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Summary

Electricity is an essential service that can b& sesea utility necessary for modern life. It is
typically generated in large scale power plants, mast then be transported through a capital
intensive infrastructure known as the transmisgiaah. It can not be easily stored for later
use, which implies that supply and demand of ittnvesbalanced at all times.

The capacity of the grid to transport electriggtyimited. If it is overburdened, costly loss of
property and the failure of the network can redtiiectricity transport is special, because the
marginal costs for transport from one place to lamobften depend on what is happening
elsewhere in the system. This is a consequendeedéctt that flows through a network
depend on physical properties rather than excliysfelowing from economic transactions.

The term ‘congestion’ applies when the capacittheftransmission network is not sufficient
in order to meet our transport needs for elecyi@uch congestion is currently an issue in the
Netherlands, where investment in generation capacéxpected to outpace the construction
of stronger transmission networks during the conyears. Congestion can be managed
through the allocation of scarce capacity befordhasing methods such as explicit or

implicit auctions. This is presently the situatmmthe transmission links on the borders
between the Netherlands and neighbouring counttiean also be managed while
maintaining a single price within the country, usmethods such as counter trade that correct
infeasible electricity flows closer to the real &raf power plant dispatch while maintaining a
single price for electricity in an area. This castsney, as the power which would have been
dispatched is less expensive than that which istcained on instead.

A model was built which can determine both the etoic outcomes of electricity trade
within the markets (quantities produced and prpaad at each location ) and the resulting
flows of electricity through the networks. This nebevas used to compare methods for
managing congestion for a set of plausible scesdoi02014, involving potential additions to
the available generation capacity and incidentatidamns which may contribute to
congestion. The results suggest that the additimrstk to society in the form of the increased
expense resulting from counter trade are quite staoEmpared to the total magnitude of
power costs. The most significant congestion cast® found given large amounts of wind
power in the north of the Netherlands and Germargynd 70 000 Euros per hour. Those
costs were roughly estimated to imply annual cobtgp to 80 million Euros. The difference
between the optimal dispatch achievable using iocak prices and the counter trade is
around 5% of congestion cost.

If the scenario with wind energy occurs, the maatellicts most of the additional costs of
congestion related to counter trade could be adoyemplementing price zones within
Germany. Increased interconnection on the bordetigden the Netherlands and Germany
was investigated. This would reduce some but natalgestion, as national networks would
remain congested. The research also identifieetttehat decreasing tradable
interconnection capacity on the borders could all@&®s to avoid some of the expense of
counter trade within their networks. This couldeatally cost society at least as much as
managing the congestion.

Based on this research, policymakers are advisedrsider counter trade as a feasible option
if developments in new electricity plants in the EVégion remain close to the expectations
forming the input for the reference scenario désctiin this thesis. However, they should
note that the cost estimates for using this metie@ based on conservative assumptions



relating to perfect competition and available traission capacity. If developments such as
the rapid realization of wind power occur, whichultblead to greater congestion than in the
reference scenario, policymakers are advised &ebtlanonitor whether market performance
conforms to these conservative assumptions. lfifségnt congestion is caused due to rapid
wind power development in the north of the Nethetktaand Germany, policymakers are
advised to consider the feasibility of implementing price zones within Germany. Doing so
would allow congestion to be managed at lower tmsbciety than by using counter trade. If
and when that situation occurs, regulators wolsd ke advised to monitor the possibilities
for abuse of market power by market participants ¥ake on the role of pivotal suppliers for
the purpose of relieving congestion.
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1 Introduction and research questions

The electricity market is different from any otltkre to the physical properties associated
with its generation, transport from the locatiorpadduction to the consumer and its end use.
The first section of this chapter (1.1) will dissithe most relevant such aspects, in order to
introduce the reader to the complex context of iasgarch topic.

This thesis deals with research related in padrcidcongestioroccurring on the
transmission system (i.e. the network infrastruesed to transport electricity from
producers to consumers). The second section (fpaias what is meant by the term
congestion when applied to electricity networkse Tiird section (1.3) discusses the
relevance of the issue of congestion from the @etsge of recent developments in the Dutch
electricity grid, while section 1.4 provides a mwiof the relevant academic literature.
Section five (1.5) concludes the chapter with teenation of four specific research questions
related to the topic. The research and resultsitbestin this thesis aim to add to the
scientific knowledge of the topic of congestion mgement by answering these questions.

1.1 Electricity: An exceptional market

Electricity is an essential service which can bEnsas a utility necessary for modern life. It is
typically generated in large scale power plantg, mast then be transported through a
capital-intensive infrastructure known as the traission grid. It cannot be easily stored for
later use, which implies that supply and demanidl miust be balanced at all times. Demand
for electricity varies, both over any given day awver the year as a whole, depending on the
differing amounts of energy which we require in toairse of our daily activities and between
the seasons. The capacity of power plants andriteéegpectively to generate and transmit
the electricity we demand must therefore be swfitto meet the highest such level of
demand, or ‘peak load’. The capacity of the gritkémsport electricity is limited by the
physical properties of the cables, transformersathdr installations used to do so. If
overburdened, these can burn out, resulting inyctoss of property, and the failure of the
network, with a high direct cost to society. Figaklectricity transport is special, because the
marginal costs for transport from one place to lamobften depend on what is happening
elsewhere in the system (Hogan, 1997). Injectinggron one place to move it to another can
reduce the amount of physical capacity requiredriorsport in the opposite direction.

Economically, these factors can be seen as indigétie potential for strong external effects
resulting from many of the actions taken by the ynaarties involved in electricity supply.
Combined, they help to explain the strong publterniest that ensured its historic provision
through vertically integrated supply chains. Detation of the sector in the 1990’s was
driven by the goal of increased efficiency, antdécachieved by splitting those aspects of
electricity supply that have a natural monopolyrabter (such as the operation of the grid)
from those with competitive potential (such asdkaeration of the electricity and the retail
market for consumers). Electricity supply is noweaftraded by parties both through bilateral
contracts and through a new institution: the posxahange for electricity. In the Netherlands
this is the Amsterdam Power Exchange (APX). Thesdgs must pay the independent



operator of the transmission system, the TSO fes#rvice of transporting the necessary
electricity to its destination.

One consequence of unbundling this supply chatimaisinvestment in the grid and in
generation plants is no longer as easily coordihasewas the case in the past. The lead time
for investment in new generation capacity is shidhan that for additional investment in
transmission infrastructure, while payments toThensmission System Operator take place
based on the current transport of electricity.

In the initial years following deregulation, tranission capacity in the Netherlands always
sufficed to transport those quantities which mageeties aimed to supply and demand. In
recent years however, it has become increasingigrapt that this may no longer be the case
in the medium-term future. That means that a sy$temmanaging congestion - which occurs
when transmission capacity is not sufficient to triee desired transport of electricity - may
soon become necessary.

1.2 Congestion management in electricity networks

What is congestion? The term ‘congestion’ applibenvthe capacity of the transmission
network is not sufficient in order to meet our spart needs for electricity. Two forms of
congestion can be distinguished: physical congestuhich occurs when generation and
transport resources are simply insufficient to nusghand in a given area, and economic
congestion, which occurs when in principle theasfructure should allow for demand to be
met, but the market outcome is such that the né&twould be overburdened such a trade
were to take place (Knops, 2008).

The term ‘congestion management’ will be used is thesis to refer to those policies with
which the second form of congestion occurring andlectricity grid may be dealt with.
Managing congestion is just one of three relevast drivers determining the price of
electricity transmission, which must also coverdbsts of providing ancillary services (such
as reactive power provision and spinning reserad)lasses during transport. All three of
these aspects translate into technologically coxplanagement issues, which justify the
central coordination of a TSO. Congestion managec@nstitutes the most significant
economic impact of the three however, and may @isct the scope of the market and
thereby the distribution of market power (Chao Redk, 1996).

Managing such congestion is a complicated issuausecthe actual flows of power that exist
in practice follow from the physical laws governigigctricity networks. Their course thus
depends on both the market outcome and on phymicpérties such as the resistance of the
cables in the transmission infrastructure. Thusatvactually happens when power is
generated in one place and used in another doewnessarily correspond to the direct path
implied by those contracts which were negotiatddrdedand within the marketplace for
electricity supply. This may not be an issue whendverall capacity of the network is
sufficient to allow desired trades to take place be transported, but can become highly
relevant if and when congestion occurs.



Electricity moving from one node to another witlaimetwork can and does flow through
simultaneously along multiple parallel routes, depeg on the resistance of lines, rather than
moving exclusively via the most direct path. Inrpso, it can cross in and out of the control
areas of TSOs (Transmission System Operators) pdties which are responsible for
management of the infrastructure — a phenomenowtkms loop flows.

Furthermore, because of the swings in electricgiyand, transactions covering electricity
supply actually take place within several differemte frames, ranging from forward
contracts dealing with the supply of power far dvance to day-ahead markets and the
balancing market, allowing almost continuous cdroes of the differences between
predicted and actual electricity use. Congestionagament methods may therefore be used
in advance, to allocate scarce transmission capswih that congestion does not take place,
but the term may also apply to operational meadaie= in the short term to correct system
operations in the event that it arises (Gjerde5200

Different methods for management of congestion hreaxe the potential to affect the interests
of the many parties involved in the electricity plypchain: the various parties trading in the
wholesale market, those organizations responsiolminaging transmission and distribution
networks for electricity and the consumers of eleity in both the Netherlands and
neighbouring countries. This has played a partaking the recent discussion concerning the
potential choice and possible implementation ohsmethods an important issue for Dutch
policy makers.

1.3 The relevance of congestion management for the Dudnd neighbouring
electricity markets

The Dutch electricity infrastructure has becomeeartweavily used due to recent additions to
power generation capacity, and is expected to beaoore so in the light of existing
proposals for new plants (D-Cision, 2009, paged B2 position paper). Currently, the spot
market for electricity in the Netherlands, whichrfis part of the power exchange APX, clears
with a single uniform price, implicitly assumingatttransmission between suppliers and
consumers of electricity will be possible betweag &vo locations within the Netherlands.

Until now, reaching the limits of the transmissiafrastructure’s capacity to transport peak
flows to meet demand therefore implied the necgssieither rejection of permission to
connect new plants to the network or of limitinglsypermission, for example by agreeing to
only under special conditions in the form of ‘ruskaontracts’ while grid capacity was
expanded. Such contracts allowed for connectidgheplant to the grid, but enforced
provisions allowing the TSO (Transmission Systenef@jor) to oblige the operator to reduce
its level of generation without compensation, iftis necessary to manage congestion.

Congestion management as a policy choice
Over the long term, a structural expansion of tnr@ssion capacity should help to alleviate

this situation. In the short term, using a systémomgestion management has been proposed
by the TSO to ensure that new entrants may be cteché the interim (TenneT, 2008a). In



reaction to this the organization representingetkisting electricity supply industry presented
its own plan (MinEZ, 2008). These two proposalsediin detail, but when based on
redispatching generation capacity and compens#tsgwners of the plants in question,
using bids by market players to avoid producing M¥dne a form of ‘counter trading’. Other
policy options, such as more traditional redispaigmemain available as alternatives, while
theory and practice in other electricity marketggast that a number of alternatives exist
based on allocation through pricing of capacityiclthave not (yet) been fully considered in
the Dutch national context.

While new investments in the transmission netwaeekkeing realized but the occurrence of a
higher level of demand for transport of electriggyexpected than can be satisfied with the
current infrastructure, using any one of these pugtcould allow the TSO to ensure
congestion does not occur. Such an approach wautddse market conforming than the
existing system, as no discrimination would occetmieen existing and new market
participants. Either refusing to connect new plamtdoing so under restrictive ‘run back’
contracts will result in an uneven playing fieldween new entrants to the electricity supply
market and incumbent players. The previous sitnatauld therefore be seen to be
undesirable. However, this improvement in connectiolicy will come at a cost: increasing
congestion, which will need to be managed. Thescaofstioing so using either redispatch or
counter trade have been rougtdgtimated by Tennet (cited in D-Cision, 2009)GQ fnillion
Euros in 2009.

Furthermore, the legal difficulties surrounding tiee of runback contracts and the
connection of new plants have created uncertaortyhie entrants (Tennet, 2008c). Without
sufficient economic incentives and conditions #ratourage investment in generation
capacity, the security of Dutch electricity suppigy come under pressure.

Lastly, congestion management may affect eachdaheypgoals listed in the Electricity Act
of 1998. These criteria, such as transparencyctefeecompetition and proper market
performance are important aims for market regutafitheir relevance for policymakers also
applies to choices concerning congestion management

Congestion management within the Dutch network fiarmternational perspective

While the need for internal congestion managementwithin the Dutch grid) is a relatively
recent issue, congestion along the interconnetitikisng the Netherlands with the electricity
markets in neighbouring countries has been manfageshme time. Differing approaches that
are currently applied include market coupling (arfef implicit auction introduced along
borders between the Netherlands, Belgium and Fyamzkthe use of explicit auctions for
available capacity (used along the German bordetiz Nor-Ned cable to Norway).

! No further details on the method used for thigweste are given by Tennet. However, known costs for
managing constraints within a range of Europeamirms, using counter trade or redispatch are ddaleeflect
Dutch market size in D-Cision (2009). The resultfiggires suggest that the Tennet estimate is withérsame
order of magnitude (tens to hundreds of million&afos per annum) as in other EU member states.
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The matter of which approach should be appliedioayet been fully settled, but the
European Union has mandated market-based soldtoimgerconnector congestion between
its member states (through regulation 1228/20034xGe 2006. Given the successful
introduction of trilateral market coupling betweerance, Belgium and the Netherlands, this
method is future choice for managing the congesiiomterconnectors between countties
An outstanding issue with such proposals is thegrd@ning capacities to safely use in a
meshed system expanding market coupling to Gerrfranyjust the Netherlands, Belgium
and France remains a practical challenge (Shar@®®)2This point is also made when
considering the method from a European perspe(fkeznmann and Smeers, 2005).

The method applied to manage congestion alongcim@ectors spanning the national
borders is relevant to the choice of a method émgestion within the Netherlands, as their
effects are mutually interdependent. When diffepamtgestion management regimes with
differing resulting financial incentives are linketlis can have serious consequences. For
example, (Bjgrndal and Jornsten, 2007) show tteatbmbination of counter trading and
market splitting can result in an incentive for@J to prevent managing ‘internal’
congestion by reducing the capacity for cross hotrdele.

Because electricity flows are governed by theirgitgl properties (notably Kirchhoff's laws)
rather than by economic transactions, unexpectaasfimay occur through the Dutch network
as a result of a combination of high wind produtiio the north of Germany (Leuthold et al.,
2008) and a lack of transmission strength betweanhidrn and southern Germany. Such
flows could imply significant financial costs ocdar the Dutch TSO, if they use counter
trading to manage congestion on the Dutch netwidnk. question of how to allocate them is
not a simple one.

All these issues suggest that research investggatingestion management within the
Netherlands, while taking into account the relevatdgrnational context, could deliver
valuable insight informing the policy choice betwgmssible methods. This thesis covers the
results of such research. An overview of the acaclétarature is first provided, while in
section 1.5 the relevant research questions ameufated and the structure of this thesis is
explained.

1.4 Literature review

In the previous sections of this chapter, the mwbbf congestion management within the
Dutch electricity networks was introduced. It ie #am of this thesis to provide a contribution
that strengthens the scientific knowledge of thssie and informs policy makers.

2 Flow-based market coupling (FBMC) has been forynafjreed to as the desired approach, in a memarandu
of understanding between the TSOs and other padieserned. FBMC is an improved form of market
coupling, using a more accurate representatioheétectricity grid between countries but maintagnihe
aggregation of national markets and links withinmoies. (Pentalateral forum, 2007. Memorandum of
understanding concerning the introduction of floaséd market coupling. Ministry of Economic Affaild)e
Hague.)
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Although the import of the issue from a Dutch pexdjve is relatively recent, much existing
research has already been done in fields whichagverith the subject. In this section, a brief
overview of some of the relevant literature relgtio network infrastructures, electricity
transmission and congestion management is therpfovéded. The goal is not to provide an
exhaustive overview, but rather to serve the rebgeiving an idea of how existing research
can help to understand some of the complex nafutedechnological and economic
systems related to the provision of electricity.

Parallels with other network infrastructures

Although this thesis focuses on electricity trarssiun, parallels may be drawn with other
network infrastructures. The regulation of marKetselectricity is discussed alongside
telecommunication, water and transport infrastmegiy Newbery (2006). Kiinneke (2008)
suggests that such technical infrastructures ct+ewnith the policies which govern them,
but that this does not necessarily translate ioteecence between the two. Using the
liberalization of the electricity sector as an exdéanhe notes that the decentralization of
much of this sector was not translated into a sinshift in the critical coordinating functions
— such as between real-time capacity managemeblepns and long-term investment trends.
Although such research can help to understand gpldie the broader context of policy
shifts in network industries, specific policy prebis relating to network operation demand
specific solutions due to physical differences leswthe underlying technological systems.

Transmission policy in a market environment

The consequences of some of the major trends dbaraeg the electricity sector in
particular have formed the subject of researchutlgas such as Hunt (2002), Hogan (2002)
and Blumsack et al (2006). The difficulties encauead since the first moves towards a less
strongly vertically integrated electricity supplycsor often lead such authors to stress either
that more sophistication is needed in market de@tggan, 2002) to achieve the potential
benefits of liberalization, or to question whettiegse benefits are being achieved at all
(Blumsack et al., 2006). Other authors, such akado$2008) place more emphasis on the
positive effects that well-designed institutions ¢eve on electricity sector performance.

A recurring subject within such analyses is thestjoa of how to organize electricity
transmission in general, and how best to deal th#htask of congestion management in
particular. Within Europe, much of the attentiortlué actors within the sector has been
devoted to the allocation of capacity to transmivpr over the interconnectors linking
different national marketsAuthors such as Perez-Arriaga and Olmos (2008)mmnan and
Bialek (2008) have been critical of the potentmafriove to more complicated systems than
explicit auctions, given the centralization impli@@mpared to existing institutions.

% For example, the regulators group Ergeg (2009)lighed a report on compliance with the congestion
management guidelines on interconnectors while EaS®Europex, the European organizations for TS@ds a
power exchanges, published a study (2009) consigleross-border congestion management and capacity
allocation between countries and regions.
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More recently, increased emphasis has been platedrgestion within national networks,
which has become the cause of significant costeumtries such as Italy and Great Britain
(D-Cision, 2009). This is partly because in somantoes, the policy of connecting new
power plants has become less rigid, while the taads of such plants are far shorter than the
time that is required to plan, approve and buill trensmission infrastructure. Another

cause may be the increasing share of decentraizédenewable production, such as large
wind parks and small CHP power plants. In any caseg congestion occurs or increases, the
policy question of how to manage it will become moglevant.

The desirability of congestion management methods

Congestion management can be performed in multiples, as is discussed from the
perspective of the Dutch policy perspective in ¢aajwo of this thesis. Much of the
academic debate has focused specifically on thieatddgy of implementing implicit auction
approaches such as nodal or zonal prices for eégtwwhen congestion occurs, rather than
traditional redispatching or countertrading.

The nodal pricing approach is based on the thebspat pricing in electricity markets
introduced by Schweppe et al (1988) and was fuggested by Hogan (1992). Proponents
have argued that such an approach offers the rffms¢et allocation of the scarce grid
capacity in the short term, as well as sending:threect price signals for producers and
consumers in the long run (Rious et al., 2008)Jewtritics such as Rosenberg (2000) have
guestioned whether this might not result in flavweitcomes, such as perverse incentives to
retain congestion or large discrepancies betweeshbrt-term prices for using congested
transmission links and the actual operational coktse transmission.

Concerns raised about the approach include theigones whether such costs will be an
accurate price signal in systems which must begdesliin order to minimize transport losses
of a similar order of magnitude or which are ovanehsioned due to the asymmetric social
costs of blackouts. Furthermore, the uncertainthair level may be difficult to hedge using
financial instruments, such as financial transmissights (Brunekreeft et al., 2005). Nodal
pricing has been used within the Pennsylvania-Nenaey-Maryland (PJM) market and in
New Zealand for some time, although some autharis as Blumsack (2006) have noted that
in the former case, data shows that congestiors ¢aste increased by a factor of 10 since
their introduction in real terms (PJM, 2004).

Zonal pricing as an alternative that sits somewhebletween classic redispatching and nodal
pricing - although prices can be differed in otttereflect scarce transmission capacity, this is
done between zones rather than all the nodes vitieinetwork. The general properties of
such zones and the difficulty in their determinatimve been discussed by authors such as
Bjgrndal and Jornsten (2001) and Walton and TafWedton and Tabors, 1996). Critical
authors such as Stoft (1997) and Smeers (2008)rztee that aggregating nodes to form
zones still simplifies the reality of the electlit@nsmission network, while Bjgrndal and
Jornsten (2007) suggest that it can offer outconigsh are close to nodal pricing
benchmarks in terms of social welfare.
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Research based on network models

Academic studies comparing such congestion managemethods on a quantitative basis
are generally based on network models, often usiyC’ linear approximation of load-
flows. Notable examples for European countriesudelGreen’s study of the U.K. (Green,
2007), the Balmorel model used in (EA Energy Anadyst al., 2008) for the Nordic markets,
and the Elmod model focusing on the German markéeithold et al. (Leuthold et al.,
2008).

These research efforts have suggested potentralases in the social surplus resulting from
nodal pricing in the order of 0-10% when congesboaurs, but these studies are often based
on perfect competition assumptions, rough variabkt price estimates, simplified network
structures without losses in transmission and atlmeplifications of the actual systems
involved. This can make it difficult to translateetr outcomes to practical numbers which are
applicable in making policy choices. Comparisonshsas that conducted by Neuhoff et al.
(2005) suggest that once such models depart fresetassumptions, for example by
representing imperfect competition, the results alag become less consistent and more
dependent on the way in which the model is contgdic

Research relating to the CWE region

Specific studies for the Netherlands have beendoasehe data and three node scope of the
Competes model which was first published by HoblzbRijkers (2004) and later expanded
to cover neighbouring countried\s yet unpublished work by Pepermans (2004) sdfea
detailed model of the Belgian electricity grid andrket.

The first of these sources focused on the interecions between countries, noting that at the
time of writing congestion within the Dutch netwatid not occur regularly. Work as part of

a thesis by Sharma (2007) and later reported byddg (2009) looked specifically at flow-
based market coupling between the Netherlands aigthlmouring countries. This is a system
in which the aggregation of transmission links lestw countries within the network model
used to determine available capacity for trade bebhncountries is improved, although each
national market is still aggregated to a singleeadlork on the introduction of flow-based
market coupling by the TSOs continues - a yearaafe using this proposed change to the
system is currently being simulated in order taeassts affects more accurately.

1.5 Formulation of research questions and structure thfesis

This research is aimed at investigating the isswengestion management, applied within
and between the networks of Germany and the Neias| The interconnectors with the
markets of Belgium and France will also be takea actcount, but internal congestion within
these networks falls outside of the scope of tsearch due to time constraints.

The central research question is formulated asvili

* Although when this model was expanded for studfésuropean interconnectors, the level of detaitle
Dutch network was significantly reduced
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Q1 “What is the most suitable congestion managemetiochébr managing congestion
within the Dutch and German electricity marketssuaming market coupling will be
introduced between the Netherlands and Gerrdany

The research should result in sufficient insigle ithis issue to allow a considered answer to
be formulated to this central question. Specifictlle congestion methods of interest are
limited to the counter trade and implicit auctigppeoaches that are considered relevant
alternatives for policymakers. The answer is disedsn chapter 6 based on the research
findings.

As was noted elsewhere (1.3), several differem¢ca may be considered relevant to the
choice of a congestion management method. The deéaition of the concept of
‘suitability’ within the context of the researchegtion may therefore be a matter of
contention. This leads to the formulation of thikdf@ing sub question:

Q2a“What are the relevant criteria for choosing a ®ble method for congestion
management?”

The possible answers to this question are conslderthe first section of chapter two of this
thesis (2.1).

As was touched upon in the previous sections (1.3)[ several theoretical alternatives for
managing congestion within a national electricipwork (or a control area covering part of a
country) exist, such as nodal pricing or zonalipgc These methods can generally also be
applied for the connections that cross nationatléie and link differing electric networks
(interconnectors), although the context may difBafore any choice of a congestion
management method can be considered, insighthetaange of possible methods is
necessary. This leads to the following researchgsigistions:

Q2b“Which theoretical methods exist for congestiomagement?”

An overview of the most relevant such methods fottmesbasis for the second section of
chapter two of this thesis (2.2).

In order to be able to compare the practical comseces of the possible alternatives for
congestion management, it is important to gairgimsinto their expected performance.

Market coupling using (national) price zones iuassd to be the most likely method towards
which the management of congestion on interconnettetween the Netherlands and her
neighbours is expected to evolve, given the sucokesss method in allowing more efficient
use of the interconnectors between the Netherld@®lgjum and France. A relevant question
is therefore what the effects of applying an appindaased on price zones to manage
congestion botlwithin countries such as the Netherlands and Germanbetmegerthe
countries would be.
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This leads to the formulation of the following sgiestion:

Q3 “What are the economic effects of introducing zpnigaing within and between the
Netherlands and Germany to manage congestion?”

In order to be able to evaluate and compare tleetsfof alternatives for congestion
management using a zonal pricing method, it is m@mb to investigate what the quantitative
effects of these would be. The research shouldetedi clear set of measurable outcomes,
which indicate where possible the expected effiettgded to the public goals regarding
electricity market performance following from Q2@ this case, in particular the model
should allow the calculation of:

- The social costs of congestion management withaemones, under various defined
zone$

- Differing direct market outcomes (e.g. the priaegach zone) under various possible
plausible price zones

- The flows of electricity between locations

- The possible effects of introducing different pramnes, given various scenarios
representing plausible causes of congestion (&gh.wwind production along North sea,
technical reasons for shutdown of transmission ligh summer demand peak)

Of specific interest will be the following aspects:

Q3a:What are the potential incentives for TSO to sawaey by ‘moving’ congestion (by
declaring a low transmission capacity) from theioaél network to international borders, if
the national network represents a single price Zone

Q3b: What is the impact on the congestion of thiebelectricity network resulting from
unified or diverse German electricity price zones?

Q3c: How could increased interconnection capac#jween the Netherlands and Germany
affect congestion within the Netherlands?

Answers to these questions are based on the mdiofgghe research, which was performed

using a model of the Dutch and neighbouring eleityrmarkets. The methodology employed
in the construction of the model and the relevaethodological assumptions form the basis
for the first sections of chapter three of thissie€3.1, 3.2, and 3.3). Chapter four describes
the relevant results to question 3 (4.1) and ttegaiestions (4.2).

A quantitative model can help to estimate a nunolbéne consequences of a choice for a
method for congestion management. However, ascugsed in (2.1) some criteria which are
relevant are difficult to capture with such resbaitdere, existing international practice can

® This includes the loss in welfare for both conststand suppliers due to inefficient plants being
dispatched.
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help to understand what some of the implicationdiféérent available choices may be. This
leads to the formulation of the following reseaqtlestion:

Q4 “What can be learnt from the existing practice afatricing and other congestion
management methaels

The third section of chapter two of this thesi8)2herefore describes the findings of a brief
case study based on literature research investggtite congestion management practices in
the Nordic markets, aiming to answer this questidgre Nordic electricity markets and
networks resemble those of the CWE in that congestan occur between the north and the
south and in the use of market coupling for intarextors between national markets.

