is assumed that the offshdckig based on VSC-HVDC
technology. Load flows in the offshore DC grid are calculatdtth a simplified Newthon-

Raphson load flow adapted for the DC grid|[72], which was imp@ated in Python. In the
DC grid we do not have phase angles and reactive power, hieadead flow can be written
in a simplified way. The iteration process is given in Eql :1d[8.2, wheré is the iteration

index.

X(k+1) = x(k) + Ax(k) (5.1)

where
Ax(K) = —=J(k) "1 F(x(k)) (5.2)

The state variables are the nodal voltages [Ed. 5.3), wélsldck considered to be the
last node (N), hence its voltag4, is fixed. Moreover, the vectdf holds the mismatch
equation for the active power (Ef._b.4 dnd]5.3)! is the inverse Jacobian of the active
power mismatch equations.

X= V1., W-1]" (5.3)

F(X) = [fpy, .o, Ty )T (5.4)

fp = Pai — PLi — ;vivjvi,- —Y;i V2 (5.5)
IEdl

Psi andP; are the generation and the load injected at ripgtalues coming as input from
the market model (no converter losses are assunYgdndYjj are terms of the p,ys matrix.
The Y s matrix can be expressed as the product between the incideaiti |, and the
primitive diagonaly matrix as in Eq[516. The terms of the primitivematrix are calculated
as in Eq[5.J7. For L being the number of lines in the grid andeBrthmber of nodesy pus

is a matrix of size B x BY is an L x L matrix, andy is a L x B sparse oriented incidence
matrix (having the value 1 or -1 when the nodes are connectéd atherwise).

Y bus = (lM)T'Y'|M (5.6)
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Yi =

andYj, =0 (5.7)
Cling
The simplified Jacobian matrix which represents the variation of the mismatch equa-
tions[5.4 and 515 with respect to the state variables 5.3 eanrliten as in Eq[ 518 and
5.9.

afPl afpl
™ M
)= % I S (5.8)
0pr71 0fPN—1
- IV N
ofg _ | —YinMi if N 59
OV =34 ViYii —2YiVi ifn=i :

By replacing in Eq.[5]X with V, the difference between two consecutive load flow
iterations can be expressed as in[Eq.5.10.

AV (k+1) = —-JI(k)"L-F(V(K) (5.10)

In this thesis the case of a single slack node is used, whichdsen from the onshore
converter nodds. Itis assumed that the voltage of the slack node is 1 p.u. fibiee of the
slack node voltage value mostly influences here the distobwf voltages in the offshore
grid, and 1.p.u. should generally not cause voltage examossbutside the limits (as here it
is assumed that all converters are operating). In this weogkdcus is on overloads and not
on over/under voltages, but the voltage limits can be clekckdoreover, since the choice
of the slack node has an effect on the flows in the offshore &pida certain distribution of
load and generation, the slack node is chosen as the firstthatidoes not cause overload
in the DC grid or, as the node that causes the least overloads.

All the other nodes in the offshore grid act as fixed active gomodes. More precisely,
the hourly generation and load for the DC grid nodes excepsidck node are given by the
output of the market simulations: for the wind hub nodes (2)tdhe power generation of
the corresponding wind farms for that particular hour, amdlie onshore converter nodes
(10 to 18) as the power transported through the correspgnelind hub-to-shore market
link. Hence, load flows are run for every hour of the year, ardefich hour the best slack
node is chosen as described above. In this thesis for thieooffgrid only the N situation
is considered, and N-1 contingency analysis is not perfdrme

It is assumed that the transmission circuit is a bipole-a20 kV with 1400 mm
submarine cables with copper conductor, for moderate tdimia spaced laying, with a
specific resistance (per phase) of 0.0126 ohm/km and an &mpat962 A, as given by the
manufacturer [92]. Consequently, a transmission circast & rated capacity of 1.256 GW
and all transmission lines in the model are formed by 1.256¢8@its. For accounting for
the bipolar power transmission, the base DC voltage in the fow is 640 kV (the voltage
on the DC side).

Lin general, it is also possible to use distributed slack busthis is not applicable for the used model, where
the load and generation values from the market simulation twalve respected.
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5.3.2.3 Offshore grid and round-the-year security analys

There are two possibilities of assessing the consequeincespecially the market utiliz-
ation of different offshore grid topologies. The ideal oneuld be to have a flow-based
market model|[93-95] (which is the target of ENTSO-E) fortboffshore and onshore
power systems. In such a model, the market optimizationiderssto some extent the
physical limitations of the grid and tries to ensure that mertoads are caused. In such
a model the resulting grid flows still have to be checked fandpeure that no overloads
occur, but the chances of having overloads are reduced.

The second approach, which is adopted in this thesis, is¢caumonal energy trans-
portation market model (i.e. it has no underlying physiaad gnodel) where only fixed
Net Transfer Capacities (NTCs) between various markesaaeadefined. Normally these
NTCs are chosen in order to respect system security condijtthus having a certain re-
serve margin with respect to the actual installed intea-anéd capacity. It is important to
see what the resulting flows in the grid are if the market auteds to be implemented. This
can be done with the help of the round-the-year securityyaisintroduced in Chaptét 3; it
is assumed that the security analysis is performed for thituldteon only. As for the future
offshore grid investigated in this work no history of NTCssg, a set of “safe” NTCs has to
be first determined. So for a certain offshore grid structtisefirst assumed that for all the
offshore grid links full NTC values are given to the markebnSequently, round-the-year
security analysis for the offshore grid is performed in ortecheck if overloads occur. If
that is the case the NTCs of the initially overloaded linkesat reduced in equal steps in the
market simulation, until almost no overloads occur anym@aen this is reached the set of
“safe” NTCs is found and the effect of the offshore grid camme accurately quantified.

5.3.3 Comparison of topologies

In order to make a comparison of the three different top@sdgntroduced in subsection
(.31, each of the grid structures is modelled in the marketilation. It is assumed that
all hub-to-hub connections have a rated capacity of 1256 MMfeover the hub-to-hub
capacities given to the market are 1200 MW each as a stanimg. g~or the offshore grid

load flow calculations the DC grid model presented in sulmef.3.2.2 is used and by
running load flow calculations for each hour of the simulagedr, the risks of overload
are assessed according to the methodology presented inetBapNext, the Net Transfer
Capacities (NTCs) given to the market model for all the aadlled hub-to-hub links are
reduced in equal steps until no more overloads occur. Coestly, the capacity that can
be given “safely” to the market for each grid topology is rblygestimated.

5.3.3.1 Market simulation results

Table[5.T shows a comparison of the market simulation reénitthe radial, looped and
meshed offshore grid topologies with 1.2 GW hub-to-hub céigg. This comparison is
done with respect to the Base Scenario, where only the hshdee links and the bilateral
country interconnections are present. It can be noticetinibgeasing the interconnection
capacity in the market model, by adding the hub-to-hub linkkerently brings benefits
such as total operating cost reduction, decrease in €fissions and also reduction of
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wind energy curtailment. The reason of these benefits isdtesa to a more geographically
diverse generation park.

Table[5.8 shows the usage results of the hub-to-hub linksdoh of the three cases,
as a result of the market simulation. The most used links &r8 between the Norwegian
wind hub and the first British wind hub, and L8-9, between ttwvigian wind hub and
the Danish wind hub. These are followed by L2-3, L1-8 and L& all these links there
is a high number of hours when the market makes use of the vitawisefer capacity. The
least used links are the hub-to-hub links connecting wirlostnf the same country: L6-7,
L4-5 and L1-2, but also L5-6 connecting the German and Duticidl \Wwubs. Links between
hubs of different countries are much more used than the osetgebn hubs of the same
country. This can be explained by the fact that these leg$lirdes connect hub-nodes that
are connected to onshore nodes belonging to the same priee Adese aspects will be
considered later in the final choice of an offshore grid.

Table 5.7: Comparison (with respect to the Base Scenaria)arket simulation results for
the three grid topologies with 1.2 GW NTCs for the hub-to-lniks.

Total System Operating Cost CQ Emissions  Curtailed Wind

Case M€] [ktons] [TWh]
Base Scenario 55553 345676 115
Changes with respect to the Base Scenario
Radial -921 -4927 -8.4
Looped -1074 -5779 -10
Meshed -1457 -8548 -13.4

Table 5.8: Market simulations results: hub-to-hub link geastatistics (see Figufe 5.3 for
line labels).

Line
L1-9 L1-2 L2-3 L34 L45 L56 L6-7 L7-8 L89 L1-8

Mean power [MW] 809 227 733 517 113 267 34 657 758 695
% hours used 740 489 835 695 285 316 9.0 743 703 805

Case Parameter

Meshed o hoursatNTC 620 1.3 420 189 06 166 003 387 554 318
% hours > 0.5NTC 67.0 14.6 59.9 417 6.6 213 20 538 632 578

Mean power [MW] n/a 133 685 536 118 273 34 634 784 725

Looped % hours used na 359 810 704 292 323 9.0 751 720 811
% hours at NTC n/a 06 373 211 0.5 16.7 01 351 569 36.1

% hours > 0.5NTC n/a 6.4 556 43.0 74 219 20 507 66.1 60.6

Mean power [MW] n/a 25 655 565 117 284 41 732 760 n/a

Radial % hours used n/a 50 787 712 296 329 9.4 69.7 68.2 n/a
% hours at NTC n/a 0.2 354 248 05 17.6 0.1 40.0 584 n/a

% hours > 0.5NTC n/a 1.7 529 459 72 230 29 640 633 n/a
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5.3.3.2 Load flow and risk of overload assessment results

Next, load flow calculations are performed with hourly resioin for each of the three
topologies@. Only N situations were analyzed as it was assumed that febaoé grid
does not have to be N-1 secure (see discussion later in pplid§t3.4). The risk of over-
load during N situationRQy i) for each of the hub-to-hub links is determined under all
cases using Eq[3.2 as described in Chalpter 3. For a biaR€R; = (C01; — 100) -
C02 [% of rated capacityhours.

Table[5.9 illustrates the risks of overload and the critésigthe N situation for each of
the three grid topologies. The criteria are CO1: branchif@achedian for the overloaded
hours; C02: total number of overloaded hours, and C03: maxiroading of overloaded
equipment. It can be noticed that in the radial structure verloads occur. By creating
loops in the grid as is the case in the looped and meshedstegcthe risks of overload
increase dramatically, highlighting the differences tegwthe NTC-based market transac-
tions and the physical flows.

Table 5.9: Risks of overload and bottleneck ranking crétdar the three topologies.

| Radial | Looped Meshed
Line ' poy ROy COL CO02 CO03 ROy COL C02 CO3
[%*h] [%*h]  [%] [h]  [%] [%*h]  [%] [h]  [%]

L1-9 n/a n/a n/a n/a n/ 664.6 102.6 258 108.0
L1-2 0| 2763 1102 27 114 371 104.1 9 116.0
L2-3 0 | 40344.1 119.3 2085 150.F 19679.3 111.3 1745 175.7
L3-4 0 | 24901.8 1143 1738 139.6 38338.6 121.3 1803 160.4
L4-5 0| 2379 1068 35 117. 680.7 1080 85 139.4
L5-6 0| 21270.1 1157 1354 150.2 29469.7 121.7 1360 159.1
L6-7 0| 1091 107.8 14 125 137.2 1081 17 1457
L7-8 0| 95884 1137 700 144.9 19368.8 112.0 1612 162.9
L8-9 0 00 00 0 00| 119782.1 129.2 4096 176.4
L1-8 n/a 00 00 0 00 166 101.3 13 105.7

In order to illustrate this aspect better, Figlire 5.4 shdweddad-duration curve of line
5-6, between the Dutch and German parts of the offshore gddording to the market
simulations, together with the corresponding DC grid cotagypower flow curve, for the
radial and the meshed structures. It can be noticed thaeiraithial structure, the physical
flows are close to the market flows, while in the meshed stracthe differences between
the two are rather high.

’Note that no attempt was made to optimize the voltage profileRérDC grid, since the focus is on the
capacity of accommodating the market outcomes.
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Figure 5.4: L5-6 market transfers and actual DC grid flows: ading-duration curve
ordered according to decreasing values of market transfers
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Furthermore, for getting a better insight into the diffexes between the market trans-
actions and the physical flows one critical snapshot for thethrad grid structure is invest-
igated. This snapshot is hour 1380, when line L5-6 is at itsimam overload with a
loading of 159.1% (Table5.9) and it is illustrated in Figﬁ@. It can be noticed that the
market makes use of the available NTC values. However, thsigdl flows take the path
of least resistance (shortest path). Around 700 MW take liogter way between nodes
7 and 3 (namely 7-6-5-4-3 which sums to 500 km), instead of 490 via 9-1-2-3 (950
km) and 350 MW via 7-8-1-2-3 (900 km) as it appears from thekeiasimulation. As a
consequence, in this hour line L5-6 is heavily overloaded.

Hour 1380 \ NO

Legend 521 M 18 DK
Power flow —— [MW]—»
Market link
transfer = [MW]—p~
Onshore Pg=679 MW 9
(nodal ;'m\;verks) — [MW]—>- """'--359_06 . Pg=557 MW
except slac! I~
Offshore —_—MW]—
nodal powers VW] 8 0 MW——o

1
10
16
v
h@u“\
sob
11
GB

1259.21 MW

Figure 5.5: Snapshot of hour 1380: power flows versus maragisters in the offshore
grid, meshed structure, 1.2 GW hub-to-hub links.

It can be concluded that the offshore grid structure is atiimgifactor for the transfer
capacities that can be given “safely” to the market. For hiyigpproximating this limita-
tion in the looped and meshed cases, the net transfer caggdiTCs) in the market model
for the hub-to-hub links that are overloaded for NTC of 120@/Mare reduced in steps of
120 MW simultaneously until (almost) no more overloads occu

For the looped structure it can be seen in T&blé 5.9 that li88 and L1-8 are not
overloaded hence the capacity given to the market for theke is kept the same, namely
1200 MW each. For the rest of the hub-to-hub links the mar&pacity is reduced in steps.

3Please note that the figure is not to scale, the grid repratiemidoes not reflect the real distances between
different nodes in the North Sea. For the actual distance3aeld 5.b.
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At each step the round-the-year security analysis is pmedrand the overloads in the grid
are checked. At a NTC value of 720 MW each, almost no overl@adsr as shown in
Table[5.10. By summing up all NTCs of the hub-to-hub links dividing this number to
the sum of the rated capacities of the same links, it resudiisanly 65.8% of the total hub-
to-hub rated capacity can be given to the market. This valwemnservative because in the
market model fixed NTC values for the whole year were defineith Wflow-based market
coupling [93, 94] the total capacity that could be used byntaeket throughout the year
would vary and would probably bring some increase in thelyeaserage total capacities,
allowing a better interconnection capacity usage. In @mfitnovel control methods for
the offshore grid power flow, such as a Distributed Directtagpe Control Strategy [72]
may also bring some improvement in the grid usage. As in thehegk case all lines are
overloaded in Table 5.9, all the hub-to-hub NTCs are rediucateps from 1200 MW, to
720 MW each. As shown in Table 5111, at a 720 MW NTC value, tble of overload in
the grid is negligible. Hence, 57.3% of the total offshoriel gated capacity can be safely
given to the market.

Table 5.10: Risk of overload and bottleneck ranking craefor the looped structure with
safe NTCs.

Pn  NTC ROy COl C02 CO3
(MW]  [MW]  [%*h]  [%]  []  [%]
L2-3 1256 720  33.6 1016 21 110
L3-4 1256 720 7.6 101.3 6 102.2
L5-6 1256 720 0.7 100.7 1 100.7
L7-8 1256 720 4.9 100.8 6 102.3

Line

Table 5.11: Risk of overload and bottleneck ranking crador the meshed structure with

safe NTCs.
Line Pn NTC ROp C01 Co02 C03
MW]  [MW] [%*h] [%] [h]  [%]
L2-3 1256 720 9.1 102.3 4 109.4
L8-9 1256 720 1.0 100.5 2 100.8

A new comparison of the market simulation results can be madefor a more accurate
assessment of the different benefits (see Tabld 5.12). bheaoticed that when safe NTCs
are used for the looped and meshed structures, the benefitedurced in comparison to
Table[5.7, and are comparable to the ones of the radial gridtate with 1.2 GW NTCs.

From the analysis in this section it can be concluded thattbee meshed the structure
of the DC grid, the less of its capacity can be safely used farket transactions. Hence
interconnection capacity can be better used in radial dricctires. For a more accurate
assessment of the effect of offshore grid design on how mtiith capacity the market can
use, and of the resulting changes in the generation mix ofmtha@elled power systems, a
flow-based market model is needed. In this thesis the modekimaplified due to grid data
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Table 5.12: Comparison of market simulation results forttiree grid topologies with safe
NTCs for the hub-to-hub links.

Total System Operating Cost CQ Emissions  Curtailed Wind

Case M€] [ktons] [TWh]
Base Scenario 55553 345676 115
Changes with respect to the Base Scenario
Radial -921 -4927 -8.4
Looped -901 -4857 -8.5
Meshed -943 -5305 -9

availability for the countries in the market model, and thestion of how a flow-based
market coupling would operate in the North Sea is not treated

5.3.4 Discussion on offshore grid structure

From the grid security and grid utilization perspectivégre is no blue print approach for
choosing a most optimum configuration, and such a choice repgriti from case to case.
Assessing the security of a grid has to be done considerimy e@mbinations of load and
generation. The round-the-year security analysis inttedun this thesis proved to be very
effective for this, giving a much better overall picture b&toverloads in the grid. It was
moreover found that in a looped or meshed grid, issues suttiedengths of the offshore
grid’s links and the exchanged power at the grid nodes aseingrortant in determining the
physical flows in the grid. This is a well known fact for AC gsidnd becomes important
also in multiterminal DC grids. The benefits of point-to4p¥VSC-HVDC connections are
partially lost in a multiterminal looped or meshed VSC-HVQEd. This is because it is
not possible to fully control the grid flows for various comations of load and generation
at the grid’s nodes. Control approaches such as optimizafioonverter voltage set-points
could be used for having a certain degree of controllahititthe grid, but the operation of
the electricity market across the offshore grid area hastsider its physical structure. So,
grid structure limits the capacity that can be (“safely¥agi to the market. More utilization
of looped and meshed grids could be achieved by operatimg #seradial grids.

Offshore grid security can refer to more aspects, such asxoeteding rated capacities
of DC lines and of converters, staying within the normal ag# limits during operation
during N situation or also during cases when failure of eletsies considered (N-1). In this
thesis only security during N situation was tested. It it atquestion whether an offshore
grid should be N-1 secure in itself. The most simple way ofi@ghg N-1 security is
building redundant sections, but this would come with a higst for a grid with very long
undersea lines and expensive converter stations. In Ggrthag do not intend to make
the North-South HVDC corridors redundant, but instead tliegt to plan the AC grid N-1
secure considering the loss of HVDC corridors circuits. ldegr an offshore transnational
grid connects different power systems out of which some @aneot synchronous areas.
Consequently losing an offshore grid link from the onshaié gide is comparable to losing
an HVDC point-to-point interconnector such as NorNed. Tbolkeitson would be then to
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adjust onshore power system reserves to the loss of indivioffshore grid circuits (~
N-1), and consequently, the onshore grid has to accommaldatdispatch changes. For
that, using reasonable circuit capacities for the offstypi@ links is recommended as too
big capacities may become problematic for the reservessiiane systems.

5.3.5 Choice of an offshore grid configuration

In this paragraph, a suitable grid structure is determimedrder to use it further in this
chapter for the security analysis of the onshore grid. Thigkwdoes not try to find the most
optimum grid structure, as for this an adequate multi-deteptimization model is required.
In such a model a balance has to be found between congestierallogrid utilization,
investment cost, security (reliability), operating costlavind integrationl[96, 97]. There
can be moments when a hub-to-hub link cannot be used for pexadranges because of
wind power being transported to shore, and/or because ohtoty hub-to-hub links being
connected to the same hub-to-shore link, the hub-to-shdedéing a limiting factor.

Regarding grid utilization, in Sectién 5.8.3 (see Tablé 5t8vas noticed that some hub-
to-hub links have low utilization factors, while some linfkave high ones. Installing new
submarine cables is very costly, and it is desirable to haeasonable degree of utilization
of the assets in order to recover investments. The case bidted classical HVDC link is
considered [28] as a benchmark. For the yearly period betde®/-2008 and 30-06-2009,
the NorNed link was used 66.4% of the time. Moreover, 36.6%eftime it was used at
maximum capacity. Hence, in this work it is required thathi-to-hub links are used on
average around 65% of the year and around 35% of the timel &T@. This is also in line
with the average link utilization factor of 63.7% used in @fshore Grid EU project [12].