1.6 Scope and methodology of research

The research is limited geographically to the eleity markets of the Central West European
market, i.e. the Netherlands, Belgium, France aadr@ny. More specifically, it looks at
congestion management within the Netherlands amth&w®y, and between these countries
and those to the south of the Dutch network. la With current congestion management
practice, the focus is on trading in the day-aheadkets and bottlenecks on the high-voltage
transmission network (380kV). Of particular intdrage the economic outcomes following
from the application of congestion management nd=tvehich price both the scarcity of
energy and of transmission capacity, using impéaittions and the alternatives currently
being proposed for the Dutch network such as courading.

To assess the potential economic effects of sughiainauctions quantitatively, a modelling
approach is employed. More specifically, a ‘DC apimation’ or linear representation of the
AC high voltage network and the potential flowsuléag from market outcomes under
various price zones is employed. The market isssprted in an aggregated way under the
assumption of perfect competition. The qualitatesearch preceding the model investigates
the policy framework for congestion managemeris ftased on a review of the academic and
public literature relating to the topic, and forthe basis for the interpretation of the
modelling results.

1.7 Conclusions and structure of this thesis

This chapter forms an introduction to policy issuaated to electricity markets, the topic of
congestion on the transmission networks for eleitgrand the relevance of that topic for
research. In the previous two sections, researebtmuns are formulated and the scope and
methodology used to address them during this relseae briefly explained.

Chapter 2 of this thesis focuses on the policy &aork for congestion management. The
first section (2.1) gives a description of the Epgan and Dutch legal framework limiting
policy choices. Section 2.2 discusses possibler@itvhich may be employed in order to
evaluate the outcomes of applying such a methoe fdlfowing section (2.3) investigates the
possible methods which could be employed. The fiosettion (2.4) of the chapter discusses
what can be learnt from the example of congestianagement policy in the Nordic markets.
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Chapter 3 of this thesis introduces the modelithased for the quantitative part of the
research. The first section (3.1) introduces tlsai@ptions related to the representation of the
electricity market and their consequences. Thergksection (3.2) discusses the assumptions
related to the representation of the transmissatwark, and their consequences. The
following section (3.3) explains the choices ralatie the scope of the model. The final
section (3.4) of the chapter deals with the estionatf the various parameters necessary for
use of the model.

Chapter 4 of this thesis discusses the resultseofjiantitative research and their
interpretation in the light of the existing acaderiterature. Chapter 5 concludes the thesis by
offering a discussion of the relevance of thesearsh findings for policymakers, reflecting

on the methodology employed and its limitations bBstthg some promising avenues for
future research.
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2 A policy framework for assessing congestion
management

Chapter 1 of this thesis introduces the issue nfestion management and explains its
particular relevance with regard to the marketsefectricity and the transmission
infrastructure which is used to transport it. Tlo@lgof this chapter is to provide an initial
answer to two research questions introduced inteh@pe that are relevant to policymakers
dealing with the topic of congestion management.

First, it is important to know what options are igalale to choose: which theoretical methods
exist for congestion management? (Question 2b)e@mis is clear, policymakers also need to
know on what grounds their judgment can be basédt are the relevant criteria for

choosing a suitable method for congestion managen{Question 2a).

The first section of this chapter discusses theveeit existing European and Dutch legal and
policy context, as this constricts the potentiaNyilable congestion management methods.
The following section (2.2) continues by describihg differences between methods which
may be applied, focusing in particular on thosevaht to the Dutch situation. Section 2.3
discusses possible criteria by which suitabilitylese congestion management methods
could be judged. Section 2.4 concludes, by invastig what may be learnt from the practice
of congestion management in the Nordic marketssé&lsections of this research are based on
a review of the available academic literature.

2.1 The existing European legal and policy framework

Much of the past attention regarding congestionagament has focused on management of
interconnectors between national networks. Europediny on this issue has been discussed
by the various actors at the Florence fora. Coingiavith the first Energy directive, the aim
of the initial participants of these meetings wagstablish tarifcation and trade mechanisms
that would reflect costs and the principles of migerimination and transparency (De Jong,
2009).

From the year 2000 onwards, these principles wareslated into basic guidelines for
congestion management, stating that methods slaealdvith short run congestion in an
efficient manner while simultaneously providingentives for investment and that network
capacity should be used at the maximum capacitypbong with safe operation. Congestion
rents were to be used either for ensuring firméssipacity, relieving congestion or
reducing network tariffs. The relevant regulatia2%8/2003/EC) was later amended in 2006
(decision 2006/770/EC), bringing a number of thageria more specifically into European
law.

The regulation (article 6:5) specifies that TSOsstvas far as technically possible net the
capacity requirements of any flows in oppositeatio:n over congested interconnectors.
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With regard to interconnectors, congestion rentg nwd take the form of additional income
for the TSO affected. Article 6:6 of the regulatidiotates that the revenues in question
should be applied for either “guaranteeing the @cwmailability of the allocated capacity”,
for “network investments maintaining or increasintgrconnection capacities” or “as an
income to be taken into account by regulatory autibe when approving the methodology
for calculating network tariffs, and/or in assegsivhether tariffs should be modified”. The
regulation thus strives for a neutral allocatiorhed rents from congestion management
through methods based on pricing.

For international transmission links, regulatior282003/EC also touches on the principles
of transparency and non discrimination. It stafBse’ precondition for effective competition

in the internal market is non-discriminatory arahgparent charges for network use including
interconnecting lines in the transmission systemhw the considerations. The amended
annex (article 1.5) begins by prescribing that @stign management methods shall “give
efficient economic signals to market participantd &SOs, promote competition and be
suitable for regional and community wide applicaticArticle 2.1 prescribes the use of
“market-based” methods for congestion managementterconnectors (explicit or implicit
auctions).

It also specifies that TSOs should be guided byptiveiples of “cost effectiveness and
minimization of negative impacts on the Internadtticity Market”, explicitly prohibiting
limitation of interconnection capacity in orderdolve internal congestion (article 1.7).

One may conclude that European legislation idex#tii number of relevant criteria and
broadly indicates what policy choices related togastion management should aim to
achieve. Methods for the allocation of capacityrderconnectors are limited to market-based
methods. However, the exact interpretation of thpgseiples and the application of these
methods can and does leave room for significafermifces in policy. Furthermore, the legal
framework is currently limited to the allocationadpacity on interconnectors between
member states, rather than the transmission Imketworks within them.

Dutch legislation and policy — the 1998 electricaigt

The national legislation in the Netherlands refidbie broader European energy legislation,
and also covers a number of the criteria toucheh urp the congestion management
guidelines. For example, TSOs are required to ocrangy party seeking to transport
electricity over the network at a “reasonable prigdess transport capacity is not reasonably
available” (article 24, 1/2) and to “refrain fromsdrimination in doing this (article 24, 3). Its
conditions should be reasonable, objective anddiscriminatory (article 26a, 1) and tariffs
objective, transparent, non discriminatory andeiVe of costs (article 26, 3).

The Dutch regulator has noted the importance odsscto the network and the existence of
problems relating to available capacity in a reqesition paper (NMa, 2009b). An emphasis
was placed on the legally codified responsibilitgtee TSO to connect parties where
reasonably possible, as mentioned elsewhere iséaiion and discussed the interpretation of
reliability benchmarks within the work of the TSThis can be seen within the context of the
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criterion of non-discrimination. Currently, propadsegislation is under debate which would
ensure that renewable generation is exempt frorgesiion management within the
Netherlands.

An earlier independent study (BrattleGroup, 20@f)aerning the connection policy
employed by the TSO and a policy advice (NMa, 209/7the Dutch regulator were carried
out following a complaint at the end of 2006 frorarket participants about the lack of
possibilities for connection of their planned inwveent in electricity generation capacity at
two sites: the Maasvlakte in Rotterdam and the lBewen in Groningen. The advice
suggested that the TSO'’s interpretation of thellegguirements of non-discrimination,
transparency and confidentiality meant that optimatket performance was not being
achieved, encouraging strategic behaviour withneetmrequesting connection of potential
new capacity. Implementing a congestion managemeuld allow new capacity to be
connected in spite of the potential for congestallowing this problem to be addressed.

While this thesis focuses on the specific perspedaif congestion management, such issues
show that the criteria investigated here in refatmthis topic are relevant to electricity
market regulation in a more general sense. Cho@siagitable’ congestion management
method may in practice involve trade-offs: not jostween the effects on the criteria
discussed in the first part of this section andeation 2.3, but also between effective market
performance and other policy goals for the eleityrgector. Dutch legislation describes some
of these goals, but does not dictate how they shioeilachieved with regard to congestion
management.

2.2 Congestion management methods

Congestion within and between networks for elettjritansmission may be managed using a
number of methods as explained by authors suclmapet al. (2001). This section of the
chapter will discuss the most relevant optiongfierNetherlands, notably methods for
allocating capacitgx anteand for adjusting market outcomes posiof day-ahead trading.
This is not the only theoretical criterion with whicongestion management methods may be
grouped (e.g. four aspects are identified by dg dmd Hakvoort (De Jong and Hakvoort,
2007) ) but it is judged to be the most importastidction between those methods applicable
within national networks

Not all of the theoretical alternativeare considered feasible for possible implemematio
within the Netherlands, due to the institutionajueements, the practical scope of the
electricity grid and the congestion which will ngede managed.

Of particular interest to this research are thosthods currently applied or under
consideration for use both within the Netherlanad between the Dutch network and
neighbouring networks and potential market-baststratives. The rest of this section

® Other commonly made distinctions refer to issughas regional coordination between different T, S@sch
is mainly an issue relevant to interconnectors.

" For example, other methods are possible in theoch apro-rata allocation of some or all transmission
capacity to a favoured incumbent.
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therefore explains the remaining policy optionschare currently being considered as either
viable alternatives or as relevant reference ma@eSision, 2009): redispatch, different
forms of counter trade and explicit or implicit éinas.

An important distinction can be made between tliosgestion management methods which
assume that the network can be cleared withouti@nts, and then applx postcorrective
measures when this is not the case, and those Wddak on pricing expected transmission
scarcityex ante The first set of methods has been called “renfiedigclose td) real time

and includes redispatching and counter trading.sBowend category takes place in advance,
and includes both implicit and explicit auctions@fs, 2008).

Congestion management ex post of day-ahead tradiéspatching and counter trading

Perhaps the simplest way to manage congestiorsigitbby allowing market parties to trade
as if transmission capacity were unlimited. A senglarginal price for electricity is the
outcome at all locations on the transmission neiwiora congested network, this would
result in an electricity flow across the transnossine greater than the maximum capacity.
The TSO therefore intervenes, to ensure that meotrigity is produced downstream of the
congestion and that less is produced upstreamngfestion, thus relieving the congestion.
This is known as redispatching.

Counter trading is a similar form of congestion @gement involving bids by the generators
upstream to be constrained off —allowing them t@ntieeir obligations without running their
plants. (Consentec and FrontierEconomics, 2004¢16a/sufficient level of competition, this
system should ensure these suppliers bid up todkeided cost. The generator with the
lowest accepted bid determines the level of paysienthe TSO. The effects are thus similar
to classic redispatching, but rely on a biddingcess rather than the assumption of full
knowledge of all marginal cost functions (De Vraesd Hakvoort, 2001). Some of the current
proposals which are under consideration for mampgamgestion within the Dutch high
voltage network may be seen as being based om#tisod, although the details related to the
implementatiohare still under discussion at the time of writing.

Allocation ex ante of day-ahead trade: explicit tmes and implicit auctions

Methods for managing congestion in advance carrdogogd into two main categories, based
on whether the market clearing mechanism usedp$dinor explicit (De Jong, 2009). When
an implicit auction is used, the auctions for egeagd transmission capacity are integrated
into a single transaction and simultaneous. The&etgrarticipants bid into their local power
exchange, and these bids form the input for thegp@xchanges and TSOs involved to
determine viable use of transmission between @moces. In contrast, an explicit auction
features separate transactions for power anddosinission capacity.

Explicit auctions

8 In practice, this category includes congestionagament when applied after day-ahead trade has pee,
but before real time electricity generation andsraission.
® Particularly the allocation of the resulting costiier counter trading has taken place.
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Explicit auctions are currently used between thtéhBidands and Germany to price the use of
interconnector capacity. An explicit auction systeit require separate transactions for
transmission capacity and energy — an added coityfex suppliers of electricity, which

may form a barrier to trade (De Vries and Hakvod@1). Several variations of auction
exist, such as pay as bid or marginal price austiohwhich the latter is most often used for
electricity markets.

The advantage of such a system is that it maylagvely transparent and requires fewer
institutions to administer in comparison with attatives (e.g. organized power exchanges
may be required on both sides of an interconndotanarket splitting). A disadvantage is
that it appears that bidding for transmission capand energy separately requires better
information than market parties have in practieeiry significant periods of time, available
capacity on interconnectors appears to be usetdaismission in the opposite direction to
that which the actual price difference would im@yprofitable. This is the case for the Dutch-
German interconnectors (NMA, 2008).

Implicit auctions: market splitting and market cding

Market coupling begins with markets on either sifla congested transmission line, which
clear separately. The market operator then ‘buggacity in the lower priced market or zone
up to the full capacity of the congested transrorséine, and ‘sells’ this in the higher priced
market or zone by adding these bids there. Magiétisg yields similar results, but the
procedure is different as the markets are firsealino be cleared as one before the market is
‘split’ into several price zones (De Jong, 2009).

If this is sufficient to equalize prices, then mditsing or congestion occurs. If this is not
sufficient to equalize prices, market is split i@t¢or more) zones with prices that are brought
as close into balance as is possible. Market mgjits a convenient method for market parties,
who only need to bid into their ‘own’ markets. Bdaal contracts are difficult to honour
between the two markets. In the Nordic markets e/igis method is applied, a strong trend
exists towards financial instead of physical cortsa

The definition of the zones be used may becomententious issue if it affects prices and
results in income transfers. Jornsten and Bjar(®(01) investigate this using a model with 8
nodes, finding that the definition of optimal zorea delicate question. Stoft (1997) suggests
that zonal boundaries should in principle refleatipg differences between nodes. A trade-
off exists, between the extent to which the zoresen reflect price differences (improving
efficiency) and the complexity of the system. Bgahand Jornsten (2007) suggest that
having fewer, fixed price areas may reduce unadstaind improve liquidity of the zonal
markets, which contributes to the stability anddeability of spot market prices. This would
allow for greater confidence in the market outcand in the possibilities for hedging risk. A
discussion of the arguments for various zonal goméitions with Nordic markets can be
found in (2.3).
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Given the successful introduction of trilateral ketrcoupling between France, Belgium and
the Netherlands, market coupling would appear ta lieely future method for managing the
congestion on interconnectors between countriéisaicentral west European region. An
issue arising with such proposals is that detemgicapacities to safely use in a meshed
system expanding market coupling to Germany froshtjoe Netherlands, Belgium and
France remains a practical challenge (Sharma, 20019 point is also made by Ehrenmann
and Smeers (2005) when considering the method & &uropean perspective. While Perez-
Arriaga and Olmos (2005 page 127) concur that adboated implicit auction could
“conceptually look like an appealing propositiotiiey are sceptical about whether the
necessary centralization is politically feasibleg aherefore suggest a hybrid system of
auctions is more suited to the context of the Eeaopinternal Electricity Market (IEM).

Implicit auctions: nodal pricing (locational margah pricing)

Nodal pricing, first discussed by Hogan (1992) method that allocates scarcity of
transmission capacity in the network to an evehdérdevel of detail than zonal pricing, by
allowing different prices to occur at each nodéhm network. These nodes represent
locations where power is injected or withdrawn fridra grid. Each of these nodes balances
separately, with its own marginal price for transson, power production and consumption
(Hsu, 1997). The system is therefore also knowha@sational Marginal Pricing’.

Theoretically, setting prices per node may be aersid as a benchmark for short term
economic efficiency (Brunekreeft et al., 2005). cCddtions by Leuthold et al. (2008) for
Germany and Green (2007) for the U.K. estimateavelfjains from introducing nodal prices
to amount to a 0, 9% and a 1,3 % increase in wel(fag. social surplus, the difference
between the area under the demand curve and tp&/supve for electricity) respectively.

By accurately reflecting costs, clear short tergeittives are offered to market participants, a
point strongly advanced by proponents of nodalipgisuch as Hogan (1992), who suggested
a complementary system of tradable transmissidrigig

The drawbacks may include the complexity of periagithe necessary algorithms for
clearing the market and allocating capacity andg;i the perceived lack of transparency for
market parties of the process leading to this pgicthe possible volatility of prices under

such a changeable system (translating into unogyta potential barrier to investment in
generation) and the potential occurrence of loedlimarket power due to a lack of liquidity

in some of the locations. Furthermore, Brunekreté#l. (2005) stress that by paying the
marginal costs for transmission line use rathem tha average cost, the transmission charges
which may be paid by consumers could be overestdnatiring times of congestion. This

may however be compensated, for example by usmgulplus revenue to cover the
operational costs of the network, reducing thatiporof customers bills.

2.3  Criteria for policymakers

This research is aimed at investigating the isswsngestion management, applied within
and between the networks of Germany and the Netes|
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As is discussed in section 2.2, several possiléerative methods exist which could be
applied to manage congestion both within and betviesmsmission networks such as those
of the Netherlands and Germany. Choosing one skthgethods will require deciding which

will is most suitable.

An important theoretical question related to thisice is how to define ‘suitability’. Several
different criteria exist, and the parties affedbgdcongestion management may have different
opinions as to which of these should be considerest important when choosing a method.
This section of the chapter will discuss possibitega for judging suitability on the basis of
the available literature in the form of academid anblic documents.

An overview of all the criteria which are consideie this section is given in the table below
(see Table 1). First, criteria which are diffictdtassess with network models are briefly
discussed. These criteria fall outside the scopghefjuantitative research described in
chapters three, four and five of this thesis. Thogeria which can be assessed using the
guantitative model are next explained in greatésild-or each such criterion, the relevance
and the way in which the impact of policy choicesitomay be measured are discussed.

Table 1: Overview of criteria for congestion managment methods

Criterion

Especially relevant from the
perspective of:

Measurable through model outcome?

Congestion costs

Affected market participants

Yes
(costs of redispatching/counter trading)

Congestion rents

TSO, affected users

Yes
(difference in prices x transported power in anliaiip
auction)

Possibility of connecting new
entrants

Potential entrants

Can be done under all CM methods

Effects on the position of market
participants

Incumbent suppliers

No, unless congestion is medailver a
representative period
(e.g. a whole year of trading)

Productive efficiency

Consumers

Yes
(based on the change in surplus)

Market outcomes

Consumers / suppliers

Yes (premdal welfare)

Long-term investment incentives

Suppliers and TSO

0, Wless congestion is modelled over long term a
investment is also modelled.

Market performance (price
volatility)

Consumers/suppliers

No, unless congestion is medieNer long term,
including incidental events such as equipment fagu

Market performance (transparency Regulator Ndfi¢dit to quantify)

Network flows TSO Yes, (quantity transported ovactelink the network
model)

Feasibility of implementation and | All actors No, difficult to quantify

allocation of costs and revenues to

actors
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Criteria that are difficult to assess using networkodels

This section briefly discusses some criteria whnhy be relevant to assessing the suitability
of congestion management methods, but fall outsidiee scope of the quantitative research
described in chapters 3 and 4 of this thesis. Thspects are considered in the interpretation
of the research results and conclusions, but #fieudi to assess based on network models.

Practical feasibility of introduction, the allocatn of costs and revenues between actors

A first important criterion for suitability of comgtion management methods is whether they
can be successfully implemented in practice. Agiestion management involves many
actors and a public dependency on the knowledgeamgeration of parties such as TSOs
(De Jong, 2009 pages 181-182), achieving politoakensus for the implementation of a
new method may be difficult. A trade-off can beritited between simplicity of the system
used and the accuracy with which it reflects thgsptal complexity involved in power

system operation (Uhlen et al., 2005).

Changing the way markets work when congestion coaway require market participants to
act differently, affecting transaction costs. A¢ ttegional or supra-regional level, such a
policy shift may involve comprehensive institutibohanges which could be even more
difficult to introduce, such as a centralized anrcthouse (Perez-Arriaga and Olmos, 2005).
Although from a theoretical perspective variousedént forms of congestion management
may be shown to change only the distribution artdm®overall level of welfare (De Vries
and Hakvoort, 2001), (Ding and Fuller, 2005), thesistribution effects can translate into
winners and losers compared to current practiceekample, if a company owns generation
capacity in a region which is often export consted, differentiating electricity prices when
congestion occurs could reduce revenue levelsnmpaoison to a method that creates a single
marginal price zone which ignores transmission traimgs.

Judging the feasibility of changing current polfoym the perspective of political science
extends beyond the scope of this research. Howmethods for congestion management
which are no longer legal under EU law, such asmarket-based alternatives for capacity
allocation on the interconnectors between countaesnot considered within the research.

Long term economic outcomes: incentives for invesstim generation and network capacity

In addition to the direct effects, congestion mamagnt may also have long-term
conseqguences on the electricity sector. One impbetffect is related to the incentives which
result from the congestion management for the iocaif investment in electricity
generation. In such investment decisions bothétel lof revenues expected and the
uncertainty involved will play a part. The pricinfjitransmission scarcity can serve as an
incentive to producers to locate in less consthineations. Theoretically, it could also do
the same for consumers, but in practice this effexy be limited given the nature of
electricity as a basic utility for most residentakstomers.
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The other important party affected over the lomgitby the congestion management method
is the TSO (or TSOs) responsible for operatingthesmission network or networks
involved. In the long term, if the costs for conty@s management are paid by the TSO, it will
have an incentive to invest to expand the transamsafrastructure until the costs of doing so
exceed those of managing congestion. If the costs@vered in another way, then the
incentive for network investment will need to beveed in a different way.

Assessing long term market development requireamynmodels including representation
of investment behaviour by the relevant actorssTies outside the scope of this research,
although the differences between the pricing sgsaht to market participants for any given
congestion scenario can be quantified.

Effects on market operation: market power, pricktiity and transparency

When congestion occurs, certain market partiesimeapme crucial for realizing a feasible
outcome as their generation may need to be consttan or off. This may result in an
increase in their market power, which could be gndele if it offers the scope for price
manipulation. At least three different potentialnis of strategic behaviour can be identified
(EA Energy analyses, 2007).

First, the limitation of the available supply iretmarket can be used to drive up prices.
Second, by actively ensuring congestion occurs patitors may suffer a barrier to entering
(part of) the electricity market and prices cammale to diverge. Finally, initially bidding
strategically at a price level differing from troerginal cost can be profitable, if a supplier
can attain a premium for power sold under the cstige management method.

How vulnerable is the Dutch market to such undbesrautcomes? Analysis by London
Economics (2007) published by the European Comonissstablished that the level of
concentration within the Dutch market was high, toutch less so than Belgium and France,
which were close to monopolistic. The study suggpbihat a mark-up occurred in price levels
of around 6% compared to outcomes predicted gieefegt competition. However,
establishing proof of conscious abuse of marketggonay be more difficult than simply
calculating the divergence from benchmark results.

The specific options which an individual supplial Wwave to operate strategically, will
depend on the specific portfolio of generation de. Establishing accurate predictions for
a future energy market, when mergers and acquisitioay change the generation portfolios
of the different suppliers would therefore be exmmore difficult.

Modelling the potential abuse of market power reggimore sophisticated models than that
described in this thesis, which can represent gmawour of multiple independent actors
under assumptions of imperfect competition, sucBextrand or Cournot competition.
Although some research has been done in the ffeddergy markets (e.g. relating to trading
over interconnector capacity by Hobbs and Rijka@04b) ), this goes beyond the scope of
this research.
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Aside from the actual level of electricity pricéiseir volatility and transparency may be
important. Methods involving price differentiatiomy make prices for electricity less stable
and the process leading to their outcome lessgesant than before. This would be
unattractive in the sense that it may make it hai@eusers to react efficiently to price signals
(Green, 1997). On the other hand, as Perez-AraageOlmos (2005) note, European
companies have argued that within smaller, disaggesl markets they could suffer from
decreased confidentiality compared to larger sipglee areas. As disaggregating the market
into price zones may influence the flows over d#fe parts of the network, an additional
effect that a congestion management method mayikdwanfluence the network efficiency

— the measure of how much capacity is used rel&diviee total available.

Criteria which may be assessed quantitatively usimejwork models

This section describes the criteria for suitabitiffcongestion management methods which
may be assessed quantitatively using research lbaseetwork modelling. For each set of
criteria, a brief explanation is given and thelevance is discussed. Finally, the way in which
it can be measured from the model output is indatat

Level of expected congestion rents and costs anddalocation

Real time or corrective congestion managementutiiroedispatching or counter trading,
will imply the payment of greater costs for incregscapacity downstream of congestion than
the amount of revenues that result from decreasapgcity upstream of congestion.

The level of these costs and revenues indicatesnmoeh is paid for realizing the adjustments
that are necessary to manage the congestion.

In the model described in chapter 3 of this redearvenues can be estimated for congestion
management that involves setting a price for sceapacity, by multiplying this by the
guantity of power transported over the congestastnission link in question. When
corrective methods such as counter trading areeapfu deal with congestion within an area
with a single price for electricity, it is possilite calculate the necessary increases by
generators in capacity dispatched downstream ajestion (which must be paid for at the
level of the market price) and the reductions ipagaty dispatched by generators upstream of
congestion (which will be prepared to pay up tarthariable costs to avoid production). The
difference between these two will indicate the sasingestion management of counter
trading.

Short term economic outcomes: productive efficiepages and welfare

When a congestion management method is appliednadnkeet may be divided into regions
with differing prices (in the case of zonal or nbpliacing) or other suppliers of generation
may be dispatched than a spot market outcome digheg transmission limitations would
suggest (in the case of redispatching or couraeling). These direct economic effects can be
related to the economic conception of social welts the sum of the producer and consumer
surplus from the operation of the electricity marke
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An important question is in what measure the apfibo of the methods affects the
productive efficiency of the market, for examplerbgucing welfare outcomes by leading to
the dispatch of units that do not have the lowegtll of marginal costs. An important related
issue is the effect congestion management haseoprite of electricity. Methods which are
based on pricing scarce transmission capacityreslllt in differing prices per region
depending on the way in which the market is disaggted when congestion occurs.

Although the day-ahead trade modelled is closéngéovholesale rather than the retail market,
structural differences in prices are likely to @sged on by suppliers to electricity consumers,
affecting them positively or negatively dependimgvehere they happen to be located. This
differentiation could be politically sensitive.

The model used in this research calculates thalsawiplus resulting from a market outcome
by subtracting the costs of production (the aredeuthe supply curve) from the willingness
of electricity consumers to pay for electricitygthrea under the demand curve). The
relationship between the quantity of electricitysomed and the price paid is indicated by
the demand curve for electricity. The flows arecaldted based on the dispatch of power
plants and the relevant physical laws.

Conclusions: methods for congestion management @nitkria for judging their effect

This chapter has considered the policy frameworldéxision makers related to congestion
management. It is clear from the literature thatsa different methods are possible, and that
the diverse set of potentially relevant criteridl ensure that trade-offs will be involved
between goals. The methods applicable for congest@anagement between European
countries are limited to market-based methods asamplicit auctions. Methods which are
currently practiced or feasible for managing cotigeswithin the Dutch network during the
period before 2014 include bottx antemethods, such as explicit and implicit auctioms] a

ex postmethods such as redispatch and counter traddaftbeare, although no final policy
decision had been taken at the time of writing.

The research described in chapters three and fdhisahesis concerns the application of a
model of the electricity markets and transmissietworks of the Netherlands, Germany,
Belgium and France. The research aims to investitpa suitability of congestion
management using price zones for congestion bdathmand between the Netherlands and
Germany.

Many criteria exist which may be relevant for judlgithe suitability of congestion
management methods. The model which is describeldapter three of this research can be
used to calculate the social surplus resulting fedactricity trade, an indicator that includes
the benefits of both suppliers and consumers. Eurtbre, the cost of congestion and the
resulting prices of electricity can be derived frdme model output. The flows through the
network may also be estimated. However, it is ingoadrto remember that other aspects such
as the longer term behaviour of actors and theeabtimarket power are difficult to capture
using simplified representations of markets andtatgty networks.
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2.3 An international example: congestion managementtire Nordic markets

In sections 2.1 and 2.2 of this chapter, the datdmough which the suitability of different
congestion management methods may be assessdueatitfdrences between those
alternatives are discussed. Chapters 3 and 4sftbsis describe the methodology and
results of a quantitative analysis of a numbeheke alternatives for managing congestion
within and between the Netherlands and neighbowagptries. This section discusses what
can be learned from existing international practiyefocusing in particular on congestion
management within the Nordic markets.

As is noted elsewhere, certain criteria for sultgbdf congestion management methods are
difficult to assess based on models which necdgsaake assumptions that simplify reality.
Most notably, congestion management can affectcéspé market performance such as price
volatility and potential market power and can helinfluence long term trends such as
investment choices in the behaviour of actors érttarket.

Investigation of international practice in congestmanagement may therefore form a
worthwhile addition to the quantitative researchgbying an indication of the outcomes of
established forms of congestion management. latsnhelp understand which policy
choices remain politically controversial, even wigemarket-based approach such as market
splitting is agreed upon within a region. On thieesthand, it is important to remember that
the way electricity markets in different regionsiwes strongly influenced by the specific
nature of the local physical and institutional @xtt(De Vries and Correlje, 2008).

This section therefore begins with a brief explammabf congestion management within the
context of the Nordic markets. The functioninglod market and long term investment in
generation and transmission are then discussedhwtiitb context of congestion management.
The section concludes with an overview of threecgaksues specific to congestion
management that have proved controversial witrenNbrdic markets, in order to give an
idea of the way in which the complex trade-offsalwed in changing such policies play out
in practice.

Congestion management within the Nordic markets

Electricity policy within the Nordic countries fosran interesting case to study because of the
scope of regional market integration and the lelg@xperience with a market-based method
for congestion management. Norway was one of tHg esamples (1991) of a country
opening up its electricity market. Internationalde began in 1996 when Norway and Sweden
established the common electricity market and paxehange, Nordpool (Nordpool website,
2009). Although the exchange was initially ownedhiy TSOs of Norway and Sweden and
covered these markets, it has since been expaadedude first Finland and western
Denmark, and then eastern Denmark (1998 and 2@)8)de et al., 2005). The most recent
expansion was to have improved congestion managemnehe interconnectors with

Northern Germany through market coupling, but tigdvas suspended 10 days after
introduction in 2008 because “. . . the complerityolume coupling was clearly
underestimated in the design and testing procdssparties had to return to the design table
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to be fully able to replicate the optimization cwasts in the Nordic regidon (Nordpool,
2009a page 6)

While Nordpool is the sole market operator, theeeseparate regulatory authorities and
TSOs in the participating countries. All the cousgrinvolved have chosen to implement
TSOs, which despite some differences share siwiigactives and basic functions (Gjerde et
al., 2005). These are publicly held, with the exioepof the Finnish TSO which is partly

owed by generation companies(Nordic CompetitiorhAtities, 2007). The TSOs have
signed a system operation agreement covering chogesanagement , but also other aspects
such as reliability, operation limits, outage caoadion, ancillary services, emergency
operation, balance operation, power exchange,mdtion exchange (Flatabg et al., 2003).

Two of the methods discussed in section 2.3 aré fsecongestion management within
Nordpool: market splitting and counter trading. k&grsplitting is generally used to manage
congestion between price zones (called biddingsare®ordpool - see figure 2 for one
combination of possible areas) through the tradbiwihe day-ahead spot market. Market
parties that have bilateral contracts spanningibgldreas must sell the energy in the supply
area and purchase it in the load area, to accoutié consequences of congestion and
expose the contracts to the consequences. Thie mily mandatory participation in the spot
market (Kristiansen, 2004).

When the initial power flows resulting from cleagithe market exceed transmission limits,
flows between price areas are constrained accotdipgysical capacity limits and a new
market outcome with different prices in the varigui€e areas can result. In this case, a
higher price will increase the level of power gextien dispatch downstream of congestion
and a lower price will decrease it upstream. Theketgorocess during periods of potential
congestion can therefore be seen as an implicitaaufor transmission capacity between
price areas using the bids of the market parties.

Where this process does not alleviate congestienwhen congestion occurs within the price
areas), counter trading is applied by the TSO mesipée within that area. This is done within
the areas with only the resources available ttedter, day-ahead market trade has taken place.
Where these resources are not assumed to be aelgcuatilable, reductions in border
interconnection capacities declared are appliedrbeharket trading. Balancing is also done
within national areas continuously. Counter trads been used within bidding areas and for
corrective real time congestion management (basdbeoregulatory market). Norway and
Denmark have until now been the only Nordic coestto apply several differing bidding
areas within their national bord€&rAmundsen and Bergman, 2006).

19 Some markets for electricity in the United Statésw Zealand and within Europe, Italy have alsowll
differing prices within their borders when congestbccurs.
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Figure 2: Typical zonal configuration for Nordpool

Costs for managing congestion are mainly relatezbtmter trading, which occurs most often
after transmission capacities have been reducetbdugexpected outages or forecasting
errors. NordReg (2007) gives the figures for thel®f counter trading costs in the region
between 2001 and 2005. Total costs for this perayted between 2 and 26 million euro.

Congestion revenues from market splitting in Nordpo ol in 2008
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Figure 3: Congestion revenues from market splittingn Nordpool in 2008 based on data in (Nordpool, ZI®b)

Revenue data for market splitting are availableHerlast two years from Nordpool.
Revenues are volatile, depending on hydrologicatitons and the level of imports from
and exports to the continent (see figure 3 forxan®le of the spread over a calendar year).
According to Togeby et al. (2007) they usually vaegween €25-100 million Euros per year,
but were high during the past few years becausegbir prices.

Market performance
Does this combination of congestion managementadsthelp or hinder the ability of the
Nordic markets to deliver competitive market outes Scientific research and

investigations by market regulators have focusethvanissues within the context of
congestion and market integration: price volatiityd concerns related to market power.
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Simonsen (2005) suggests that the Nordpool spdtehtor the twelve years before 2004 was
more volatile than financial markets. Neverthelé&srdpool is “known for its low volatility
(compared to other deregulated power markets) lmmduthor notes that higher volatility in
summer months may be due to the occasional ocagm@forced hydropower production in
order to prevent flooding, rather than congesti@mnagement practices. Amundsen and
Bergman (2007) explain that a strong correlatiostexetween hydrological conditions and
power prices. ‘Wet years’ such as 1997-2000 exlolwer prices than dry years, with the
winter of 2002 / 2003 seeing rarely occurring ctinds with very low reservoir levels
resulting in an effective supply shock to the marke

In figure 4, which is based on Nordpool data argiuded in a report by the Nordic
Competition Authorities (2007), the price for diéat areas is given between 1998 and 2008.
The blue lines are inserted to indicate the stratincrease that the authors suggest has taken
place. Although differences in prices between lrigdireas can be large incidentally, in
general the structural behaviour is clearly strgmglated. Nordpool’s prices following the
various steps integrating new markets have beelestbbased on empirical data by Lundgren
et al. (2008). The authors conclude that both prazed volatility increased following
integration of Finland. They suggest that demarttiiwiNordpool was quite close to full
supply capacity once Finland joined, and that skackhe market therefore often moved the
intersection between demand and supply into thepstesection of the supply curve (resulting
in price jJumps). Prices remained high following assmon of Denmark, but volatility
decreased. Although it is difficult to draw compsamns due to the lack of a counterfactual
with a different congestion management methodybik by these authors suggests that
other factors such as the margin of available supyaly offer a direct explanation for much

of the price volatility shown in the last few yeanghe Nordic markets.
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Figure 4: Nordpool electricity prices between 199and 2007, per bidding area
(Nordic Competition Authorities, 2007 page 16)

Despite the relatively close correlation of prigeshe bidding areas, risks related to price

differences between them remain. Risks relatedite plifferences between areas are
especially relevant for market parties that tractess them. This has lead to the
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implementation of financial products known as CfpContracts For Differences) which in
theory allow for hedging of price differences (Kiassen, 2004). Such instruments can help
in hedging price volatility, but additional FinaatiTransmission Rights (FTR’s) would be
necessary in order to do the same for congestists dogeby et al., 2007). However,
Wangensteen et al. note (2005) that as this madsehot been fully liquid electricity retailers
may still be negatively affected.

Studies by the market regulators Nordreg (2007)vsthat some combinations of bidding
areas may have a higher market concentration tlmem ey clear separately, such as
Finland and Sweden and Southern Norway and Denrimafiact, as each bidding area will
form part of different such combinations, the leskimarket concentration will differ during
any single year. Calculation of a time weighted Hilvealed that in fact, all bidding areas
surpassed the 1000 benchmark for moderate contient(BA Energy Analyses et al., 2008
page 45)

A more specific index than the HHI mentioned eaiikethe Pivotal Supplier Index (PSI),
which indicates if the capacity provided by a sigapk necessary to be able to meet demand
during a period of time. Attempts have been madwmtculate this for five leading suppliers

in Nordpool, within separate bidding areas. As Wit HHI, the values vary between zones
but are generally quite high within zones (e.g. oompany was pivotal within both the
Finnish and Eastern Danish zones for over 50%eofithe) and are lower for the market as a
whole when it is integrated. Nevertheless, wheretieeno congestion, one of the companies
is still calculated to be pivotal for as much a%dl@f the time (EA Energy Analyses et al.,
2008).

Specific studies by Bergman et al. (2002) carrietfor the period of 2000-2001 (when a
sharp increase took place in prices) and by Amundse Bergman (2006) for the period of
2002-2003 (when low hydropower capacity lead ta@py shock) suggest that in neither
period, prices deviated significantly from predicts according to the output of a model based
on perfect competition.

Olsen et al. (2006) looked specifically at marketvpr within the West Danish bidding area
during this year within the context of market cang] noting that the specific market
structure of this area contributes to decreasedrtainty for the dominant generator, which
could conceivably attempt to keep the price higth separate from the Nordpool reference
price when this is low, or integrated and thus brglihen it is constrained. Comparing data
for a week with tight conditions and normal coralis, they find: “there is no simple
conclusion . . . prices in the normal week corresploest to the market power scenario,
whereas prices in the tight week correspond besiet@erfect market scendrian following
years, the Danish competition authority (2007 p2)econducted investigations into price
formation in the bidding area in West Denmark 2Q@084 and 2005-2006, finding that Elsam

™ The HHI index gives an indication of market corteation; it is calculated by summing the squaréhef
market share of companies in the market, with leark of 1800 or over being seen as a high coretéont
and 1000 or less as low concentration.
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was indeed able to use a dominant position in \Besimark to increase prices during periods
of transmission scarcity in both cases.

The issue of market power was also investigatedidbysen (2001), who specifically looked
at time periods when constraints were binding addibg areas internally separated the
Norwegian market for the years between 1996 an@.1B8ey found that “suppliers within
Kristiansanéf are consistently marking up prices more when dehedesticity is low and
constraints are bindirig(Johnsen et al, 1999 page 45) for periods duhiegitght. These
authors note that this is the only area where I8#dtt the state-owned incumbent within the
Norwegian national market, is not one of the f@augést producers.

It may be concluded that the fact that congestianagement can effectively split markets
could affect the level of concentration. Howeveghould also be noted that the concentration
in market structure referred to in the Nordic méskeas generally already in place before
market integration and the introduction of the eatrcongestion management regime.

Long term influences on investment in transmisaimhgeneration

The short term economic consequences of congasiamagement are clear. However, a
relevant question is whether these effects witigfate into trends that can be distinguished
over a longer timeframe. In theory, pricing transsion capacity should allow for clearer
indication of the value of congested transmissioed, and also send signals about where to
locate cheaply which generators may take into aticioutheir investment decisions. Is this
what actually takes place in the Nordic markets?

The Nordic TSOs cooperate strongly within the jdiatly Nordel, that serves as a forum for
contact and co-operation. Their intention to “a&bae Nordic TSO and be the basis for a
harmonized Nordic electricity market” has been mexidicit (Jacobson and Krantz, 2005
pgl). In the past, transmission planning was datemally, where the investment decisions
are taken, but it is becoming increasingly basedegional coordination through Nordel.

A master plan for the regional grid was publishe@008 (Dovland, 2008). The plans include
strengthening connections that fall within areaschvlare the sole responsibility of one TSO,
and focuses on ‘channels’ or combinations of trassion links which may experience
congestion.

Significantly, during the last few years congestiwanagement revenues have been allocated
proportionally based on the investment neededalizeethese transmission expansion plans.
The organization explicitly includes transmissiaiting, coordination of grid investments
andcongestion management among its tasks, and hap sa&irking groups in the past to

look into specific policy issues related to congestmanagement.

12 The southernmost of the bidding areas within Ngrwa
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Figure 5: Congested transport channels within Nordpol (Jacobson and Krantz, 2005)

The importance of such joint network planning speaily in order to prevent structural
congestion and insufficiencies in the infrastruetbas now been recognized by joint
institutions such as the Nordic regulatory autlhesi{2007)and competition authorities
(2007) It may be concluded that increasing cooperatiandtiawed for a somewhat more
coordinated approach to investment in transmissagacity. The fact that this investment is
financed by congestion management revenues refleetecognition of the mutual
interdependence of the interconnected transmisgomorks.

A study aimed at quantifying the effects of differ@rice zone configurations (EA Energy
analyses, 2007) for the Nordic council of ministexsked at the scope of the incentives for
investment in electricity generation offered bydtional signals. The authors suggest that in
theory “. . .even if average prices are quite @amihere will be time segments with very
different prices depending on the chosen CM metBogdh time segments can be valuable
market-based incentives for investments if theyfl@guent enough, or for activation of
potential resources on the demand side.”

However, the simulation results in the study (EAeEyy analyses, page 77) suggest that of
the four additional new price zones investigatetheastudy, only one results in an average
spot price difference higher than 0,1 € /MWh. Téeaining additional area is 0,8 € /MWh.
The authors reflect that “Even such a differenaelistively small compared to all other
differences and difficulties . . characterizinggible investment alternatives.

It may be concluded that while congestion managémethods such as zonal pricing offer
the prospect of increased efficiency in resourtzcation through price signals to investors in
electricity generation in theory, these signals rofign be too small to outweigh other
potential cost drivers in the decisions taken imcfice.

Proposals for changes in policy and their politiceasibility
Assessing the feasibility of changes in policy impldifficult tradeoffs, taking into account
both the level of the effects on the various otlréeria mentioned within this chapter, the
changes a new policy would bring, and the argumieraisght forward within a debate by the

various actors with an interest in the electriaitgrket.

Three issues within the Nordic markets can be asengood illustration of the difficulty of
making these types of policy decisions. First,qbestion of how to determine the necessary
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price zones or bidding areas used to manage caolgésts provoked considerable debate
among the countries and actors. Secondly, the ignest whether the application of counter
trading to maintain larger market areas is desgréblks been answered differently by the
countries and actors. Finally, the practice ofing interconnection capacity between price
zones to prevent the congestion management hasba#@oversial. This section concludes
by discussing these issues.

In general, economic theory suggests that intraduoiore specific allocation of scarce
transmission capacity through methods such as mpaahg and implicit auctions can lead to
efficient locational incentives for investmentliet TSO accurately forecasts the load. The
scarcity of transmission is reflected can thendflected in lower prices in export-constrained
areas and higher prices in import-constrained g@asekreeft et al., 2005). However, this
does not mean that a choice for multiple, smalteezones is either unambiguous or
uncontested. As was noted in section 2.2, operatimgrket with the highest level of
geographic disaggregation through nodal pricingaases the complexity to the activities
involved in managing the electricity grid and mdrkalready a complicated exercise due to
the physical characteristics of electricity netwsortoted in Chapter one of this thesis.

Another concern related to smaller zones, is tiaeffective size of the wholesale electricity
is limited for retailers which are not verticallytégratedf. Although in practice it is the
physical limits of the network which impose limitstrade and thus imply market
concentration within specific areas, electricitiarers are judged to be (currently) less able to
hedge for the resulting price differences and cetige costs. Thus, a 2007 rapport by
Swedish market authorities, market participantstaedSwedish TSO (2007) stressed the
importance of a Nordic rather than a national pecspe, and of as few and large bidding
areas as possible. As long as the retail markenetional one, the rapport suggests divisions
will impair competitive conditions, despite the tfélcat more efficient use of resources may
be achieved.

A second consideration relates to the questionhyf, where and how often congestion
occurs. Within the Nordic markets, a large sharpafer production in wet years comes

from hydropower capacity in the north of severalmoies, which strains the transmission
infrastructure between these regions and the sduib.perspective lead the Swedish market
authorities, market participants and the Swedis® T&the conclusion that the
implementation of cross border areas reflectingsthactural congestion boundaries related to
these resources in the north of Sweden, NorwayFaridnd may be a better idea than
maintaining the larger current national market {iggeMarkets Inspectorate et al, 2007).

A problem with such considerations is that thegeets may change over time — hydropower
is not in abundance every year, and transmissipaadtyy constraints may be alleviated by
new investment or by the effects of gradual chamgése location of electricity demand and
supply. For example, because of investment witlmtaRd on North-South transmission and
the growth in demand in the North, structural catiga is no longer expected to occur within

13 The fragmentation of the market may accordingjenBlal and Jornsten (2008, page1988) ‘resultin lo
volumes and ill-liquid geographical markets. This been proposed as arguments against both thie. zorsand
a fully developed nodal pricing system’.
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the Finnish network but rather appear on intercotare during situations when that country
imports power. (NordReg, 2007) During situationsvimch Finland exports power,

limitations within the Finnish grid between NorthdaSouth may now need to be imposed,
but there is a lack of suitable generation to keuder counter trading. Thus, capacity is
reduced on the interconnectors instead. Smallee @ones in this situation are not expected
to lead to more efficient network use or electyigitoduction. However, NordReg (2007) also
note that introduction of market splitting in Swadway interact with this behaviour on the
Finnish grid and market, and taking this into actauay lead to different conclusions.
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Figure 5: Zonal configurations proposed by variousactors for
Nordpool

Figure 5 shows various zonal combinations that leen proposed during the pas decade,
which were investigated based on predicted devebopsrfor 2015 by a joint study organized
by the Nordic council of ministefs The 11 area case gave the most beneficial ecanomi
outcome (30 million euro higher annual welfare)t the¢ Nordel 4 zone proposal reflecting
structural congestion was very close (27 millionoeigher welfare) while using improved
counter trade through Elspot was also alreadyrafgignt improvement (19 million euro)
compared to the base case (assuming transmisagigareduction on borders). Although
such a joint exercise can inform the parties dbeovalidity of arguments suggested

Y the 4 and 6 zone configurations reflect the Swedisposal and the Finnish counter proposal meetion
the paragraph above, while the 7 zone proposa&atsfthe base case as it is now and the 11 zoffigw@tion
would be the greatest disaggregation comparedrtermupractice.
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beforehand, it will not in itself resolve the caafing interests that lead to debate concerning
policy choices.

A second related controversial issue is whethentaurading should be applied actively to
prevent congestion from leading to market splittidging counter trading to resolve
congested interconnectors may not result in priedscting the true (marginal) cost of using
scarce transmission capacity. According to the Mdregulatory Authorities (2007) it can
also have negative consequences for system rédjablevertheless, an advantage can be that
doing so ‘frees up’ more capacity for cross botdaede and allows market ‘integration’ for a
greater share of the time — also potentially regyicisk of price volatility mentioned earlier
for market participants. This was a reason for saoters to propose more pro active use of
counter trading on transmission lines between hgldreas within Nordpool (Lommerdal and
Soder, 2004). One concept investigated by Gjera €2005) is increasing trading capacities
through counter-trade is to guarantee a minimadlle¥capacity availability to the market. In
addition to the negative effects for investmentoff sending the most precise incentives to
market parties, another negative consequence bfssgstem lies in the fact that the least
cost generation capacity will not necessarily bedus thus the result is an inefficient market
outcome.

In 2003, a working group was created by Nordel gjgatly dealing with the issue of
congestion management, which aimed to realizeétf&urNordic harmonization of rules and
practices for congestion management and a socioeetic efficient utilization of the
transmission grid within and between the countr{&jérde et al., 2005). The group studied
increased counter trade, including two situationshich either 70% of NTC or 100% of
NTC ‘guaranteed availability’ would be ensured tioe market transactions, using counter
trade to compensate for the presence of a loweuatad physical capacity.

The results reported by the working group suggettadthe time in which the Nordic area
maintains a single price could increase by arotibland 2000 hours respectively, while
differences between system and area prices woulddueed by 10% and 20% (Gjerde et al.,
2005). However, it was also noted that counternigad/iould never fully prevent separate
price areas, and that for some areas even maimgaii®i% of NTC capacity would be
“demanding from a cost perspective.

Table 2: Simulated cost of guaranteeing interconnéar capacity at different levels of NTC using coungr
trading, data from (Gjerde et al., 2005)

Cost at 70% of NTC Cost at 100% of NTC
Wet year 12,5-20 60-90
Dry year 30-45 125-200
Fall in CM rents from market splitting Up to 15% Up to 60%

A normal year will have lower costs than a wet y&ée average net cost of counter-trading
varied in the simulations between 6 and as mu@0dsuro/mWh. The working group
concluded that “a limited increase of counter-trad#he planning phase is feasible for
temporary congestions in order to reduce the atiea psks for the market players” and that
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Nordel should consider its use mainly to prevedtiodions in cross border capacity due to
maintenance (Gjerde et al., 2005).

Comments on the study were solicited from markeigpants. Two different responses
predominated: around 40% supported the use of eotnaide in the planning phase, while
60% thought it should only be used for short teeghuctions in trading capacity. No full
consensus exists on the issue: in the Director @GEsstatement in Svenske Kraftnet's most
recent annual report (2009 page 8), it is notetlttiexe is a trade-off between the
maintenance of larger bidding areas from a competpierspective and signalling resource
conflicts through differentiated prices and thantng Nordic operators, there are different
opinions regarding which methods should be apglied

A final issue that has provoked disagreement ipthetice of reducing the estimates of safely
usable interconnection capacity between countogsdvent internal congestion
management.

Market splitting within the region results in cosgen rents, while performing congestion
management using counter trading costs affectedsTsaney (De Vries and Hakvoort,
2001). This combination of congestion managemenhous within a region can therefore
lead to incentives to avoid the latter by redudimgformer, by declaring reduced
transmission capacity limits between the areass iBhan important contributor within
Nordpool to the fact that declared transmission capacisyldfegen reduced, although some
parties involved maintain that reductions in capeoetween areas is due to “security of
supply” reasons (Togeby et al., 2007 page 61).canmestudy suggests that, on average,
transmission capacity availability on the intercectors was as low as 75 % of the full
capacity (Togeby et al., 2007). The practice wasgaized in 2004 by the working group on
congestion management as an issue to be addré&zsedd et al., 2005).

In 2006, an organization for Danish energy compmasigported by the Norwegian energy
association filed a complaint at the European lagalinst the Swedish TSO alleging that the
latter applies this practice to lower counter tradsts in Sweden, thus damaging competition
and trade within the internal market, particulanysouthern Sweden and eastern Denmark
(Nordic Competition Authorities, 2007). Stakehoklar a more recent study (Togeby et al.,
2007) confirm that counter trade is “not the beaywo handle structural congestion” that
current practice is “not transparéntloes not yield “true prices” and induces “unnseeg

price fluctuations”.

However, the reduction of capacity between prieasumay be a necessary option of last
resort when resolving internal congestion usingnteutrade is difficult to do (due to lack of
available, suitable bids) or when problems betwammtries arise which cannot be solved
using market splitting. For example, problematiggddlows are assumed to be a reason for
frequent limitation of capacity between areas iddie and southern Norway (Nordic
Regulatory Authorities (NordReg), 2007). It may beteasy to distinguish such cases from

151t occurs regularly within Norway (to deal withrogestion in the area west of Oslo), in Sweden ¢l dith
congestion in the middle and south of Sweden) anldfd (to deal with congestion between north andls
Finland) (EA Energy analyses et al, 2008)
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purely strategic behaviour. Since march 2007, TB&& therefore been obliged to publish a
code indicating the reason for reduced capacitg¢by et al., 2007). This does not (yet)
stretch as far as the data and models on whictigbtisions are based.

Research by Bjgrndal and Jornsten (2008) has bmentd quantify the consequences of
several price zone configurations and plausiblegestion scenarios, as well as the costs
resulting from the use of capacity reductions anititerconnectors between countries to
prevent counter trading. They conclude that thiedihces in congestion costs between fewer
(national) price zones and nodal pricing may bgdait is often possible to attain a solution
close to the optimal result using relatively fewas. Their research (2008, page 1987) also
indicates that the costs of ‘indirect’ congestioanagement through transmission capacity
reductions on the borders is very expensive inseshisocial cost.

These results are especially interesting due tasithdarity between the situation described
and that which the CWE markets are moving towaads/stem that uses implicit auctions
(market splitting or coupling) to allocate scansterconnector capacity between several
national markets which solve internal constrairgisig counter trading. The part of this thesis
(see Chapter 4) analyzing the results of the qtaivié research therefore reflects on how the
findings relate to these conclusions.

2.4 Conclusions

A brief case study focusing on the practice of @stign management in the Nordic markets
goes some way towards closing this gap. The expeagein these markets indicate that the
introduction of market integration and congesticemagement on a regional level is not
likely to end disagreements between actors andyrokkers on how to balance complicated
goals such as the need to prevent the abuse ottrawiver, to offer the sufficient and
incentives for long term investment in both trarssion and generation of electricity and to
further integrate existing national markets.