The choice of a suitable offshore grid configuration is damesédering the criteria listed
below and with the help of market simulation. Round-thergeurity analysis is also used
at the end for checking if any overloads occur in the offstyri@. The criteria are:

e The grid is operated without overloadings (in this work with overloads in N situ-
ation).

The grid has a radial structure for allowing maximum linKimétion.

A new circuit is added to a hub-to-hub link when it is used aster2% of the year,
and at least 55% of the year the link is used at full NTC.

A hub-to-hub link is removed when it is used by the market thas 30% of the year.

It is allowed to add new hub-to-hub links as long as they aeslus

As the meshed grid structure brings the highest decreasparating cost and wind
curtailment (Tabl€517), this grid is chosen as a startirigtp®8y looking at the hub-to-hub
link utilization statistics for the meshed structure whigtre given previously in Tab[e 5.8
and considering the criteria above the following can beaeati Firstly, link L1-9 between
the Norwegian and British hubs meets the criterion for agldinew circuit. Secondly, links
L4-5 and L6-7 between the Dutch hubs and the German hubsatéggg are not very much
used and they are removed as they meet the criterion fordimoval. Thirdly, a new link is
added (L1-5) between the British wind hub 1 and the Dutch vhiald 5. Last but not least,



5.3 Offshore grid topologies analysis 93

for having a radial grid structure the loop 1-8-9 is openedi@ating an extra onshore node
(node 19) in Denmark. Consequently, link L1-8 is replacethwik L1-19 which is 555
km long.

The chosen offshore grid structure is shown in Figuré 5.6att be noticed that a third
circuit was added to Link 1-9. All other hub-to-hub links leasnly one circuit. The market
simulation is run for this grid configuration, resulting int@al operating cost of 53349
M<€ (i.e. -2204 M with respect to the Base Scenario) and total wind curtaitro€86.15
TWh (i.e. -18.85 TWh). The dump energy is 0.045 TWh and the eneogygerved is 0.36
TWh, both visibly reduced in comparison to the Base Scenario.

The offshore grid hub-to-hub and hub-to-foreign shore lidage statistics resulting
from the market simulation are given in Table §.13.

NO

Figure 5.6: Chosen offshore grid configuration.

Table 5.13: Market simulation results for the chosen offetgrid configuration: usage of
the hub-to-hub and hub-to-foreign shore links.

Line

Parameter

L1-9 Li1-2 L2-3 L34 L56 L7-8 L89 L1-19 L1-5

Mean power [MW] 2145 398 796 486 321 650 717 743 690
% hours used 752 621 870 67.0 523 682 689 834 753

% hours at NTC 45.9 6.6 456 132 173 349 506 459 3838
% hours >0.5NTC 593 313 660 398 239 554 594 60.7 57.2
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It can be noticed that no more new circuits are needed for attyedinks in the table
as the criterion for adding new circuits is not met. Also neuwits have to be removed. On
average the links are used 71.04% of the year and 33.2% ofetireay full NTC, meeting
the average link usage criteria. Last but not least, rotwedyear security analysis is run
and no overloads are found.

Without claiming that the offshore grid structure arrivadta optimum, it can be con-
cluded that the solution achieves a reasonable balanceebetinproved link utilization
and decrease in operating cost. The load flow results ireltbatoffshore grid to be secure
for the N situation.

In the offshore grid topology analysis the capacities oftthle-to-shore links were kept
constant. For getting an overview of the changes in the usitige hub-to-shore links,
a comparison of their usage is done. The market simulatisultsefor the Base Scenario
(without a transnational grid, usage given just by the wiadayation) and for the offshore
grid structure chosen in this section are shown in Tablel 53dveral things can be no-
ticed. First, in the Base Scenario, none of the hub-to-sliks is used at maximum NTC.
Second, when the chosen transnational grid is added, tlye udahe links generally in-
creases (exception L2-11). Link L6-15 is used more hourkényear, but its mean power
usage decreases from 4925 MW to 4419 MW. Last, even with émstrational grid, some
of hub-to-shore links are very little used at full NTC. Linkl6 connecting one of the Ger-
man wind hubs to the Germany, is not used at all at full NTC. elmv there are also links
that are benefiting a lot from the chosen offshore grid stmec{L3-12, L5-14, L9-18).
Given these findings, the dimensioning of hub-to-shoreslistkould probably consider their
potential usage.

Table 5.14: Market simulation results comparison: usagthefhub-to-shore links.

Line

L1-10 L2-11 L3-12 L4-13 L5-14 L6-15 L7-16 L8-17 L9-18

Parameter

Base Scenario

Mean power [MW] 2798 1168 663 384 187 4925 696 228 590

% hours at NTC 0 0 0 0 0 0 0 0 0
% hours > 0.5NTC 12.6 8.5 20.9 7.3 6.3 15.7 10.9 11.4 6.2
% hours used 86.7 78.6 95.3 76.3 79.1 86.3 80.6 71.6 394

Chosen offshore grid

Mean power [MW] 4349 998 1881 444 720 4419 1367 325 2106
% hours at NTC 1.37 0.1 47.6 0.18 39.1 0 291 0.94 0.05
% hours > 0.5NTC 25.5 7.5 86.5 5.2 58.8 17.9 29.8 22.1 37.5
% hours used 88.1 73.3 94.7 84.4 89.5 90.3 88.6 77.5 77.1
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5.4 Security analysis for the onshore grid

In this section the structure of the offshore grid is fixed atidntion is moved to the onshore
grid. The effects of the offshore grid on the onshore gridiavestigated with the help of

the round-the-year security analysis method introduce€haptef B. First, the considered
onshore grid model and its assumptions are presented. efuetldetailed investigation of

the bottlenecks in the Dutch EHV grid is performed. Some ipbsseinforcements are also
analysed. Last, more sensitivity analyses are performadsHedding more light on the

quality of the results, on important aspects that affecbtighore integration of the offshore
wind in the North Sea, and on the effect of the presencetstiof the offshore grid on the

onshore grid.

5.4.1 Grid model and analysis setup
5.4.1.1 The onshore grid model

The grid model that is used to perform the calculations ferahalysis, consists of a rep-
resentation of the Dutch, Belgian and German grids for tlee £620. For the Netherlands
the EHV grid (380 kV and 220 kV) is modelled and a small parthef HV grid (for con-
nections to lower voltages) [81,/99]. For Belgium and Genmnasimplified model of the
EHYV grids is adopted and these countries are modelled torofoiare realistic cross-border
flows [9,1100].

Figure[5.7 illustrates the EHV Dutch grid model and is commated by TablE El2 of
Appendix[E where the number of circuits as well as the ratgécisy of each circuit are
given. Moreover, Table El.1 gives the relationship betwéerabbreviation of each 380 kV
Dutch node and its full name (see Appendix E).

Figure[5.8 illustrates the models constructed in the workefmesent the Belgian and
German grids. TablE_H.3 gives an overview of the number @uis and the assumed
capacity per circuit of each 380 kV corridor. The announckthpin Germany to build
HVDC corridors between North and South [101] are also cansidl by modelling such
corridors similar to the ones in the leading scenario of teen@an Grid Development Plan,
namely Scenario B 2032 (see Figlire] 5.8 and Tablk E.4). THwnie in a simplified fashion
by injection/withdrawal of power, namely withdrawal frommet North and injection in the
South in hours with excess generation in the North as showgiorithm[Ed (no losses in
the HVDC corridors are modeled).

The connections to countries/areas which exist in the mankelel but are not represen-
ted in the grid model are also modelled via injection/withwlal of power at the respective
nodes. The same is done for the planned HVDC connection bet@eamme in Belgium
and Rommerskirchen in Germany.

There are 6 phase shifting transformers (PSTs) modelldwdidrder of the Dutch grid
with its neighbours. Between the Netherlands and GermayPISTs are modelled at the
Meeden substation. Furthermore, between the Netherlamtialgium, four PSTs are
modelled on the Belgian side as follows: two at the Zandwsligtstation, and two at the Van
Eyck substation.

In Figure[5.Y the landing points of the offshore grid (NST@y af the radially con-
nected offshore wind are indicated for the Dutch grid. Femthore, in AppendixE, for
all three countries, the total installed capacity per onslwonnection node for the radially
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connected wind (not connected to the offshore grid) is riglan Tablé EB, and the NSTG
onshore landing points are given in TablelE.5. For ensurifificgent connection capacity
for the wind and offshore grid power flows at Oterleek, two lolewcircuit lines between
Oterleek and Beverwijk, and between Oterleek and Diemem wdded to the Dutch grid
model. These lines were proposed in TenneT’s Vision2030rt¢99].

The coupling between the market and the grid models is dotietiaé method presented
in [7&€] and explained in Appendix]C. For the Belgian and Germeodels, the load and
generation were aggregated in the nodes of the simplifiebrgpresentations, according to
their geographical distribution.

Loadings of selected branches in normal and contingenggit&ins are determined us-
ing the commercial software PSS/E version 32.

5.4.1.2 Analysis setup

An AC-DC contingency analysis is adopted, for the N and retpay N-1 situations. The
contingency analysis is performed only on the Dutch parhefgrid including interconnec-
tions to neighbouring grids; there are 139 N-1 contingenpierformed (only branch con-
tingencies), and 96 monitored branches. The AC base caskigated with a full Newton-
Raphson method for the Dutch, Belgian and German interatadasystem. The slack node
is set far from the Dutch grid, in Neurott, for reducing itflurence on the Dutch grid flows.
The adjustment of phase shifting transformers is allowdd daring the AC base case, and
these adjustments are kept at current levels during the Déngency analysis. Moreover,
no generation re-dispatch is allowed. Multiple conseeufi” full Newton-Raphson load
flows are allowed , in case convergence issues appear. Agigiigouring countries of the
Dutch grid have simplified grid models, results might not bewaiate. Hence, from the ana-
lysis in this chapter only general conclusions can be drand,specific recommendations
about the Dutch grid cannot be made.

The round-the-year security analysis with all the data @semg for the considered
onshore grid, takes around 2.5 hours. Regarding the apalfshe resuItE, the risks of
overload defined in Chaptét 3 are computed as in[Eql 3.2_ahdr2l3hen normalized
relative to the maximum risk of overload (for one scenariofop more scenarios in case
of sensitivity analysis) during N and N-1 situations redpety. The aggregation is done
according to Eql_3]5 and with the weights for 0.67 for the Natibn and 0.33 for the N-1
situation.

“Note: for the branches that have more identical parallelitsconly the results for one circuit are presented
because the results are the same for all circuits. Henceréimelo names refer to one circuit only. Otherwise, if
parallel circuits are not identical, the circuit number is ti@med after the branch name.
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5.4.2 Security analysis for the “Reference Scenario”

Round-the-year security analysis is performed (accortindpe methodology in Chapter
[3) for the Reference Scenario where the offshore grid asechimsparagraph 5.3.5 is con-
sidered (FigurE®5l6). The criteria and risks of overloadalbthe overloaded Dutch 380 kV

Dide

=== 360 kV connaction
== 4JElkVrng
= 220 KV connaction

Figure 5.7: Dutch grid representation adapted from TenseVision2030 report@g].
Landing points of the offshore grid (NSTG), of the radialbnnected offshore
wind and of the HVDC interconnectors are indicated.
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interior and border branches are illustrated in T.(lBe lines that are not overloaded
in any situation are not indicated). It can be noticed thatdrare many bottlenecks in the
grid. Figure5.D gives an illustration of the geographiqalesd of the bottlenecks during
N-1 situations. There are three main bottleneck regionisérutch grid: in the North East
(Eemschaven-Meeden-Diele), East (Ens-Zwolle-Hengetmé&u; Hengelo-Doetinchem-
Dodewaard), and South and South East (Krimpen-Gertrughgrabilburg-Eindhoven-
-Maasbracht-Rommerschirchen; Maasbracht-Van Eyck).

Table 5.15: Criteria and risks of overload for the overlodd®80 kV NL interior and border
branches (highest values in Italics). For node abbreviagisee AppendiX E.

Branch C01 Co02 C03 Co03 RQ Cll1 cC12 C13 C13 RQ_1
[%] [h] [%] hour [% * h] [%] [h] [%]  hour [% * h]
Interior branches

DIM-BKL 0 0 0 n.a. 0 103.7 10 1085 2364 37

DIM-OZN 0 0 0 n.a. 0 101.2 13 107.8 2364 15.6
DOD-DTC 0 0 0 n.a. 0 103.9 553 1179 2364 2156.7
DTC-HGL;1 0 0 0 n.a. 0 102 11 105.5 325 22
DTC-HGL;2 0 0 0 n.a. 0 101.8 23 107.7 325 414
EEM-MEE;10 0 0 0 n.a. 0 109.9 746 156.4 8353 7385.4
EEM-MEE;11 0 0 0 n.a. 0 109.8 739 156.2 8353 7242.2
EHV-MBT 102.05 26 1094 3310 53.3 123.6 1825 180.8 3310*43070
ENS-ZL 0 0 0 n.a. 0 107.35 250 1315 1509 1837.5
GT-KIJ 100.9 5 104.3 8248 4.5 118.3 1675 188.9 8248 30652.5
HGL-ZL 105.8 63 130.1 8321 *3654 117.8 1848 195.2 8321 32894.4
MVL-SMH 0 0 0 n.a. 0 100.9 3 101.7 8249 2.7
TBG-EHV;1 and 2 0 0 0 n.a. 0 103.5 199 121.3 8248 696.5
TBG-EHV;3 0 0 0 n.a. 0 103.25 164 120.4 8248 533
TBG-GT 0 0 0 n.a. 0 102.3 1 102.3 8248 2.3

Border branches

PST-XDLME 101.7 8 109.6 8498 13.6 111.8 510 170.1 8498 6018
HGL-XGR_HG 101.5 5 106.4 370 7.5 119.5 1413 1824 370 27553.5
MBT-XRO_MB 0 0 0 n.a. 0 107.45 98 132.2 8073 730.1
MBT-XVY _MB;1 113.8 1802 154.2 7349 *24867.6 114.7 2124 159.1 7349 31222.8
MEE-PST 107.7 253 152.3 8498 1948.1 125.3 1522 235.8 84988506.6

The bottleneck ranking is done separately for the inteianbhes and the border branches.
The maximum risks of overload during N and N-1 situationdwéspect to which the nor-
malization is performed are written in italics in Table 3.15

Figured 5.10(2) and 5.10{b) show the normalized risks ofload and the severity in-
dices for the most important bottlenecks. From both tabkk fagures, it can be noticed
that three of the interior branches and four of the bordendiras are congested in both N
and N-1 situations. The most congested interior branchdisdted by the severity index,
is the line HGL-ZL between Hengelo and Zwolle, followed bgdiEHV-MBT between
Eindhoven and Maasbracht.

Similarly, the most congested border line is line MBT-XWWB;1 between Maasbracht
and Van Eyck PSTIL (connected further in Belgium to Van Eyck and to Lint) whish

5Because the two PSTs at Meeden substation are on the Dugcbfghie cross-border line Meeden-Diele, the
branch MEE-PST is considered together with the border thresc
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Figure 5.9: Reference Scenario: bottlenecks in the Dutdth gccording to C12.

seriously overloaded even in the N situation. It is followedanking by the two PSTs
MEE-PST at Meedeff]

5]t can also be noticed that the branch between the Meeden m&Diale (PST-XDIME) is less overloaded
even though the same power flows through it; this is becausatiitg is higher.
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Figure 5.10: Most important bottlenecks in the Dutch griéf&ence Scenario.
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5.4.2.1 Testing proposed reinforcements in the Dutch grid

Two reinforcements scenarios are assessed, by reinfotteiniterior grid of the Nether-
lands with some of the TenneT Vision20301[99] recommendatio

e Reinf_1: two circuits are added to the GT-KIJ branch, one circuitdgead to the
EEM-MEE branch and the capacity of branch HGL-ZL is increlfsem 1645 MVA
to 2633 MVA per circuit.

e Reinf_2: to the reinforcements in Reirff, a new double circuit branch is added
between DIM and DOD, with 2633 MVA per circuit.

Table[5.76 shows the comparison of the grid risks of overfoadhe interior grid and for
the border grid. These risks were computed according t6 Elfr@im Chaptelr4. According
to this equation the grid risk of overload during N situatisthe sum of the branch risks of
overload during N situation, and the grid risk of overloading N-1 situations is the sum
of the branch risks of overload during N-1 situations. Themparison of the branch risks
of overload can be found in Tallle .1 of Appenidix F.

It can be noticed that by adding the reinforcements, thenategrid risks of overload
are very much reduced as most of the interior bottlenecksdeasliminated/reduced. At
the same time the border grid risks of overload are not verghmaiffected as the severity
of the border bottlenecks is not significantly changed. Ifénforcing GT-KIJ in Reinf1,
the EHV-MBT line is slightly more overloaded than in the Refece Scenario, by adding
further the DIM-DOD line, the overloads of the EHV-MBT lineeadramatically reduced.

For trying to solve both internal and border bottlenecks,gblution generator proposed
in Chaptef ¥ could be used. The best approach would be to #ppbolution generator for
the interconnected grids of The Netherlands, Belgium anan@ey where more detailed
grid models of the latter two countries are used. In such amogeh also reinforcements
in the German and Belgian grids could be tested, as theset teimghto a decrease in the
power flows on the Dutch border branches.

Table 5.16: Grid risks of overload for the 380 kV NL interiordhborder grids. Comparison
for two reinforcement scenarios.

Grid Reference Scenario Reinfl Reinf.2
Rogrid,N ROgrid,N—l ‘ RC)grid,N Rogrid,Nfl ‘ RC)grid,N Rogrid,Nfl
[%*h]

Interior grid 432.2 126589. 114 53315 0 5539.8
Border grid 26836.8 104031 27136.2 109835 29485.7 101842.1
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5.4.3 Sensitivity analysis to the HVDC corridors in Germany

In this paragraph, a sensitivity analysis for the HVDC ators in Germany as part of the
onshore grid is made. Two scenarios are compared:

e HVDC corridors in DE . This is theReference Scenariavhich was investigated in
the previous sectiofi (5.4.2).

e No HVDC corridors in DE . In this scenario the North-South HVDC corridors in
Germany are not modelled (not assumed to be built for thesstepear analyzed).

The round-the-year security analysis is performed for Isatbnarios. Furthermore, the
bottleneck ranking is performed, again separate for tregimtand border branches of the
Dutch grid. This time, for comparison purpose, the riskswdrtbad are normalized to the
maximum risks of overload over both scenarios during N antl $ituations. In Appendix
[B, Table EB gives a comparison of the risks of overload duNrand N-1 situations, and
the main bottleneck ranking criteria can be found in Tabfe R can be noticed that most
of the bottlenecks appear in both scenarios, but their ggvedifferent.

The severity index comparison for the main bottleneckdustitated in Figurels 5.11{a)
and5.11(1). For the interior branches, it can be noticetdrtbighaving HVDC corridors in
Germany results in much more severe overloads in the Dutdairmost of the lines, due
to more loop flows through the Dutch grid. For the border binesdt can be noticed also
that in the “No HVDC corridors in DE” scenario the severitytbé overloads is higher, es-
pecially in the Meeden phase shifter MEE-PST. One exceitie MBT-XVY_MB;1 line,
which is more overloaded in the Reference Scenario. Thisdalise in the “No HVDC cor-
ridors in DE” scenario there are increased power flows on tast&vn side of the Dutch grid
and consequently, in comparison to the Reference Scemaoie power goes to Belgium
through the Kreekrak-Zandvliet cross-border branch assl ferough the Maasbracht-Van
Eyck branch. Next, in order to understand better what happethe grid one snapshot is
chosen and a comparison for a critical hour during N situeisgperformed. The compar-
ison is made for a critical hour in the “No HVDC corridors in DEcenario: hour 8080
(according to Table B 4).

The hour 8080 comparison is illustrated in Figlre .12 wreerpialitative graphical
representation of the flows in the Dutch grid is made for bo#marios. This is a high wind
hour, with also high imports from the North Sea neighboudrggps. It can be observed that
having no HVDC corridors in Germany results in high loop flaimough the Netherlands,
causing many severe bottlenecks even in the N situationroippate 6.7 GW of DE-NL-
DE loop flow goes from North to South, creating severe oveldazn the cross-border lines
but also on the interior lines of the Dutch grid. Because efliflghly congested situation
in both Dutch and German grids, the adjustment of the phafienghtransformers fails in
preventing this loop flow.