Although the term ‘congestion management’ refera bwoad set of policies, the Nordic case
suggests that even when only a limited numberesdtare applied, the disagreements over
how to do so can be significant. The improved regi@oordination in transmission
investment, and the cooperation in research airhgdreerating improved knowledge to
inform such judgments suggest that it is possibledk beyond national boundaries when
implementing congestion management. Furthermoedetial proceedings brought by the
European Commission against the Swedish TSO'’s tieahsan cross-border capacity may
soon settle the question of whether this is actépta

The results of research by Bjgrndal and Jornste@g8Rsuggest both these reductions of
interconnector capacity and maintenance of natipne¢ zones imply greater social costs of
congestion than necessary. The authors calculatattesult close to the nodal pricing
benchmark can be achieved using price zones watiihbetween countries. These findings
could provide relevant lessons if comparable e$fean be predicted to occur within the
CWE, suggesting that greater coordination and mucees within countries may allow for
lower social costs of congestion. The researchrdestin chapters three and four of this
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thesis aims to quantify the economic outcomes féérdint congestion management methods
for the CWE region.
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3 Model scope, methodology and underlying assumptions

Chapter one of this thesis introduces the issuw®ofestion management and explains its
particular relevance with regard to the marketsefectricity, and the transmission
infrastructure which is used to transport it. Teeand chapter provides an overview of the
relevant policy framework, including the legal frawork, the possible methods with which
congestion can be managed in theory and relevaetiarfor comparing the suitability of
such methods. The central contribution of the netedescribed in this thesis is based on a
guantitative analysis of congestion managemenutir@onal pricing within and between the
Netherlands and Germany.

This chapter describes the model used to gendrateesults of that analysis. Any such model
is by definition a simplification of reality. Thecourrence of congestion within the electricity
transmission network and its management involva bwo¢ operation of the physical
infrastructure and of the electricity markets ttiate our need to use it. Representing these
complex and large-scale technical and socio-econegstems involves trade-offs between
the accuracy of the results and the resourcesadl@ifor the research in question. The
research described in this thesis builds on a nuofdenportant assumptions, with which a
balance between these two factors has been sauwde assumptions, and the methodology
involved in building the model, form the subjecttlois chapter.

More specifically, the first sections (3.1 and 3rgjoduce the purpose of the model, its scope
and the form of the relevant mathematical equatiSestion 3.3 explains the most important
methodological assumptions related to the way irtkvthe electricity market is represented.
The next section (3.4) does the same for the tahgp electricity over the transmission
network. Finally, sections 3.5 and 3.6 of the chapbnclude, by discussing both the sources
of data used as input for building and running nhade by reviewing the inherent threats to
the validity posed by the uncertainty present ichstiata. This section also contains an
analysis of the sensitivity of the model to changigsh as variations in the parameters and
gives an overview of the way in which scenarioswumed to deal with the uncertainty

involved in the research.

3.1 Purpose and overview of the model

This chapter describes the methodology and assangpinvolved in building a model which

is used to quantify the results of different methémt managing congestion. In order to give a
better understanding of how the model works as @eyla schematic overview is first
presented in this section. It is important to rtbed the goal of the research is to give an
indication of the behaviour of the markets and roekwn a general sense given such methods,
allowing for insight into the relevance choice beén policies, rather than the precise
calculation of either electricity flows or exact rket prices.

a3



generation capacity / node Qi method

The model should therefore be considered to bdieymupport model, aimed at identifying
the order of magnitude of electricity costs andmiiti@s produced and transported aided by
simplified representations of both the technical anonomic systems involved, rather than an
attempt at precise forecasting in either field. phepose of the model is to inform
policymakers by identifying the scope and direcwdipotential changes in the minimal social
costs of electricity provision and flows througle tetwork, that result from differing
congestion management methods.

Congestion occurs when the physical infrastrudiorgs market parties in transport and
therefore trade in electricity. Differing congestimanagement methods deal with this in
different ways, by adjusting either the quantibeshe prices of electricity produced. The
model uses linear mathematical functions for supply demand of electricity, and finds the
highest value for the benefits that could resualbfrtrade, taking into account the limitations
of the network and the method used to manage ctageAn overview of this process is
given in Figure 6.

Variable cost Optlma::dlspatch
estimates d
Limits imposed by

Market N
congestion management

module

Transmission

Market splitting
module Al

uantity of —
Q Y P, Piz, P

Scenario input Counter trading
PNL) PBE: PDE) PFRA

Unconstrained
Dispatch

Figure 6: Overview of model for assessing congestiananagement methods

The model optimizes the quantities of electricaytoduce at each node and transport
elsewhere by calculating the area under the derarve and the supply curve for all the
nodes, in what is identified in the academic litera by authors such as Smeers (2008) as a
Consumer and Producer Surplus Maximization ProlffeRSM). The price of electricity at
each node is determined by the intersection o$tipply and demand curves, as this is the
point where the social surplus is greatest, althaogporting or exporting power will affect

the position of this point (see e.g. Figure 7,dorexporting node). Trade between different
areas allows electricity supply from one node tatesumed in another place. As the costs of
production are dependent on the type and amouygrdration capacity, these differ between
the nodes, making trade profitable.
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Figure 7 : Demonstration of supply and demand curvat an exporting node

The incentives for trade are largest for situatisunsh as those involving large wind
capacities. However, trade is limited by the faeit telectricity can only be transported
between places through the infrastructure of thrsimission network.

The model therefore calculates the flows througihéiak of the network in accordance with
the physical laws. Significantly, Ohm’s laws enstivat the size of such flows between any
two points is determined by the impedance of tifferdint routes the electricity can pass
through. Figure 8 shows a simple example netwotk @gual impedances for each line,
where the flow from node 1 to node 3 divides over toutes in inverse proportion to their
impedance. Furthermore, the model takes into acdbercapacity limits of each component.

Load—

—~Generatio

2/3 »

Figure 8: Simple network diagram illustrating effea of physical laws on flows through a network

If transmission is unlimited, then trade will alldte price to be the same in each node. If
transmission is limited, then the optimal solutfioand by the model would allow prices to
differ between nodes (clearing the market in thesyws known as nodal pricing (Hogan,
1992). However, because electricity market instng are currently organized along national
lines, the result of electricity trade at the powechange is a single national price. To
maintain this national price zone under congestiom market operator can intervene by
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ordering capacity to be increased downstream ofestion and decreased upstream of it (this
is known as counter trading). The model can repitetbés form of congestion management,
or other price zones, by constraining the pricaliwisuch a zone.

3.2 Scope and structure of the model

This section of the chapter describes the geogramid temporal scope of the model, and
introduces the general mathematical form of theaggns of which it consists.

Determination of the level of detail of the geodrapscope of the model involved a trade-off
between improved accuracy and the resulting maatabtexity. The scope had to include
sufficient nodes, representing points where elgtjris generated or consumed, to allow the
most important congestion effects to be modelldg: dctual grid map, issued by the TSO
(Tennet, 2009c) shows tens of nodes in the actudiDgrid (see Figure 9).
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Figure 9a: Grid map of the Tennet 380 kV and 220k\high voltage grid
(source: Tennet (2009), reproduced with permission)

Academic studies often approximate this usingdarer nodes: for example, a recent PhD
thesis focused on the impact of wind energy onstrassion Ummels (2009 page 73), and
aggregated countries to a single node each.

Limitation of scope to the high voltage transmisgyoid
The model used in this research focuses exclusoreihe Dutch 380kv transmission grid
infrastructure. This is an important limitationttee research: bottlenecks and therefore

congestion can and do occur at lower voltage le¥@isexample within distribution networks.
A notable recent example in the Netherlands comscira capacity of the distribution network
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in the ‘Westland’ region near to Rotterdam to abgbe electricity generated by
decentralized heat and power facilities used iegneuses.

However, most of the proposals for national corigashanagement over the medium term
foresee application to the 380 kV grid only. Furthere, the research questions described in
chapter one focus on an international perspeativbe topic of congestion management.
Therefore, the scope of this research is limiteglansmission at that level of voltage and to
the interconnectors.

A model which deals with national congestion

Much previous research (see e.g. Hobbs and Ri{R&&4b) and Sharma (2007) ) in the past
focused on congestion which occurs on interconmgdtetween countries in the north west of
Europe, rather than that which may occur withinntdas. Such models therefore often
strongly aggregate or simplify transmission withountries. Because of recent developments,
the scope of this research was chosen to inclutlermy congestion between the Netherlands
and neighbouring countries, but also the incre&girgevant issue of congestion within the
Netherlands (see Chapter 1 for a fuller discussfdhis phenomenon).

The relevant question when determining the scopevsto limit the level of detail
sufficiently to keep the modelling effort manageabthile not simplifying the scope to such
an extent that investigating potential congestidathiw countries becomes impossible. Issues
which relate to both transmission networks withooigtries and interconnectors between
them, such as the potential to avoid congestiohiwg country by reducing available
capacity for trade between countries also requaemaparably extensive scope.

With regard to representing the Dutch network,dbeuments available within the public
domain published by the TSO, Tennet (Tennet, 2088byest, on the basis of load-flow
calculations, that internal bottlenecks within Dwtch network can be expected to occur in a
West-East or a North-South direction (in Annex & tésults of a load-flow analysis
performed by the TSO Tennet is given, suggestingmi@l congestion consistent with these
two directions within the network). Of the four masportant production locatioisthe
Maasvlakte and Eemshaven will see the most additicapacity over the coming period
(Tennet, 2008b). Furthermore, interconnectors fzettade with the electricity markets of
neighbouring countries have long experienced cdiayes

The model should therefore at least include thimée lon the Dutch transmission ‘ring’

which may experience congestion and those whicineeded for accurate representation of
the interconnectors. Specifically, this implies links to the east of the Maasvlakte, to the
north of Zwolle and between Zwolle and the easbemuler. The model aggregation is
therefore limited to five nodes, including one e tvest, one in the south east, one in the east

%i.e. Borssele in Zeeland, the Maasvlakte neareRaaim, ljmuiden in North Holland and the Eemshamnethe
far north.
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and two in the North. The graphical representafs@e Figure 9b) provides an overview of
the geographic scope. Non-green nodes are thosaithélye Dutch bordel's

—2
— = _"’

Figure 9b: Choices in model scope:
Dutch transmission grid and neighbouring networks

A model which can also allows for internationaldeaand interconnector congestion

Although the choices outlined in the previous setgnsure that congestion can be
represented within the Dutch network, this rese&@iso aimed at congestion from an
international perspective between the Dutch anghteiuring grids and the interaction
between the two. The German market is an imposgamtce of electricity imports for the
Netherlands, as can be seen from the high avetdgation of the interconnectors (NMA,
2008). This occurs in spite of the complicationglwed in bidding separately in such explicit
auctions for transmission capacity and for theesponding energy sales within national
power markets, described in chapter 2. The regitvaatmission plan for the CWE, German
documents relating to transmission investmentsr{@arTSOs, 2008) and academic studies
such as Leuthold et al. (2008) also suggest thasport between the north and south in the
west of Germany forms a similar bottleneck to #raicipated within the Netherlands,
especially if rapid wind development continues (8mg2008).

These considerations motivate the choice to mdweGerman grid in greater detail than that
of France and Belgium and than has often been thookher studies which aggregate the
networks within countries. Germany is representetthis model by three separate nodes,

17 Note that there is no node with the number thnetbé model, as this was removed when two nodes wer
aggregated during an earlier stage of the research.
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connected by two transmission links. Each can te¥preted as covering the area of one of
the German TSOs: E.ON (Transpower) in the north ERRWE Transportnetz) in the centre
and ENBW in the south.

By contrast, France is aggregated in a single nBdigium is divided into two nodes in order
to allow the interconnectors to the Netherlandsaaepresented separately. However, the
parameters for demand and supply in the Belgiarketare calculated in aggregate, and
divided equally over these two nodes, thereby asgyithat the spatial distribution of
demand and supply within Belgium are not signifidaom the perspective of congestion
management within the region. This is consistetth Wie way the Belgian network often
serves as a transit point for flows between thgelaelectricity markets in the region. This
assumption simplifies the necessary data gathevitigregard to this part of the model, while
preserving the accuracy of the representationefriterconnectors on the Dutch and Belgian
borders.

A consequence of this choice of model scope isRratco-German electricity trade and
transmission fall outside of the possibilitiesngastigate more thoroughly than through the
aggregated representation shown above. This lthgtyalidity of the results for this aspect of
trade between these countries. Although this isistent with the fact that the primary focus
of this research is on congestion management wathéhbetween the Netherlands and
Germany rather than detailed load-flow modellingaazontinental scale, it is important to
keep in mind that the real infrastructure of thesentries is significantly more complicated
than in this model. If and when significant loopvils occur between these two markets, the
model scope is likely to be too rough to accuratefyresent them. This possibility should be
kept in mind when interpreting the results of Cleapt

Temporal scope

The model is limited in its temporal scope. Speasity, it represents the day-ahead trading
for one-hour periods during conditions in which gestion may take place and electricity
trade must be adjusted for this to be managed.

In practice, this may not be realistic. The dispaitreal power plants is based on electricity
trading over several time frames. In theory, seaondharkets allowing trade further ahead of
actual transmission should lead to optimal dispatidwever in practice adjustments more
close in time to the actual transmission are atsessary which are performed through intra-
day trade and balancing markets. However, congestenagement through price-based
allocation of capacity, in the form of explicit ionplicit auctions, is currently limited to day-
ahead trading. Furthermore, this is the timeframehich most of the relevant trade takes
place. These are important reasons that motivaiéng the focus of this research to that
timeframe. Nevertheless, this choice implies cerianitations.

One concern relates to the realism of assumingalhgéneration capacity can be employed
or not for supply within any given hour. This mayt e the case for plants which cannot
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quickly be started or shut down (such as older ficad plant$®), or for capacity which
likewise has a must run character due to othepreasuch those plants used to supply heat.
In this model, the bidding price of CHP plantsd§uated to ensure that they are dispatched,
but extensive representation of ramping up or dswrot possible.

Another consequence is that the long-term equilibrof such systems can only be
determined if investment behaviour and market auepare modelled during a greater
number of consecutive periods, such as monthsamsy&his would allow the frequency of
congestion as well as the severity of its consecgeeto be taken into account in a dynamic
model. Because of the limited time available fas tiesearch, this has not been done with this
model, however modelling a number of different saes allows for assessment of multiple
situations which may occur. This could be combingti a more qualitative judgment of the
expected frequency with the conditions leadindhed scenario take place, to allow for an
interpretation of the possible consequences folahger term market behaviour.

General form of the model equations

The model is coded within the GAMS program (vers2@r02). This software package allows
for the automated optimization of linear and naredr problems. In this case, the
optimization involves maximizing the social surphtesulting from electricity trade, which is
represented by the area under the demand curvihkeasea under the supply curve for
electricity (see also section 3.2). Calculationthi$ variable involves the integration of the
functions of these curves between 0 and the ragudtiectricity price, over all the nodes
within the model. The general form of the optimiaatcan be written mathematically as
follows:

Maximize Y'S(i) =J a - b*(qq) - | ¢ * (g9 for all i, where i represents the nodes in the odel

Here S(i) is the surplus per node, while the vagisky and @ represent the amount of power
supplied or consumed at the node. The parametérara] ¢ determine the slope of the
inverse demand curve and the supply curves, whihireear. The first part of the right hand
side of the equality relates to the area undedémeand curve, the second to that under the
supply curve. These are in fact the demand andgeppres assumed within the model,
relating prices and costs to the quantities oftetsty.

This way of representing potential for trade otéleity through the equivalence of a spot
market was first introduced by Schweppe et al. 98nd forms the basis of many studies in
the literature which quantify the effects of cortges management (e.g. Chao and Peck
(1998), Ding and Fuller (1999) and more recentlgrBgdal and Jornsten (2008) and Green
(2007)). The mathematical optimization problemeferred to as a Consumer and Producer
Surplus Maximization problem by authors such as&Sm008, page 44)

18 These plants with long rates for ramping ‘up’ @own’ generation
19 Although Wood and Wollenberg (1993) note thathie past similar calculations were often formulaisdh
cost-minimization problem by vertically integrateléctricity supply companies.
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The quantities of supply and demand are separai@oles, but they are related to one
another and to the amount of electricity transmbtteor from the node in question by
equations which take the following form:

as(i) — ga(i) = ai(i) @)

For each individual node i, where the varialojé) represents the quantity of power injected into the
grid when it is positive and withdrawn when negativ

This equation thus ensures that supply and demasmd@de must balance, except when a
guantity of power is imported from elsewhere toloele (when gs negative) or when

power is exported from the node to elsewhere (wh&npositive). So if a node were purely a
transit node, qwould equal 0.

The model must also respect a number of constragtdted to the transmission of electricity,
in order to allow for the representation of Kirclifolaws. These take the general form given
below:

ai(i) = Xaj ()

Where the variableg; represents the quantity of power transported térom the node i, over link ij,
for all links ij connected to node i.

> (Xj*q;)=0 €))

for each independent cycle L within the netwottkene Xij and @ represent the reactance of and
guantity transported through each of the linksithim that cycle

The first of these two equations ensures that tlamtity of power imported to or exported
from a node is equal to the balance of the floasdported across the transmission links
connected to it. The second constrains the floel@ftricity between any two points in the
network, to be proportionate to the inverse ofithpedance of the network components in
accordance with Kirchhoff's laws. The specific apalion of these equations for the set of
nodes in this model is explained in Annex 1, wtfile algebraic derivation from the
generalized equations related to ‘DC’ load-flow ralsdgiven in section 3.2) is demonstrated
in Annex 7.

Overall, balance of the energy in the system isktquzero, represented by the equation:
26 =0 (4)

For the set of all nodes i.

Finally, the model has additional constraints ealab the limited available transmission

capacity and to differences between prices for aptlbese are binding or not, depending on
the congestion management method of interest &ede following form:
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Qij <= Q max j (5)
Where the parameter Ry represents the maximéheapacity of the transmission link ij.
Py(i) = P(k) (6)

Where P(Kk) is the variable indicating the price &ectricity calculated by the model for a priceneo
‘k’, and py(i) represents the set of variables related toghee at the nodes within that price zone ‘K’
(e.g. all nodes within the Netherlands).

Model implementation using software

The model described is coded within the GAMS progaersion 23.02). The reference
version of the model (base case scenario) con&i8dines of code. While GAMS was used
for this research project, other software packaigaishave been used for similar network
modelling include such packages as AIMS and Ma#al, in the case of linear programming
MS- Excel. The advantages of choosing GAMS forrdsearch included the fact that it is
used in a number of comparable studies (e.g. L&litRO08) and that it can use a number of
different solvers, so is flexible for different foulations of the problem.

3.3 Assumptions related to electricity markets

This section explains the most important assumptinade in modelling the electricity
market.

Perfect competition

The model represents the aggregated supply andndkeside of the electricity market through
mathematical functions in the form of supply anchded curves. This means that the relevant
actors, i.e. suppliers and consumers of electriarty not assumed to react dynamically to
conditions or to bid strategically based on expctanditions and their ability to influence
prices, but rather to simply enter their own biddzhon their costs and accept the resulting
market outcome (i.e. all supplying firms are asstimoebe ‘price takers’). More specifically,
because the assumed slope of the supply curveésilman estimations related to the variable
costs experienced by the suppliers of electrithitg,market for electricity supply is in fact
modelled as if it were perfectly competitive.

How realistic is this assumption? In practice, shpply side of the Dutch market for
electricity is often highly concentrated. The Dutelgulator suggested in its report on the
market in 2007 (NMA, 2008) that a clear statistioahnection exists between the
simultaneous occurrence of dominant positions farket parties and higher prices, although
no evidence was found showing abuse of market power

2 |n the actual model, two equations are used afdhevariable when assuming a negative value iaigis
transport in a different direction. The correspogdéquation is then the same, but with a negatgre s
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Studies for the European commission suggest aweljatoncentrated Dutch market between
2003 and 2005, estimating a mark-up compared tegerompetition of around 6% (London
Economics, 2007) with the largest generator beingtal for meeting electricity demand no
less than 30% of the time. Parties are unlikellygslower to realize the fact that the TSO has
no alternative bids to choose from for counteritrgavithin a specific area in which
congestion occurs regularly, than they are now tbidentify moments in which their bids
set the marginal price for the larger national reéds a whofe. From a game theory
perspective, bidding into day-ahead markets takeb® character of a repeated game (EA
Energy analyses) for suppliers, reducing the uac#st concerning the effects of their
actions. These factors imply that the assumptigmeoffiect competition may be a departure
from reality, both in the case of zonal pricing aviten counter trading is the method being
modelled.

In this case, that assumption is less problematin the perspective of the research objective,
if one keeps in mind that the quantitative ressittsuld be interpreted as a benchmark of what
the full potential of the electricity market undbffering methods for congestion management
could berather than as an exact prediction of what theahctutcomewill be if such policy
measures take place. This may be the case foraouwatling, if and when there are only
limited alternatives for constraining capacity devamd. Green (2007) performed extensive
research for the U.K., estimating the addition&&fof market power on congestion
management, finding that this could make the welast of sub-optimal pricing of
transmission higher (2,3% - 3,1% of the social £o$tcongestion) than would otherwise

have been the case (1,2%).

Representation of supply bids through linear curves

As mentioned elsewhere in this section, the actiodrssippliers of electricity are represented
in an aggregated fashion in the model, through emattical functions. In practice, this
smoothes the actual cost function of the individa@ker plants and simplifies the bidding
behaviour of suppliers with respect to reality.

As the true marginal cost data of real power planésconfidential, these costs were estimated
per generation technology as is described in thesextion (3.3). In order to simplify the
necessary calculations, the difference betweenimgrthe same power plant at minimal or
maximal operating efficiency may be ignored, givarginitial stepwise function when bids

are combined (see Figure 10). In practice, genexaim vary the quantity they produce

within a certain operating range and will generallysomewhat less efficient at the lower end
of this, therefore the result of constructing a borad supply function of their production
capabilities based on a merit order of true matginat might look somewhat more like a
piecewise linear curve (see the left of Figure 10).

The level of the steps of such a supply curve shaslbest as possible reflect the marginal
costs of the technology used for generation. (Ladtkt al., 2008) used marginal cost data for

2L As noted in chapter two, measuring such hours fepecific firm within a market forms the basisaof
indicator known as the Pivotal Supplier Index (P$his is often used as an indicator of market eotration
for electricity markets.
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the fuel type used to estimate stepwise supplyesurgpresenting the generation at the nodes
in the German network. In Bjgrndal and Jornste®{2@he authors use an upwards sloping
curve with two parameters for each node, the iiingtlying a gentle slope and the second a
steeper one representing the higher marginal ¢g¢peak) power at high levels of demand,
which gives a curve resembling the first graph,eiit two distinct slopes. These parameters
are varied “based on the type of generation usest at@ particular node”. Sharma (2007)
estimated a national linear curve based on theegadfithe quantities per generating
technology and their marginal cost price. This gigecurve more like the one displayed
below (see Figure 11).

P

P

marginal

odt marginal

cost

| () = quantity a preducer will sell at that price ‘
‘ Q) = quantity a producer will sell at that price

Figure 10: piecewise linear / stepwise supply cuevexamples

For this model, an approach using linear curvesiapted, but there are different supply
curves for each of the nodes in the Dutch and Gemeawvorks. The program used to build
this model proved to be a limiting factor, as ustegditional functions such as those
necessary for piecewise linear curves made sothi@e@ptimization difficulf® In addition,
linear curves are the most straightforward to estinper node and to translate into functions
within the optimization model. Given the necessitynodelling multiple nodes, this is an
important advantage. Nevertheless, it is importameémember that real markets for
electricity working with bids resembling step fuiocis, may feature less smooth behaviour
than that of the model.

P
- P max , Q max

marginal
cost

| Q= quantity a producer will sell at that price ‘

Figure 11: example of a linear curve, representingupply of electricity in the market at given node

3.4 Modelling the transmission network and electricitipws

22 possible approaches to using such functions imidlas GAMS model could be to approximate the desir
curves using separable functions (replacing eacttifon with multiple equations and variables) deger
programming as described by sources such as W4l{@®05). The first approach would increase the sfzhe
model greatly, the second could make the problemerdifficult to solve.
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This section describes the most important assumgptielated to the way in which the
transmission network and the flows through it &gresented within the model.

Lossless ‘DC’ linear approximation of physical tegort

TSOs model flows over the AC network using compéddoad-flow models. In order to
capture the physics of electricity transport, theseebased on laws such as Ohm'’s law
(describing the relationship between the resistatheecurrent and the power occurring across
an electrical component) and Kirchhoff's laws (Whgovern the way power flows through

the network). In order to give a complete represt@mm of what takes place in reality, these
models should cover both real and reactive povesvdito give AC load-flows.

In practice, a linear approximation is often apgplie models used for research into
congestion management as this greatly simplifiesftessary calculations for all but the
smallest of networks. This sort of model has badelled a lossless linear ‘DC’ (load-flow)
approximation, though this name is somewhat mighgadn practice, the fact that this name
used in the academic literature for the family efwork models does not follow from the fact
that the network is represented in direct currenf but rather because the linear
relationship between active power and phase anglasch a model is comparable to the
relationship between current and voltage in a DWakk with resistors (Bjgrndal and
Jornsten, 2007).

The set of simplifying assumptions underlying saalepresentation involve first assuming
that all voltages have a constant unit value, séigahat the differences in phase angles
across transmission lines are very small and Heatdsistance of lines can be considered
compared to the reactance (which is why the regulpproximation is lossless). An
explanation is given in various sources such asd\Mwal Wollenberg (1984, page 109). The
most important equations following from these siifiqdtions are formulated by Wood and
Wollenberg (1984) as follows:

Pe(i) =1/%; * (0 (i) -0 () (7)
Where R(ij) or ‘power flow’ is used in the place of;() ‘quantity transported between nodes

i and j ’in the equations noted in the previoustset, andd (i) refers to the voltage phase
angle at a given node ‘i'.

2P (i) = XP(i)) 8)

Where P(i), ‘the sum of power at node ‘I’ ’is used in place of (), the ‘quantity injected or
withdrawn at a node’ and P(ij) refers to the quayptransported to i over link ij, for all such
links connected to node i.

The second equation is directly implemented ineitpeations of the model, as described in

section 3.1 of this chapter. The first can be egldb the equations given for each individual
independent network cycle in section 3.1 throughalgebraic steps described in Annex 7.
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The consequence of these simplifications is thetrdat® power flow in MW can be
calculated, but that reactive power is not inclugtethe scope of the model. Although
reactive power may be important in operational nganzent of the grid, its influence on the
economic outcomes of the system is limited (ChabReck, 1996) so it is assumed that
disregarding it for the purposes of this reseamdscot strongly affect the outcomes of
interest. The second consequence of the assumpiided above is that the model will
disregard the resistance of the lines (and othepoments, such as transformers), and the
accompanying losses during transport of electricity

Are transmission losses economically insignificahithough as is mentioned in (1.3) losses
are form one of the three cost components for ingson, they are recouped over the all
transport of electricity rather than just over pds of congestion. Losses will in practice
increase with greater transport distance, and coadtitute a significant percentage of costs
in systems which are poorly maintained or thatecdarge physical areas, such as those in
the United States. Disregarding them for a grid ihaelatively limited in geographic scope,
such as that of the Netherlands, will imply a leditmargin of error in the quantities
calculated.