For the same hour, the presence of HVDC corridors eliminalie®st completely the
loop flow by sending the power from the North of Germany dikett the load centers in
the South of Germany. Also the influence on the distributibbharder flows between the
Netherlands and Belgium can be noticed: when no HVDC corsidrist, more power flows
through the Zandvliet border-lines than through the Vankiymes (Figuré 5.12). It can be
concluded that the HVDC corridors planned in Germany aref@eyind integration and
they have a major impact on the Dutch grid power flows. Hends,important to model
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Figure 5.11: Comparison of main bottlenecks severity iadifor sensitivity to HVDC cor-
ridors in Germany.

them in long-term grid studies and a more adequate modeh@amtwould be useful by
increasing the accuracy of the calculations.

Another brief investigation is performed in order to see lsmmsitive the results are to
changes in the neighbouring grids. To that purpose two serare investigated: one with
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an extra circuit added to the Diele-Gronau line (in Germdogeto the Dutch grid), and

one with an extra circuit to the Berlin-Wurgau line (far frahe Dutch grid). The variations

in the risks of overload with respect to tReference Scenarre shown in Table H.2 from

AppendiXE. It can be noticed that the sensitivity to the hbmuring grid model decreases
with distance, but still exists even for the Berlin-Wurgainforcement variant. Hence it is
important to model accurately the closer parts of the neaghihg grids.

5.4.4 Sensitivity analysis to the offshore grid structure

Another sensitivity analysis is performed with respecthte presence/structure of the off-
shore grid. Two sensitivity scenarios are investigated emdpared with the Reference
Scenario:

e No offshore grid. This is the Base Scenario presented in the beginning of thiertu
chapter, where all wind is connected radially to shore withthe presence of an
extra offshore grid. It should be reminded that the Base &ieialready consists of
offshore links between countries in the North Sea (Tabl 5.4

e 1.2 GW radial offshore grid (see Figurg 5.3(R)). This offshore grid case was invest-
igated in Section 5.313.

Again the round-the-year security analysis is performed, the bottleneck ranking is
done for the Reference Scenario and the two sensitivitysseen Figure$ 5.13(jn) and
[5.13(D) illustrate the comparison of the severity indiamstifie three scenarios. In addition
in Table[Eb of Appendik]F all the risks of overload can be fhutihe normalization was
performed with respect to the values in italics.

It can be noticed that the presence and structure of thear#sprid definitely have
an impact on the power flows in the onshore grid. This is mdi@gause of an increase
in interchange capacity with the neighbouring North Sedesys. If more energy can be
exchanged, this obviously has an effect on the flows in thbanessystem. For example,
due to the offshore grid connection between Netherlanddg(5) and Great Britain (node
1) (see Figur€5l6), in the Reference Scenario, the HGL-ZEEMPST, PST-XDIME and
MBT-XVY _MB;1 branches are more overloaded than in the other two sicsna

In this chapter, more interchange capacity in the North $ea ia created by means of
an offshore grid. Alternatively, more interchange capacén be created by new point-to-
point HYDC connections between the North Sea countriesoth bases there would be an
effect on the onshore grid due to increased power trade.

The results of this section reinforce the idea that it is ingot to plan together the
onshore and the offshore grids. The structure of the oftsgdd has also an impact on the
onshore grid, and this aspect should not be disregarded mia&ing decisions regarding
transmission expansion in the North Sea area.
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5.5 Summary

In this chapter the consequences of the potential developofea transnational offshore
grid in the North Sea are investigated with the help of masdketulations and load flow
calculations. As a starting point, a Base Scenario for N@vdstern Europe in the year
2030 is developed where a high penetration of renewablggseurces is considered and
no transnational offshore grid is modelled, although soffghore links between countries
in the North Sea already exist and were taken into accounadtition, interconnection
capacities were kept at the 2020 values. Detailed chroiwbgnd correlated wind power
and solar power time series were developed. The marketafionl(unit commitment and
economic dispatch) is run for the Base Scenario which shbasa high percentage of
the wind energy can be integrated, but considerable amainisnd energy have to be
curtailed.

This chapter further validates the method introduced ing®E8 by analysing the secur-
ity of a mixed offshore-onshore grid with a large penetmaid wind energy. The analysis
is divided in two parts: one focusing on the offshore grid and focusing on the offshore
grid’s impacts on the onshore grid.

In the offshore grid analysis, both market and grid issuescansidered for analysing
different offshore grid topologies. With the help of zonahmket simulations the market
benefits of having an offshore grid are assessed. With thediebund-the-year load flow
calculations the security of the grid for various combioasi of load and generation coming
from the market simulation is assessed. In this thesis atyrity during N situation was
tested. Itis still a question whether an offshore grid stidnd N-1 secure in itself. A good
approach would be to adjust onshore system reserves toflostivadual offshore grid cir-
cuits, and at the same time to use reasonable circuit cégmacithe round-the-year security
analysis is used for estimating how much offshore grid ciépaan be given to the market
safely. Three different offshore grid topologies were &dd radial, looped and meshed
topologies. The results of the market simulations inditiaéebenefits (less operating costs,
less CQ emissions, less curtailed wind) of increased interconoedapacity in the North
Sea. Moreover, the results show that the usage of links legtivebs belonging to the same
country is rather low, as the hubs are connected to the sanmérganarket area. The round-
the-year security analysis reveals that with the increfkmps in the offshore grid, less of
the grid capacity can be given “safely” (i.e. without resgtin overloads during operation
with all elements in operation) to the market. Offshore ¢$raission capacity can be better
utilized in radial (not looped) grid structures. As the #hinvestigated grid structures are
far from optimal, a more suitable offshore grid structurelésigned, which is secure and
has good utilization factors. In the analysis performedhis tvork grid security, grid utiliz-
ation factors, operating cost and wind curtailment weresimered separately. A dedicated
flow-based grid optimisation model would be useful for a mareurate assessment of grid
topologies.

Furthermore, the onshore grid analysis investigates fieetsfof the designed offshore
grid on the EHV onshore grid of the Netherlands. To this peepa detailed 2020 grid
model of the Dutch EHV system and simplified models of the Belgand German EHV
systems are used. The planned North-South HVDC corrida&eimmany for the year 2032
are modelled with nodal injection/withdrawal of power. &llese constitute the Reference
Scenario. The round-the-year security analysis is peddrfar N and N-1 situations. The



5.5 Summary 109

occurring bottlenecks in both interior and border linested Dutch grid are emphasized
and their risks of overload are calculated. Three main &tk areas can be observed,
all related to strong power flows on the North East-South EagtCentral West-South East
axes of the Dutch grid. More precisely there is a trend of pigiver flows from the Northern
and Western wind and interconnection areas, to the loadtedumore to the South in the
German grid. It is also shown that by adding further reindonents in the Dutch grid, the
internal bottlenecks can be considerably reduced.

Two sensitivity analyses are further performed with th@luéithe round-the-year secur-
ity analysis which gives overall results but also pinpoertscal snapshots for more detailed
investigation. The sensitivity analysis to the North-$outvVDC corridors in Germany
shows that the presence of these corridors is essentialifior mtegration and reduces the
high loop flows through the Dutch grid, and the related owto These corridors are very
important for integrating the North Sea offshore wind in Eweopean grid. Consequently,
future studies should model these corridors and more atecomadels of their operation are
needed. Itis noticed that it is very important to model aately the neighbouring systems,
and especially the closer parts of these systems have an eff¢he results.

In the second sensitivity analysis the effects of havindgfaerint offshore grid structure
or even of not having an offshore grid at all, are investidaféhe analysis illustrates that the
structure and presence of the offshore grid have a signifinflnence on the power flows
in the onshore grid. The changes in generation dispatch a@d)e exchanges that come
with each sensitivity scenario affect the power flows in thedd grid and consequently the
bottlenecks and their severity.

From this chapter it can be concluded that for a robust ptapnbnshore grids and
offshore grids should be planned together and with conaider of market, operational
(how would such an offshore grid be operated and contrafi¢idle interconnected European
power system) and grid modelling aspects. To this purpoeguate, more detailed models
are needed. Assessing the security of a grid has to be dos&ledng many combinations
of load and generation. The round-the-year security aisdlysoduced in this thesis proved
to be very adequate for this, giving a good overall picturéhefoverloads in the grid.






Chapter 6

Approval procedures and
fostering acceptance of
transmission lines

This chapter proposes a new approach for speeding up appm@eedures for building
transmission infrastructure, by improving procedures betler involving the publics in
the planning process. First the experiences of TransmisSystem Operators from some
European countries are studied in order to generalize ambjpit the main weaknesses and
strengths of current approval procedures. Recommendatimmcerning how to reduce the
time needed for approval procedures are made. The problsotigtal acceptance of trans-
mission lines is analyzed further. Suggestions for bettectiring of the decision process
in transmission planning, with high involvement of stakigleos, are made. Participatory
processes should embrace not only an instrumental ragiphat also normative and sub-
stantive rationales. Actions should be taken on two frofutstering societal acceptance by
enabling appropriate participatory processes, and diegjgpproval procedures by devel-
oping clear and harmonised regulations. This chapter iscbas the work done within the
REALISEGRID research project described|ini[79,1102/ 108] @awontinuation of this work
in [104].

6.1 Introduction

Planning procedures of new transmission lines generatly &dong time. One of the most
important tasks of transmission system operators (TSQkgiplanning and development
of grid infrastructures. This is especially urgent sincedpe needs to expand its extra high
voltage electricity grid for ensuring a secure, compegimd sustainable power system [7].
In most European countries the transmission grid expargleoming process has several
stages|[100]. First the TSO performs studies and decidesgritbexpansions are needed,
after which it presents its planned projects to the extedeaision makers for approval.
Next, the TSO applies for authorization and realizationhef project. This process takes
on average 5-10 years, going up to 20 years in extreme sitigatFor projects that involve
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transmission lines crossing multiple regions or countiiids important to decide on phys-
ical interconnection points at the borders before startirgrest of the procedures. If the
authorization process is longer for one of the involved ¢oes, the whole project will be

delayed.

Reducing the time needed for infrastructure realizatioarisobjective clearly stated
by the European Commission (EC) [15]. It is worth noting tttet EC envisages that
planning and approval procedures for projects of Europei@ndst should be completed in a
maximum time span of five years. Improving decision-makiracpsses for new European
infrastructure projects is highly important for achievihg EU 2020 targets [16].

The achievement of societal acceptance for the new infretstre development is one of
the key factors that could help speeding up the approvalegssocHowever, improving this
aspect is a complex process that requires simultaneousamti several fronts (e.g. polit-
ical, cultural, regulatory, informative). In_[16] the maikifficulties with authorization pro-
cedures are investigated and grouped as: complicated ahdroronised legal framework
for the permitting procedures, lack of political involvemi@nd accountability on these is-
sues, lack of reasonable time limits for authorization pthaes, reduced social acceptance
of projects, lack of balance between the environmental ahaaalysis and the necessity of
the project.

In order to speed up approval procedures for building nemstrassion infrastructure it
is important to analyse real case studies for recognizirgt ate the flaws in procedures and
what methods can be used for overcoming obstacles in tras&miexpansion planning.
The experience of TSOs from Netherlands, Italy, Francetrielis studied and recommend-
ations concerning how to reduce the time needed for apppreakedures are made based
on the findings. This research was done within the REALISHGRttp://realisegrid.rse-
webh.it) project as described in |79, 102, 103] and illustsdhe TSO perspective on approval
procedures. Societal acceptance of new electrical imfretstres is the main issue causing
long delays in transmission line siting. Hence, it is impattto analyze also the perspect-
ive of societal acceptance in order to find ways of fosterimgjetal acceptance that can be
applied during the planning process. In this chapter theoitapce of organising an ap-
propriate stakeholder engagement process, based onutséogl shared solutions, for the
specific transmission expansion problem is highlightedngeéquently, societal acceptance
of projects can be fostered. This is not an easy task and &r ¢edearn more about how
societal dynamics affects societal acceptance of traissonifines, the research is taken one
step further inl[104] where the case of a France-Spain ioterection, investigated briefly
also in the REALISEGRID project, is studied in detail (thesealescription can be found
in Appendix(G). After performing an in depth analysis, imgamit conditions for fostering
acceptance are found.

The chapter is structured as follows. Secfion 6.2 focuseheapproval procedures for
building new transmission lines. The main findings of analgzhe procedures in some
European countries are summarized in two categories, yaobstacles for building new
transmission lines, and recommendations on how to over¢bera. Sectiol 613 focuses
on stakeholder participation in the transmission expamplanning process and analyzes
the problem of societal acceptance with respect to trarssomdines. The role of dialogue
in fostering acceptance of transmission infrastructuenigphasized with the help of an in
depth analysis of a France-Spain interconnection proféohditions for fostering societal
acceptance are sketched. Furthermore, Setfidn 6.4 gatlhéhe previous findings in a
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proposal of a combined approach for speeding-up approvagplures of transmission lines.
The findings of the chapter are aggregated in the Summarpsect

6.2 Approval procedures from the TSO perspective: obstacles
and recommendations

Figure[6.1 illustrates the stages and average duratiorteedfansmission expansion plan-

ning process in Europe [100].
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Figure 6.1: Stages and average durations of the transmissigpansion planning process
[10Q].

Generally speaking, approval procedures for building mewsmission lines cover the
following stages|[102, 105]: the TSO is the initiator of theject and conducts first a
feasibility study. The purpose of this study is to expresgsrtbed and urgency for network
expansion and to plan several route options for buildingwa tnansmission line. These
options should be feasible from all aspects, namely teahrtechnical-economical, admin-
istrative, social and environmental. The planning autresiare involved in this process
formally or informally with regard to spatial planning, eronmental aspects etc. This
study phase is concluded by requesting the respective réythm permit construction of
the transmission infrastructure along one of the proposates that proves to be optimal.
At the centre of this application is the environmental intpggsessment (EIA), which has
to be performed according to EU and national laws in all mensketes. In some coun-
tries a strategic environmental assessment (SEA) is aldorpeed beforehand at national
level for potential new infrastructures, but its resulte aot used in the EIA. with re-
spect to national environmental legislation, local auties will be involved. In addition,
a public debate or a formal dialogue is compulsory and eadtebblder has a right to ex-
press his/her own opinion. Finally, all other national legauirements (concerning land

1EIA and SEA are both systematic approaches for gathering ssessing environmental issues related to
different development alternatives a priori the decisiorkimgz process. The difference between the two is that
EIA targets physical developments (i.e. transmission limdsle SEA targets higher level development proposals
related to policies, laws, strategic plans etc. [106]
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and water rights, protection of the right of property builgliaw, environmental protection,
conservation of protected species etc.) will have to be ®etly afterwards, will the ap-
proval be given by the authority in charge. For building a i@, licenses also have to
be obtained, and this process is done after or simultangwiitsl the authorization proced-
ures. The expropriation phase is effected in the end vige#tmicable agreements or legal
easements. When all approvals and licenses are granteabieuction process can begin.
In the context presented in Sect[onl6.1, the EU research@rBEALISEGRID was set
up to develop new methods, tools and knowledge for helpinQsi& assessing an optimal
development of the transmission grid, including the aspettpproval procedures. Con-
sequently, existing approval procedures in a number of figan countries were reviewed
with the purpose of identifying different ways that are a@opto overcome the barriers
to transmission system development. Hence, real caseestuafised on the experience of
TSOs from Austria, France, Italy, and the Netherlands, vaedyzed in order to general-
ise and pinpoint the main strengths and weaknesses andeiti et best practices from
the current approaches. The country survey and subseg8énhtdnsultation process were
materialised in a set of obstacles to approval procedurésegommendations on how to
overcome the obstacles which are presented further in¢hifos. Also different measures
and approaches that can be used for minimising the impagi@fiaransmission line are de-
tailed. Engaging effectively with stakeholders is not easyng a facilitator for supervising
this process is important. It is important to mention that asbased on a TSO survey, this
section presents the TSO perspective on approval procedfirew transmission lines.

6.2.1 Obstacles

There are mainly two types of obstacles in the path of bujjdimew transmission line [16,
102]: related to authorization procedures and related i@t acceptance of transmission
projects.

6.2.1.1 The authorization procedures related obstacles

The authorization procedures related obstacles are fita#iyto flaws in the regulatory as-
pects defining the authorization process. The approvakeges are lengthy due to their
inefficient structure. In Austria, Italy and France, stalddiers can object at any time, bring-
ing complaints that need to be investigated and thus cauag. da the first two countries
the authorization process does not follow the scheduleysévin while in France such a
schedule does not exist. Not all the countries have cleafined time steps for the au-
thorization procedures. All surveyed TSOs recognize atfaito meet the schedule for the
approval procedures. Moreover, delays can be encountésedeacause of interdepend-
encies between the licensing process and the EIA in Italyrasfdectively the National
Fitting-In Plarfd in the Netherlands.

In addition, approval procedures have a high planning amnchipeisk due to legal and
bureaucratic issues. The EIA often is too detailed and g@stlAustria this takes up to 4%
of the total project cost), and some of the TSOs (in the N&hds and Italy) complain of
extra delays caused by too many detailed studies that hawe done during the environ-
mental research. More, during the approval process there &ppropriate trade-off made

2Rijksinpassingplan
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between environmental issues and the public interest farritg and efficiency of supply,
the latter often being forgotten after the beginning of thecpss.

The lack of sufficient qualified manpower can also cause gdkythorities are not suit-
ably prepared for a project involving many parties). It ofteappens that the manpower is
insufficient and the personnel have to work simultaneouslynore than one EIA. There is
also concern that manpower within authorities is insuffitlietrained for tackling increas-
ingly complex and tangled permitting procedures.

Furthermore, the differences in regulations and approk@tquures between regions
and countries constitute a problem when dealing with irtional projects. Overshooting
of European legislation by the national laws, or of natidaais by regional laws can create
difficult conditions for the approval procedures by settimgeasonably high constraints and
by giving space and reasons for the population to compladutatr appeal authorizations.

6.2.1.2 Societal acceptance related obstacles

The second type of obstacles refer to (lack of) societal@acee as a key factor that can
cause delays in planning procedures. One of the most gréddamples is the Matera-Santa
Sofia transmission line in the South of Italy which took alir2@ years to complete due to
strong local opposition against a small 7 km line portion/[LO

Delays due to public opposition may refer to the failure @ #uthorities and the TSOs
to effectively engage the public within the planning praceEransmission projects usually
have national interest and may not be recognized by the dathbrities and the population
as essential. Often the public does not see any (local) kewrefning from the liberalized
electricity market and it increasingly refuses the “trewtial” energy supply model (Neth-
erlands, France). Instead, people show a preference foibdied generation and local
renewables integration, which allegedly should obviateriked for “large” transmission
lines. This is complemented by a growing fear for public trebakecause of electromagnetic
fields (EMF) and other environmental concerns. As there artandardised EMF limits at
European level, the subject of EMF effect on human and artiealth is a cause of concern
for the population.

On the socio-political level [108], there is insufficienpgort from politicians for trans-
mission line projects (in line also with [16]). In additiopelitical changes and instability
can cause extra delays in the authorization process. Onothenanity acceptance level
[108], it is difficult to build lines in both protected natlir@eas and populated areas. In
populated areas the NIMBY (Not In My Back Yard) effect is véuigh, as people oppose
to having lines passing through or close by their propertiasthe other hand, it is also ex-
tremely difficult to build new lines in natural protected ase In countries like France where
the Natura2000 protected areas are many in number and taggeface this is indeed an
issue. There are lengthy discussions on the use of othemiasion technologies such as
underground cables in order to avoid overhead lines (OHas3ipg through populated and
natural areas.

6.2.2 Main recommendations on approval procedures

Considering the problems identified in the reviewing precéise following recommenda-
tions for possible solutions have been elaborated togetitethe TSOs.
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All the steps of the approval procedures including the reamgsdocuments, roles and
responsibilities should be clearly defined. There shouldridg one moment in time when
parties can object; the Dutch experience proves this is d golution. Legal consequences
should be defined in case of deliberately obstructing thedide of the approval proced-
ures. A simplification of the authorization procedures fasjgcts of high national or inter-
national interest should be considered. In such cases theenof authorities in charge of
the authorization procedures should be reduced, preferalthe national level. The Dutch
and ltalian examples prove that such an approach can spetbe approval process. The
process of obtaining licenses should be done after the fouthe new line has been ap-
proved by the responsible legal instance. In this way, dstaysed by repeatedly modifying
reports and obtaining new licenses can be avoided.

EU and national legislation should be harmonised and owetsig through national
laws should be eliminated. This is a difficult task howevern@ny countries with their
different regulations, views and priorities are involvétbreover, European-wide standards
on EMF to define exposure limits should be developed.

Support and integration are needed. Support from natiamdll@al political bodies
for projects of national and European importance should badatory and defined by
law. Politicians should assume their responsibilities gnedsensitivity to political instabil-
ity/changes should be reduced as far as possible. This beuttained by having appropri-
ate (long-term) institutional arrangemernts [109,/110]e phiority projects of the European
Union should be integrated with the TSOs’ strategic prgjectd vice-versa.

The manpower in charge of infrastructure projects at thaaittes’ level should be
sufficient and knowledgeable. People working in paralleddferent projects should be
avoided in order to speed up the approval procedures.

A legal basis should be created for allowing constructionef transmission lines in
natural protected areas, provided that the environmeffedte can be reduced and good
compensation measures are taken. The possibility of riesefinfrastructure corridors”
for important projects should be created. Infrastructuesming should be coordinated.
Innovating technologies should be taken into account, hadekisting grid should be op-
timised by extending the lifetime of assets and by using ¥isiag grid to its full potential.

Communication with politicians and the local populatiomsld be intensified. To that
purpose working groups with local politicians should beamiged. These improvements
have been recently adopted by all studied countries andattoee to be successful in redu-
cing the public opposition. In addition to all the environme concerns addressed by the
EIA, the costs and benefits of transmission projects shautdédde clear to all stakeholders.
Shared solutions should be promoted through dialogue wglonal and local stakeholder
organizations and under the supervision of a named newdrgl pcting as a facilitator. In
France, Italy and Netherlands this has been introduced.

Good integration and compensation schemes should be defirmder to envisage:
a) the improvement of the integration into the landscapéefrtew line (this is currently
adopted in all the four studied countries); b) the improvetrd@ the integration into the
social environment of the new line by compensating the Ipogllation for inconveniences
and accompanying local economic development proportiottathe actual caused damage
(in France and ltaly such an approach is already used); atiet @ompensation for visual
and audio pollution and any other important inconvenieraesed during the construction
work of a new line. This would increase public acceptance raddice the opposition to
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other new projects in the long term.

The SEA can be seen as an opportunity and a tool for prevetigeession with stake-
holders for locating new transmission infrastructure. ldegr, only some countries perform
such an assessment. In ltaly it is done explicitly, whileHa Netherlands the SEA is in-
cluded in the National Zoning Plan for Electricity SupEIy\Nhere both a SEA and an EIA
are performed it would be important to incorporate the itesofl the SEA into the EIA for
increasing efficiency and clarity.

6.2.2.1 On environmental measures, integration and compsation

There are various electrical measures that can be definmpireliminary phases of projects
to reduce the impact on the environment and they can refeatimnalization (dismantling

of part of line, reducing right of way); using technology reanvironmentally friendly

(special pylon); optimization of the route of the new andsérp line; adoption of tech-

nigues for reducing electromagnetic field (EMF) (e.g. optation phases, raising pylon,
etc.); using cable (at lower voltages and in urban aread)ptrer.

Itis important to keep the impact of new overhead lines tormmiim, by systematically
looking to group together infrastructures, either withestmstallations, or in existing line
corridors. More generally, integrating an overhead lin@nseidentifying the best possible
route, taking into account factors such as geography, eatial areas, the natural envir-
onment, zones of economic activity (agriculture, existimigastructures), landscapes and
sites. In France, RTE (the national TSO) draws on all its gig®eto successfully integrate
its installations into the surrounding landscape, whadirig account of all these factors
[102].

During the stakeholder participatory process, 3-D sinmfatechniques can be used at
the various meetings to identify the “route of least impdot” installations at the design
stagel[102]. This enables each party involved in the coatioit to visualise the different
possibilities for camouflaging towers offered by the sunding terrain, and thereby to
choose the most suitable location, as far as possible freidertial zones. The digital
simulation provides a precise depiction of the local geplayeand terrain, so that each party
is able to gauge the actual impact of the line on its envirartiraecurately and in complete
transparency. Current technology is now able to digitigettdpography of potential line
sites with a very high degree of accuracy. A digital modehef terrain is created based on
aerial shots. It takes account of every feature of the exjdtrrain: roads, bridges, water
courses, and so on. The model can then be used to simulateivanistallations, which
are subsequently compared to determine which of them is apmpriate for the local
landscape. Technicians can alter the type, height or lagbtdwers in the scenarios, to
display the set-up that best suits the terrain. The modeymamiic, allowing a true and
accurate depiction. Itis intended to help with discussamddecisions during the meetings
with the stakeholders. As a result, every party to the caasah plays a part in deciding
where and how the towers are going to be positioned, and eagftite gain an accurate idea
of what impact the line is likely to have on its immediate eamment. Natural environments
should also be taken into account when looking for a route vetmen selecting tower types
and installing special systems to protect bird life.

3Structuurschema Elektriciteitsvoorziening
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It is important to support network development projects &kirtg into account what
the inhabitants really expect in terms of territorial plang) economic development and
environmental protection, Shared solutions should be luith regional and local actors,
and a regulating tool which upholds high environmentaljisd@nd economic requirements,
in an adequate economic framework should be created.

Compensations are all the measures/actions to reduce gaeiof new infrastructures
that may be linked to a specific development project of thestrassion grid. These meas-
ures can be defined at community level or at individual leeehfpensation of property
value or for other caused inconveniences). Also compeasébir the inconveniences re-
lated to the works at the new infrastructure can be definedtt levels. As shown by
the ltalian experience in_[102], compensatory measures in@yde the following types
of local development support, provided as compensatiothiimpacts of the new infra-
structures: environmental development support, urbaaldpment support requalification,
and EMF Monitoring Systems. These measures have to be defigether with the local
communities during the stakeholder participatory procédsen an electrical infrastructure
causes unintentional effects on the assets of other patte3 SO usually has to offer com-
pensation for the caused inconveniences. Attention shmilgiven to compensating both
directly and indirectly affected parties. Pawyis directly affected when the transmission
line passes through its property and its property valueessifiif partyB is the neighbour of
party A, partyB can be also be burdened by the new line. Hence, the decrepsapierty
value of partyB should be also compensated. In some situations, the TSQohas/ta
certain part of the property of a party. In such cases, amorg®us economical issues,
market value has to consider also the possible special Watuproperty may have for its
owner. Compensation to individual parties can also be deéfimeother types of caused in-
convenience by the new infrastructure which is not reladddrid usage and property value
deterioration. This has to be agreed with the affected btakers.

6.2.2.2 Facilitation of stakeholder engagement process

Good facilitation is essential for the success of a staldgdrangagement process. Hence
skilled facilitators that are supervising and guiding tlelajue have to be engaged in the
process. They should be in charge of scanning the existkelsblder groups and helping
the stakeholders choosing the right participants for tlreoua meetings that are needed,;
editing and distributing relevant and sufficient backgminformation needed for a better
understanding of the issues under discussion, guiding®theroducing documents that
can help clarify disagreements or produce new agreement.

The facilitators should be neutral or independent bodias tlave no stake in the de-
cision. The other key features of a facilitator are proagassragement skills and solid back-
ground knowledge of the problems under discussion. In magliat international level, the
facilitator should also have the tact and intelligence afidiimg cultural differences and
principles. The successful EC coordinator approach hageprto work at transnational
level on strategic projects, but the EC is not actually catgly impartial. The Agency
for the Cooperation of Energy Regulators (ACER) would betlagiopossibility, but their
impartiality should be investigated. ENTSO-E also is hgpémiial so has to be disregarded.
Another solution would be to create a new, independent EBaobody to act as a mediator
for interconnection infrastructure projects. Similathetcreation of such a body at national
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level is recommended (a good example is the National Puldlzalle Committee in France).

6.3 Societal acceptance of transmission lines: dialogue and
participation

From the two types of obstacles distinguished in Seétidrt&Zocietal acceptance related
ones (problems in reaching agreement which result in ofipnghat may come in different
forms) is the most important delay source in building newngraission lines. While the
approval procedures related obstacles are due to faultyatéons and procedures, societal
acceptance related obstacles have to do with people andtt#radtion with and between
them. And this aspect is very complex and depends on many fatbters that can vary
from case to case. While the previous section illustrated'®®@ perspective, this section
will look in detail at the societal acceptance perspecti is the societal view on building
new transmission lines and the roles and procedures atetisit.

The way people perceive a new transmission line projectin@stdmpact on the societal
acceptance of the project. The scientific literature (seexamplel[111]) has investigated
the different issues, also called determining elementgwdirectly or indirectly influence
the public perception and attitude towards new transmigsifvastructure. These elements
influence societal dynamics, determining eventually tiselteng behaviour (acceptance or
opposition to the new asset). The factors are: a) impact opepty value; b) visual impact
of transmission lines; ¢) impact on human health (due to Edfie)audible noise (due to the
line’s corona effect); d) impact of lines on the environm@tants and animals like birds and
diary cows); e) impact on the economic system; f) impact ecttmmunity burdened by a
new line as compared with the benefits of neighbouring conitiegmot directly addressed;
g) poor or wrong information of public with respect to the nmfrastructure to be built
and to power system issues in general; h) bad design of timmipt process (lack of or
reduced public participation in the planning process)nigtipretation of a new line in the
neighbourhood as a “home invasion”.

It is therefore important to address the above listed isstgsn the planning process
and more specifically during the stakeholder interactiogdgement participatory process,
in order to remove any potential obstacle to transmissidwarl expansion. The visual,
acoustic and EMF impact can be opportunely minimised bygudifferent measures, in-
cluding new advanced, yet costly, technologies and commeneAccording tol[111] all
elements are directly affecting the public perception talsaa new transmission line. In
addition, elements listed as f)-i), referring to managermetated issues of the planning
process, have also an indirect effect by influencing thegmien of the planning process.
The combination of these elements defines the public attitékgarding information and
attitudes, it should be underlined that the knowledge tkeapje have about a certain issue
might influence directly their attitudes towards that ispLE]. Hence, as recommended in
Sectior[ 6.2 before starting with any stakeholder engagepreaess, it is essential that all
participants have a common understanding of what the proltehand is and also about
how they can participate in solving this problem.

In order to understand societal dynamics and how societa@pgance can be fostered,
the success or failure in engaging with stakeholders nebd tovestigated in detail. There
is not much literature available on the topic of societaleptance of transmission line
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projects. There are numerous publications on societalpé@aee, for example in the fields
of renewable energy technologies [108,/113+116], carb@tuoa storage [117, 118], or
siting of waste facilities| [119-122]. These topics have émemon that the projects have
a local character, and that they usually create costs fototted communities, whereas
the benefits are generally on the collective level. Thisnsilar to transmission lines, but
transmission line siting is an even more complex problem tduine large geographical
span of a line, creating many interdependencies betwetsretit locations. Furthermore,
in Europe there are plans for lines connecting multiple toes, adding a new international
challenge to planners.

[123] conducted a study on public beliefs about electrisitpply networks in the UK.
They state that public opposition to transmission infiasttire projects is provoked by relat-
ive invisibility of network organizations and low expedtats of participatory involvement.
The stakeholder involvement with transmission lines setenfigil to include citizen’s per-
spectives and preferences in the decision making proc@8s 124]. Similarly, opposing
stakeholders in Norway feel that there is no real possjtfitit them to influence the project
during the participatory phase [125]. Moreover, failingpiroviding sufficient background
knowledge for the participatory process through the medmainegative effect on stake-
holder involvement [125].

As a continuation of the work in the REALISEGRID project, #lGimed to contrib-
ute to the understanding of the timely, yet underexposectis$ participation and societal
acceptance of transmission line projects. To this purpaser in depth analysis on one
of the REALISEGRID cases investigated in_[102], the FraBpain interconnection pro-
ject (Baixas-Santa Llogaia), was performed, and is preseint the following. The case
description can be found in AppendiX G.

The usual approval procedures in France are as follows. Blyrnafter the technical-
economical justification of the proposed project, the neeh g the concertation and public
debate. The term concertation refers to a form of dialoguwkandecision, cooperation
among various (opposing) parties that has the purpose dipiog a unified proposal or
concerted action. Concertation differs from consultatiothe sense that it is not a request
for advice. It actually implies the mutual exchange of imfiation, open discussion and
confrontation between the parties, knowledge sharing apldeation of each other’s views,
i.e a dialogue. The concertation is geared at finding a rdutmaet impact. After that, there
is a public debate where everyone can voice their opiniote@proposed project. Then the
project developer decides whether the project will be caad (with or without changes)
or not. If it is decided that the project will be continued, ectaration of public interest is
made. After this, the details of the project can be worked out

The proposed interconnection line between France and ®$paia long history. First
proposed in the 1980s, in 1984, when Spain began taking &tépis the European Union,
an agreement was signed between France and Spain for thef sddetricity to Spain by
France. Many studies followed after this agreement, buhaltonsidered plans were aban-
doned due to various reasons such as public opposition (tissexd regions did not accept
the project, or opposition to interference with touristieas and nature reserves). As in
2003 the project was brought in procedure it met again stoppgsition, and at the request
of the French and Spanish governments, the European Coimmmisas asked in 2006 to
appoint a coordinator. The series of meetings he had witfeseptative groups of stake-
holders were succesfully concluded in an intergovernnegeeement that is ratified by
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France and Spain in Zaragoza on June 27 2008. The new interciion line would be

a completely underground solution using VSC-HVDC techggltnew technology), span-
ning from substation Baixas (France) to substation Santgdih (Spain). The Zaragoza
agreement opened the dialogue with the local communitidsesulted in an effective and
intense participatory process (called “concertation”evehstakeholders decided together
step by step the details of the project. After many years\it seems that a solution has
been found and the project between Baixas and Santa Llolgaiiddsbe functional in 2014.

6.3.1 Acceptance and participation

Societal acceptance has more dimenﬂqmsa] out of which the most interesting for the
case of transmission lines is community acceptance as siesamost delays [102]. Com-

munity acceptance refers to acceptance of projects atlegzll and which addresses local
stakeholders (affected population, key stakeholders@cal huthorities). At this level, the

interaction between the project developer and the staller®plays an essential role and
the level of acceptance is mainly influenced by issues sutitustsin project developer, and

perceived procedural justice (fairness of decision magimgess) and distributional justice
(fairness of distribution costs and benefits).

The society’s responses to new technologies and projeetai@ely determined by the
process through which publics are informed and engaged[h2ifh,|127]. That means that
not only the characteristics of the technology or projeetianportant, such as the perceived
costs and benefits, but also characteristics of the prosesh,as procedural justide [108].
This suggests the importance of a participatory approashrtts decision-making on sci-
ence and technology, a notion which has been taken up witi2g;/[L29].

Participation can have different aims [130] and three mationales can be distin-
guished: the instrumental, substantive and normative orodeatic rationale [131]. The
instrumental rationale refers to participation as a meawartds a particular end, e.g. to
get a specific policy plan or project accepted [132] 133]. Jiitestantive and the normative
rationale refer to participation as a goal in itself: pap@tion is a process in which new
knowledge and insights can be produced (substantive) 134 or a political right for
citizens and a prerequisite for democracy (normative)|[136].

The contemporary approach to societal acceptance puts foaak on instrumental
goals [126]. However, efforts to get a plan or project acedphay actually prove to be
counterproductive as such a rationale seems to resonapedten planning approach. It
has been shown in the literature that expectations aboytuhkc shape the way organ-
izations deal with local publics [126], and having wrong esiations about the public as
lacking knowledge and expertise [138] and being defensiuly, concerned with their own
short-term interest [139, 140], can frustrate the processeven lead eventually to the
paradox that efforts to “prevent” public opposition to gaij plans may actually organize
public opposition. Moreover, the instrumental rationa&eds to emphasize outcome rather
than process. Public responses are produced in an intergothcess between actors with
different backgrounds, interests, expectations andid## towards the technology and the
project [113], and this process needs to be taken into at@ownder to understand how a
certain state (e.g. acceptance or resistance) comes attboha change.

“4socio-political, community and market acceptance
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Consequently, this thesis puts forward a broader concligtian of “societal accept-
ance” having less emphasis on instrumental and more onasulygt and normative goals of
participation. This allows for a dialogue between projemtalopers and/or policy makers
and stakeholders (publics). The substantive element ¢dglia is in its potential contri-
bution to problem structuring [141], i.e. the articulatiand evaluation of divergent views
and knowledge claims. People must be able to listen to onthanand to communicate
their viewpoints (competence) and they must have the oppitytto speak out on issues
relevant for them (fairness) [142]. This refers to normatdlements of dialogue. Other
normative elements of dialogue pertain to issues such asefs of process and outcomes,
transparency and representation (who is participating?).

The aim should not be to create acceptance of a given prbjed engage in a dialogue
about the project, its conditions and design, in such a watyethobust outcome can be found
that is supported by all stakeholders. Finding such a “robutcome” has been referred to
as searching for “congruency of meaning” [143]. Congruem®&ans that a plan can be
envisaged that incorporates different viewpoints. It nseidwat stakeholders with different
perspectives may not agree on the underlying motives (alges, worldview) for a specific
plan, yet they can converge on the level of strategies andigns. Searching congruency
of meaning means that stakeholders are allowed to disagetaat forced or stimulated
to reach consensus [144, 145], this being a first step toecthatopen attitude necessary
in dialogue, and paving the way for a problem structuringcpes|[14/1] that may generate
alternative options.

6.3.2 Analysis of participation in the France-Spain interonnection case

In the early years, from the moment the project was announogd2008, there was quite
some public opposition to the proposed interconnectian IReople distrusted the TSO and
the state bodies, considered them as not being transpanehfelt that their concerns were
not taken seriously and their suggestions and ideas nenéstto. The tipping point in this
process was the moment that a coordinator was appointedeblfuttopean Commission.
This intervention resulted in the “Zaragoza decision”: tleeision to build the line com-
pletely underground and follow existing infrastructurenaisch as possible. This decision
considered the requests of the local community that wecadigd in the early years. Con-
sequently, it re-opened the possibilities of engaging imaéodue. It suggested to the local
community that from this moment onwards their concerns wagten seriously.

From the start onwards, participation was guided stronglinbtrumental motives: the
goal was to get this interconnection line built. Yet wherethie early years public re-
sponses were seen as “annoying delayers of a technicallgemmbmically good plan”,
in this second phase they were seen as part and parcel togfiadiasible design of the
interconnection line. Normative and substantive elemehfgarticipation were added to
the instrumental vocabulary in the concertation processthis section the concertation
process that followed after the Zaragoza decision will balyaed. The substantive and
normative elements in this process will be identified andulised, emphasizing how these
have contributed to the constructive process that the ctatws process turned out to be.
Furthermore it will be discussed how these elements redetteet “congruency of meaning”
that was the outcome of the concertation.
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6.3.2.1 Substantive elements in the concertation process

Substantive elements are those that facilitate participats a process in which new know-
ledge and insights can be produced [134]. The substantiueenaf the concertation process
resides in its nature asdialogue Dialogue involves a high degree of participation [130].
In this case, the concertation involved a partnership betvetakeholders with initially con-
flicting viewpoints and interests, who jointly shape theige®f the project. The first, and
crucial, element in this regard was the fact that the project open in terms of its specific
design. Issues such as routing and infrastructure supjeatinical characteristics of the
equipments etc. were jointly investigated and decided updternatives could be sugges-
ted and were investigated. When participants decided thed detailed investigations on a
number of these issues were to be performed, a second pheseoefrtation was set up.

A second and related substantive element was the informaticchness of the joint
fact-finding in the meetings and geographical workshopskestolders jointly identified
the issues that needed to be discussed and investigateel wotlkshops, and they jointly
decided on the experts to invite. Informational richnesshif joint-fact finding process
was high as the workshops enabled situated learning [14ijat8d learning means that
people learn about a specific option within a specific contértieans asking the seemingly
trivial question: what is actually happening in the sitaatin which this option is applied?
Situated learning was enabled by the use of a digital tooliftwal sightseeing. This tool
made it possible for all stakeholders to “go out and see femtfelves” the implications
of alternative options. The relevance of (virtual) sitsitg for situated learning has been
suggested before based on experiences in stakeholdeguks|f147].