In order to ensure that these two effects do raat te overestimation of the infrastructure’s
true transmission capacity, a safety margin isreded with regard to the rated thermal
capacity of the transmission lines. The estimatibthis margin is explained in Annex 6. This
margin also includes the normal operational proviso deal with contingencies (as the
network is designed and operated so that failuenef (or more components) will not lead
to a systemic failure in service).

DC Interconnectors

One of the interconnectors which links the Dutems&mission network to the Norwegian grid
is a DC link. It is assumed that this is used fttlymport power during periods of high
demand. The link is represented as 700 MW of hyalnegy capacity at the node where it
enters the Dutch grid. A second such interconneBigiNed, is planned. This will link the
Dutch and UK grids. It is assumed that this linkliso fully used for imports during high
demand periods, and it is modelled as 1000 MW tfrahigas combined cycle generation in
the west of the Netherlands.

3.5 Sources of data used to estimate model parameters

This section describes in brief the sources of daththe steps involved in the estimation of
parameters which serve as input for the model. Batlsources of uncertainty with regard to
the data and a sensitivity analysis in which manhese values are varied in order to assess
their influence on the model results are describgte next section of this chapter.

% That is, that part of the power that can usefo#lyapplied to do work. In an AC electrical systenitages and
currents fluctuate. Reactive power refers to tieatgonent of power which is ‘stored’ and returnethi® system
as this happens.

4 Losses in the Dutch network are in the order fefrapercentage points.

% |n the case of one contingency this is referreasttn-1’
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Power plants and supply curves

Data on the location and size of existing powentd@and planned capacity to be built in the
Netherlands was gathered from Tennet's capacityqaiatity study for 2014 (2008b) and
overviews of existing capacity (2009). As in thenfier of these two sources, it is assumed for
the purposes of this study that power plants whrehplanned and have been granted a
connection permit will be realized. Data for poytant capacities in Belgium and France is
based on Elia (2009) and on nationally aggregatguotds from the UCTE’s supply adequacy
forecast (2008). German data are based on infoom&tm publications of expected
developments fuel mix and cumulative capacity pgran given by the German TSQO’s
(2009). These data and the calculation of the suppives are explained in greater detail in
Annex 4.

As is noted in section 3.2, it is assumed in thelehthat suppliers will bid based on their
variable costs (as perfect competition is assunidwse variable costs are represented for the
purposes of the model using three componentschats, CQ emissions permitting costs and
operation and maintenance. (Renewable and nuabeerplants pay no Gemissions

costs). These costs represent sensitive informadiwh are thus considered to be confidential.
They were therefore estimated based on generidaiagdficiencies from sources in the
academic literature, including Ummels (2009) aredJong (2009). Fuel price data for gas,
coal and oil and Cg@yprices are perhaps the most variable of theserfadEstimates for these
costs were based on the 2008 World Energy Outliek, (2008), but are also varied as part

of the scenarios and the sensitivity analysis.

Demand growth and division over regions

National demand and annual growth estimates fonéxe five years are based on the UCTE
supply adequacy forecast (2008). The division ohaed between the regions was found
using the assumption that demand for electricistriengly correlated with economic output.
This has been used previously as a method for cahblgastudies of the German electricity
network by (Leuthold et al., 2008). In this casatadfor the Netherlands were supplied on
request by Tennet (2009) on a municipal basis. & aese manipulated to aggregate the data
to the provincial level. The division of the demdratween the provinces and nodes is further
discussed in Annex 5.

The division of German demand was estimated fraaptiedictions for the year 2014 by the
German TSOs, as is described in Annex 5.

Network characteristics and technical data

Technical data for the Dutch transmission netwoals wstimated based on public data from
Tennet (Tennet, 2008d). The aggregated reactaricansimission lines in series was found
by adding this for the lines in question. Whereawattes differed, the lower value was
assumed to act as a constraint on the maximum fibe.aggregated value for German
capacity was based on an earlier academic stuéjobips and de Rijkers, (2004b)as no
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suitable public data could be acquired within theetavailable for the research from the
German TSO. The capacity of interconnectors between countri@s conservatively
estimated by adopting the net transfer capacityGNor the winter of the year 2009 (Entso-
E, 2009). Although the rated thermal capacity alslinks is much higher than this value, in
practice the TSOs use such conservative estimatdsal with the uncertain flows from
neighbouring countries. These data, along withstifety margins mentioned in the previous
section are explained in greater detail in Annex 6.

3.6 Systematic overview of threats to validity of thedel, sensitivity analysis and the
use of scenarios to deal with uncertainty

Research using a model such as that describedithdsis is vulnerable to errors related to
both the information used to build it and the dakach serve as its input. In order to increase
the confidence in this model’s external validityistsection of the chapter discusses the
relevant challenges involved in finding the infotrmaa necessary for building and applying
the model and the outcomes of an analysis aimeweastigating its sensitivity to changes in
the input parameters and structure. Finally, treeafdifferent scenarios to cover the range of
possible future developments within the resulesxislained.

Data quality issues and availability

Gathering the required data for this research pesedral challenges, related to the quality
and availability of the information. First, somethbé& information concerned such as precise
technical characteristics of plants and cost datansidered to be confidential, and is
therefore unlikely to be shared by the relevanbract

Because of the scope of the research, some affienation related to infrastructure and
markets in other countries, which generally proneate difficult to obtain than information
related to the Netherlands. The legally requirestidsure of such information to interested
third parties may be similar on paper in Germany,decause the TSOs remain part of
companies such as RWE and E.On, rather than bellygihbundled and owned by the
government as in the Netherlands, they are noniedtito share data for research purposes.

A third challenge related to gathering informatisthat some future developments are
simply unknown. For example, it can be difficultgeedict in advance how operational
practice will change when market coupling is introeld with the meshed German network,
although this could be relevant to the amountarigmission capacity made available to the
market on the interconnectors.

In the light of the challenges described in gatigethe necessary data for performing the
research, a careful approach is necessary whaprietiag the validity of the resulting model
and its results. Where the desired data could bedfouncertainty related to estimation of
future developments remains present.

% |n fact, a request for such data to each TSO ritatve positive responses.
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The research described in this thesis takes tkeges into account in two ways: the
sensitivity of the model to changes in the inpubpzeters is assessed in an analysis, and
different scenarios are used to take into accowange of plausible future developments.
Both the outcomes of this sensitivity analysis #relapproach applied in designing and using
the scenarios are discussed in this section aflibpter.

Sensitivity analysis

Building and using a model of the sort describethisa thesis, involves making a number of
assumptions and estimates. In order to be ablattthpse into perspective, the sensitivity of
the model can be assessed by varying the valu®g ohost important such input parameters.
This analysis describes and discusses the chamgies output of the model that together
form a sensitivity analysis of the model created ased in the research that is the subject of
this thesis.

Specifically, the effects of changes to the inparigmeters related to price and quantity of
electricity supply available are first discusseta@iges to available quantities of generation
capacity are considered, as well as the percetaavailable wind power capacity is varied.
Turning to the demand for electricity, the modeldsun with differing demand curve
parameters. Next, transmission is investigatedh&sapacity available on the
interconnectors is varied as part of the reseashlts described in chapter 4, only the
capacity margin for transmission links in the Dubatwork is considered here. The effects of
removing the differentiation of the impedance afreransmission line on the model
behaviour is also shown, by recalculating the flgiven equal values. Finally, the
parameters related to the German network are vaedpdrately to the rest of the model, in
order to allow the influence of these estimatianbé& shown. In each case, the main model
output shown is the social surplus - the indicétat represents the difference between the
willingness of consumers to pay for electricity dhd costs of producing it, which is the
variable that the model optimizes when run. Thetmotable results are briefly discussed for
each set of results.

Parameters related to the price and quantity oteleity supply

As described in Annex 4, of the factors used torede variable cost, important components
such as fuel costs may be relatively volatile dirertime period between the time of writing
and that considered in this research. Variatiorsmipply costs are therefore investigated as
part of this analysis. A closer look at the spedifiel mix assumed within Germany and the
Netherlands is described in Annex 10. The Frengiplsicurve is investigated in greater
detail in Annex 9.

Table 3 lists the effect of the changes to theadaeirplus under unconstrained dispatch (UD),
optimal dispatch (OD) and counter trade (CT) (vben national price zones are applied)
when costs increase or decrease. The next tablesshe effects of increased or decreased
generation capacity, while the third shows thea#ff®f varying wind capacity.
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Table 3: Changes to surplus resulting from alterectost parameters

Parameter
changed

base case

scenario b

scenario ¢

scenario d

CM
method

ub oD

CT

ub oD

CT

ub oD

CT

ub oD

CT

Reference
value
(million
Euros / hr)

17,260

17,254

17,25

4

17,453 17,3

82 17,

379 16

5725696

16,569

16,931

16,891

16,800

cost of
electricity
supply +
10%

16,917

16,912

16,91

17,121 17,0

49 17,

D45 16

1961936

16,193

16,656

16,511

16,5p9

cost of
electricity
supply -
10%

17,618

17,612

17,61

1

17,799 17,7

30 17,]

r28 16

9689656

16,965

17,310

17,279

17,28

In general, these results show that an increaeinnit cost parameter at the nodes will lead
to overall price increases that are more or lespgational to that rise, but that the change in
surplus will still vary depending on transmissiamstraints and congestion management. An

interesting result is that the minimal congestioats increase in scenario ‘d’ are quite high

when the cost decreases. This can be explainguelfact that this scenario already involves

a drop in (cheaper) French supply while demandckegif leading to a large demand for import
of power in the unconstrained case.
A decrease in price in general leads to higherwmpsion and to higher demand for transport
of electricity.

Table 4: Changes to surplus resulting from alteredjeneration capacity

Parameter
changed

base case

scenario b

scenario ¢

scenario d

CM
method

ub oD

CT

ub oD

CT

ub oD

CT

ub oD

CT

Reference
value
(million
Euros
/hour)

17,260

17,254

17,25

A4 17,44

3 17,3

82 17,

379 16

5725694

16,569

16,931

16,891

16,8p0

Maximum

generation
capacity +
25%

17,260

17,254

17,25

4 17,45

3 17,3

82 17,

379 16

5725696

16,569

16,931

16,891

16,800

Maximum
generation

17,259

17,249

17,24

8

17,453 17,3

75 17,

371 16

5725694

16,569

16,930

16,841

16,684
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capacity -
25%

Increasing the maximum available generation capé#sée table 4) without changes to the
cost structure does not change the results, shawatghese constraints are not limiting the
model results described in chapters three and Renlucing it by the same margin does for a
number of the scenarios. This is because the mamioapacity is reached in France, except
in the case of scenario C where demand is somdaiuat due to the higher prices that are
part of the scenario (due to a higher @rmit price).

Lastly, the effects of differing wind power avaiilily are shown (table 5). The influence on
results is relatively large, which is not a surgyias the difference between the assumed
availability in the base case (25% of rated cagpaihd that in the scenarios B and C (100%
of rated capacity) is variation of a factor fouhigrange is also applied in the analysis shown
above, and is larger in magnitude than the diffeeen capacity constructed between the
various scenarios (which is around twice as mudtéenarios B and C compared to the base
case).

Table 5: Changes to surplus resulting from alterectost parameters

Parameter base case scenario b scenario ¢ scenario d

changed

CM method ub oD CT ubD oD CT ub oD CT ub oD CT
Wind power 17,260| 17,254 17,254 17,270 17,263 17,263 16/48848¥6 16,487 16,931 16,891 1,68
availability

25% (million

Euros /hour)

90

Wind power 17,302| 17,283 17,281 17,328 17,306 17,805 16/5535436 16,542 16,980 16,919 16,9
availability
50%

Wind power 17,349| 17,311 17,30p 17,389 17,435 17,842 16(62359%6 16,593 17,034 16,947 16,9
availability
75%

Wind power 17,397| 17,33 17,333 17,4%3 17,382 17,879 16/6736126 16,608 17,091 16,792 16,9
availability
100%

Parameters related to the demand for electricity

Demand for electricity is defined by two parameténe slope of the curve and its intercept
with the y-axis. In order to assess the sensitwitthe model to stronger or weaker demand,
the slope is variéd

27 Note that changing the slope of the function aésilts in a shift in the other parameter, asréysesents the
intercept of the curve with the horizontal axis.
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Table 6: Changes to surplus resulting from demandwrve parameters

Parameter
changed

base case

scenario b

scenario ¢

scenario d

CM method

ub oD

CT

ub oD

CT

ub

oD CT

ub

oD

CT

Reference
value
(million
Euros
/hour)

17,260

17,254

17,25

4 17,45

3 17,382

17,

379 16

5725694

16,569

16,931

16,89

16,8

90

Slope of
inverse
demand
curve +
10%

15,986

15,982

15,98p

16,14

2 16,094

16,

D92 15

3923904

15,390

15,638

15,57

15,5

Slope of
inverse
demand
curve -
10%

18,756

18,748

18,74y

18,98

3 18,895

18,

891 17

95

19457

17,945

18,348

18,37

18,3

These results (see table 6) show that the soaiplusufor the electricity trade as a whole is
affected by the assumption of what level of demeaxidts. However, changing the slope of
the curve does not translate into strongly differesults when comparing different forms of
congestion management.

Parameters related to the transmission of elediyici

The maximum capacity of interconnectors betweemf@ay and the Netherlands has been
increased by 50% in the model results as descitbeldapter three. The thermal capacity data
of Dutch internal transmission links is based andhta given by Tennet. However, another
important parameter relates to the operational manfgthat capacity that can safely be used
due to reservations related to contingencies @went systemic failure following from the of
failure of any one component), losses and reagibweer considerations. This was estimated
in the model as 2/3 of capacity. In order to prevédbroad overview of the sensitivity of the
model to this parameter, it is varied to 1/3 andihe capacity.

Table 7: Changes to surplus resulting from alteredransmission capacity parameters

Parameter base case scenario b scenario ¢ scenario d

changed

CM method uD oD CT ubD oD CT ubD oD CT uD oD CT
Reference value 17,260| 17,254 17,254 17,4%3 17,382 17,879 16|5725696 16,569 16,931 16,891 16,8

(million Euros
/hour)
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(2/3 of TC)

1/3 of TC

17,260 17,234 17,231 17,463 17,353 17,346,572 16,551 16,554 16,931 16,868 16,

863

3/30f TC

17,260 17,254 17,254 17,4p3 17,387 17,388,572 16,569 16,56P 16,931 16,891 16,

390

These results (see table 7) show that congestiadwacrease with lower transmission
capacity within the Netherlands and decrease withdn capacity. For the base case and
scenario’s C and D, increased capacity within tieéhBrlands makes less difference to the
scope of the results.

The flows in the model are also constrained byr¢tetive reactance of the different
transmission links. This is consistent with the giby of Kirchhoff's laws, that dictate that
flows of electricity divide in inverse proportioa the impedance of paths in an electrical
network. However, the data on the reactance of lis@ggregated due to the scope of the
model, and excludes certain components such asfdramers which are present in reality. In
order to judge the sensitivity of the model restdtthe reactance values assumed, the model
is rerun using equal reactance values for eachTihk resulting flows are compared for the
base case scenario in the table below (unconstrénéransmission capacity limits).

Table 8: Changes to flows resulting from equal reaance for all lines

Transmission link Flow using reactance data | Flow a&siming
equal reactance

1-2 4506 3094

1-7 -1479 -68

2-4 1851 1009

2-5 1717 1148

4-8 -684 -1319

4-6 919 711

5-6 839 571

5-10 1592 1290

6-8 -1851 -2030

6-10 687 719

6-11 1368 1041

7-8 1440 2852

8-9 1921 2518

9-12 330 927

10-12 838 695

10-11 450 322

11-12 827 373

The results (see Table 8) reflect that the intemegtors represented in Germany are longer
than those in the Netherlands, so assuming altarees are equal would tend to overestimate
the flows through the internal links of the Gernggidl.

Sensitivity of the model to parameters of the Garmetwork
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As the data relating to the German network andrtéy market was aggregated to a greater

level than is the case for the Dutch network, tldega have also been varied separately while
keeping the other parameters constant.

Table 9: Changes to surplus resulting from alterectost parameters

0

Parameter changed| base case scenario b scenario ¢ cersrio d

CM method ub oD CT ub oD CT ub oD CT ub oD CT
Reference value 17,260 | 17,254 | 17,254 17,453 17,38 17,879 16,572 ,5696 16,569 16,931 16,891 16,8
(million Euros

/hour)

German supply 17,161 | 17,159 | 17,159 17,354 17,29 17,293 16,471 ,4686 16,467, 16,814 16,789 16,7
curves + 10%

German supply 17,375 | 17,356 | 17,356 17,563 17,47 17,466 16,686 ,6766 16,675 17,065 16,999 16,9
curve - 10%

German 17,260 | 17,254 | 17,254 17,453 17,38 17,879 16,572 ,5696 16,569 16,931 16,891 16,8
transmission + 50%

German 17,260 | 17,252 | 17,2501 17,453 17,37 17,868 16,572 ,5616 16,567, 16,931 16,886 16,8
transmission - 50%

As with the Dutch transmission lines, increasing ¢apacity reduces the costs of congestion
while decreasing ensures their limits are morelduiecached and increases both the minimal
congestion costs and to a lesser extent the eddsaih economic efficiency resulting from
counter trading.

Sensitivity of the model to changes in scope arttlodelogy

The results discussed in this sensitivity analiysiicate that while the magnitude of the
outcomes can vary somewhat depending on the irgrahpeters, the occurrence of
congestion and the scope of the differences betwexthods remains similar throughout.

Changing the number of nodes in the model would lags/e an influence on the results. In
particular, it should be noted that modelling theger nodes, such as those currently
representing much of the German or French netwamkismarkets to a greater level of detail
could affect the results.

Currently, it is not possible to represent transpetween locations within a node. This
implies that increasing the number of these node&ldncrease the resistance to flows of
electricity which pass through the areas coverethbgn. In some cases, such as nodes with
various plants with strongly differing costs of plyp splitting the nodes could lead to a more
accurate representation of dispatch (e.qg. if offrelwind power were to be represented in
separate locations).

The same effect would be likely to occur if nonelm curves such as step-functions were used

to represent supply. However, given the scope@hatljustments to the model necessary to
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guantify such changes, doing so is considered lgeflumnscope of the time available for this

research.

Use of scenarios to deal with uncertainty

Where the sensitivity analysis can be used to igaight into the way in which the model
results can change given errors in the input, tieetiainty relating to the most relevant future
developments in the outlook period is dealt witkhm the results by using a range of
scenarios. These scenarios are chosen in ordentortstrate the effects of plausible causes
of congestion. Many such potential causes can lhgimed, as is shown in table 10.

Table 10: An overview of potential causes of unceainty regarding future electricity market developments

Part of model affected

cause of change

possible saguence

generation units

Old plants retired (e.g. high G@rice,
inefficient coal)

Extra investment (e.g. higher growth
scenario, high prices)

Additional renewable power plants
(political climate, policy shifts)
Available wind depends strongly on
incidental conditions

Shifts in transport demand, leading t
changes in congestion of lines

o

merit order
of generation units

CGO, permit price policy

Changes in fuel prices
Technological developments related
efficiency of specific forms of
generation

Shifts in transport demand, leading t
changes in congestion of lines
to

o

available transmission
infrastructure

Failure of parts of the network (e.g. &
transmission line burns down)
Approval or delay of plans for new
interconnectors and lines (e.g. Brit-
Ned)

Changes to calculation of available
capacity margins

Lower transport capacity, leading to
congestion given the same demand
transport

for

demand for electricity

Increased price consciousness (e.g.
to smart metering, environmental
policies such as banning conventiong
light bulbs, aggressive competition in
the retail market)

Shifts in industrial demand (e.g. due
economic crisis, reduction in energy
intensive manufacturing in NL and
BEL)

d@reater overall demand for transpor
leading to congested lines, or declin
\l preventing it.

D
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These causes include incidental occurrences and stiarctural causes of congestion, such as
investments in generation and transmission infuasire with long life times. The scenarios
chosen reflect both.

Scenario D is based on the hypothetical short-tarmre of nuclear power facilities in
France, and scenarios B and C include high windlitioms, which are temporary in nature.
These two scenarios also consider more long-texaldements. The quantity and location of
the wind power which is varied between is basetherDutch governments plans for
achieving 6000 MW of wind power during the comiregdde (Ecofys, 2009). Scenario C
also features a shift in the price of £@ermits, which implies a shift in the merit order
between fuel types. This could lead to greater awehfiar the export of Dutch gas-fired power
to meet German demand.

Transmission lines often have long lead times,amedften delayed due to regulatory issues
and spatial planning procedures. The existing agat@lan for increased transmission
capacity between the Netherlands and Germany ifotheof a new interconnector is
therefore considered for all scenarios separateiy the main results in chapter 4. Projects
(e.g. the ‘Cobra’ link with the Danish network) whihave not yet been granted permission to
construct are considered beyond the scope ofébesarch.

The scenarios that have been modelled represesibfdevelopments related to both the
guantity of generation capacity available to thekeg(e.g. the level of installed off-shore
wind power) and the price at which this is offefedy. a rise in C@emission permit prices).
These developments demonstrate the magnitude gestian and the consequences of
different methods for managing it. In addition,asé case scenario was modelled to create a
yardstick for comparison3hevalue of the parameters in question can be fourhimexes 8
and 11. Each scenario is briefly described here.

Base case scenario: ‘normal’ winter peak in 2014

This base case represents peak winter demand, atiegwise normal conditions. It assumes
wind power production at ¥ of rated capa€jtgnd fuel prices as given in the World Energy

Outlook (IEA, 2008) for 2014. Offshore wind powsrassumed to be built in the Netherlands
conforming to government plans (2500MW, mainlytbi west coast). Planned fossil fuelled
power plants which have been granted connectiotitetgrid are assumed to be realized.

Scenario B: rapid wind power development and wicatyditions in the north

One potential cause for congestion can be founkeararge amount of new power generation
capacity planned, notably in the north of the Ne#mals. If this were to be combined with a
high quantity of offshore wind power developmerttibin this region and in the north of
Germany then strong wind conditions this couldistoam transmission capacity in a north-
south direction.

28 Statistics by CBS (2009) suggest a capacity fastaround 25% conforms to the capacity factorizeal by
existing wind turbines in the Netherlands duringer years.
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This forms the context for scenario B, which asssina@id wind power development in the
north of the Netherlands, and is based on a restedy carried out for the Dutch Ministry of
Economic Affair$’ (2009). The scenario also assumes that all wineepan the Netherlands
and Germany is employed at full rated capacity @pgimal wind conditions prevail for
generation).

Scenario C: rapid wind power development in thetwaes high CQ prices

This scenario is aimed at investigating circumstanghich could lead to congestion between
the west and the east of the Dutch and German. grwds changes were made to the base
case scenario. Firstly, wind power is assumed t@pielly deployed, as in scenario B,
however it is now assumed to be located off theevashore of the Netherlands. The LO
price is then assumed to be twice as high as estihia the base case scenario. Effectively,
this shifts the merit order for electricity supgly that natural gas fired power plants become
cheaper than more carbon-intensive coal and ligiiéznatives.

This is a development consistent with very ambgitargets for emissions reductions
emerging from international negotiations over tredram term. These two factors should
combine to offer strong incentives to transport poWwom the west of the CWE area to the
east, as Germany has a higher concentration efi@€nsive power plants which use lignite
and coal as fuel.

Scenario D: Nuclear power plant failures in France

Scenario B could be considered a set of circumstantiere an incidental surplus in supply
leads to congestion. However, the reverse is @aoavable: a temporary shortfall. This
scenario looks at the consequences of a seriousrgmant failure in France — for example,

an acute operational safety concern leading tsliugdown of one or more nuclear reactors of
a certain type. This could ‘pull’ transport of digaity to the south of the CWE area.

3.7 Relevant model outputs, results and zonal configiimas

As noted in chapter two, both the flows of eledtyiand their economic consequences are
output that can be found using a model that cobetis electricity markets and transmission
network operation. For each of the scenarios, séweodel runs have been performed to find
variations in social surplus, prices, congestiost€@and flows of electricity. Social surplus is
found by subtracting the area under the supplyethe costs of supplying electricity) from
the area under the demand curve (what consumevsilang to pay for electricity).

First, the model is run without any limits to elgdty transmission, which gives the surplus
under Unconstrained Dispatch (UD) and leads toglesiprice across all the nodes. This can
be considered as a quantitative measure of thaldmaefits of electricity trade for both
producers and consumers. Flows through the netararkalculated. The flows that would

% |n the Netherlands, the Ministry of Economic Affais responsible for renewable energy policy
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exceed the limits of transmission links are dispthgraphically using arrows on the
transmission links.

Next, the model is run with transmission limitst kdthout limits on the variation in prices
between nodes. The model outcome then conformsdal pricing®, which can be
considered to be an Optimal Dispatch (OD). Theedéfiice between the unconstrained and
the optimal dispatch gives an estimate of whantiemal costs of congestion could be, if
scarce capacity were reflected in differing pritm@selectricity in different places.

The model is then run twice with prices constraiimedrder to conform to existing national
price zones rather than reflecting scarce capatitis is first done without internal
transmission constrairitso as to represent a national unconstrained dispiaext, the run is
repeated with these transmission constraints iecluoh order to find the adjustments to
power generation that would be necessary to mac@aggestion using counter trading rather
than pricing (CT). This can be considered an ogiimior conservative estimate of what the
real costs of counter trading would be, as the mealeulates this by adjusting capacity at all
nodes rather than being limited by national optiassvould be likely in practice.

The results for the different congestion managemethods, the prices for electricity and the
flows that surpass capacity limits in the unconsé&d dispatch are discussed in section 4.2.

Where significant congestion was found on linkshwithational networks, the model was
also run using more precise possible price zon&gumations within countries. This
represents a somewhat more aggregated form of stogenanagement compared to the full
nodal pricing approach. These results are discussgarately in section 4.3.

3.8 Conclusions

Any model involves simplifications. This model aitassupport policymakers in assessing
the differences in the order of magnitude betwea#ardnt congestion management methods.
It builds on central assumptions which are wellwnan the existing academic literature on
congestion management: that of spot market pricitygduced by Schweppe et al (1988)
which is coupled with the assumption of perfect petition, and the ‘DC’ load-flow
approximation, which is covered in various bookshsas Wood and Wollenberg (1984).
These are combined with data on the supply and deéaa electricity within the Dutch,
German, Belgian and French markets as well as atgsof their growth and the
developments in fuel prices and £@ices to give a model consisting of a set of équa
which can be solved using optimization softwarehis case GAMS.