6.3.2.2 Normative elements in the concertation process

The normative rationale for participation is based on thiondhat participation is a polit-
ical right for citizens and a prerequisite for democrecy€1837,148]. It presumes that
“citizens are the best judges of their own interests” [134prmative elements are those
that enable people to take part meaningfully in decisioas #ffect them. In that sense,
the substantive elements discussed above are also noenestiments. The possibility to
co-decide and shape the project, as well as the possibitiiggain detailed information
provided stakeholders with the necessary means to exénélisence. The virtual sightsee-
ing tool for example was not only appreciated by participdat its performance, but also
because the project developer took the effort to make meailsile for better analysing
the project. In addition, three other normative elementstmidentified.

Firstly, each of the geographical workshops was chairedri®yaf the mayors of the
concerned municipalities, rather than someone from natigovernment or some inde-
pendent actor. This decision was made to emphasize thedoagedcter of the analysis to be
performed, and as such underlined the idea that local contynware experts with regard
to their own area and local interests.

Secondly, throughout the concertation, much effort wastspe making all information
and reports freely and easily available to anyone intedestais contributed to the trans-
parency of the process. Furthermore the concerns exprbgsbeé public were addressed
in the concertation meetings.

Thirdly, through a number of decisions it became clear thptii of stakeholders and
local community was actually used and concerns addressasicdly, this third element
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means that the project developer showed in several waystiggestions and concerns of
the local communities were taken seriously. From a norragiint of view, people need

to be taken seriously in order to participate meaningfuliyn example is the decision to

consider a tunnel to cross mountain Alberes at the end of tsiepiase of the concerta-
tion. The “meaningful participation” resulted in the sedgrhase of the concertation for
addressing new questions and critical viewpoints of thalloommunity with regard to the

tunnel. These concerns were seriously addressed. Two manepées are the establish-
ment of the monitoring committee for the realization of thieject (denoting seriousness
and openness to dialogue), and the project developer coimgniself to investigate how a

beneficial contribution to the local economy could be adhiev

6.3.2.3 Congruency of meaning

The concertation process acknowledged the divergentgpofntiew amongst stakeholders.
It was set up to act upon earlier conflicts, opposition andgtisement, not by avoiding
conflict or focusing on premature consensus, but by takihigleds, concerns and sugges-
tions seriously. Participants were actually allowed tadige. Some of the substantive and
normative elements in the concertation facilitated saagcfor congruency of meaning.
For instance, the fact that the design of the project was @penthat alternative options
could be suggested and investigated by participants (filsttantive element above) made
it possible to identify new, robust solutions that could bported by all. Furthermore, the
local character that was assigned to the geographic wopkstmade it possible to come up
with locally specific solutions (first normative element edp So, congruency of mean-
ing means the convergence of stakeholders on the level offspaptions rather than on the
level of general principles or ideas. In searching for cargcy, different options need to be
considered and investigated. This requires accessibilitgformation and joint decisions
on who to invite as experts (second normative element above)

6.4 Approach for speeding up approval procedures

In the previous sections two different perspectives onamdprocedures for building trans-
mission lines have been presented, more precisely the T8@harsocietal perspectives.
Both views contain elements from the instrumental, noweatind substantive rationales.
While the TSOs embrace more an instrumental rationale byiigolor means of getting
the project accepted (including the increase of societa@tance), from the societal per-
spective the normative and substantive rationales are mgpertant, as people want to
have a say not only in accepting or rejecting projects but mslefining projects, or even
in general energy visions for the future that might have apaioh on their lives. The two
perspectives can contradict each other with the oppoditedtween the more instrumental
versus the more normative views, but they can also be comtlainé made to work together
and not against each other. Consequently, in order to makplémning process of trans-
mission lines more robust and effective, this thesis prepdsat actions have to be taken on
two fronts, namely societal and regulatory.

On the societal level, a bottom-up approach is needed, thmgtosts an effective de-
cision making process targeting the increase of societa@ance by enabling appropriate
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dialogue-based participatory processes. Participatarygsses should adopt a holistic ap-
proach by embracing instrumental, substantive and novmattions. This base condition
found in this thesis for fostering acceptance through ggdtion has to characterize the
participatory process in order to obtain robust solutionfabilitating the search for congru-
ency of meaning. A key element in the planning process is d gdormation flow between
all engaged stakeholders. Hence the stakeholders shogigidsebeforehand both general
information about how power systems work and what transorigglanning involves, and
also background information, such as the costs and beng&fite aew transmission project
(together with the consequences, see chapi¢ls 3, 4] andtBeandst of inaction), and any
other important information on the problem to be solved. pasdicipatory process should
be a dialogue. In this process the reinforcement solutioreigaor introduced in Chapter 4
can be used for showing the differences (in terms of numbeginforcements and impact
on system security) between different reinforcement gmist The reinforcement solu-
tions can be obtained by setting various reinforcementtcaings (i.e. assuming that a line
passing through a certain area cannot be built). The creafia skilled and impartial body
to act as project facilitator is generally recommended. ktmukl be able to engage with
all the participants and guide the process towards a swgapsdiution, solving when neces-
sary cases of minority dissent and isolating “continuafitagonistic attitudes”. In addition,
it is important to have a thorough evaluation of propertyuealso as to bring about a fair
compensation value that can be agreed by all parties. Caafien schemes have to be pro-
portional both to the actual value of the caused damage ahe icmportance of the project
and they should not foster free-riding strategies amonggefolders. It would be useful if
the TSOs were supported in their attempts of reaching agretny authorities such as the
State, the Regions and Municipalities, users of the gridathdr important bodies. For the
authorization phase a simple legal framework and acc@eraf procedures is the first help
needed from the authorities. Moreover, authorities shgidd public support and assume
their responsibilities. The sensitivity to political iasflity/changes should be reduced if
possible (for example by creating appropriate (long-tensiitutional arrangements).

On the regulatory front, a clear regulatory (top-down) agagh is needed, harmon-
ized as much as possible (considering that it is difficultiolish some of the regulatory
differences due to various strong national interests) @alie when interconnections are
involved. It is important that the so called streamliningapproval procedures should not
undermine the role of (timely) stakeholder participatiarthe planning process. The ba-
sic targets of a clear and harmonized regulatory approachetated to two main aspects.
On the one hand, it is important to act on the legal framewsrikplify, harmonize, set
time limits and rationalize the procedure (number of eggithumber of phases etc.). Clear
and harmonised authorization procedures are essentiditdinca fast implementation of
priority projects. On the other hand, qualified and impahiadies should be appointed as
facilitators for transmission line projects to promoterglbsolutions and manage the entire
procedure in both national and trans-national cases. \W#pect to priority projects, their
urgency should suggest revising Europe-wide the entireogppmechanisms. The purpose
of this action is to streamline the authorization processtegating fast (priority) approval
pathways at both national and local levels.
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6.5 Summary

In this chapter the challenges in the approval process oftravemission lines are invest-
igated. First the TSO perspective on the approval procedaranalyzed. With the help of
a survey on the TSOs’ practices and approval procedures imder of European coun-
tries, the main obstacles to building new transmissiorslare identified and divided in two
categories: related to the structure of approval procesdamd related to the societal accept-
ance (reaching agreement) of transmission projects. Wsepgositive aspects of the TSOs’
practices together with the consultation with the TSO regnéatives in the REALISEGRID
project, a set of general recommendations for overcomiesgbarriers is proposed.

Due to its complexity, extra attention is given in the chapbethe issue of societal ac-
ceptance, and the societal perspective on approval proeeér new transmission lines is
studied. A French-Spain interconnection project is aredyas it is a good example of how
neglecting the citizen’s opinion and guiding participatanly according to the instrumental
rationale can cause years of delay and how societal acagptan be fostered by increasing
stakeholder participation in the planning process. Fogjexcceptance of new transmission
lines is not an easy job, yet it is crucial for speeding up #ratting procedures and imple-
mentation of projects. This work proposes to guide pardittipy processes by instrumental,
normative and substantive rationales in order to fostezatance through participation. The
combination of the three rationales can lead to reachingmrmmcy of meaning and con-
sequently to a robust project design. What works in what masriartime is furthermore a
guestion that needs more attention as each transmissepriifect is different. There is no
blueprint approach for organizing stakeholder partié¢gpatn transmission grid planning,
yet the France-Spain interconnection project shows that dialogue can foster societal
support.

The two analyzed perspectives can contradict each othbrthdt opposition between
the more instrumental TSO view versus the more normativesd&iew, but they can also
be combined and made to work together. Therefore, in ordemnake transmission line
planning more robust and effective, this chapter propdsaisactions have to be taken on
two fronts, namely societal and regulatory, supportingnandne hand an effective decision
making process and on the other hand promoting a clear antbhé&ed (as much as pos-
sible) regulatory approach. The streamlining of approvatedures should not undermine
the role of stakeholder participation in the planning pescand timely stakeholder parti-
cipation should be foreseen. The regulations should alesée the inclusion of a neutral
party to monitor the process and to ensure transparencyaamegs throughout the process.



Chapter 7

Conclusions and future research

7.1 Conclusions

The liberalization of the electricity sector, the emergeatinternational electricity markets

and increased penetration of renewable energy sourceslimie many new challenges to
transmission system operators. This is mainly becauseuhder of uncertainties in the

power system has very much increased. These uncertaintieslated on the one hand to
transmission scheduling and operation, and on the othéetfuture need for transmission
capacity. Consequently, more advanced and robust metbogidaihning the transmission

grid are required. In addition, the building of new transsios lines is usually a lengthy

process which must be shortened in order to match the fastgfathanges in generation

location and capacity, and demands. The main conclusiensrasented below, under three
categories.

New transmission expansion planning approach This thesis proposed a round-the-year
approach for performing security analysis, by combiningkegsimulations with load flow
calculations. A statistical assessment of the resultstbydocing bottleneck criteria, branch
risks of overloads and overall branch severity indices, alss developed. It was shown that
this new method gives more comprehensive results, by prayalreliable bottleneck rank-
ing based on the risk of overload calculation. In addititwe, proposed method can identify
bottlenecks that the snapshot method may miss. The roumglethr security analysis pin-
points which physical transmission lines are affected byargscenario. Furthermore, with
the help of the bottleneck ranking criteria the relatiopstbetween contingencies and bot-
tlenecks can be emphasized, revealing the most criticaltsgties in the grid. The method
also allows comparing different scenarios. It was shown havomparison between dif-
ferent wind penetration scenarios reveals the relatipnebtween the transmission lines
severity indices and the increase in installed wind powére Subsequent changes in the
generation mix cause changes in the grid power flows, andftrerin the severity indices
of the transmission lines as well. The round-the-year s$tcamalysis proved to be compu-
tationally feasible for large grids.

The method can also be used at another step in the transmisgiansion planning
process, namely for testing grid reinforcements in ordegdbinsight into the effect of

127
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grid modifications aimed at reducing specific bottleneckst d&case study of the Dutch
transmission grid it was shown how a reinforcement solufiocreasing the rated capacity
of an overhead line) proposed by the grid planners usingrthpshot method, was found to
be insufficient when using the round-the-year approachhabottleneck was actually not
eliminated.

Consequently, a reinforcement solution generator wasgsexgbwhich makes use of the
round-the-year security analysis. To that purpose theemtnaf grid risk of overload and
grid severity index were introduced in order to assess teeathgrid congestion level. The
reinforcement candidates are formed by doubling of exgstircuits and/or by building new
lines. For saving computation time, the existing line cdatks are limited with the help
of the round-the-year security analysis to the most serimienecks and most critical
contingencies. The set of possible new lines is served ag topthe solution generator.
After each step the list of reinforcement candidates is tguaAt the end of the process an
ordered list of reinforcements is given together with thie gisks of overload and severity
index at each reinforcement step.

It was shown that running the solution generator only fortaberitical hours does not
represent the whole study year and the big picture is misRedning the solution gener-
ator for all the hours in the year gives robustness to thetisoland also good indicators
regarding the status of the congestion in the grid at eacfiorgement step.

When computing the branch and grid severity indices, weifgittthe N and N-1 situ-
ations (or even N-2) are used. The sensitivity analysiseatioice of weights showed that
the solution is stable as both the bottleneck ranking andighef reinforcements found by
the solution generator are generally not affected. Theegadd the branch and grid severity
indices change, but this mostly does not influence the fimiling results and the found list
of reinforcements remains unchanged. This proved alsdhbadhitial choice of weights is
reasonable.

North Sea Transnational Grid case study It was shown that the round-the year security
analysis proposed in this thesis can be applied to both cesirad offshore grids (using
HVAC or HVDC technology). This was demonstrated a hypottascenario of an offshore
grid (North Sea Transnational Grid) for the year 2030. Réigarthe security of the offshore
grid, only the N situation was tested. It is still a questionether an offshore grid should
be N-1 secure in itself. The round-the-year security afmalyas used for estimating how
much offshore grid capacity can be given to the market safehe results of the market
simulations indicate the benefits (in terms of less opegatosts, less COemissions, less
curtailed wind) of increased interconnection capacityhmforth Sea. Moreover, the results
show that the usage of links between hubs belonging to the saomtry is rather low, as the
hubs are connected to the same national market area. The-toedyear security analysis
reveals that with the increase of loops in the offshore dgisls grid capacity (relative to the
installed capacities) can be used securely (i.e. withautltieg in overloads during actual
operation). Offshore transmission capacity can be betiigrad in radial grid structures.

In addition, the onshore grid analysis investigated theat$f of the proposed offshore
grid on the EHV onshore grid of the Netherlands (intercotekto simplified Belgian and
German grids). Three main bottleneck areas can be obsalled|ated to strong power
flows on the North East-South East and Central West-Southdxas of the Dutch grid.
More precisely there is a trend of high power flows from thetNem and Western offshore
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wind and HVDC interconnection areas, going to the load s#lan the South of Germany.
Itis also shown that by adding further reinforcements indiogch grid, the internal bottle-
necks can be visibly reduced. The presence of the planneatiiSouth HVDC corridors in
Germany is essential for wind integration and prevents higp flows through the Dutch
transmission grid, and the related overloads. It was cadecluhat these corridors are very
important for integrating the North Sea offshore wind in Exgopean grid. Consequently,
future studies should model these corridors and more atecoradels of their operation are
needed.

The analysis illustrates that the structure and presentteeadffshore grid have a clear
influence on the power flows in the onshore grid. The changgemeration dispatch and
energy exchanges that come with each adopted scenaritthfqguower flows in the Dutch
grid and consequently the bottlenecks and their severityinferesting remark is that the
same bottleneck areas are identified in the grid analysisofacenarios. It was concluded
in this thesis that for a robust planning, onshore grids dfghore grids should be planned
together and with consideration of market, operational, gid modelling aspects. To this
purpose adequate, more detailed models are needed. AsgHssisecurity of a grid has
to be done considering many combinations of load and gdomrafThe round-the-year
security analysis introduced in this thesis proved to bg aelequate for this, as it gives a
good overall picture of the congestions in the offshore amhore grids.

Approach for streamlining approval procedures and fosterng societal acceptance of
transmission lines In this chapter the challenges in the approval process of treas-
mission lines were investigated. First the TSO perspectivethe approval procedures was
analyzed. With the help of a survey of the TSOs’ practices apptoval procedures in a
number of European countries, the main obstacles to bgildéaw transmission lines were
identified and divided in two categories: related to thecdtme of approval procedures and
related to the societal acceptance (reaching agreememgnaimission projects. Using the
positive aspects of the TSOs’ practices together with timsgitation with the TSO repres-
entatives in the REALISEGRID project, a set of general rem@mdations for overcoming
these barriers was proposed.

Due to its complexity, extra attention was given to the issiugocietal acceptance, and
the societal perspective on approval procedures for navermmgsion lines was studied. A
French-Spain interconnection project was analysed asait isxample of how neglecting
the citizen’s opinion and guiding participation only aatiog to the instrumental rationale
can cause years of delay, and on the other hand how socieggtaace can be fostered by
increasing stakeholder participation in the planning pssc Fostering acceptance of new
transmission lines is not an easy job, yet it is crucial faesfing up the permitting proced-
ures and implementation of projects. This work proposeduidegparticipatory processes
by instrumental, normative and substantive rationalesdieioto foster acceptance through
participation. The combination of the three rationales leanl to reaching congruency of
meaning and consequently to a robust project design. Whdatsworwhat moments in
time is furthermore a question that needs more attentioaesteansmission line project is
different.

The two analyzed perspectives can contradict each othartidt opposition between
the more instrumental TSO view versus the more normativietdiew, but they can also
be combined and made to work together. Therefore, in ordenake the authorization
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stage of transmission line planning more robust and effecthis thesis concluded that
actions have to be taken on two fronts, namely societal agulatory, by combining ap-
proaches supporting on the one hand an effective decisitimmprocess and on the other
hand promoting a clear and harmonized (as much as possdgielatory framework. The
streamlining of approval procedures should not undernfiegdle of stakeholder particip-
ation in the planning process. The regulations could alsssfe the inclusion of a neutral
party to monitor the process and to ensure transparencyaamegs throughout the process.

7.2 Contributions

The main contributions of this thesis are as follows:

New method and new criteria for assessing the bottlenecks ithe grid. As novelty,
this thesis proposed to use a round-the-year approachdessiag the security of the trans-
mission grid, that is adequate for (multi-area) power systevith high RES penetration.
Market simulations are combined with detailed load flow gktions for getting a complete
picture of the congestions in the transmission grid. Thesiwaration of the chronological
aspect and the correlation of load and wind speed and sdliatien time series are enabled
by the use of the market simulations. In addition, new datésr prioritizing bottlenecks
are developed in this thesis together with a method for rapkiem according to a risk-
based severity index. The new method allows detailed amghtfal results, can be used on
a real size grid, and also for analyzing both HVAC and HVDGQgri

Security-based iterative method for proposing network renforcements. For finding
the right (i.e. most effective) grid reinforcements, a rddhe-year reinforcement solution
generator was developed in this thesis which follows the@ctdn of grid congestion. As
novelty, the solution generator makes use of the proposaddrthe-year bottleneck as-
sessment method. This allows a robust evaluation of thdaads in the grid for different
reinforcement candidates as all the hours of the year arsidened. New criteria for as-
sessing the grid congestion level are defined and used irsffessment of candidates. The
decrease of the grid severity index is used to measure thetigness of each reinforce-
ment candidate. Consequently, the method gives also a gdazhtion regarding the status
of grid congestion at each reinforcement step.

Investigating the potential development of a transnation&offshore grid in the North
Sea and its effects on the onshore systemThis thesis also provided as an additional
contribution and as proof of principle an analysis of a cambi planning of a possible
offshore grid in the North Sea together with the onshore, doida high renewables scenario
in the year 2030. The round-the-year bottleneck assesssi@ised in the analysis and
detailed time-series for wind and solar generation wereldged (considering thousands
of locations) and served to the market simulations. As rigule relationship between grid
design and offshore grid capacity that can be used secwydhebmarket is investigated for
different types of grid structures. A set of recommendatifor planning of offshore and
onshore grids together is made and factors that might hekwable generation integration
in the studied scenario are highlighted.
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Proposing an approach for streamlining approval procedures of transmission lines and
fostering societal acceptance of transmission lines.In order to make the planning pro-
cess of transmission lines more robust and effective, tidsis argued that actions have to
be taken on two fronts, namely societal and regulatory. @nsticietal level, a bottom-
up approach is proposed, that supports an effective dacsaking process targeting the
increase of societal acceptance by a good information flomfand to the stakeholders
and affected population. On the regulatory front, a clegulaory (top-down) framework
should be created, harmonized as much as possible espetiah interconnections are
involved. With respect to societal acceptance, this woghlghts the role of dialogue in
fostering acceptance of transmission lines with the hekpnoih-depth case study analysis,
and proposes a new holistic approach to stakeholder engagemith transmission lines
which embraces instrumental, substantive and normatitiers

7.3 Future research

e For the round-the-year security analysis proposed in tigsis a trade-off between
accuracy and computation time was made. Consequently aicechAC-DC calcu-
lation approach was used, by performing an AC load flow cator for the normal
operating situations (with all N elements in service) antbieed by a DC load flow
contingency analysis for the N-1 and N-2 states. Future vgbduld be dedicated
to adopting a complete AC contingency analysis which ine@eaccuracy and gives
additional insights into voltage security challenges ia gnid. Attention should be
given to automating the solving of convergence issues, deroto reduce the cases
that have to be checked manually. An AC contingency analysisld allow also a
round-the-year assessment of the nodal voltages and exliciors for under and
over voltages assessment could be developed. In addititime iDC load flow model
the phase shifting capabilities are not considered. A mocerate modelling of the
control capabilities of phase shifters would improve th#lbneck assessment.

e When modelling interconnected power systems more reliaslelts can be obtained
on the one hand by having better grid models of the neighbguduntries, and on
the other hand by using Power Transfer Distribution Faqi®eT®OFs) within the mar-
ket simulations. A flow-based optimization model would dsauseful for achieving
a more accurate assessment of grid topologies. In the a#ilmulof branch risks
of overload the probability of grid element failure was nonsidered. It would be
interesting to add it to the risk of overload calculationshisTcombines static and
probabilistic planning procedures but requires huge niiodegfforts.

e The result of the solution generator is dependent on thilirsét of new possible
lines that is served as input. It is recommended that a mdemsive set is carefully
selected. As more candidates means increased computatienthis set can be re-
duced after the first steps of the solution generator by eltitig the lines that do not
improve (much) the congestion in the grid. Also for redudngputation time, early
stop conditions can be defined for stopping the solution g¢oewhen a certain low
and manageable congestion level in the grid is reachedhé&manbre, in the presented
example only one capacity option for line doubling or forlBing a new line was
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considered. It is possible to use more line capacity optaseell as upgrading of
lines by increasing a capacity of an existing circuit indtedadding an extra circuit
to it. As all these increase computation time it is recomnegitthat not too many
such options are used. Details of reinforcements can beed&ater.

Regarding approval procedures, it should be examined ierdetailed technical in-
formation regarding a proposed transmission line projeally leads to speeding-up
the process. Moreover it should be investigated in pragtitat information is better
to be provided beforehand and what information should liédefater in the process
when questions arise. The possibility of using the solugjenerator in the decision
making process could be investigated by creating a serigsngamodel with the
stakeholders. The solution generator can be used to shdw stdakeholders the im-
pact of certain decisions on the transmission grid. Lashbuteast, the information
used in this thesis for the stakeholder engagement analgsiobtained a posteriori
the authorization process. In order to get more insightfidrimation future research
activities should allow realtime gathering of data durihg authorization process.
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134 A New England test system line parameters

Table A.1: Line parameters for the New England test system

From To No. of Resistance Reactance Charging

bus bus circuits [p.u.] [p.u.] [p.u.]
1 2 1 0.0035 0.0411 0.6987
1 39 1 0.0010 0.0250 0.7500
2 3 1 0.0013 0.0151 0.2572
2 25 1 0.0070 0.0086 0.1460
3 4 1 0.0013 0.0213 0.2214
3 18 1 0.0011 0.0133 0.2138
4 5 1 0.0008 0.0128 0.1342
4 14 1 0.0008 0.0129 0.1382
5 6 1 0.0002 0.0026 0.0434
5 8 1 0.0008 0.0112 0.1476
6 7 1 0.0006 0.0092 0.1130
6 11 1 0.0007 0.0082 0.1389
7 8 1 0.0004 0.0046 0.0780
8 9 1 0.0023 0.0363 0.3804
9 39 1 0.0010 0.0250 1.2000
10 11 1 0.0004 0.0043 0.0729
10 13 1 0.0004 0.0043 0.0729
13 14 1 0.0009 0.0101 0.1723
14 15 1 0.0018 0.0217 0.3660
15 16 1 0.0009 0.0094 0.1710
16 17 1 0.0007 0.0089 0.1342
16 19 1 0.0016 0.0195 0.3040
16 21 1 0.0008 0.0135 0.2548
16 24 1 0.0003 0.0059 0.0680
17 18 1 0.0007 0.0082 0.1319
17 27 1 0.0013 0.0173 0.3216
21 22 1 0.0008 0.0140 0.2565
22 23 1 0.0006 0.0096 0.1846
23 24 1 0.0022 0.0350 0.3610
25 26 1 0.0032 0.0323 0.5130
26 27 1 0.0014 0.0147 0.2396
26 28 1 0.0043 0.0474 0.7802
26 29 1 0.0057 0.0625 1.0290
28 29 1 0.0014 0.0151 0.2490




Table A.2: NPL parameters for the New England test system

From To Resistance Reactance Charging

bus  bus [p.u.] [p.u.] [p.u.]
1 5 0.0014 0.0147 0.2396
2 18 0.0013 0.0173 0.3216
5 39 0.0008 0.0128 0.1342
13 19 0.0007 0.0089 0.1342
15 28 0.0009 0.0101 0.1723
16 28 0.0014 0.0147 0.2396

24 29 0.0009 0.0101 0.1723







Appendix B

Solution generator iterations

In Table[B.1 all the steps of the round-the-year reinforastnselution generator performed
on the New England test system are detailed. In cases withlittke overloadings during
the N situation with respect to the N-1 situations, the ndised RQyrig n is ignored in the
Slyrig calculation. This is indicated by puttirRQyrig N in between round brackets.

Table B.1: All iterations of the round-the-year reinforoemh solution generator.

Step Sub Grid Slyria ASlgrig ROgrig N ROgria N—1 B TC

k step. [p.u.] [p.u.] [%*h] [%*h] forreinf. r g

0 na. Go 1.000E+00 n.a. 3662.7 1553030.9 2-3 2-25
1 Gou{2-3} 1.035E+00 -3.536E-02 4190.2 1265343.3
2 GoU{2-25} 6.315E-01 3.685E-01 2601.5 7324325
3 GoU{24—29} 1.485E-01 8.515E-01 262.0 473507.8
4 GoU{16—28} 1.370E-01 8.630E-01 329.6 361193.6

1 5 GoU{15-28} 1.262E-01 8.738E-01 270.9 360602.0 2-3 25-26
6 Gou{1-5} 6.509E-01 3.491E-01 1952.6 1382082.1
7 GouU{5-39} 5.905E-01 4.095E-01 1538.6 1454621.5
8 GoU{13—-19} 9.538E-01 4.616E-02 3444.9  1523288.8
9 Gou{2-18} 1.369E+00 -3.689E-01 6016.5 1262882.4

r1=15 - 28,G1 = GoU{15— 28}, NPL; = NPLg\ {15— 28}

1 G u{2-3} 7.011E-02 5.607E-02 0.0 329930.0
2 G1U{25- 26} 6.204E-02 6.416E-02 (8.0) 2919549 23-34 23-24
3 Giu{24-29} 1.129E-01 1.326E-02 184.8 372300.2

2 4 G1U{16—28} 1.207E-01 5.431E-03 252.0 351313.0
5 G1U{1-5} 7.132E-02 5.486E-02 0.0 335625.1
6 G U{5-39} 7.245E-02 5.373E-02 0.0 340964.4
7 G1U{13-19} 1.263E-01 -1.687E-04 287.1 347449.6
8 G1U{2-18} 7.006E-02 5.612E-02 0.0 329712.9

ro=25 - 26,Gp = G1 U {25— 26}, NPL, = NPL;

Continued on Next Page. ..
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B Solution generator iterations

Table B.1 — Continued

Step Sub Grid Slyrid ASlgrig ROgrid N ROgrid N—1 B TC
step. [p.u] [p.u] [%*h] [%*h] forreinf.r
1 Guu{23-24}  1757E-02  4447E-02 (8.0) 82698.8 16-24 16-24
2 GpU{24-29}  6.355E-02 -1.508E-03 0.0  299053.4
3  GpU{16-28}  5.938E-02  2.654E-03 (0.1) 2794635
3 4 GU{1-5} 6.161E-02  4.249E-04 0.0  289955.4
5 Gpu{5-39 6.131E-02  7.232E-04 0.0  288551.2
6 GpU{13—19}  5.960E-02  2.436E-03 (11.6)  280489.8
7 Gu{2-18} 6.345E-02  -1.413E-03 0.0  298604.3
r3=23 - 24,G3 = G U{23— 24}, NP3 = NPL,
1 Gau{16-24}  3959E-03  1361E-02 (8.0) 186334 15-16 15-28
2 GaU{24-29}  1.144E-02  6.133E-03 0.0 53834.2
3  GsU{16-28}  1.493E-02  2.643E-03 (0.1) 70259.8
4 4 Ggu{1-5} 1.716E-02  4.175E-04 0.0 80734.2
5 Gsu{5-39} 1.687E-02  7.073E-04 0.0 79370.0
6  GsU{13-19}  1.513E-02  2.442E-03 (11.6) 71207.9
7 Gau{2-18} 1.897E-02  -1.400E-03 0.0 89287.3
r4=16 - 24,G4 = G3U{16— 24}, NPLs = NPLs
1  Guu{i15-16}  1.808E-03  2.151E-03 (6.9) 8507.3
2 G4U{15-28}  3.300E-03  6.596E-04 (2.4) 15529.0
3  G4U{24-29)  1470E-03  2.489E-03 0.0 6919.3
5 4 G4U{16-28}  1318E-03  2641E-03 (0.1) 62040 2-3  9-39
5 Gsu{1-5} 3.555E-03  4.048E-04 0.0 16728.4
6  GsU{5-39} 3.264E-03  6.956E-04 0.0 15360.0
7 G4U{13-19}  1.520E-03  2.439E-03 (11.6) 7153.1
8  Gsu{2-18} 5.348E-03  -1.389E-03 0.0 25168.5
rs=16 - 28,Gs — G4 U{16— 28}, NPLs = NPL; \ {16— 28}
1 Gsu{2-3} 8.899E-04  4.284E-04 0.0 4188.1
2 Gsu{9-39} 1.224E-03  9.403E-05 0.0 57615
3  GsU{24-29}  1.360E-03 -4.124E-05 0.0 6398.1
6 4 GsU{1-5} 6.067E-04  7.116E-04 0.0 2855.3
5 Gsu{5-39} 5.652E-04  7.531E-04 0.0 2659.7 16-17 14-15
6  GsU{13—19}  8.295E-04  4.258E-04 2.1 4200.2
7 Gsu{2-18} 1.253E-03  6.521E-05 0.0 5897.1
re=5 - 39,G = Gs U{5— 39}, NPLs = NPLs \ {5— 39}
1 GeU{16-17}  4234E-04  1.417E-04 0.0 19927
2 GeU{14-15}  2.614E-04  3.037E-04 0.0 1230.4
3  GeU{24-29}  7.003E-04 -1.352E-04 0.0 3295.9
7 4 GsU{1-5} 4.989E-04  6.625E-05 0.0 2347.9
5  GeU{13—-19} 2505E-04  3.147E-04 0.0 1178.8 ;g i gé ;g ) g;
6  Gsu{2-18} 8.800E-04  -3.148E-04 0.0 4141.2
r7=13-19,G7 = GsU{13— 19}, NPL; = NPLg\ {13— 19}
1 Gruf{22-23}  3332E-05 2172E-04 0.0 156.8 6-11 4-14
2 Gyu{16-21}  3.481E-05  2.157E-04 0.0 163.8
8 3  Gru{24-29}  2402E-04  1.026E-05 0.0 11305
4 Gyu{1-5} 2.467E-04  3.804E-06 0.0 1160.9
5 Gu{2-18} 4.365E-04  -1.861E-04 0.0 2054.4

rg=22 - 23,Gg = Gy U {22— 23}, NPLg = NPL;

Continued on Next Page. ..
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Table B.1 — Continued

Step Sub Grid Slyrid ASlgrig ROgrid N ROgrid N—1 B TC
step. [p.u] [p.u] [%*h] [%*h] forreinf.r
1 Ggu{6—11} 1.968E-05 1.364E-05 0.0 92.6
2 GgU{4-14} 8.691E-06 2.463E-05 0.0 40.9 2-3 26 - 27
9 3 GgU{24—-29} 3.070E-05 2.614E-06 0.0 144.5
4 GgU{1-5} 2.915E-05 4.165E-06 0.0 137.2
5 GguU{2-18} 2.191E-04  -1.858E-04 0.0 1031.1
ro=4 - 14,Gg = GgU {4 — 14}, NPLy = NPLg
1 GoU{2-3} 1.044E-04  -9.570E-05 0.0 491.3
2 GoU{26—27} 4.059E-06 4.632E-06 0.0 19.1
10 3 GoU{24—-29} 3.272E-06 5.418E-06 0.0 154 g—-].Sl 4-5
4 GyU{1-5} 7.501E-06 1.190E-06 0.0 35.3
5 GoU{2-18} 1.743E-04  -1.657E-04 0.0 820.5
r10=24 - 29,G10 = Go U {24— 29}, NPL1p = NPLg \ {24— 29}
1 GioU{4—15} 1.275E-06 1.997E-06 0.0 6.0
2 GpoU{6—11} 5.950E-07 2.677E-06 0.0 2.8
11 1-2
3 GioU{1-5} 4.675E-07 2.805E-06 0.0 2.2 2-3 1-39
4-5
4 GpoU{2—18} 3.761E-06 -4.887E-07 0.0 17.7
r11=1-5,G11 = G10U{1—5}, NPL11 = NPLjo\ {1—-5}
1 G1uU{2-3} 8.075E-07 -3.400E-07 0.0 3.8
2 G11U{1-2} 1.700E-07 2.975E-07 0.0 0.8
12 3 G11U{1-39} 4.462E-07 2.125E-08 0.0 2.1
4 G11U{4—5} 2.762E-07 1.912E-07 0.0 1.3
5 Gi1U{2-18} 1.487E-07 3.187E-07 0.0 0.7 6-11 4-5
rip=2 - 18,G12 = G11U{2— 18}, NPLi1o = NPL11\ {2— 18} =0
13 1 GpU{6—11} 0.000E+00 1.487E-07 0.0 0.0
2 GipU{4—5} 0.000E+00 1.487E-07 0.0 0.0

ri3=6 - 11,G13 = G1oU{6— 11}







Appendix C

Coupling of market simulations
and load flow calculations

Each time step of the market simulation results in a dispafctime generation for each
generation type per region and the load for each region. detktat, resulting exchanges
from each region to its interconnected neighbours are kuliin the market simulations.

The market simulation results can be linked to the load flond@ehoand this is further
described according to [[78].

C.1 Mapping the generation

The results of the market model provide hourly values forgeeration split by categories
based on fuel type and technology. For each generator uhi¢igrid model the appropriate
category of the market model is selected. For every regiedigpatch of the generator units
for each generation category is done based on two subsé&gapptied principles, first by
dispatch order (priority) and next by dispatch of indivitlganerator units.

The dispatch group represents a list of generator unitdtnat the same dispatch order
within a given generation category. This can be seen as d order within the list of all
generator units belonging to the same category. This comeepesented in Figufe G.1.

1 Generation category |}————
dispatch dispatch dispatch
group 1 group 2 group M

P N P

generator 1,2
generator 2,2
[]

]

generator Nz, 2

L]

L
genarator 1,M
generator 2,M

generator Nuy,M

generator 1,1
generator 2,1
1
generator Mo, 1

Figure C.1: Generation units of the same category arrangedispatch groupd [78]
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142 C Coupling of market simulations and load flow calculadio

The dispatch groups are ordered based on the generatoporiifslios chosen for the
study. For each dispatch groapthe total maximum dispatch generation is calculated as
the sum of the total maximum capacity of all generators withie group Reapgroupm).

The market simulation result is split on the dispatch groagsording to the specified or-
der. Starting from the first dispatch group the generat@slapatched to their maximum
capacities, until a dispatch group has been reached where the remaining power to dis-
patch @yisp) is smaller than the total maximum capacity of the genesaitorthat group
Peapgroupm- [N this case not all generators can be dispatched to theiimmuan capacity
and two principles can be used for the dispatch of the indalidienerators: proportional
scaling Eq[CH and linear scaling Eqg. IC.2.

Peapgeni .
Pdispgeni,m = % Pyisp i = 1..Np (C.1)
Puisp .
Paispgeni.m = lep7 I =1.Nm (C.2)
m

Peapgeni,m is the capacity of the-th generation unit in therth dispatch group anbiy
is the number of generation units in tiveth dispatch group.

In general embedded generation units are not explicitlyetied in the grid model, i.e.
solar PV and wind turbines connected to the distributiomoet[d, but they are represented
in the market simulations and must thus be taken into acdauthe load flow model. The
total of all the dispatched embedded generation per regisnmmed Ryispgen embed @and
later netted with the total load of the region.

C.2 Mapping the load

The market simulation only provides the total load per radar each modelled time-step.
In the grid model, this load needs to be divided among allahds at the individual buses in
the modelled region. For each load in the grid model, a partazming to the system load
pattern and a part for which the pattern is fixed, are idedtifie these conforming and fixed
loads there should be no contribution from embedded gdaaerdtixed loads can be large
industries with a known constant load profile. The total fil@at in a region Bq fixed) iS
obtained by summing up the fixed loads at all buses. Simithdytotal conforming peak
load Pq cont) per region is obtained. The total conforming load that sthdve dispatched
is given in Eq[C.B.

PdiSde conf = PdispLId total — Hd fixed — I:)disp,gen embed (C-3)

WherePyispid total iS the total dispatch of the region’s load in the market satiah.
Furthermore, for each individual conforming load the dishaf the time-step is calculated
using proportional scaling as in Hg. C.4.

I:)disp,ld conf

-Bd conti, | = 1..Nig conf (C.4)
Hd conf

Pdispld conf,i =

1Big wind power plants which are connected to the transmisgiithare modelled in the grid model.
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Nid cont is the number of conforming loads in the region dhfont; is the active peak
power of thei-th conforming load in the region. It should be noted that bue can have
multiple loads attached.

C.3 Mapping the exchanges

The market simulations result also in an electricity excjeafiom each region to its neigh-
bouring region for each simulated hour. The modelled ardhémarket simulations and
the area covered in the grid model do not necessarily canditie exchanges between the
regions that are included in both models should not be infiignthe load flow results as
they are recalculated, more accurately, by the load flow. édvhange to the regions out-
side the area of the grid model should be set explicitly fahe@me step. Furthermore the
market model contains only one connection between eactcartrected regions, where
there can be multiple tie-lines between regions in the gridieh The presented approach
takes into account all these issues in a pragmatic and deveyaFor each interconnection
a set of tie-lines is defined and the dispatch is set propatito a preset weighting value
for each tie-line.

An equivalent load is placed on each of the tie-lines thataseciated with the specific
border to model the dispatch of the exchange. The directidheoexchange is taken into
account by adapting the sign of the magnitude of the equivédad: Eq[Cb if the “from-
region” is in the grid model, and EQ._C.6 if the “to-region’iisthe grid model.

Paispexchi = Wi - Pexch | = 1..Ntjes (C.5)

Pdispexchi = =W - Pexch | = 1..Nties (C-6)

w; is the weight of tha-th tie-line for the borderPexchis the exchange between the from-
region and the to-region amdjies is the number of tie-lines on that border. A border between
two regions that are both in the market simulations and tltergodel will get assigned two
loads with the same magnitude, but with an opposite direcfidis leads to a net zero flow.
For exchanges where only one of the two regions is repred@émtbe grid model, this will
lead to the desired net exchange.






Appendix D

Base Scenario additional
description for 2030
North-Western Europe

D.1 Modelling of hydro power plants

For the hydro power plants from Norway and Sweden, new wdgldyo long-range sched-
ules were used as shown in Figlre ID.1 with the purpose of gjimiore space to wind.
The total annual hydro energy is assumed to be 137.4 TWh fowadipand 65.6 TWh
for Sweden. The new schedules were obtained considering aspects than currently is
done. In the case of Norway, the schedule was made by comgjdeeekly load demand
in Norway, weekly available wind energy in Norway as well ageiconnection capacity.
For Sweden the schedule was made by considering Swedishywea#t demand, weekly
available wind energy and minimum output requirements efdbnventional thermal gen-
erating units. For both countries it was checked that thervesd maximum is not exceeded
by using weekly hydro inflow and reservoir data from Nord Pepbt.

The hydro energy levels in France (annual total of 62 TWh) aadchtany (annual total
of 23.5 TWh) were considered based on 2008 yearly and montbigugtion data from
ENTSO-E [9]. The hydro profiles were developed by considgtire monthly hydro pro-
duction levels and dividing the monthly energy between megeks (Figur€ DJ2).