Taken together, these simplifications make thearesepossible by allowing for a
manageable representation of the electricity mar&etl networks without surrendering too
much accuracy. However, it is important to keemind when interpreting the results that
they will imply a margin of error. As the futureusicertain, data estimates add to this margin
of error. The results should therefore be integarets the best possible attempt to represent

30 Although with strongly aggregated nodes.
31 That is, with no constraints to transmission witkach national grid.
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the developments of the coming years with a sigaiifi margin of uncertainty, rather than as
a cast iron prediction of what will actually happ®vhere possible, this research attempts to
give a conservative estimate of congestion costs.résults can therefore serve usefully as a
cautious benchmark of the effects of congestion.

A sensitivity analysis has been performed thatleaof help in assessing the robustness of
the results to future developments. This analysigssts that although the magnitude of the
results may be affected, the behaviour shown byrbeel is relatively robust to changes in
its input. Uncertainty implicit in predicting dewgments in generation capacity, transmission
capacity and incidental conditions may affect theusrence of congestion. In order to gain
insight into the range of outcomes and the ordenagnitude of the differences between
possible developments, four scenarios were develtpgenerate a set of results covering
multiple potential future situations.
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4 Model results and interpretation

In Chapter three of this thesis, the quantitativvelet used to investigate the research
guestions formulated in Chapter one is introdudédt chapter also lists the most important
methodological choices, assumptions and the soofadsta that were used for the estimation
of the model input. Section 3.6 describes a base aad series of scenarios (B, C and D) in
which congestion may be expected to occur withenNletherlands. The table below
reproduces the differences between these scenAsasted in section 3.7, the model results
which are of interest include the differences iniglbsurplus resulting from the application of
different congestion management methods, the potekectricity and the flows that exceed
capacity limits.

Table 11: Overview of scenarios

Scenario => Base case Scenario B Scenario C Scenario D
Input
Change in supply 2500 MW of 4400 MW 5000MW (1400) MW
capacity wind in [jmuiden | wind in ljmuiden, wind in ljmuiden, | nuclear power in France
1000 MW 400 MW
wind in Eemshaven| wind in Eemshaven
Wind availability 25% 100% 100% 25%
of rated capacity| of rated capacity of rated capacity of rated capacity

CO, permit price 20 20 40 20

euro/tonne euro/tonne euro/tonne euro/tonne

This chapter presents the results of the modetid@e4.1 lists the results for each of the
scenarios as well as brief descriptions of the rhbdeaviour that can be identified. The next
section (4.2) relates these results to the reseprestions, allowing the output to be
interpreted. A closer look is taken at some po#ictonfigurations for price zones within
countries in section 4.3, while the final sectidm describes the effects of increasing
interconnector capacity.

4.1 Overview of the results per scenario

This section gives a concise overview of the respiitthe model output. The interpretation of
these results forms the subject of the next se¢id). For each scenario, flows which would
exceed capacity limits given unconstrained dispateidisplayed graphically as blue arrows.
The economic effects are given for the various iptesgongestion management methods in
the form of a table listing the value of the sosiatplus. This is an indicator for the benefit to
both consumers and suppliers resulting from tradseactricity (Lesieutre et al., 2004), and
reductions in this can be seen as representingpitial costs of congestion, as is explained in
section 3.7. Finally, relevant data concerninggwmiare listed per country and the estimated
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costs of managing congestion using either an optinpatch (i.e. nodal prices) and using
counter trade are given for each scenario.

Base case

This scenario gives a base case prediction
for winter peak conditions, without
exceptional conditions which could
strengthen the expectation of congestion.
Flows exceeding transmission limits when
transmission limits do not constrain trade
are displayed using arrows in the figure
below (see Figure 12).

The table indicates the changes to the socia
surplus value for the congestion 'S 3%
management methods. This is an indicator =/}«
of the difference between the willingness of =
consumers to pay for electricity and the
costs of supplying it, as is explained in
section 3.7. Under unconstrained dispatch,
this figure can therefore be read as the
potential to supply the market demand at
minimal cost. The amount by which the
outcome from managing congestion lead t
a decrease in this indicator may be seen as th#ingssocial
cost.

Figure 12: Flows exceeding transmission capacity
0given unconstrained dispatch for base case

Table 12: Surplus and additional costs of congesticfor base case scenario

Surplus unconstrained dispatch | optimal dispatch | counter trade
(€ million / hour) (€/ hour) (€/ hour)

17,260 5554 5872

As can be seen in tables 11, 12 and 13, nodalgpdiffer from those which occur when
national price zones are enforced. Nodes which ixgooplus capacity would have lower
prices under the former method for managing comgesthis scenario is considered a
reference for what is most likely to be the casegmgpeak demand and known developments
between now and 2014.

Table 13: Nodal and national prices for base caseenario — Dutch nodes

Node 1 2 4 5 6
price optimal dispatch 41,2 42 42,1 40|8 426
price counter trade 41,3 41,3 418 413 413

Table 14: Nodal and national prices for base caseenario — Belgian and French nodes
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Node 10 11 12
435
435

price optimal dispatch 44,1 43,
price counter trade 44,2 44,

NJ (=2

Table 15: Nodal and national prices for base caseenario — German nodes

Node 7 8 9
price optimal dispatch 36,1 41,8 428
price counter trade 41,6 416 41)6

Scenario B: Wind in the north

This scenario combines rapid wind
development in the north of the Netherlands
(1000 MW offshore in node 1) with windy
conditions both there and in Germany. The
market therefore provides greater incentive:
to transport wind power produced in the
north of the region through the network to
the south, effectively displacing (thermal)
generation elsewhere.

Flows exceeding transmission limits are
displayed using arrows in the figure below N
(see Figure 13). As can be seen in the ¢ R
diagram displaying unconstrained dispatch,I---:_f-f-'l.'.:--_:'.
many transmission links would be -
effectively overburdened if the market were

not constrained at all. This is likewise

reflected in a far greater difference between

the unconstrained dispatch and the optimal
dispatch figures (71.000 Euros per hour):
this is around ten times that of the base ca
scenario.

ézé'gure 13: Flows exceeding transmission capacity
given unconstrained dispatch for scenario b

The table (see Table 15) indicates the social sanphlue and additional social costs
for the various congestion management methodsmiihenal costs of congestion are
eqgual to no less than 71.000 Euros per hour incése: this is the opportunity cost
experienced by society of not having sufficienhgmission capacity.

Table 16: Surplus and additional costs of congesticfor scenario b

Surplus unconstrained dispatch | optimal dispatch | counter trade
(€ million / hour) (€/ hour) (€/ hour)
17,453 70766 74888
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Discussion of counter trade costs

In this scenario, counter trade is also more cdkty in the previous case, because more
transmission lines are bound by their limits. Aeththousand Euros per hour, this amounts to
and increase of at least 4,2% compared to minimragiestion costs under an optimal

dispatch. In practice, managing the constraintsnanconsecutive links within the

Netherlands (between nodes 1, 2 and 4) may beuiffind dependence on generators, e.g. in
node 2 may lead to the risk of increased marketgpow

Table 17: Nodal and national prices for scenario b Dutch nodes

Node 1 2 4 5 6
price optimal 346 | 39,1 | 39,8| 359 41,1
dispatch

(E/MWh)

price counter 372 | 37,2 | 37,2| 37,2 37,2
trade(€/MWh)

The significant differences in generation betweedeas are also reflected in greater
differences between nodal prices, as can be sabe tables 16 and 17: within the
Netherlands, prices could diverge by around 6 &Mdh: more than 10% of the unit cost for
power. National price zones effectively smooth ¢hei$ferences over all consumers.

Table 18: Nodal and national prices for scenario b- German nodes

Node 7 8 9
price optimal 229 | 394 | 42,1
dispatch
(E/IMWh)

price counter 38,8 | 38,8 | 38,8
trade (€/MWh)

Table 19: Nodal and national prices for scenario b- French and Belgian nodes

Node 10 11 12
price optimal 47,1 | 43,9 43,7
dispatch

(E/MWh)

price counter 455 | 45,5 43,8
trade (€/MWh)

Scenario C: Wind in the west and high Oice
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This scenario was designed with the idea o
Dutch-German exports leading to
congestion. It includes 5.000MW of
offshore wind power in ljmuiden (node 5)
and much less in the north (400MW) while
the price of CQpermits is doubled (to 40
Euros / tonne) to make gas fired power
cheaper than coal power in the merit order.

However, as can be seen from the arrows it ,-=
denoting links which would surpass .
capacity limits in the unconstrained Sy
dispatch (see Figure 14), the model output l»l"""w
does not conform to this idea. Instead,

exports from Germany to the Netherlands

are limited in scope, and power flows from

the Netherlands to the south increase. ‘

The result is that congestion costs resultingrigure 14: Flows exceeding transmission capacity
from transmission capacity limits are given unconstrained dispatch for scenario ¢
estimated to be quite modest at three thousandsgagohour — in other words, congestion is
comparable in order of magnitude to the base case.

Table 20: Surplus and additional costs of congesticfor scenario ¢

Surplus unconstrained dispatch | optimal dispatch | counter trade

(€ million / hour) (€/ hour) (€/ hour)

16,572 3364 3569

A closer look at possible causes of this somewhekpected outcome has formed part of the
research. The fuel mix in the Netherlands and Geyngdiscussed in detail in Annex 10.
The effect of the linear supply curves is to smdbthtransition between the price of gas and
coal fired power within the German market, thusudg the incentives to trade from west

to east. This explains the lower than expectecetadween Dutch suppliers and German
consumers. Annex 9 addresses the errors involvagproximating the French supply curve
using a linear function, and shows that this intcast overestimates the price of some of the
large amount of nuclear power, thus somewhat isangahe incentive to export to Belgium
and France.

Table 21: Nodal and national prices for scenario ¢

Node 1 2 4 5 6 7 8 9 10 11 12

ODprice | 47,7 | 47,2 | 485| 46,5 489 46| 486 494 51,1 49,99 49,
(€/MWh)

CT price | 47,15| 47,15 47,15 47,15 47,15 485 485 485 506,5549,9
(€/MWh)
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The nodal prices (see table 9) reflect the sigaifce of the power produced in node five for
the rest of the country. This node representsgelahare of capacity in each scenario, as it
includes the industrial areas around Rotterdamfansterdam, where many existing fossil
plants are located. This concentration is increasadenario C as a result of the large amount
of available wind power produced there. By contrés production in the north German

node exerts less influence on German national frice

Scenario D: French nuclear power supply shock

This scenario is aimed at investigating the
effects of a sudden decrease in supply,
which could lead to congestion between
the north and the south of the CWE
region. French nuclear capacity is
assumed to be reduced by 1.450 fFAW
while demand is fixed to remain the same

Thus, the supply curve for France
becomes a lot steeper (c=0, 0006). Suppl
input parameters for other nodes are the
same as in the base case scenario.

These changes lead to a large increase m(

the size of the flows occurring as France | _t=

imports more than 10.000MW when

flows are unconstrained (see Figure 15) —

more than 10% of total electricity

consumption. This is because the change

in the supply curve cost parameter is

§pread out over all th.e.productlon, makln%igure 15: Flows exceeding transmission capacity

imports more competitive than French . . . .
) given unconstrained dispatch for scenario d

generation.

However, when interconnector constraints are bipdmuch less congestion occurs within the

Dutch network.

Table 22: Surplus and additional costs of congestiofor scenario d

surplus unconstrained dispatch | optimal dispatch | counter trade
(€ million / hour) (€/ hour) (€/ hour)

16,931 39644 40946

%2 This is consistent with one of the largest capauiiclear plants in France (which are rated at 9800 and
1450 MWe depending on their design)
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Table 22 shows that the resulting congestion arst@around 40.000 Euros per hour: smaller
than those represented by scenario B, but arerldrge in the base case scenario. Tables 23,
24 and 25 show the nodal and national prices dsatit

Table 23: Nodal and national prices for scenario & Dutch nodes

Node 1 2 4 5 6

OD price | 41,3 | 42,3| 42,5| 40,8 45,1
(€/MWh)

CT price | 41,8 | 41,8 | 41,8 41,8 41,8
(€/MWh)

Table 24: Nodal and national prices for scenario ¢German nodes

Node 7 8 9

OD price | 36,7 | 42 a7
(€/IMWh)

CT price | 42,9 | 42,9| 42,9
(€/MWh)

Table 25: Nodal and national prices for scenario éFrench and Belgian nodes

Node 10 11 12

OD price | 49 47 433
(E/MWHh)

CT price | 48,4 | 48,4 | 42,7
(€/MWh)

The additional costs of counter trading are ageliatively small within the Dutch network,
amounting to one thousand Euros per hour — arois% f the congestion cost.

4.2 Interpretation of the results and zonal pricing viin nations

What do the results described in section 4.1 sellbout the suitability of congestion
management methods within and between the Netlusriamd Germany? This section
discusses the answers to that central questios.iJllione first by looking at the combined
results presented in section 4.1. Next, this amalgextended by addressing the
consequences of the application of price zonesmtational networks based on additional
model runs. Finally, some specific sub questiomstdated in chapter one are dealt with, as
the effects of increased transmission capacityth@eghotential for TSOs to avoid counter
trade within their countries by declaring lowergrdonnector capacity are investigated.

% The demand in France is constrained and must hesméhis figure may be a little misleading (ais it
calculated based on an unchanged demand curvealityrif the market were reflective of the sitwetithe
wholesale price would be likely to increase stega$ycosts are estimated at closer to 50 euro/Mtbuggh
these incidental prices would not necessarily médliately passed on to consumers).

86



The economic effects of zonal pricing given markepling within CWE

The results for various scenarios under uncongdagtispatch (UD) show that for the base
case scenario, congestion within the national netsvis limited, given the developments
considered most likely to occur and the model aggioms such as the available transmission
capacity margins and the way the market works.

Within the Netherlands, the most likely locatiom émngestion to occur according to the
model is in the north of the country, especiallwihd power is deployed in large quantities in
the north, which confirms the findings of existilogd-flow studies by the Dutch TSO Tennet
(2008b). Congestion on the interconnectors remam®re likely occurrence in the other
scenarios considered.

Congestion occurs under the conditions represditédde other scenarios, but tends to
manifest itself mainly on the interconnectors betweountries and in the form of small
deviations above the limits of network capacityjahihcan be prevented through counter trade
at relatively low costs, amounting to thousandseathan hundreds of thousands of Euros per
hour. This could justify a choice for applying tidgdm of congestion management, if policy
makers are convinced that these scenarios covenfutcauses of congestion.

The scope of the congestion that needs to be mdnsigrger given scenario B — around
seventy thousand euros per hour. This scenariarisasignificant wind power construction
in the north of the Netherlands coupled with stramgd conditions. Given such a scenario,
nodal prices would diverge significantly within hahe Netherlands and Germany (by more
than 10% of unit costs for power).

Both the absolute cost of managing such congeasorg counter trade, and the difference in
costs between methods such as national price zomexdal pricing increase under those
circumstances, from a range of thousands to tettsoasands of Euros. Relying on counter
trade under these conditions could therefore beerdifficult to justify if wind power is

indeed expanded at a high rate, and located mairthe north of the country. These results
are also displayed graphically in the graph (seerei 15a).
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Congestion cost estimates

€ 80.000,00 -
€ 70.000,00 1 O Base case OD
m Base Case CT
€ 60.000.007 O Scenario B OD
Social cost €50.000,001 O Scenario B CT
(euros/ hour) €40.000,00 1 m Scenario D OD
€ 30.000,00 - O Scenario D CT

€ 20.000,00 -

€ 10.000,00 -

€ -

1
Method used

Figure 15a: 3d graph showing congestion cost estitess for base case, scenarios b and d

Furthermore, the amount of suitable thermal ger@ratapacity for counter trading to
manage such congestion in the east of the courdgyaiso be limited due to the relatively
small amount of power stations located there. €bidd increase concerns related to the
potential for market power abuse in relation tohfds for supply capacity to be constrained
on during counter trade.

Thirdly, the results reveal that under these caoonl, both the direction of electricity
transport and congestion can be identified as amailthin the German network. These
similarities between export constraints in neighbayucountries therefore resemble the
situation investigated by Bjgrndal and JornstemwiNorway and Sweden. The next section
discusses whether their conclusions regardinglihigyeof price zones to approach the level
of congestion costs which could be potentially eead using nodal prices can also be shown
to apply within the CWE region.

Zonal pricing within the Netherlands and Germany

These findings justify more thorough investigatadrthe potential for applying zonal pricing
as a form of congestion management within the Nisthds and Germany. Two possible
zonal boundaries are considered within the NethdddNI2, NI3), and one within Germany
(De2). A situation with a single cross border pzoae is also taken into account
(NI/De/Nor). These zonal configurations are showapdically in Figure 16.
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NL / DE /NOR

NL2/DE2

Figure 16: Possible price zone configurations for anaging congestion in scenario b
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The results of running the model given these zoaafigurations are shown in the table 26
rounded off to the nearest thousand, while the nsitained dispatch, optimal dispatch and
single national price zones (assuming counter jragereproduced in the first three columns
as a reference. Prices in each zone are displaytetle 27.

Table 26: Surplus and cost of congestion managemeusing zonal configurations for scenario b

Price zone Unconstrained | Optimal NI1/Del | NI2/Del| NI3/Del NI2/De? NI 1/De 2 |/Ne/Nor
combination dispatch dispatch
Cost of congestion 0 71.000 74.000 74.000 74.000 72.000 72.000 72.0(
management
(€/ hour)

These results allow answers to be given to thegsigistion that asks what the effect of price
zones within Germany and the Netherlands is onestian (see Chapter 1). It was already
clear from the results reported per scenario til@tbnditions in scenario B create greater
congestion within both the Netherlands and Germkeagling to around ten times higher
costs of congestion compared to the base casee 2&ldhows that a reduction in these costs
can be gained from the zonal configurations whitdwatwo prices to occur within Germany
rather than just the Dutch network. These configona, shown in the last three columns of
table 26 imply congestion cost reductions of aroR@®d0 Euros per hour, or 3% of the social
costs of congestion. This equals around 2/3 oftlitierence between the optimal dispatch
achieved using nodal pricing and national priceezomhich are currently used. The results
thus confirm the conclusion of Bjgrndal and Jomg2008) regarding congestion within the
Nordic markets: a limited number of price zones aalnieve a reduction in costs that
approaches the optimal dispatch result. Howeveergihe fact that the most important
reductions were found to result from introducingi@an price zones, while the German
network is highly aggregated within the model, iertresearch would be necessary to say
with more confidence which zonal configurations Woioest serve the CWE region.

The model predicts that the greater differencéswédxen the costs of production and the
guantity of capacity in the north and the rest eff@any would be reflected in stronger price
differences when congestion is managed using metbach as zonal or nodal pricing, as
shown in table 27.
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Table 27: Zonal prices congestion management usizgnal configurations for scenario b

Node uD OD | NL1/DE1 | NL2/DE1 | NL3/DE1 | NL2/DE2 | NL1/DE2 | NL/DE/NOR
(€/MWh) | (E/MWh) | (E/MWh) | (E/MWh) | (E/MWh) | (E/MWh) | (E/MWh) |  (€/MWh)
1 40,87 34,6 37,215 34,61 34,61 34,61 37,2 29,7
2 40,87 39,1 37,215 37,44 38,4 37,4 37,2 37,4
4 40,87 39,8 37,215 37,44 37,3 37,4 37,2 37,4
5 40,87 35,9 37,215 37,44 37,3 37,4 37,2 37,4
6 40,87 41,1 37,215 37,44 37,3 37,4 37,2 37,4
7 40,87 22,9 38,77 38,77 38,79 22,9 22,9 29,7
8 40,87 39,4 38,77 38,77 38,79 40,2 40,2 40,2
9 40,87 42,1 38,77 38,77 38,79 40,2 40,2 40,2
10 40,87 47,1 455 455 45,5 45,6 45,6 45,8
11 40,87 43,9 455 455 455 45,6 45,6 45,8
12 40,87 43,7 43,8 43,8 43,8 43,8 43,8 43,8

Increased interconnection capacity

Congestion occurs when there is insufficient trassimn capacity to transport electricity
between suppliers and consumers. This phenomersoodearred for quite some time on the
interconnectors between national networks, whitd@ms within them are more recent.

One (expensive) policy for reducing such problent iategrating national markets more
fully is to invest in additional interconnectionpaity. An example of a project that aims to
do so is the new interconnector that is planneddet Doetinchem and Wesel (Tennet,
2009Db). In order to give an indication of the scamprovement in market outcomes under
congestion possible from such changes to the nkpiloe model has also been run several
times with 50% additional interconnector capacigween the Netherlands and Germany.
The results are shown in the table below, roundetb dhousands.

Table 28: Changes in social costs of congestion fezenarios with higher interconnection capacity

Scenario optimal dispatch counter trade
(congestion costs in € / hour) | (congestion costs in € / hour)

Base case 6000 6000

Base case 5000 5000

(increased interconnection capacity)

Scenario B 71.000 74.000

Scenario B 66.000 69.000

(increased interconnection capacity)

Scenario C 3000 3000

Scenario C 3000 3000

(increased interconnection capacity)

Scenario D 40.000 41.000

Scenario D 38.000 39.000

(increased interconnection capacity)
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The outcome of these model runs (see table 27) skimat increasing interconnection
capacity can help alleviate some but not all cotigesFor scenario B, representing increased
wind power in the north, doing so gives somewhagdabenefits compared to the optimal
dispatch with lower capacity, but even though castiga between the networks has been
cleared by doing so, minimal congestion costs dumnstraints within the borders of

national networks are still 66 thousand Euros @erh

Incentives for the TSO to declare lower interconio@ccapacity

Earlier research by Bjgrndal and Jornsten (200§yssted that there could be an incentive
for TSOs to avoid congestion within a national ratnby declaring lower maximum
capacities on the interconnectors between counffi@s can be investigated by running the
model again for a lower capacity on the northetargsonnector with no limits to internal
transmission. The flows in the congested links)(aril (2,4) as well as on the interconnector
in the north of the Netherlands are shown in taBléor both the normal capacity and 50%
lower capacity.

Table 29: Flows through congested Dutch transmissiolinks for scenario with increased wind power
under reduced interconnection capacity

Link in model | interconnector normal capacity | interconnector % capacity
(MW/hour) (MW/hour)

1-7 -825 -412

1-2 4664 4388

2-4 2765 2683

The reductions in the Dutch links show that whilis tactic will reduce the need for counter
trade within the Netherlands, it will not be suiiict to avoid it altogether. Social surplus falls
significantly (by around 10000 Euros per hour) gitlee reduction in interconnection. Other
policy options which are conceivable besides comgesnanagement measures could include
changes to the operational practice of the TSO) agdetting go of strict contingency based
safety margins for the amount of power that majrémesported through the grid, however

this falls outside of the scope of this research.

Translating the estimated congestion costs intealy cost

The model results described in sections 4.1 andahZndicate what the level of congestion
could be per hour. They suggest that congestiamo& significant if wind power is deployed

in the north and high wind conditions occur durpegk load hours —as is the case in scenario
B. However, in order to gain a better understandiinghat this figure means on a yearly
basis, an attempt has been made to estimate the odmours during which these
circumstances occur may within a normal year.

The number of hours in which high wind conditiomsar was estimated by looking at the
windex indicator for wind conditions per month ovee last three years, and then multiplying
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this number by the percentage of hours during whesdik load occurs as is described in
Annex 12. The resulting numbers are reported itetd®, and multiplied by the congestion
costs estimated for scenario B and the basétimsgive a (rough) estimate of the scope of
yearly congestion costs, which are in the ordegen$ of millions of euros.

However, it is important to note that the Windexisugh indicator, which is based on
existing wind farm data. Furthermore, large vaoiasi in wind speed can occur between years
as can be deduced by the difference between timeatss for the years shown. A simulation-
based approach at a higher level of detail woutdetfore be necessary to give a fully
confident prediction of the average congestionsostulting from a given deployment of
wind power over its productive life.

Table 30: Rough yearly congestion cost estimate tebon Windex indicator (based on calculations using
the data from CBS, 2009)

Year | Hours with high wind | Congestion costs | Congestion costs
+ peak load scenario b (€/ year) | base case (€/ year)
2005 547,5| €  41.001.180 | € 33.397.500
2006 1095| € 82.002.360 | € 66.795.000
2007 547,5| € 41.001.180 | € 33.397.500

4.3 Conclusions

Chapter three of this thesis introduces a modetkwhllows the consequences of various
congestion management methods to be quantified. chapter describes the results of
running that model for various scenarios, represgrilausible combinations of conditions
under which congestion may be assumed to occumnatid between the electricity
transmission networks of Germany, the NetherlaBafgium and France.

Economic effects of different congestion managemetitods

The results show that given the assumptions and imfthe model, the direct costs of
managing congestion under most scenarios areuwalatimited compared to the total costs
of producing electricity. This confirms that counteade within national networks
investigated could indeed be a feasible policyarpfor managing congestion in the medium
term (the model considers developments until 2014).

The most significant congestion was found whenmalipation of strong wind development
located in the north of the Netherlands and Gernvaaxyy combined with windy conditions.
The costs of network limitations under those caadg for consumers and producers are
estimated to amount to at least 70.000 Euros par. [Bven this scenario, the counter trading
necessary within the Dutch network was estimatdzbtboth more extensive in scope and
higher in cost — around 3.000 Euros per hour mooeeasing congestion costs by at least 4%
compared to a situation with nodal pricing.

34 The base case costs are based on full rated wpatita
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Rough estimates of the yearly costs of such comgestiggest these could run into tens of
millions of euros. Given the incidental naturelod tvind conditions considered, expansion of
the network to fully transport all the flows desirdgy that market outcome may not be
justified by the investment cost required. Perforgnihe necessary cost-benefit analysis to
support or reject such decisions with confidendls tautside the scope of this research, and
would have to take into account the other issuek ag the non-financial benefits of
renewable energy.

The fact that congestion must be alleviated onrséeensecutive links in scenario B also
suggests that some generators may become unmissphléicularly between the north of the
Netherlands and the centre. This means that mpdweér could become a concern in such
circumstances. As noted in chapter two of thisithelfferent methods for congestion
management offer the potential for strategic behaviby market participants. This suggests
that such situations may merit attention by theketaregulator if and when these conditions
occur.

Zonal pricing within the Netherlands and Germany

Investigation of various possible zonal pricing figurations suggests that the greatest gains
in surplus result from implementation of zonal pricwithin Germany rather than within the
Dutch network. Given two or more price zones inr@amy, around 2/3 of the additional
increase in costs to consumers and suppliers ¢tmultoided — an outcome close to the
minimal congestion costs achieved using nodal pgici

The results thus confirm the conclusion of Bjgrratadl Jornsten (2008) regarding congestion
within the Nordic markets: a limited number of grizones can achieve a reduction in costs
that approaches the optimal dispatch result. Tuggests that it is worth investigating the
feasibility of implementing such price zones if d®pments related to generation capacity
close to those described in scenario B are realizzéduggestion also made in a qualitative
research paper discussing the introduction of fi@sed market coupling by Smeers (2008).

Interconnection capacity

Investigation of expansions to interconnection cagauggests that this is at best a policy
that will allow the alleviation of some, but not pbtential congestion. In the scenarios
investigated, congestion will remain a problem wthational networks, even if constraints
between countries are eliminated through investnmeinterconnectors. As technical data
concerning the characteristics of such new trarsomanfrastructure was not available
however, more detailed load-flow studies could ingleyed to give greater confidence in
these results.