For the hydro power plants in the other countries constaaitabte weekly hydro energy
levels were assumed (summing up to annual values of 7.8 TWhedat®ritain, 0.4 TWh
in Belgium).
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Figure D.1: Weekly long-range hydro scheduling for Norwand &weden, values given in
[GWh].
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Figure D.2: Weekly long-range hydro scheduling for Frangel @&ermany according to
2008 monthly production levels, values given in [GWAh].
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D.2 Conventional generation installed capacities

Table D.1: Scenario of installed capacities for convengiogeneration for 2030

\ Installed capacities in [MW]

Country

Gas Coal Lignite  Oil Mixed Nuclear Hydro Pump storage
fuel hydro
BE 10.14  1.88 0.00 0.00 0.00 2.06 0.12 1.30
DE 29.61 22.62 17.21 1.06 0.00 0.00 3.70 11.00
DK 2.59 1.76 0.00 0.57 1.98 0.00 0.00 0.00
FR 10.00 1.74 0.00 8.78 0.00 67.07 21.50 3.78
GB 33.28 18.63 0.00 0.00 0.00 11.95 1.14 3.00
NL 20.64 9.14 0.00 0.00 0.00 0.48 0.00 0.00
NO 1.23 0.00 0.00 0.00 0.00 0.00 28.57 2.80
Sw 1.20 0.22 0.00 2.16 0.00 10.40 16.40 0.00
Totals ‘ 108.69 55.99 17.21 12.57 1.98 91.95 71.43 21.88

D.3 Net Transfer Capacities

In Figure[D.3, the NTC matrix with the NTC values used in thekeasimulation for the
direct country-to-country market links is presented.

From| BE | DE | DK | FR | GB | NL | NO | sSwW
To

BE 1000 3700|1000 1437
DE 1000 3100|2850 3900|1400| 600
DK 3100 700 (1600|2020
FR 2068|3200 3000
GB 1000 3000 1000|1400
NL 1648|3700( 700 1000 1400
NO 1400|1600 1400|1400 5200
SwW 600 (2400 5200

Figure D.3: NTC matrix for the country-to-country marketils, values given in [MW].
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D.4 Wind power scenario

Figure D.4: Wind power time series locations: blue dot - lffi®, red star - onshore.

For making the wind power time series some important aspetconsidered: hub
height, turbine type, decay length, locations and capeecif wind farms and wind speed
time series. The hub height is chosen to be 90 m for both oasdrat offshore wind farms.
The wind speed time series at 90 m height above ground levghéoyear 2007 (a medium
wind year) are based on a meso-scale regional re-analysislmwih a grid of 9x9 k. The
locations of the onshore wind farms are considered as per 20d are taken for Germany
from @] and for the rest of the countries froﬁhSO], and dapacities are scaled up. For

IMeteorological data have been derived based on a meso-sgitmal re-analysis by Sander + Partner,
Switzerland.
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offshore wind farms, locations and capacities for curret faiture wind farms available at
[91] are used. For each location the closest point in the rseale model is taken, and the
data is aggregated per found coordinates. The locatiorts fosenaking the wind power
time series are shown in Figure D.4.

[— Offshore current —— Offshore future — Onshore]
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Figure D.5: Normalized power curves for the used wind tuelsin

For onshore farms only one type of turbine is used (as onlseatiwvind farm locations
are considered) and for offshore two types of turbines aed,usdd and new (because in the
scenario distinction can be made between current and futume farm locations). Avail-
ability factors of 0.95 for offshore and 0.98 for onshore evtarbines are considered. The
normalized turbine power-curves are illustrated in FigDr8. A multi-turbine approach
[151] is used for each considered location with a wind spemdetation decay length of
723 km for onshore and of 500 km for offshore locations.
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D.5 Solar power scenario

For developing the solar power time series less locationsaftiation time series are used
(Figure[D.®) in comparison to the wind speed time series, tduata availability. Solar
power time series are developed for Germany and for Franbe.iristalled capacities in
2030 per country are 13 GW for France [9] and 66 GW for Germ@&mwrifhan government’s
targets for 2030). The geographical distribution of thetdhed capacities is done as it
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Figure D.6: Locations for developing solar power time serie

follows:

e For Germany: detailed data regarding the current instaldgrcities per postal code
obtained from|[149] as per 2011, is aggregated per posta zode and ultimately
per federal state. Then the increase up to 66 GW is done propalrto the product
of the normalized surface per federal state and the norethpppulation density per
federal state. Hence, in the states with both high surfadénagh population density
the increase is higher. For each state a location is comsldegsulting in a total of
16 locations. Data regarding the federal states geogralpinformation as well as
postal codes is obtained from [152].

e For France: a share of 30% of the total capacity in the Nonthalf of the country and
of 70% in the Southern half of the country are assumed. THemes are distributed
equally between the considered locations (14 in total).

Global radiation for the year 2005 was obtained from [153]&ib the locations. It is as-
sumed that all solar modules are crystalline silicon phaitaic modules which are inclined
at a fixed optimum angle. The optimum an@lés dependent on the latitude of the install-
ation and is calculated as in [154]. For the calculation ef sblar power production the
method described in [155] is used. The power output was ctedgaking into account the
global inclined radiation, and temperature and radiatlependent module efficiency.
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As a source for the ambient temperature data from a mese-segional re-analysis
model is used for all the locations. The maximum available powaches almost 95% of
the total installed capacity, which is an overestimatior thuinput data limitations. After
comparing the solar generation profiles in terms of daibgs@al variability and average
energy content with the ones from [156], the quality of tmeetiseries appears reasonable
(as mentioned before the generated time series have arstkeaton in the output relative
to the installed capacity). Moreover, the peak overestondt challenging as more solar
generation has to be absorbed by the system. In Higuie Dt@tdléserman solar and wind
power time series for a winter week and a summer week ardrdliesl. The seasonal and
random complementarity of solar and wind power availapbden be noticed.
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Figure D.7: Solar and wind power time series for Germany: atei week and a summer
week.

’Meteorological data have been derived based on a meso-smitmal re-analysis by Sander + Partner,
Switzerland.
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NSTG onshore grid model data
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E NSTG onshore grid model data

Table E.1: Main bus names and abbreviations for the Dutchk388ystem

Interior Bus name

Abreviation

Interior buses

Beverwijk
Bleiswijk
Borssele
Boxmeer
Breukelen
Crayestein
Diemen
Dodewaard
Doetinchem
Eemschaven
Eemschaven Oudeschip
Eindhoven
Ens
Geertruidenberg
Hengelo
Kreekrak
Krimpen aan de |Jssel
Lelystad
Maasbracht
Maasvlakte
Meeden
Moerdijk
Oostzaan
Oterleek
PST, Meeden
Simonshaven
Tilburg
Vijfhuizen
Wateringen
Westerlee
Zwolle

BVW
BWK
BSL
BMR
BKL
CST
DIM
DOD
DTC
EEM
EOS
EHV
ENS
GT
HGL
KRK
KIJ
LLS
MBT
MVL
MEE
MDK
OZN
OTR
PST
SMH
TBG
VHZ
WTR
WL
ZL

Border buses

Diele/Meeden
Gronau/Hengelo
Niederhein/Doetinchem

Rommerschirchen/Maasbracht

Van Eyk/Maasbracht 1
Van Eyk/Maasbracht 2
Zandvliet/Kreekrak

XDIME
XGRiIG
XNBT
XRdaB
XVYWB;1
XVYMB;2
XZAKRK
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Table E.2: Modelled 380 kV AC branches in the Dutch system

380 kv Number of Rated capacity
corridor circuits per circuit [MVA]

Interior corridors

BSL-TBG 2 2633
BVW-OZN 2 1645
BVW-VHZ-BWK 2 2910
BWK-KIJ 2 2633
BWK-WTR 2 2910
CST-KIJ 2 2633
DIM-BKL-KIJ 1 1645
DIM-LLS-ENS 2 1974
DIM-OZN 1 1909
DOD-DTC 2 1645
DOD-MBT 1 1645
DOD-BMR-MBT 1 1645
DTC-HGL 2 1645
EOS-EEM 2 2633
EOS-ENS 2 2633
EEM-MEE 2 2633
EHV-MBT 2 1645
ENS-DIM 2 2633
ENS-ZL 2 1645
GT-KI1J 2 1645
GT-MDK 2 2633
GT-MDK-KRK-BSL 2 2764
GT-TBG-EHV 3 1645
HGL-GR 2 1645
HGL-ZL 2 1645
MEE-ZL 2 2633
MVL-SMH-CST 2 2910
MVL-WL 2 2650
OTR-BVW 2 2633
OTR-DIM 2 2633
OZN-DIM-KIJ 1 1645
WTR-WL 2 2633
Border corridors
MEE-PST 2 1000
PST-XDILME 2 1383
DTC-XDT_NR 2 2633
HGL-XGR_HG 2 1481
KRK-XZA KR 2 1481
MBT-XVY _MB:1 1 1267
MBT-XVY _MB;2 1 1218
MBT-XRO_MB 2 1645
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Table E.3: Modelled 380 kV AC branches in the Belgium and @ametworks

380 kV Number of Rated capacity
corridor circuits per circuit [MVA]

German corridors

Berlin - Hamburg 2 1645
Berlin - Wahle 5 1645
Berlin - Wurgau 6 1645
Neurott - Wurgau 6 1645
Neurott - Wahle 4 1645
Neurott - Rommerskirchen 8 1645

Niederrhein - Rommerskirchen 8 1645

Gronau - Niederrhein 8 1645
Gronau - Wahle 7 1645
Diele - Gronau 5 1645
Diele - Hamburg 2 1645
Hamburg - Wahle 5 1645
Diele - XDI_ME 2 1645
Gronau - XGRHG 2 1645
Niederrhein - XDTNR 2 1645
Rommerskirchen - XROMB 2 1645
Belgian corridors

Lint - Van Eyck 1 1 1645
Van Eyck PST 1 - Van Eyck 1 1 1473
Gramme - Van Eyck 2 1 1645
Van Eyck PST 2 - Van Eyck 2 1 1473
Courcelles - Gramme 2 1645
Courcelles - Lint 2 1645
Avelgem - Eeklo 2 1645
Eeklo - Lint 2 1645
Lint - Zandvliet 2 1645
ZandvlietPST - Zandvliet 2 1473
Zandvliet PST - XZAKR 2 1910
Van Eyck PST 1 - XVYMB;1 1 1563
Van Eyck PST 2 - XVYMB;2 1 1645

Table E.4: HVDC corridors in Germany

HvVDC Capacity
corridor [Mw]
North-South
Diele - Rommerskirchen 6000
Diele - Neurott 12000
Hamburg - Neurott 6000
Berlin - Wurgau 2000
Wurgau - Neurott 4000
to Belgium

Rommerskirchen-Gramme 1000
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Modelling of flows on the North-South HVDC corridors in Germany.

do
if Ppiele < (20004 18000 [MW]
do F’go,Neurott = (PDiele - 2000) * 2/3 [MW]
Pgo,Rommerskirchen: (PDieIe - 200@ * 1/3 [MW]
else
I:’go,Rommerskirchen: 18000+ 1/3 [MW]
exit fi od od
PNeurott = PNeurott+ Pgo_Neurott
PRommerskircher= PRommerskirchen I:)go,Rommerskirchen
Ppiele = PDiele — Pgo,Neurott— I:’go,Rommerskirchen
exit fi od
do
do Pgo.Neurott = (Ppiete — 2000 [MW]
else
do Pgo.Neurott= 6000 [MW]
exit fi od od
I:’Hamburg: F’Hamburg— I:)go,Neurott
PNeurott = PNeurott+ Pgo_Neurott
exit fi od
Flaggeriin Neurott = False
|f PBer“n > ZOOO[MW]
dO |f PWurgau< _ZOOO[MW]
do Pgowurgau= (PBerlin — 2000) [MW]
else
Pgerlin = PBerlin — Pgo,Wurgau
Pwurgau= Pwurgau+t Pgo.wurgau
od
else if Pgerin < (2000+2000) [MW]
do Flaggeriin Neurott = True
PgoNeurott = (PBerIin - 2000) [MW]
else
do Pgo.Neurott = 2000[MwW]
exit fi od od
PNeurott = PNeurott+ IDgo,Neurott
PBerlin = PBerlin — Pgo,Neurott
exit fi od od
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Modelling of flowson the North-South HVDC corridors in Germany (continuation).

|f PWurgau> ZOOO[MW]
do
if Flaggeriin Neurott = False
dO Pmax: 4000[MW]
else
dO Pma)(: ZOOO[MVV]
exit fi od od
do I:>go,Neurott: (PWurgau— 2000) [MW]
else
do Pgo Neurott = Pmax [MW]
exit fi od od
PWurgau: PWurgau— Pgo,Neurott
PNeurott = PNeurott+ Pgo_Neurott
exit fi od exit

Algorithm E.1: Modelling of flows on the North-South HVDCridors in Germany
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Table E.5: Onshore grid connection points for the NSTG

Country Onshore grid node NSTG node
Belgium Eeklo 12
German Diele 15
y Hamburg 16
Eemschaven 14
Netherlands Oterleek 13

Table E.6: Onshore connection points and installed capegifor the offshore wind not

connected to the NSTG

Onshore node

Installed wind [MW]

Country
. Avelgem 615.2
Belgium Eeklo 1151
Berlin 5409
Germany Diele 4651
Hamburg 554
Borssele 1328
Beverwijk (IJmuiden) 228
Maasvlakte 2094
Netherlands Oterleek 1139
Vijfhuizen 2387
212

Wateringen







Appendix F

NSTG onshore grid security
analysis: additional tables

Table F.1: Risks of overload for the 380 kV NL interior anddmrbranches. Comparison

for two reinforcement scenarios.

Branch Reference Scenario ReinfL Reinf_2

ROy ROyn-1 | ROy RON-1 | ROy  RONn_1

[%*h]
Interior branches
DIM-BKL 0 37 0 37.8 0 0.4
DIM-OZN 0 15.6 0 20.4 0 90
DOD-DTC 0 2156.7 0 1757.5 0 34.5
DTC-HGL;1 0 41.4 0 28.7 0 0
DTC-HGL;2 0 22 0 21.7 0 0
EEM-MEE;11 0 7385.4 0 0 0 0
EEM-MEE;12 0 7242.2 0 0 0 0
EHV-MBT 53.3 43070 114 *48330.9 0 5380.8
ENS-ZL 0 1837.5 0 714 0 33.6
GT-KI1J 45 306525 0 0 0 0
HGL-ZL *365.4 32894.4 0 28 0 0
MVL-SMH 0 2.7 0 2.7 0 0.5
TBG-EHV;1 and 2 0 696.5 0 1281.4 0 0
TBG-EHV;3 0 533 0 1078.3 0 0
TBG-GT 0 2.3 0 13.6 0 0
Border branches

PST-XDILME 13.6 6018 42 7422.6 7.6 3018.6
HGL-XGR_HG 7.5 27553.5 7.2 28520 10.2 29340.5
MBT-XRO_MB 0 730.1 0 881.6 0 938.1
MBT-XVY _MB;1  24867.6  31222.8 24453.6 30857| *28328.3 34929.9
MEE-PST 1948.1  38506.6 2633.4 *42153.8 1139.6 33615
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F NSTG onshore grid security analysis: additional t&able

Table F.2: Variation of risks of overload with changes in therman grid model.

Reference Scenario  Extra circuit Berlin-Wurgau  Extra circuit Diele-Gronau

Branch ROy ROyn.1 AROy AROy 1 AROy AROy 1
Interior branches
DIM-BKL 0 37 0 -14.8 0 -13.2
DIM-OZN 0 15.6 0 -4.1 0 -2
DOD-DTC 0 2156.7 0 -229 0 163.3
DTC-HGL;2 0 41.4 0 -15.4 0 5.4
DTC-HGL;1 0 22 0 -5.5 0 1
EEM-MEE;10 0 7385.4 0 13.6 0 664.6
EEM-MEE;11 0 7242.2 0 -15.7 0 638.2
EHV-MBT 53.3 43070 -23.6 -1351.4 -22.7 -3820.4
ENS-ZL 0 1837.5 0 49.5 0 -202.3
GT-KIJ 4.5 30652.5 8.3 -585.6 -3.5 -1775.1
HGL-ZL 365.4 32894.4 67.7 -906.7 -115.8 -10668
MVL-SMH 0 2.7 0 -0.9 0 -0.9
TBG-EHV;1 and 2 0 696.5 0 -38.5 0 -158.6
TBG-EHV 0 533 0 4.2 0 -67.7
TBG-GT 0 2.3 0 -2.3 0 -2.3
Border branches
PST-XDLME 13.6 6018 -0.1 178.5 21.4 1426.8
HGL-XGR_HG 7.5 275535 -3 -1120.7 2.1 4525.1
MEE-PST 1948.1 38506.6 82.4 25.3 571.3 4750.2
MBT-XRO_MB 0 730.1 0 -136.1 0 -98.2

MBT-XVY _MB;1

24867.6  31222.8 -129.2 -105.8 -7.6 -250.8
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Table F.3: Grid model comparison: risks of overload for tHf80XV NL interior and border

branches.

Branch No HVDC in DE Reference Scenario

ROy ROn-1 | ROn  ROy.3

[%*h]

Interior branches
DIM-BKL 638 5799.6 0 37
DIM-OZN 0.8 5579.4 0 15.6
DOD-DTC 0 12522.4 0 2156.7
DTC-HGL;1 2603.5 42433.9 0 41.4
DTC-HGL;2 1494.3 38302.2 0 22
EEM-MEE;10 0 5897.6 0 7385.4
EEM-MEE;11 0 5820 0 7242.2
EHV-MBT 5187.5 102660.5 53.3 43070
ENS-LLS 0 325.6 0 0
ENS-ZL 0 934.8 0 1837.5
GT-KIJ 7632.7 *124239.5 4.5 30652.5
HGL-ZL * 14756 91598.9 365.4 32894.4
K1J-BKL 0 52.8 0 0
K1J-OZN 0 45 0 0
MEE-ZL;1 0 133 0 0
MEE-ZL;2 0 131.1 0 0
MVL-SMH 0 3.3 0 2.7
TBG-EHV;1 and 2 13.2 13491.% 0 696.5
TBG-EHV;3 13.3 12574.4] 0 533
TBG-GT 13 2567.8 0 2.3

Border branches
PST-XDLLME 30588.7 105846.3 13.6 6018
HGL-XGR_HG 866.2 40799.7| 7.5 27553.5
MBT-XRO_MB 976.5 20971.4 0 730.1
MBT-XVY _MB;1 17568.9 23036| 24867.6 31222.8
MEE-PST *82645.5 *196418.4 1948.1 38506.6
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F NSTG onshore grid security analysis: additional t&able

Table F.4: No HVDC corridors in DE: criteria and risks of odead for the 380 kV NL
interior and border branches.

Branch Ccol1 Co02 C03 Co03 RQ Cll C12 C13 C13 RQ_1
[%] [h] [%] hour [% *h] [%] [h] [%] hour [% * h]

Interior branches
DIM-BKL 105.8 110 129.1 7899 638 110.8 537 152.7 788 5799.6
DIM-OZN 100.2 4 101.7 2612 0.8 110.2 547 153.8 788 5579.4
DOD-DTC 0 0 0 n.a. 0 108.8 1423 1445 785 12522.4
DTC-HGL;1 105.1 293 164 8080 2603.5 117.3 2214 231.2 8080 4R433
DTC-HGL;2 106.35 410 169.8 8080 1494.3 117.6 2411 236.1 8080 30&2
EEM-MEE;10 0 0 0 n.a. 0 109.7 608 155.6 8353 5897.6
EEM-MEE;11 0 0 0 n.a. 0 109.7 600 155.3 8353 5820
EHV-MBT 108.3 625 163.1 8080 5187.5 139.5 2599 269.6 8080 @0Z6
ENS-LLS 0 0 0 n.a. 0 104.4 74 1174 788 325.6
ENS-ZL 0 0 0 n.a. 0 105.7 164 125.1 1509 934.8
GT-KIJ 112.7 601 195.2 8080 7632.7 138.5 3227 353.7 8080 12823
HGL-ZL 115.5 952 163.2 7218 14756 132.05 2858 2449 7218 99598
KIJ-BKL 0 0 0 n.a. 0 103.3 16 116.8 7899 52.8
K1J-OZN 0 0 0 n.a. 0 104.5 1 1045 7899 4.5
MEE-ZL;1 0 0 0 n.a. 0 103.45 38 1115 8080 133
MEE-ZL;2 0 0 0 n.a. 0 103.5 38 1115 8080 131.1
MVL-SMH 0 0 0 n.a. 0 101.1 3 102.3 8249 3.3
TBG-EHV;1 and 2 101.1 12 124.4 8080 13.2 112.1 1115 175.6 8080 4918
TBG-EHV;3 101.9 7 123.4 8080 13.3 111.6 1084 174.2 8080 12574.4
TBG-GT 106.5 2 112.3 8080 13 107.4 347 157.6 8080 2567.8

Border branches
PST-XDILME 130.65 998 226.5 8042 30588.7 147.7 2219 350.7 8042 103846.
HGL-XGR_HG 112.2 71 149.3 785 866.2 124.3 1679 255.8 785 40799.7
MBT-XRO_MB 106.3 155 179.1 8080 976.5 119.4 1081 254.3 8080 20971.4
MBT-XVY _MB;1 112.15 1446 152 2192 17568.9 113 1772 1546 2192 23036
MEE-PST 146.3 1785 309.9 8042 826455 155.05 3568 481.6 80416418.4
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Table F5: Risks of overload for the 380 kV NL interior andderbranches. Comparison
for various offshore grid configurations.

No offshore grid

1.2 GW radial offshore grid

Reference Scenario

Branch ROy ROy 1| ROy ROy.1 | ROy ROy
[%*h]
Interior branches
DIM-BKL 0 143.5 0 176.4 0 37
DIM-OZN 0 75.4 0 262.5 0 15.6
DOD-DTC 0 791 0 19425 0 2156.7
DTC-HGL;1 0 31.2 0 46 0 41.4
DTC-HGL;2 0 8.4 0 185 0 22
EEM-MEE;10 0 2702.7 0 1435.1 0 7385.4
EEM-MEE;11 0 2644.8 0 1401.2 0 7242.2
EOS-EEM 0 0 0 11.4 0 0
EHV-MBT 62.1 40181 114.8 43035.3 53.3 *43070
ENS-ZL 0 1612.8 0 2377.2 0 1837.5
GT-KIJ 1.5 34447 7.5 29184.4 4.5 30652.5
HGL-ZL 176 29991.7 263.2 28138.8 *365.4 32894.4
MVL-SMH 0 2.7 0 7.8 0 2.7
TBG-EHV;1 and 2 0 703 0 888 0 696.5
TBG-EHV;3 0 588.2 0 745.5 0 533
TBG-GT 0 0 0 6.2 0 2.3
Border branches

PST-XDILME 4.2 4219.4 0 1757.7 13.6 6018
HGL-XGR_HG 12.6 24326.4 0 30151.2 7.5 27553.5
MBT-XRO_MB 0 1386 0 837 0 730.1
MBT-XVY _MB;1 9687.6 14688| 22021.1 27734.7 *24867.6 31222.8
MEE-PST 2099.9 24293.% 1008 18779 1948.1 *38506.6

KRK-XZA KR 0 2.8 0 2.7 0 0







Appendix G

The France-Spain interconnection
project. Baixas-Santa Llogaia

This appendix is based on two main sources: REALISEGRIL) @ri2the website [157] of
the public engagement process of the project on the Freniehvghere detailed reports and
information are available. The reports that can be found anethe one hand reports and
verbatim transcripts for each of the meetings during thelipigngagement process, as well
as final reports of the public engagement process|[158, 158 other information refers
for example to additional clarifying documents (i.e. redgjag EMF exposure) provided
during the public engagement process. In Spain there wasaariblic engagement phase,
but this will not be discussed in the current work. This iotemection has been examined
as an example of an ongoing transmission expansion plarmingess and the steps of the
public engagement process which eventually led to the appad the route.

The proposed interconnection between France and Spainlbag aistory. First pro-
posed in the 1980s, this project aims to install a doubleutirextra-high voltage line
(400kV) in the Pyrenees-Orientales region, traversinga@its In 1984, when Spain began
taking steps to join the European Union, an agreement waedigetween France and
Spain for the sale of electricity to Spain by France. Manyligtsifollowed after this agree-
ment, but all the considered projects were abandoned dwgitmug reasons such as public
opposition (the crossed regions did not accept the prajectpposition to interference with
touristic areas and nature reserves). Finding an inteesiiom route was a difficult task.
After many years it now seems that a solution has been fouddtenline between Baixas
and Santa Llogaia should be functional in 2014. In the nextices we shall focus on the
period from 2003 onwards, as in 2003 a new project propos&héoFrance-Spain intercon-
nection is made, covering the same geographical area asdiefdject that is currently
under construction. In_[160] the technical details of thejgct can be found. Table G.1
illustrates the story timeline which focuses on the Frerentt @f the interconnection.

The usual approval procedure steps in France are as folldarsnally, after the technico-
economic justification of the proposed project, the nexp sfe¢he concertation and public
debate. The term concertation refers to a form of dialogukamdecision, cooperation
among various (opposing) parties that has the purpose diupiog a unified proposal or
concerted action. Concertation differs from consultatiothe sense that it is not a request
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Table G.1: Story timeline

Moment Description

2003 New plan for an overhead line interconnection between FrancSpaid is
proposed and meets strong opposition during the public debate

November 2006 France and Spain decide to ask for a Europeaneatordfor facilitating the
project implementation

September 2007 Mr. Mario Monti is appointed as coordinator by the EarmZommission

27 June 2008 France and Spain ratify in Zaragoza an intergoverriragrégament specifying

the general characteristics and implementation modalities of the interd¢@mec
line

October 2008 The French TSO RTE contacts the French National PuliE®€ommission
(CNPD) which decides that a specific concertation is necessaryctespthe
principles of public debate

December 2008 Mr. Mercadal is appointed as a guarantor by the CNDP
19 January 2009 - The first phase of the concertation process
20 April 2009

24 November 2009 The second phase of the concertation process
- 22 March 2010
May 2010 Application for public utility declaration

for advice. It actually implies the mutual exchange of imfiation, open discussion and con-
frontation between the parties, knowledge sharing anchegpion of each other’s views, i.e
a dialogue. The concertation is geared at finding a routeast ienpact. After that, there is
a public debate where everyone can voice their opinions @ptbposed project. Then the
project developer decides whether the project will be corgi (with or without changes)
or not. If it is decided that the project will be continued, ectaration of public interest is
made. After this, the details of the project can be worked out

G.1 The 2003 project proposal and the community’s re-
sponse

In 2003 a new plan of an overhead line with two 400 kV circuietween Baixas and
Bescano crossing the plain of Roussillon (see Figuré G.pyaposed in France as part
of the France-Spain interconnection project. The contiertaand afterwards the pub-
lic debate are organised in that year. The local communities the NGO “Non a la
THT” which means “No to the extra high voltage”. This NGO pides a forum for de-
bate and reflection on the problems of extra high voltageslimed of consideration of
other energy alternatives. Moreover, the affected locakguments form a defense union
(Sydeco THT 66) for the Pyrenees-Orientales communitiesden extra high voltage lines.
Faced with determination by the RTE (the French TransmisSigstem Operator) to con-
tinue with the proposal for a double-circuit 400 kV line beem Baixas and Bescano, the
local communities decide that action should immediatelytdien. Demonstrations are
organised in the region, supported by thousands. The NGGesnage of the services
of independent experts for fighting against the line proje&tpress communicate writ-
ten by one of those independent experts after the 2003 pdbbate |[[161], points out
how the situation is perceived by the public. The trust in $kee bodies is very low as
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they are thought to be subjective and “cleverly infiltratgdagents of lobbying power”.
The state bodies together with the TSO seem to have failetider $ransparency with
respect to the real need of the project: they are accusedver ¢ade concerns. The
strong association between RTE and EDF (the national Frgaokrating company) fa-
voured also distrust in RTE’s honesty (in the past, RTE an& EBed to be one company).
Moreover, the response of RTE is found.....—, q
to be a “more than light” document that
discarded the public requests of an under- ‘
ground line and maintained the original iy e
- overhead line - layout of the project.
The local and regional representatives con-
sider it feasible to construct the line under-
ground, following the rail infrastructure of
the future high speed train TGV between
Perpignan and Barcelona. Due to the pub-

RTE to explore other alternatives. The RTE! Banioles
failure to engage with the citizens and to

consider their opinion and requests in the.
definition of the project made citizens feel
ignored, determining the local representa ‘*&iae
atives to refuse further cooperation. This

points to a lack of perceived procedural ?‘"ﬁ"' foust -
justice. Figure G.1: Geographic span of the proposed

line.

G.2 Intervention of the European
Commission: the Zaragoza decision

Faced with difficulties in identifying a solution that wousgtisfy both countries and that
would be accepted locally, France and Spain decide in Noee&®06 to ask for a European
coordinator to facilitate the implementation of the préjda September 2007, Mr. Mario

Monti is appointed as a coordinator by the EC. Mr. Monti stduis mission by opening a
dialogue-based consultation. He meets with a group of btd#lers: representatives of the
two governments, TSOs and local actors (local governmemNGOs). These series of
meetings end in June 2008. Based on its findings and expertseprance and Spain ratify
in Zaragoza, June 27 2008, an intergovernmental agreeimergpecifies the characterist-
ics and modalities of implementation of the new intercotioactransmission line, which

should be a completely underground solution using VSC-HM\B¢hnology. The connec-

tion would span from substation Baixas (in France) to suilosté&Santa Llogaia (in Spain),

and with a route relying as much as possible on existing stfuature (highways, roads). It
is decided to create a French-Spanish mixed-capital catiporcalled INELFE to continue

this project. This corporation is comprised equally by the TSOs (RTE in France and
RED in Spain). Finally, the public’s voice seemed to be hearthe project proposal which
was agreed upon in Zaragoza considered the citizens redfuast 2003. This decision was
the one that would bring back together RTE, the authoritiesthe citizen representatives
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and would open a door for further dialogue/concertatione Tct that the EC intervened
may have also played a part in acknowledging the importahtieeqroject.

G.3 Beginning of the concertation

RTE, the project developer on the French side, contactsrévech National Public Debate
Commission (CNDP) again, after 5 years, in October 2008.aBge the meetings of Mr.
Monti with the stakeholders were a follow-up of the publibdee that took place in 2003,
and because the decision of an underground line is in line thé older suggestions of the
regional and local governments, CNDP decides that a neviqpdibate is not appropriate.
Instead, a specific concertation is deemed necessary. Amgfoais appointed by CNDP (in
the person of Mr. George Mercadal who was also the presidahed®003 public debate
committee) in December 2008.

The stakeholders involved in the new concertation are thalmees of the NGO “Non a
la THT”, representatives of the local governments (the 8gdeHT 66 union), representat-
ives of the French government (senators and deputies obtieemed sector), and members
of the NGO “Defensa de la Terra”. They form the advisory cottemiof the concertation to-
gether with the president of the regional mayors’ union ptessident of the general council
and representatives of the project developer (RTE), asestgd by the CNDP regulations.
The stakeholders prefer a new public debate rather thanaedation process and not all of
them acknowledge the project justification. Despite thegty agree to go over this disagree-
ment to participate in the concertation for exercisinglaigce regarding the implementation
of the new plan. By participating they could discuss the abigristics of the project, its
route, the various building options, with the main purposguaranteeing a minimal impact
on the population and the environment.

Until this point, the decision to have a concertation is #mutt of the Zaragoza decision
and the project is only broadly defined. In the concertatienproject details are further
defined, based on discussions and studies commissioneddioei concertation. Hence, as-
pects such as routing and infrastructure support, pravssid obstacle clearance, technical
characteristics of the cable and converter stations atidetapon during the concertation.

G.4 The first phase of the new concertation process (19
January - 20 April 2009)

A great part of the first concertation phase, supervised bRRENs focused on the concerns
of the stakeholders. CNDP organises two committees for arisg the first expressed
concerns, each chaired by an external member represehBntCNDP guarantor”: one
on “Direct current and health” and one on “Underground andrenment”. In the first
committee the TSO informs and discusses with the stakefside issue of electromagnetic
fields, for both direct and alternating current technolegi®uring the meetings of the
second committee, a number of issues are discussed: themmental characteristics of
the affected zone, the various techniques of installingititeerground line depending on the
terrain type and the associated general potential impetgossibility of merging the line
trace with the various other types of existing infrastruetthe heating characteristics of the
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cables and the heat dissipation. An important role playsifage of a modern digital tool

for visualizing the terrain that is used in the concertaficocess and also in public meetings.
This tool allows virtual site visits, is very detailed andstahigh resolution. It can be used
real-time during the meetings, allows easy moving, 3-disi@mal visualization, distance

measurement, and offers the possibility of visualizingrntate options. The participants

particularly appreciated the tool for its performance amelfact that the project developer
spends the effort of making means available for better aivadythe project.

The first phase of the concertation process results in: ifit&iton of possible line
routes, comparison of the identified routes, proposal frolite of leastimpact, and choos-
ing a tunnel as the solution for crossing the mountain aréa.choice of a tunnel crossing
the mountain is highly appreciated. Moreover, the paréiotp decide that more detailed
investigations have to be performed, and consequently@degehase of the concertation
process follows.

G.5 The second phase of the new concertation process (24
November 2009 - 22 March 2010)

During this phase a more detailed route research is perthrewgervised by CNDP. The
concertation in the second phase is organized into fourrggbical workshops. Each work-
shop is asked to develop a detailed route for its part of thienecovered by the project. The
workshops’ participants are representatives of the looaégments (members of Sydeco
THT 66) and NGOs (“Non a la THT” and “Defensa de la Terra”). Toatrol of each geo-
graphical workshop is given to one of the mayors of the caremunicipalities in order
to emphasize the local roots of the analysis to be perforifiled.route resulting from these
workshops is proposed in the application for public utitigclaration.

Each workshop takes into account the following issues antiest: topographic studies,
flora, fauna, Natura 2000 area, geological and hydro gemdbgiudies, crossing issues (e.g.
crossing railroads, roads, and rivers), location of cahte$impact on the magnetic field.
Each workshop meeting is transcribed verbatim and a repgrtiblished on the website
of the concertation. The guarantor puts INELFE in chargeatifigring input from experts
nominated by the NGOs participating in the concertation.

The most sensitive issues relate to the part of the trajethat crosses mountain Al-
beres, area where the technical difficulties are numeradigavironmental awareness high.
The idea of RTE to cross this area underground by means ofreetuwvas welcomed ini-
tially by most stakeholders. However, in the second phaseéts three main difficulties
connected to the recent experience of the local populatitntwo much larger high-speed
train tunnels that were dug through mountain Alberes.

Firstly, part of the population of the Perthus village refsiso have a new tunnel passing
under a part of the village. The population was exposed tsenaind vibrations during the
digging of the train tunnels and they expect more nuisanasezhfrom the rolling noise of
trains driving through the tunnels. Hence they refuse araextisance caused by digging
the new electricity line tunnel. According to RTE there issmaumulation of infrastructures
in this area which may lead to a saturation of the populatimhcansequently causes refusal.
A solution is found after a geological study is carried outdgamining ways of avoiding a
passage under the village Perthus, while ensuring thezagialn of the tunnel under good
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technical feasibility conditions.

The second concern is about the consequences of the newrinel ton mountain Al-
beres’ water resources. Some people attribute the dryirgd spme sources and the loss of
other water resources of the massif to the two railway tusn€his represents an import-
ant concern as the water supply of the villages is providewsat exclusively by the water
resources of the massif, and also because of the proximihetBoulou hot springs, which
are an important economic and touristic factor. Hence adigdical study of mountain
Alberes is performed for avoiding such unwanted effectss $tudy results in the selection
of provisions for the excavation process, which are incafes in RTE's commitments.

Thirdly, questions are raised about the processing andgganf waste resulting from
digging the tunnel. The previous experience with high-dpaéway tunnels counts here
again. To deal with these concerns, contacts are made witlo¢hl governments to jointly
review possible waste storage areas, promoting the irttegranto the landscape of the
created volume.

G.6 End of the concertation

The concertation is closed in a meeting on 22 March 2010. Dneegponding commu-
nication is distributed to the public in the beginning of d#010. The new line segment
has about 65 km, out of which 35 km is in France in the Pyref@éesitales. Moreover,
the project preserves the landscape and passes througlasisezenAlberes via a dedicated
8 km tunnel. At the end of the concertation, all stakeholderanimously agree that the
organization of a concertation under the authority of thargator instead of a new public
debate was actually a good choice. Although there was disaggnt amongst the politi-
cians, NGOs and the project developer, all participantifyahat during the process there
was a constructive spirit, a desire for transparency, aesehsinderstanding and respect,
managed and supervised by the CNDP. In total 13 externabpgend experts participated
throughout the process. This allowed to improve the corapkss of the process and to
make the debates more informed and neutral. The exterredmeand experts contributed
during the meetings and presented their views on RTEs piagars or proposed studies,
on electromagnetic fields, environmental studies, hydjiolstudies, and tunnel studies.

A monitoring committee is established to allow the stakdbrd to make sure that the
project developer complies with the commitments made dutie concertation, this com-
mittee continuing listening to the stakeholders, and tfy;mmeet as much as possible their
demands.

The project developer agrees to make sure that this prapettibutes to the local com-
panies, workforce and economy. INELFE installs a local espntative and with the help
of manufacturers and businesses, intends to perform detbtaialysis in this direction for
facilitating the usage of local workforce during the prajgconstruction phase.

G.7 Access to information

Throughout the whole concertation process the public wasteatly informed through
various means. Information resources were available onwtizsite of the concertation:
[157], allowing them to learn about the concertation and gk questions. Information
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letters were made available in the town halls and also sepbbyat the beginning of both
new concertation phases and also at the end of the conoartdiintry forms for asking
guestions were attached. Moreover, information panele weade available in the town
halls and additional prints of the concertation letters #rel question entry forms were
available to the public in the town halls and in the newspsgBindependent and Midi
Libre). Press conferences were organised by the CNDP @qteives at the important
moments of the concertation process, in which RTE constpatticipated. Public meetings
were organised on special topics at the initiative of somihefmayors. RTE participated
in three of these meetings. The concerns of the public weregpted and discussed in the
concertation meetings (committees and geographical wwops in order to make sure their
concerns were addressed.
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Glossary

List of symbols and notations

Below follows a list of the most frequently used symbols anthtions in this thesis.

N situation Operation with all N grid elements in service

N — 1 situation Operation with N-1 grid elements in service

N — 2 situation Operation with N-2 grid elements in service

Cco1 Branch loading median for the overloaded hours duringudtion

Co02 Branch total number of overloaded hours during N situati

Co03 Maximum loading of overloaded branch during N situation

Cl1 Branch loading median for the overloaded hours durirgdituation

C12 Branch total number of overloaded hours during N-1 Sitba

C13 Maximum loading of overloaded branch during N-1 sitmati

C14 Total number of branches that can be congested due tem giv
branch being taken out (N-1 situation)

C15 The total number of branches that if taken out cause the
congestion of a given branch (N-1 situation)

c21 Branch loading median for the overloaded hours durirgydituation

c22 Branch total number of overloaded hours during N-2 Sitba

c23 Maximum loading of overloaded branch during N-2 sitmati

RO Risk of overload

RO Normalized risk of overload

RGOy, ROy_1, RO\ -2 Risks of overload for the N, N-1, and N-2 situations for a lotan

ROy, ROy_1, RO\-> Normalized risks of overload for the N, N-1, and N-2 situatidor a branch

Sl Severity Index for a branch

WN, WN—_1, WN_2 Weighting factors for the N, N-1, and N-2 situations

RO\,i, RON-1, ROy—2; Risks of overload for the N, N-1, and N-2 situations for bfanc
RO\, RON-1i, ROv-2i  Normalized risks of overload for the N, N-1, and N-2 situatidor branch

Sk Severity Index for branch

ROyrid,N+ ROgrid N Grid risks of overload during the N and N-1 situations

Slyrig Grid severity index

[ROyrid N]str,[ROyrid,N—1]str Grid risks of overload during the N and N-1 situations fordgstructurestr
[Slgrid]str Grid severity index for grid structurgtr
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Glossary

List of abbreviations

The following abbreviations are used in this thesis:

AC
CsC
DC load flow
DC
DSO
EC
EHV
EIA
ENTSO-E
EU

HV
HVAC
HVDC
ISO
NSTG
OPF
PST
PTDF
RES
SEA
TEP
TSO
UC-ED
VSC

Alternating current

Current Source Converter

Linearised load flow

Direct current

Distribution System Operator
European Commission

Extra High Voltage

Environmental Impact Assessment
European Network of Transmission System Operé&oiSlectricity
European Union

High Voltage

High Voltage Alternating Current
High Voltage Direct Current
Independent System Operator

North Sea Transnational Grid
Optimal Power Flow

Phase shifting transformer

Power Transfer Distribution Factor
Renewable Energy Sources
Strategic Environmental Assessment
Transmission Expansion Planning
Transmission System Operator

Unit Commitment - Economic Dispatch
Voltage Source Converter
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