Comparison between model results and the existagemic literature
Notable work by Bjgrndal and Jornsten (2007, 2@08jgested that counter trade costs for the
Scandinavian countries represent a greater prapoofi minimal congestion costs compared

to the results found here — for some scenario® B8% of additional congestion cost
Bjgrndal and Jornsten (2007, page 1985). This coelthe result of more precise modelling
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of the differences between base and peak elegtaajply costs — these authors suggest their
supply curves were based on information gained fi@oussions with actors in the field.
Another possible reason is that the variationss/ailable hydropower are larger than the
causes of congestion assumed in this researchastitie high wind power studied in
scenario B.

This research is consistent with the findings adBgal and Jornsten (2008) in suggesting
that correctly chosen zonal boundaries allow amewcoc outcome that is not far removed
from that achieved using nodal pricing. A differens that in this research such congestion
was more strongly related to one of the countri€ermany. This is probably the result of the
larger amount of wind power deployed in the noffteermany compared to the Netherlands.
The research is consistent with that of Leutholdl ef2008) suggesting that the most
significant congestion within Germany is on a nestluth axis.

More detailed work on wind energy in the Netherkbg Ummels (2009) suggests that
situations where there is low demand for electrimay be even more problematic than when
peak load occurs. The limited scope for modellagping up or down limits for coal-fired
power plants makes it difficult to reproduce thpseticular conditions using the model
described in this research. On the other handréisarch includes domestic transmission
line limits rather than just interconnectors assgas bottlenecks. This could be the reason
that congestion during peak load hours is foungetonore significant in the results described
in this thesis. A combination of the spatial detdithe research described in this thesis, and
the temporal scope considered in that dissertatay, be necessary before confirming or
rejecting the findings of either study is possitdkating to the potential for congestion
resulting from wind power during peak demand pesiod

The congestion resulting from accelerated wind paeployment in the north of the country
is consistent with the results of studies aimed\astigating the costs of wind park locations
(Min Ez, 2009). This research reinforces thoseifigd, by suggesting that this phenomenon
becomes more problematic when wind in the nortG@fmany is taken into account.

Putting the model results into perspective

The sensitivity of the model to variations in theut was evaluated by varying the level of

the parameters used (see Chapter three). Althcugymging some of these parameters, such as
the steepness of the demand curve and the avaiafdecapacity, affected the magnitude of
the congestion, the general behaviour of the medslfound to be relatively robust.

It should be kept in mind that these outcomes ghbalconsidered within the context of the
assumptions involved in building the model. Thespase limitations as to the scope of
reality which may be modelled, such as the lackti@dtegic behaviour by electricity suppliers.
Furthermore, any model that attempts to predicfuhge is liable to uncertainty.

The results can therefore be best interpretedefeeence which may help to inform part of a

more complete judgment relating to the suitabidtyongestion management methods, rather
than as a substitute for such a judgment.
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5 Conclusions, reflection on the chosen research
methodology and advice to policymakers

This thesis describes research performed in oocdasgess the relative suitability of
various methods for managing congestion within lagttiveen the Netherlands and
Germany. This chapter describes the most impofitagings of the research. The first
(5.1) section briefly discusses the methodologyliagpand its limitations. The next
section (5.2) returns to the research questiorsgritiéng the conclusions that can be
formulated based on the activities described is tiesis. Finally, the chapter and the
thesis are concluded by section 5.3, which reflentthe implications of the findings for
policy makers and gives recommendations for futesearch that may further inform
both policy and science with regard to the topicnaihaging congestion on the networks
for electricity transmission.

5.1 Methodological choices and limitations

A study of the relevant academic literature forrttezlbasis for the overview of policy
alternatives and the criteria with which to assbeg suitability, allowing answers to be
formulated to questions 2a and 2b.

Public and scientific sources were consulted ireotd form a picture of relevant issues
related to congestion management that can be dedrare existing international
practice. The qualitative overview thus given wasted in scope due to the constraints
of available time and resources. Although the teecal literature on congestion
management is extensive, it is the view of thikiauthat the available empirical data
concerning its effects are somewhat disappointingdmparison.

The main body of work described in this thesistesddo a quantitative model which was
built in order to assess the consequences of chogesanagement methods within and
between the Netherlands and Germany. Building seri@s of assumptions and data, a
‘DC’ load-flow model was constructed and run fanmber of plausible congestion
scenarios. These results and their interpretatbam the basis for the answers formulated
to research question 3, which asks what the ecanoomisequences of the choice between
congestion management methods will be.

Considering the technical and economic scope o$yeeems modelled, it is not surprising
that significant simplifications are inherent te tnodel used. Where possible, these have
been made in such a way as to give a conservasasament of the potential congestion
management costs. A sensitivity analysis has aso performed. This shows that the
magnitude of the results may change if some oirtpet is varied, but confirms that the
general behaviour of the model is relatively robust
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The data that serve as input for the results tleaeweported are based on knowledge of
the current situation and the best estimates aféuevelopments available at the time of
writing. Nevertheless, it would be advisable teptet the results as a rough estimate of
the market potential and the order of deviationsifthis given different congestion
management approaches, rather than as an accredietipn of likely events.

5.2 Answers to the research questions, outcomes ancchumions

This section discusses the findings of the resefaoch the perspective of the research
guestions. As noted in chapter two there are maltigferent aspects of the effects of any
congestion management method. Although this resdaotises on the immediately
visible flows of electricity and the short term eomic consequences, the long term shifts
in investment behaviour and more political questicelated to the feasibility of complex
institutional systems such as nodal pricing, amdr ghotential for redistributive effects,
may also be relevant in assessing suitability ditpalternatives. Multiple possible
methods for managing congestion are possible oryhand different approaches are
applied throughout the world. Some take place claséhe real time dispatch of power
plants, while other methods based on allocatioryguieally used at least a day-ahead and
demand more complex institutions such as powerangés.

The relevant alternatives for the Netherlands ghdracountries within the CWE region
that can be applied to interconnectors are limitg&uropean legislation. This only
allows for capacity allocation using market-basexthrads such as explicit and implicit
auctions. This research focuses on counter tradiéngplicit auction approaches, which
are seen as the most likely alternatives for impletation within and between the
Netherlands and Germany.

The central research question formulated in chapterwas:

What are the economic effects of introducing zpnaing within and between the
Netherlands and Germany to manage congestion?

This thesis describes research aimed at investim#iis question based on a quantitative
model. The model is based on a simplified reprediemt of the market assuming perfect
competition between electricity suppliers and agragated representation of electricity
transport over the high voltage network, assumitagsless linear approximation of
transmission known as a ‘DC’ model of electriciigws. Assumptions about fuel price
developments and investment form the most importgmit for the model. This model allows
the costs of electricity production, flows of eledty between locations and the short-term
economic consequences of methods for managing stogeesulting from management of
congestion using different methods to be estimbgsgd on differences in such costs for
consumers and suppliers of electricity.

The economic effects of introducing zonal pricinghim and between the Netherlands and
Germany to manage congestion differ depending emévelopments assumed and the zonal
configuration chosen.
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The minimal costs of congestion were estimatedéweral scenarios by finding an optimal
dispatch: this effectively creates a price zonesfrh node within the national networks. The
estimates for the costs of congestion ranged bet®6600 and €71.000 per hour. The
increases in congestion management cost compaagtitoal dispatch were greatest when
dispatch of the most efficient generation was kaiby the need to maintain national price
zones using counter trading, leading to additiaoals of around €1000-3000 per hour, in the
order of 5% of congestion costs. Using zonal pgcmost of these additional costs could be
avoided.

Rough estimates of the yearly costs of such comgestiggest these could run into tens of
millions of euros. Given the incidental naturelod wvind conditions considered, expansion of
the network to fully transport all the flows desidgy that market outcome may not be
justified by the investment cost required. Perforgnihe necessary cost-benefit analysis to
support or reject such decisions with confidendls fautside the scope of this research, and
would have to take into account the other issuek as the non-financial benefits of
renewable energy.

The margin for error within this estimate is quiigh, as the potential for errors in model
inputs such as fuel prices, limitations in techhdata and simplifying assumptions are
significant when modelling several systems whiah@rth complex and as large scale as
national electricity markets and transmission nek&0A sensitivity analysis and several
scenarios allow some of the inherent uncertaintyet@assessed. In this case, the sensitivity
analysis suggests that the behaviour of the modelrims of flows and congestion is
relatively robust when parameter input is varied.

What is the impact on congestion on the Dutch eyt network resulting from one or
multiple electricity price zones in Germany?

Zonal pricing within the Netherlands and Germany \wavestigated in greater detail for
scenarios involving increased wind power in thethNlomplementing price zones in the
Netherlands alone did not significantly reduce astign management costs. Improved
outcomes were found only when prices were alloweaefiect the surplus of cheap wind
power in the north of Germany and the lack of tnaission capacity within the German
network. Implementing two price zones allowed eated congestion costs to fall to within
€1000 of the results given an optimal dispatchuihvadent to around 2% of congestion costs.

What are the potential incentives for TSO to sagaey by ‘moving’ congestion (by
declaring a low transmission capacity) from theioaal network to international borders, if
the national network represents a single price Zone

The research suggests that while application sftdatic by the TSOs in the Netherlands and
Germany can reduce the need for counter trade sbateivwill not be sufficient to avoid it
altogether. Social surplus falls significantly giveuch a reduction in interconnection, while
prices for electricity in the Netherlands rise bguand 0,5 Euros /MWh.

How would increased interconnection capacity aftawigestion within the Netherlands?
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The research suggests that interconnection capacigases could increase welfare by
removing some but not all congestion. In the mosigested scenario, increasing
interconnection by 50% yielded a net benefit taetgmf 5000 Euros/hour. This is equal to
around 7% of the congestion cost. However, it isartant to note that it is difficult to know
with certainty how an increase in physical transmois capacity between national networks
translates into capacity available for cross-botdate under the current bilateral explicit
auction system using ATC values between countiestder to achieve the increased
capacity investigated in relation to this questinigher investment may therefore be
necessary.

What can be learnt from the existing practice afatgricing and other congestion
management methdels

Zonal pricing is practiced within the Nordic elecity markets. A qualitative analysis of
developments in the recent past suggests that $oopelicy disagreements between
countries is likely to remain, even when marketsragionally integrated and electricity
market institutions resemble one another more bldkan is the case in the CWE region.

Congestion management policy choices will changeerahan reduce the complexity of
decisions relating to market operation, regulatiaod transmission investment. Cooperation
and joint research between neighbouring countriés differing systems can allow such
topics to be addressed based on a more mutual basis

The joint Nordic transmission planning and allogatof congestion rents to projects,
including strengthening of lines within nationatwerks, is more reflective of the reality of
electricity networks than current practice in th&E region, which is considerably more
fragmented.

5.3 Recommendations to policymakers and promising tegiar future research

At the time of writing, congestion is still seentin the Netherlands as a temporary
phenomenon which ought to be solved as soon asntiasion infrastructure investments
‘catch up’ to changes in electricity generation andsumption. Given the shorter lead times
in the construction of generation capacity thatramsmission infrastructure and the lower
level of coordination compared to the situationdbefunbundling and market liberalization,
this is unrealistic.

A shift in perspective is necessary in order tmgeize that society is best served by a
network that is sufficient for transport of poweosh rather than all of the time. This need not
mean that new connections need to be delayed, atheaase in the past, if the institutional
structure of the electricity system is changeceftect this and includes efficient solutions to
manage congestion if and when it occurs. A suitpbley for congestion management

within the Netherlands and Germany should proue golution. The answer to the question
of what a suitable method for congestion managefoerthe coming years will be is in the
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end a political one, but the choice can be infortmgthe results found for different zonal
pricing methods.

This research has investigated several plausileleassios for congestion in 2014. The fact that
the scenario showing the greatest scope for cangdstbased on the implementation of

wind power shows that this could become an impoftgnre driver of policy. This is
especially the case if renewable power is givearpyi access to the grid over fossil fuelled
plants as is part of proposed policy in the Netradk and is the status quo in other CWE
countries (Deloitte consulting, 2007).

The outcomes of the model runs, given relativelyseovative assumptions such as the
presence of a perfectly competitive market, sugtpedta relatively modest policy based on
counter trade similar to current proposals woultipresent very large direct costs. As long as
congestion is expected to be incidental, rather #tauctural, and limited in scope this may be
considered a suitable approach.

Despite this conclusion, policy makers are advisemiaintain a critical perspective regarding
the capacity of the Dutch transmission networkealdvith large quantities of wind power if
this is located in the north of the country. In@rtb be conservative in their conclusions,
such studies should take into account the limiteticegarding transmission capacity within
the Netherlands, and the differing amounts of ciépatade available on the interconnections
across borders. As is noted by Smeers (2008), T&@s an incentive to protect themselves
against having to interrupt transactions that ntaysprally infeasible. Operational values for
the CWE region (ATC) are thus often lower than Nv&lues, which are often assumed in
research models.

In situations where multiple consecutive transmoissines become congested, such as
scenario B investigated in this research, somegsart northern nodes may become
irreplaceable for providing the necessary capdoitye constrained on or off. Given the
correlation between pivotal supply and higher @rickentified in the 2008 market monitor for
the Dutch electricity market ((NMA, 2009a) forthcmm ), this combination of events brings
the risk of potential for market power abuse. Tégutatory authorities are therefore advised
to actively investigate such situations if courttade is used for congestion management, for
example by comparing the market outcomes in wheh sases to model based predictions of
what the outcomes should be given perfect compatiti

Pricing scarce capacity using nodal pricing woulduge that these costs could be avoided,
and that signals are sent to the owners of geoeratipacity that reflect the costs of their
location for the network. However, while choosfogsuch a system may lead to an efficient
market on paper, in practice the transition to aent@mplex set of institutions may not be
worthwhile if congestion occurs infrequently.

This thesis also describes the predicted resultmpliementing possible price zones within
the Netherlands and Germany. The quantitative tefwm the model for the scenario with
the greatest level of congestion suggest that thiése for outcomes that are close to those
given nodal pricing. These benefits are more stsolngked to the disparities in production
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and demand for electricity in Germany than the Be#mds. Dutch policymakers are
therefore advised to place this issue on the agenttieir bilateral discussions with German
counterparts, and to advocate either the furthpaesion of German north-south
interconnection capacity or otherwise the impleragon of two or more price zones
reflecting transmission scarcity.

Regardless of the congestion management methadymalkers on both sides of borders
would do well to recognize that the flows in eletty networks defy neat division into
national borders. Decisions related to the reguatif transmission infrastructure investment,
its operation and to congestion management inquéati in any one country will therefore
affect what happens elsewhere in the region. Inahg term, a consistent regional approach
that recognizes this fact offers the best foundafito making the necessary trade-offs related
to electricity policy and the incentives offeredaittors within the electricity sector.

Future research could increase confidence in ttessdts, and the recommendations based
upon them, by improving the input related to the targest countries within the CWE region,
France and Germany. Gathering data for these sgsgathmarkets proved to be relatively
difficult, while their size translates into a grelatelative influence on the results. The results
of the research described in this thesis have htefrom being able to use the data
calculated by Tennet describing the spatial divissbdemand within the Netherlands.
Finding and integrating such data for the entireECKgion to a similar degree of accuracy
would increase confidence in the external validityhe results for the other countries.

A more accurate market representation could besgetiby using more complex
mathematical functions to represent supply and delnsarves, and by more complex multi-
actor models that could include imperfect compatitiSuch changes to the model would
allow the consequences of market power abuse todoe accurately predicted, and could
potentially strengthen the arguments related tketgrerformance for an eventual shift to a
congestion management approach based on impltibas. It is likely that the flows
resulting from the differences in input betweenghenarios would then become greater, as
price increases and thus shifts in the power pldisizatched would be greater following
small changes in the merit order.

The electrical infrastructure could be more acalyainodelled by calculating the typical
losses of electricity during transport and the gcopreactive power within the model rather
than using rough estimates of safety margin. Saatxarcise would be more accurate if the
scope of the model were extended to include netwonkponents such as transformers and
lower voltage distribution networks. By adapting thodel in order to allow for the
simulation of effects over longer timeframes, sastthe ramping up and down of power
plants, more accurate dynamic behaviour could la¢sconsidered over timeframes covering
several consecutive hours within a given day. Sieatitention could be devoted to the
margin of capacity truly reserved for contingendrepractice. A full model of the investment
decisions involved in the electricity market woaltbw for dynamic behaviour to be
investigated, and allow for a better judgment toviz@le concerning the influence of pricing
signals for investment decisions in power plants.
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The results of any such model would be easierterpret, given sound research that would
indicate the frequency with which various possiblens of congestion occur. In theory it
should be possible to do this for all conceivalalases of such congestion, including
incidental reductions to generation capacity, tngission capacity and changes to the merit
order following from shifts to variable costs. Theould then be coupled with estimates
based on a model such as the one described ith#ss. Such a study should ideally be
conducted on a regional basis, and repeated vgiimidar frequency to existing supply
adequacy forecasts.

In order to be able to assess the congestion asstxiated with off-shore wind power
accurately, the spatial scope of this thesis shaid@dlly be combined with the temporal scope
described by Ummels (2009), and used as the basssdimulation-based approach in order
to allow estimates over longer periods, such aptbductive life of windparks.
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Preface to the annexes

The research described in this thesis deals withdpic of congestion management. This
subject is investigated using a quantitative pahwydel which can help to inform
policymakers by estimating the order of magnitutiditberent congestion management
methods. The main text of the thesis contains engptescribing the relevant policy
framework (2), the model and the methodology apigig the most important results found
using the model (4) and the conclusions which felfoom the research results.

The annexes contain additional information, whichyrbe of use for readers interested in
finding out more about the details involved in thethodological approach applied to the
research. A brief overview is given here of thee@$p covered by the various annexes,
grouped per subject.

Communication of the research

Annex A contains the draft of a scientific article basedlte research described in the thesis.
Although this article does not contain addition#bstantive material compared to the thesis,
it shows how parts of chapters three and four cbalgresented for publication within the
scientific community. The presentation has beensidf based on the Utilities Policy journal
guidelines for submissions.

Model structure and validation

Annex 1 contains a description of the way in which theatguns that form the main part of the
model were validated during the initial stageshef tesearch. This annex may serve readers
interested in the approach used by helping to wtaled the mechanics of building network
models using software, such as that describedsriliesis Annex 2 describes the way in

which the equations governing the transmissioraxtecity may be deduced for a given
meshed network based on Kirchhoff’s lawsinex 7 describes the algebraic steps through
which these equations can be related to the gefagratlation of the ‘DC’ load-flow
approximation. These annexes may be of use toreaderested in the application of more
general electrical network and circuit theoriese®search models.

Transmission network

Annex 3 reproduces the results of load-flow studies frammDutch TSO Tennet, indicating
which transmission links in the high voltage netkare most at risk of becoming congested
over the medium term. This forms part of the b&wmishe choices made regarding the scope
of the model described in chapter threeex 6 describes the way in which the technical data
published by Tennet about the high voltage transiomisnetwork was used within the model.
These annexes may be of interest to those readerswgh to know more about the technical
limits of the Dutch high voltage network, and tlaéety margins involved in its operation.

Electricity markets
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Annexes 4 and 5describe the methodology used to estimate the impstrtant input
parameters for the supply and demand curves usée imodelAnnexes 8 and 11sum up the
scenarios investigated in order to deal with theeuiainty of future developments, as
described in chapter three and the relevant chaongés parameters. This information may
be of interest to readers who are interested irelibericity wholesale market in particular,
rather than the transmission network.

Uncertainty within the model and data and the nptetation of the results

Research models aimed at investigating the futicemplex and volatile systems, such as
the electricity wholesale markets and the transonssetworks of several countries involve
considerable uncertainty and sometimes a lackediBp data. A sensitivity analysis
performed in order to test the robustness of thdehesults to changes in the input
parameters of the model can be found in chapteethnnexes 9 and 1dook more specifically

at the French and German electricity market assomgtThese annexes may be of interest to
readers who would like to know more about the @magjés involved in estimating aggregated
national data for such large systemmex 12explains the method through which the results
were used to find a rough estimate of annual cdiuyesosts.
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Appendix A: Scientific article

Congestion due to wind power in the Netherlands: th cost of inefficient solutions

Attention devoted to congestion management in gtbkadands has until recently been limited to
interconnectors. As the transmission network withitich borders is expected to be congested more
frequently, in future the choice between methodsanage this such as counter trade and zonal or
nodal pricing has become more relevant.

This article investigates the additional costs tresult from maintaining national price zones withi
the Netherlands and Germany using counter tradiiggn varying quantities of offshore wind power
capacity and conditions. The results suggest thagestion becomes more relevant if windy
conditions and high quantities of wind power dephbin the north are combined. When this occurs,
creating two or more price zones within Germany feamd to be more effective than in the
Netherlands, delivering a result close to the optidispatch found using nodal prices.

J.W. Langenberd.(v.langenberg@student.tudelfi.nl
Keywords: congestion management, transmission,|qogténg, counter trade, wind power
1 — Introduction

Much past attention from European policymakersh®es devoted to congestion on the transmission
links between national electricity networks. Eurapéegislation, such as the congestion management
guidelines in the electricity market directive (30®4/EC) and regulation (1228/2003/EC) limit the
methods for allocating capacity to market-baseda@guhes such as explicit auctions or market
coupling.

Congestion management is becoming now becomingareievithin national networks, partly as a
result of the fact transmission infrastructure sakager to build than generation capacity.

Since the liberalization of the electricity secamid the ensuing unbundling in countries like the
Netherlands, this has led to a lag between invagtmegeneration and transmission. Within the
Netherlands, congestion is expected to occur ircdingng years on the transmission network linking
the north and rest of the country (Tennet, 2008a)ifherent companies have announced planned new
investment in generation in the north.

In order to deal with such congestion, several estign management methods including various
forms of counter trade are being considered. (De@isthe Brattle group, 2009). The choice is
complicated by the fact that the Dutch governmésu wishes to stimulate off-shore wind power,
which could be located in the north of the countxacerbating expected congestion issues. Licenses
have recently been granted for several sites (kinfer Traffic and Water, 2009). Studies have
shown such plants would be best located closertadd centres in the west or south west (Ecofys,
2009) of the country and describe investment ingmgission infrastructure to serve needs of the wind
power deployment. Recent licenses have also beanegt for parks offshore in the north of the
Netherlands (see Figure 1) for 875MW of rated cap#éblinistry for Traffic and Water, 2009).
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This article describes research in which the cofsts e

inefficient congestion management are quantified = \
using an 11 node ‘DC’ load-flow model, assuming :
various levels of wind power deployment in the
north of the country. Furthermore, the interactén
power flows with the wind power development in B
the north of Germany is investigated. =

Overzicht bestaande en in ontwerp vergunde windparken «=ra
e R ‘\Tl\;_\gﬁ

Although multiple forms of congestion management
exist in theory, the relevant choices for the Dutch
network are limited to redispatch (existing prag}jc

o

various forms of counter trade suggested by

Hakvoort et al (2009) and market splitting, which H @ 9 egenda

Q 12 mijlsgrens

Militaire gebieden

allocate capacity further ahead of real time and is = Scheepuaroute
comparable in effect to the market coupling il T W
currently practiced between the Netherlands, France ¥/ all) = P
and Germany. (Knops, 2008). s
et %:;%}%:\;éa::;de Windparken
Of the European countries, only Norway has long f”}}
used zonal pricing, an aggregated form of allogatin 0 o e (o g O 810
scarce capacity using implicit auctioning of capaci 0 e MRS

when congestion occurs. Research by Bjgrndal and

Jornsten (2008) suggested that certain combinatior'1:.§qure 1: Permits for Dutch wind farms

of price zones could deliver results close to nodal (Ministry of Water and Transport, 2009)

pricing within Scandinavia. The consistency inhéieradopting a market splitting approach within

the country, given the region’s (2007) stated gdaharket coupling between national markets, seems
attractive®.

This article describes research quantifying thea$f of such methods, using a model that can
represent both their technical (flows) and econq(thie differences in prices, costs of electricity
production and the resulting welfare) consequerfeasthe different methods, the model must be able
to determine which quantities of power would bedoiced at each location, what transport between
locations would occur, and the resulting prices.

2- Material and methods: a model allowing congestio be modelled within the Netherlands and
Germany

In order to quantify the differences between dédfdgrcongestion management methods, a model was
built that combines simplified representations athbelectricity markets and the relevant transroissi
networks. This section of the article gives a basierview of the model structure and form. The full
version of the model is available online &epsit8.

% In addition, the existing EU congestion managengeidelines restrict congestion management on
interconnectors to market-based methods such disierp implicit auctions.



Figure 2: model aggregation

An 11 node network (Figure 2) is used to reprettemtmost important links (380kV) of the high
voltage transmission grid within the Netherlandd Ercations where production and consumption of
power take place. While the focus is on accuraagfmesenting the Dutch grid and power generation,
the networks of surrounding countries within the EvVégion are modelled in aggregate, to allow for

a more realistic representation of cross-bordevdlorhe model described here is based on two dentra
methodological simplifications, relating to the betour of the markets and the transmission
networks.

2.1 Electricity markets

The electricity markets are modelled based on skaraption of perfect competition under the theory
of spot market pricing, first applied to the cagelectricity by Schweppe et al (1988). The general
formulation of the optimization problem is as folle:

Maximize}'S(i) =J a - b*(qy) -] ¢ * (g0 for all i, where i represents the nodes in thedglo (1)

Here S(i) is the surplus per node, while the vaeisly and g represent the amount of power supplied
or consumed at the node. The parameters a,b agt@ecrdne the slope of the inverse demand curve
and the supply curves, which are linear.

The first part of the right hand side of the equatielates to area under the demand curve. This
represents the willingness of consumers to paglmutricity. The second part on the right hand side
the equation represents the area under the supplg:dhe costs of producing the quantifyf
electricity. The net difference between the twthis surplus S(i). By maximizing the sum of S ovér a
the nodes, the model thus determines how elegtdeimnand can be met at the lowest cost.
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Each node can produce and consumer power and exgorport power from the grid. The net import
or export at a node is represented by the vargpleth the following equation:

0s(1) — Gu(i) = ai(i) (2)

for each individual node i, where the varialgj@) represents the quantity of power injected into the
grid when it is positive and withdrawn when negatiVhe number of such independent equations is
one less than the number of nodes in the network.

Linear curves are used to estimate supply fundtothe power market at each of the nodes,
assuming that these are based on variable costedBen data from Tennet on current (Tennet b,
2009) and future power plants (Tennet a, 2008) tijfissof available capacity were estimated at each
location in the model. In practice not all wind paveapacity may be possible to predict far enongh i
advance to trade in day-ahead markets. The pegeenfavind power is therefore varied between
25% and 100% of rated capacity. Power plant vagiabbts for fossil generators were estimated per
fuel type based on fuel costs in the 2008 worldgneutlook for 2014 (IEA, 2008), the G@ermit

price was assumed to be 20 Euros/tonne and poaer gificiencies as described in Appendix A.

Demand is calculated by assuming that national ddmauld equal total capacity if the price were 0.
Predicted demand was estimated based on growttesigtom (Tennet a, 2008) and extrapolated from
the UCTE's supply adequacy forecast (2008), andredtinto the aggregate national supply function
described earlier to give a second data point. Delnaas then divided over the nodes according to
correlation of economic activity with electricitfénnet ¢, 2009) and divided over German nodes
according to the TSOs’ 2013 study (German TSOs3R0the parameters describing the demand
curves can be found in appendix A.

2.2 Transmission network

A lossless ‘DC’ load-flow approximation of AC powows is used. This allows a linear
approximation of the power flows to be estimatethinian electric network, ignoring reactive power
and losses as described in sources such as Wod¥allehberg, (1996) and Smeers (2008) and
applied in previous research by Chao and Peck (1@¥&en (1997) and more recently Leuthold et al.
(2008). Flows through the network are constraimegicicordance with the laws of Kirchhoff and Ohm
regarding the conservation of energy and the floelectricity over parallel paths.

Following the work of Bjgrndal and Jornsten (20@&)yations were derived as explained in textbooks
such as Dolan and Aldous, (1993) which allow tHages to be represented given the ‘DC’
approximation using a minimal set of equations gach of the independent cycfaa the network.

The general form of the equations (2) and (3) essfiows between the nodes are divided over
parallel paths based on their relative reactance:

2 Xi*q; =0 3

% The number of independent cycles in such a netigoekjual to the number of links less the numberaafes,
plus one.
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for each independent cycle L within the networkenetXij represents the reactance of each of the
links ij within that cycle and;gs the quantity transported over each link in tyele

The specific formulation of these equations usetthénmodel can be found in appendix A. Reactance
values for the Dutch 380kv network and its intergectors were based on public data as reported by
Tennet and from a previous publication Hobbs arjkieRs (2004) for the aggregate representation of
the German links and for interconnectors betwedgi&® and France.

Overall, balance of the energy in the system isktqpuzero, represented by the equation:

20 =0 (4)
for the set of all nodes i

Furthermore, the quantity;(othat each transmission link may transport arédidhto its maximum
capacity (ghay-

Qi <= Q maxij )

Where the parameter Ry represents the maximdheapacity of the transmission link ij.

Capacity data were estimated assuming a safetyimfargcontingencies, reactive power and losses is
1/3 of thermal capacity for the Dutch lines. Fudrameter data can be found on the website (website)

Finally, binding equations were included that coaistthe model so that prices within any price zone
are equal:

Pa(i) = P(K) (6)

Where P(K) is the variable indicating the price &ectricity calculated by the model for a priceneo
‘k’, and (i) represents the set of variables related togiliee at the nodes within that price zone ‘K’
(e.g. the Netherlands).

The model was coded in GAMS (version 23.02). Whguaéons (1) through (4) are solved, the
model calculates unconstrained flows through eiméhaind prices which will be equal in each node.
Including equations (5) and then (6) allows eithedal or zonal prices to be calculated, for thegiv
transmission limits.

It is important to keep in mind when interpretihg tesults that the assumptions implicit in the
methodology will imply a margin of error. As thetive is uncertain, data estimates add to this margi
of error. The results should therefore be integatets an attempt to represent the development® of t
coming years with a significant margin of uncertgimather than as a detailed prediction of whait wi
actually happen.

Where possible, this research attempts to givenaatwative estimate of social congestion costs. The
results can therefore serve usefully as a caubenshmark of the minimal effects of congestion for
the scenarios considered.

37In the actual model, two equations are used afdhevariable when assuming a negative value iaigis
transport in a different direction. The correspogdéquation is then the same, but with a negatgre s
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2.3 - Scenarios under which congestion may be ¢xgéc occur

What sort of circumstances could lead to congestikimg place? The scenarios that have been
modelled represent possible both structural devedmts (the quantity of wind power installed) and
the incidental conditions (peak demand and windydd®ns). In this article, two situations are
compared.

First, a ‘base case’ with 2500 MW of wind capadityated off the western coast of the Netherlands,
under 2014 peak demand conditions. This was cHosegwse it represents the best guess of what is
likely to happen, given current policy related tm@vpower and what is known about developments
related to planned investment in generation. Nexte rapid deployment of wind power with 4400
MW of wind power off the west coast of the countid 1000 MW in the north of the country is
considered (‘Scenario &) This is one of the alternatives considered asqfa recent study carried
out for the Dutch Ministry of Economic Affaif’s(Ecofys, 2009). In both cases, the fuel prices for
2014 are based on the IEA world energy outlookfifi8 (IEA, 2008). Planned fossil-fuelled power
plants which have been granted connections torileage assumed to be realized.

First, the model is run without any limits to elégity transmission, which gives the surplus under
Unconstrained Dispatch (UD) and leads to a singtemcross all the nodes. This can be considered
as a quantitative measure of the social benefiedaatricity trade for both producers and consumeers
benchmark of the minimal costs of electricity syppllows through the network are calculated. Those
flows that would exceed the limits of transmisdiioks are displayed graphically using arrows on the
transmission links.

Next, the model is run with transmission limitst luithout limits on the variation in prices between
nodes. The model outcome then conforms to nodeihgff, which can be considered to be an
Optimal Dispatch (OD). The difference between theamstrained and the optimal dispatch gives an
estimate of what the minimal costs of congestianatbe, if scarce capacity were reflected in
differing prices for electricity in different plase

Finally, the model was run using a number of pagee combinations within the Dutch and German
networks, shown graphically (see Figure 4).

3 — Model results

The results for both scenarios are compared asguaiiavailable capacity is able to produce at 25%
of rated capacity. The unconstrained dispatch wag6imillion Euros per hour in the base case, and
17,27 million Euros per hour for scenario B. Fig@rghows that the congestion in both scenarios
occurs mostly on the interconnectors. As can be Been the decreases in the surplus found for the
scenarios in Table 2, although the minimal costsooigestion that result from transmission
constraints are (1000 Euros/hour) higher for saer@runder these wind conditions the difference

3 Also investigated with the model, but not includeste were scenarios related to a French nucleeaempo

failure and a higher C{price leading to Dutch power exports to Germany.
% In the Netherlands, the Ministry of Economic Affais responsible for renewable energy policy
0 Although with strongly aggregated nodes.
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between nodal prices and the result of counteirtgad still small (less than 1000 Euros / houe, th
figures are rounded off to the nearest thousarlddrnable).

Table 1 increase in social costs of managing congen, per method

Scenario Optimal Counter
dispatch Trade
(€/ hour) (€/ hour)

Base case 6000 6000

Scenario B 7000 7000

This does not mean there would not be any diffsgerin the dispatch. As can be seen in Table 2,
nodal pricing would create lower prices in areagtviexport power and higher prices in nodes that
are further away. These differences become momoprced as the amount of wind increases.

==

Figure 3: Flows exceeding transmission capacity

. . ) Figure 4: lows exceeding transmission capacity
given unconstrained dispatch for base case

given unconstrained dispatch for scenario b
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Table 2 Prices per node, given nodal or national jize zones

Node 1 2 4 5 6 7 8 9 10 11 12

Base case nodal price| 41,2 | 42 42,1 40,8 42,6 36,7/ 41,8 42,8 44,7 43,65 43,
(€E/MWh)

Base case national 41,3 | 41,3| 41,3 41,3 4183 4116 416 416 442 44354
price

(E/MWh)

Scenario B nodal price 39,7 | 41,6| 41,7 40,3 42,4 367 41,7 428 44,8 43854
(E/MWh)

Scenario B national | 40,8 | 40,8| 40,8 40,8 40,8 415 415 415 442 44354
price

(€E/MWh)

Next, we assume that high wind conditions occigtenario B. This increases the congestion costs to
around 70.000 euros, as is illustrated in the glagbw.

Congestion cost estimates

€ 80.000,00 -
€ 70.000,00 -
€ 60.000,00 -

o Base case OD
m Base Case CT
€ 50.000,00 - O Scenario B OD
€ 40.000,00 - O Scenario B CT
€ 30.000,00 -
€ 20.000,00 -
€ 10.000,00 -

€ - |

Social cost
(euros/ hour)

1
Method used

Figure 5: Congestion cost estimates for referenceenario at 25% wind output and scenario b at 100%
wind output

Next, we assume higher levels (50%, 75% and 10886 @pacity) of wind power coincide with
peak demand. This translates into far greater flofymower if dispatch is unconstrained (see Figure
4). That implies greater social costs from congestand will increase the differences in between
more efficient pricing and national prices, as barseen in Table 4.
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Table 3: Social costs of congestion per method fbigh wind conditions

Congestion management Base case Base case Scenario b Scenario b
method optimal counter optimal dispatch | counter
(socialcosts of congestion) dispatch trade (€/ hour) trade

(€/ hour) (€/ hour) (€/ hour)
Wind power availability 50% | 19000 21000 22000 23000
Wind power availability 75% | 38000 40000 53000 56000
Wind power availability 100% | 61000 64000 71000 74000

Maintaining national prices increases congestiahiamstimated to cost around 3000 Euros per hour
in both cases for the highest amount of wind. Aliflothe base case features less wind capacitgin th
north of the Netherlands, there is still signifitannd in the north of Germany to transport. Itaals
lacks more such capacity in the west to balancplgup

In order to translate these results into a yeastyratewe need to know how many hours per year
the relevant conditions occur during peak load @mrs. The amount of hours can then be
estimated roughly using the formula defined in eipmet.

# of hours in which congestion occurs = # of houiis a year * % high wind hours* % peak load demand
hours (6)

Wind speed varies both seasonally and from yegeao. Data from the Dutch office of
statistics (CBS, 2009) give a monthly index (calleel Windex) which indicates whether
production was high or low compared to yearly agesa This index is strongly correlated
with the number of hours during which the productod the existing wind turbines is at
maximum rated capacity (Segers, 2009a personal concation).

In order to find a rough estimate of the amourttairs during which the highest wind
production took place in a year, the number of meim which the windex indicator was over
100 were therefore found for the last three yeHnss percentage of the hours in a full year
was then multiplied by a percentage of 25% to &rdugh estimate of the number of hours
during which both peak load and peak wind condgioray occur. This allows for a rough
estimate of the relevant number of hours to béaérange of 500 to 1000 hours per year,
using data calculated by Segers (2009b) for thehase years (see table 3) .

Table 3: Overview of calculation of hours during whch congestion due to wind may take place

% peak
months with windex > demand
Year 100 total hours assumed Scenario B hours
2005 3 8760 25 547,5
2006 6 1095
2007 3 547,

The level of congestion costs in a year can themobeghly estimated by multiplying the
amount of hours in which congestion take placehigyl¢ével of congestion costs reported in
chapter 4 of this thesis, as shown in equation &2)1
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Yearly congestion costs = congestion cost estiméaté# of hours in which congestion occurs) @)

The resulting cost estimates (see Table 4) sudigatsthe deployed wind power leads to
yearly congestion costs of around 41 million Edmrsscenario B in conditions comparable to
2005 or 2007. For wind conditions in a year sucBG@6, the costs are estimated to be double
this figure: up to 82 million euros for scenario B.

Table 4: Yearly congestion cost estimates for scema B and base case

High wind and peak demand Yearly congestion Yearly congestion costs

hours costs (scenario B) | (reference scenario)
547,5 € 41.001.180 € 33.397.500
1095 € 82.002.360 € 66.795.00(
5475 € 41.001.180 € 33.397.50(

Finally, we look at different zonal price configticans for scenario B under heavy wind conditions,
and examine whether these approach nodal pricingi@as. As noted in section 2, research by
Bjgrndal and Jornsten (2008) suggested using st zones would allow social costs of congestion
to be reduced to a level close to that achievasilegunodal prices. In order to find out if thigle

case for the Netherlands and Germany, the diffe@mil boundaries are shown graphically were
investigated using the model. (see Figure 6)
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NL2/DE1

==

Figure 6: Possible price zone configurations for ntaaging congestion identified in scenario b

The results of running the model for scenario Begithese zonal configurations, are shown in the
table below, while the unconstrained dispatch,matidispatch and single national price zones
(assuming counter trade) are reproduced in thietfiree columns as a reference. Figures are rounded
off to the nearest thousand.
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Table 3: social costs of congestion for scenariovidth 100% wind power availability

Congestion Optimal Counter NI2/Del | NI3/Del| NI2/De2| NI1/De2 NI/DDéor
management dispatch trade

method (€/ hour) (€/ hour)

(socialcosts of

congestion)

Wind power availability| 71000 74000 74000 74000 72000 72000 72000
100% of rated power

It is clear that congestion under windy conditigmgreater within both the Netherlands and Germany,
but that the improvement can be gained mainly witdermany rather than the Dutch network. As
could be predicted based on the work of BjgrnddlJornsten, this model predicts that the greater
differences between the costs of production andtfaatity of capacity in the north and the rest of
Germany would be reflected in stronger price défexes when congestion is managed using methods
such as zonal or nodal pricing (see Table 3). Dmalzconfigurations that impose a price zone in the
north of Germany allow around 2/3 of the socialgastion costs to be avoided, while removing the
need for counter trading.

6 — Discussion and conclusions

Congestion is increasingly relevant within networnltsch previously operated based on the copper
plate assumption and clearing using a single makgirice, such as the Netherlands. Congestion could
be caused by both structural factors (e.g. newaiypa the North of the Netherlands) and incidénta
conditions (coincidence of peak demand and windhditimns). Under more optimistic assumptions,
counter trade does not represent a large additcmstlcompared to more specific market-based
congestion management. As the level of congestioieases however, the model suggests that
justifying counter trading becomes more difficidt@ngestion costs rise.

Speeding up wind power deployment in the nortthefNietherlands and in the north of Germany
could lead to this phenomenon occurring within@WE region. If that happens, the model used in
this article suggests that zonal prices could colmee to delivering the results of nodal prices, if
applied within Germany, while continuing to rely counter trade would imply greater social costs.

Of course this model represents at best a rouglozippation of the network, based on limited public
data and assumptions concerning an uncertain fulltfeough the location of congestion found is
consistent with expectations such as those mertion€ennet a, 2008) and (Ecofys, 2009), its scope
will depend on the development of electricity cageand more incidental demand and wind
conditions. Nevertheless, it may be concluded¢bagestion should be considered from a regional
perspective, whether the actual constrained linkdacated within countries or between them.
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Article appendix A: model equations and input

Supply and demand

Tables 4 and 5 give the division of demand ovemibdes and the estimated costs of
production. Full model and data can be foundhesbsite

Cost of production
(euro/MWh)

Fuel type

6,6

hydro

10

wind

17,72973

nuclear

38,32

lignite

40,86286

hard coal

Node Share of demand| Share of demand MW
% (2014)
(2014)
5 (Krimpen) 54 9702
1 (Meeden- Eemshaven) 9 1615
2 (Zwolle) 10 1819
4 (Hengelo) 12 2137
6 (Maasbracht) 14 2507

42,19448

NGCC

Table 4: the division of demand over Dutch nodes
Table 5: variable costs per fuel type

Equations related to transmission

42,19448

NG CHP

58,52842

NG turbine

The equations below constrain the flows in andadwa node (conforming to Kirchhoff's
junction rule, one for each node) and between tues in the network (conforming to

Kirchhoff's loop rule, one for each independentleyc

Equations based on Kirchhoff’s junction rule:

a(i) = 7+ i

a(iz) = st 024~ G2

q(is) = Guet Gag- Cha

g(is) = G+ Os6- G5

gi(ie) = Gso* Us0* G611~ s~ b6
a(i7) = Gs-hr

a(is) = Ggo-Crs-Cus

a(io) =-ho-Geo

Gi('i10) = Q10,127 G10,11- G610~ O, 10

0i('i11) = O11,12- 10,11~ G611
Gi('i12) = - O10,12- Gh1,12

Eqg. (A.1)
Eq. (A.2)
Eqg. (A.3)
Eq. (A.4)
Eqg. (A.5)
Eq. (A.6)
Eq. (A.7)
Eq. (A.8)
Eqg. (A.9)
Eqg. (A.10)
Eq. (A.11)
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Equations based on Kirchhoff’'s loop rule:

—X255(d25) — %.7(01.2) + X1,7(017) + X7.8°(A7,8) —%6.8" (Ao, + Xo,11(06,10) + X1117(A11,19 —
X10,17°(010,19 — %5,16(05,20 = 0

X10,17°(910,19) + X11,17°(q11,19 — X1015(d 1019 =0

-Xe,16" (06,10 + X6,11(06,22) + X11,17(q11,19 — %10,17(d1029 = 0

X258 (025 — %,2°(01,2) + X1, 7(01.7) + X7,8(07.8) — %68 (As8) — X6.6°(050) = 0

X1,24(q1,2) + X1,7(d1,7) + X78(A78) — %66 (06,0 — X%4.6%(A46) — %4 (024) =0

-X1,2°(01,2) + X0,7(01,7) + X707, — X4,8°(0s8) — %.4*(0d249) = O;

Xe,8°Ue,8+ Xg oQgo + X0,15°09 12— X11,15011,12— %6,11°06,11= 0

Eq. (A.12)

Eq. (A.13)
Eq. (A.14)
Eq. (A.15)
Eq. (A.16)
Eq. (A.17)
Eq. (A.18)
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Article appendix b / (Extra data and parameters tobe made available on a website)
Available capacity on interconnectors between matiometworks

For the interconnections between countries, thelikatsfer Capacity (NTC) capacity
estimates (Tennet, 2008) can be adopted as anma@stof the cumulative capacity available
for day-ahead trade in the market (see table beldlthough in practice efforts are taking
place which will allow more precise flow based mitidg of actual capacity, in practice
Available Transfer Capacity (ATC) on connectionarsing national borders in the day-
ahead market may be even lower due to alreadyaatidaapacity. Where the estimates
diverge, the lower capacity is given.

Border NTC 2009 winter Includes links
(MW)
NL-DE 3000 1-7, 4-8, 6-8
NL-BE 2400 5-10, 6-10, 6-11
BE-FR 2200 10-12, 11-12
FR-DE 2750 12-§
Link Interconnection Nominal Value Reactance
capacity | assumed| wused in
(MW) for model | model
(Ohms)
1-7 Meeden — Diele 3290 825 15,32
4-8 Hengelo — Gronau 3290 825 5,64
12-9 France — Germany South 2750 25,4
5-10 Krimpen — Belgium West 1645 800 18,84
6—10 Maasbracht — Belgium West 1645 800 21,66
6-11 Maasbracht — Belgium East 1645 800 17,48
6-8 Maasbracht- 3420 1350 16,03
Rommerskirchen/Siersd4tf
10-12 France — Belgium West unknown 1100 55,4
11-12 France — Belgium East unknown 1100 45,2

Sources of data listed: (TenneT, 2008), (Hobbs €ef, 2004), (ENTSO-E, 2009)

“I Tennet, the Dutch TSO, was reported to employamdmission Reliability Margin (TRM) of at least 39W
for these connections, according to Haubrich 28101, page 158) based astdtistical analysis of observed
amounts of inadvertent exchange plus a (small)lsarfor uncertainty on system conditions beyondothrtion
already coped with by explicitly considering diffat scenarids

“2 Includes interconnectors not given in model, saglthose that go to the RWE control area represdnyte
node 8.

*3 Two circuits in parallel
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Annex 1: Validation of model equations and structue

This annex describes the ways in which the basemaslel, once constructed in GAMS, has
been tested in order to validate the way in whidbrnctions. The most important components
of the model are the equations governing the waystipply and demand for power in the
market is simulated at each node, and the way inhwthe transport of this power between
nodes in the transmission grid is constrained. &mpmerical examples, with parameters
chosen for ease of mathematical verification bydhéwave been used where possible to test
whether the results generated concur with whatrthietls us should be the outcome. These
results give confidence that the outcomes the moaleulates with parameters which are
based on data chosen to simulate situations aksttéo the research will also be correct.

Validation of supply and demand curves

Supply and demand curves
were validated by using a
version of the model with
equal parameters for supply
and demand in each node
(see table). This should
ensure that no transmission
is necessary, and that the
resulting price, quantities of
production and supply and
social welfare resulting in
every node should be based
on the same equilibrium.
Each curve is linear; the
parameters A, Band C
indicate the maximum
guantity demand, the slope
of the inverse demand curve

Price of power (€)

120

100

80 -

60

40

20

0

Market simulation at a given node

—— Demand for power
—— Supply of power

1 14 27 40 53 66 79 92 105118 131 144 157 170 183 196
Quantity supplied or demanded (MW)

and the slop of the cost curve respectively.

Figure 17: Supply and demand curves used in modehlidation

This gives us the following equations for the prd¢esupply and demand at a given node ‘I’

respectively:
Demand(i) : (i) = a(i) - b(i)*qq(i)

Supply(i) : p«(i) = c(i)*qs(i)

(al)

(a2)
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Table 31 Parameter values used in validation

The values are given in the table | yoge | a (= *maximum | b (="slope of ¢ (= “slope of
(see Table 16). The resulting supply guantity inverse demand supply curve,
and demand curves are displayed demanded”) curve” increase in
based on manual calculations. marginal cost
of
production”)
11- 20 0,1 0,5
i11

The equilibrium point can also be verified mathaoaly, by deriving the point at which the
curves meet:

a(i) - b(i)*qa(i) = c(i)*asi) (a3)
Filling in the correct values for the parametergegithe equation of interest:
20-0,1*q = 0,5*q (ad)

Assuming that the quantities supplied and demaade@qual at the equilibrium point gives
us the ability to calculate at which quantity ttsis

Qeq=20+0,6 =33,333 Mwh  (ab)

Now substituting this value in either of the eqoas tells us what the corresponding
equilibrium price should be:

Peq=0,5* Qq=€16,17 /Mwh  (a6)

By running the base case model in the GAMS prodaarthe given parameters, we can
verify the same correct outcome is found (see EgdB, 19 and 20).
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LOWER LEVEL TPPER
i1 . 33.333 +THF
iz . 33.333 +THF
i3 . 33.333 +THF
ia . 33.333 +THF
is . 33.333 +IHF
i6 . 33.333 +IHF
i7 . 33.333 +IHF

| ol TS . 33.333 +INF
is . 33.333 +IHF
iio . 33.333 +IHF
i1 . 33.333 +IHF

LOWER LEVEL UPPER
i1 . 33.333 +INF
iz . 33.333 +INF
iz . 33.333 +INF
iq . 33.333 +INF
is . 33.333 +INF
isg . 33.333 +INF
i7 . 33.333 +INF
ig . 33.333 +INF

---- VAR g= guantity produced st node

MARGIMAL

——— VAR gd quantity demanded at node

MARGIMAL

EPS
EPS
EPS
EPS
EF3
EF3

(in megawatt)

{in wegawatt)

Figure 18 Gams output used in validation 1

—-——— WAR p price at a node

(in dollars)

LOWER LEVEL TUFPER MARGIMAL

il . 16.667 +INF

iz . 16.667 +INF

i3 . 16.667 +INF

ig . 16.667 +INF

is . 16.667 +INF

i6 . 16.667 +INF

i7? . 16.667 +INF

is . 16.667 +INF

ig . 16.667 +INF

ilo . 16.667 +INF

i1l . 16.667 +INF

Figure 19 Gams output used in validation 2

,,,,,, : -

B el

=
i
|
l

i 7% I

s £) et - emepe.._|[ 25 qarnid &t #o...| [SHers | s

Figure 20 Gams output used in validation 3

Validation of transmission equations and electrigitransport

The transport of electricity is governed by the gibgl laws first derived by Kirchhoff. Two
such laws can be applied to networks such as &liégtgrids: the circuit rule, which applies
to the through variables (in this case, nodesemigtwork) and the loop rule, which applies to

the across variables (in this case, the links betwedes).
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The method applied to derive these equations n#iwork used in the base case model is
described in Annex 2. The resulting equations laegallowing, where qi(i) refers to the net
amount of electricity injected into or withdrawrmin the grid at a given node i:

KC1:qi(il) = 7+ 02
KC2:qi(i2) = Gpst+ Goa- iz
KC4: qi(i4’) = Qaet Uas- Uoa
KC5:qi(i5) = Os10t Gs6- s

KC6: qi(i6") = dsg+ Os10+ Os,11- Oa6- Us6

KC7: qi(i7) = Org-
KC8: q;('i8") Oso-Ors- Qas
KC9 : q;('i9") =-0s9-Uso

KC10 : ¢i(i10) = dg10,12+ O10,21- G6,10- Us,10

KC11:qi(i11) =112~ Cho11- Ue11
KC12: q(i12") = - g10,12- Ch1,12

KV1:-05- Cho+ 017+ O7g + Ogo - Uso + Os11 + Q11127 Q1o12- Os20= 0

KV2: Q1011+ Gr112- Cro12 = 0
KV3 : -Oe10t+ Os11 + G112~ Gro12= 0

KV4 : -Q25- 12+ Q17+ O7g + Ogg - Oso -Us6= O;
KV5 : -(1o+ Q17+ Org + Ogo - Oso - Gus - Gpa =0

KV6 : -1z + Qo7+ Org- Cug- 02a =0

A simple example explaining the behaviour of flowthe network using one equation

The way the equations function can best be demairsdttransparently by using a simple
example which singles out part of the model. F@, thhe examine the bottom part of the
network, focusing on the nodes 10,11 and 12 anddhesponding equations. Adjusting the
model to take into account only production in ndé@eand 12 and the links between 10, 11
and 12 can be achieved by setting production paemand constraints as indicated in the
table (see Table 32) , and only considering theveait equation KV2. The maximum
capacity of the transmission links is set to eduil, so flows should be constrained only by
laws governing their physical behaviour and notapgacity limits.

Table 32: parameters used for flow equation validaon

Node | a b c
(= “maximum quantity demanded”) | (="slope of inverse demand| (= “slope of the supply curve,
curve”) increase in marginal cost of production”)
10 20 0,1 0,5
11 0 0 N/A
112 20 0,1 1,0
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Similarly to the previous example, we know what dipgimal supply of electricity will be:
two thirds of production should come from the n¢ti@) with a cost function which is half as

steep as the other (12).
1025@
10,256

20,513

Flows in validation example

The flows are divided. Two thirds of the electydiiows along the direct route, whereas the
other third takes the indirect route passing acnoske 11. This corresponds to the division
which we would expect, given the equation KV2:

Kv2: Q10,11+ O11,12- Cho2 = 0
10,256+10,256-20,513 =0

Intuitively, it also possible to understand whysthappens. Electricity flows depend on the
resistance offered by the lines. In the examplkeréisistance of each link is assumed to be
equal. The path across node 11 therefore representsthe resistance of the direct route
from 10 to 12. The equation therefore ensuresttwatlirect flow from 10 to 12 transports 2/3
of the power and that the flow from 10 to 11 toch2ries 1/3 of the power.

Extending the example to cover 4 nodes and 5 lines

To further demonstrate the behaviour of flows adtwy to the equations, the example above
is extended by considering node 6 in addition td1@nd 12. Again considering simplified
transport from node 10 to 12, the parameters givéime table below are used. In addition to
the equation Kv2, Kv3 is also necessary as artiaddl cycle has become possitile

** The number of equations necessary is equal to minthis case 5-4+1=2. See also Annex 2.
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Table 33: parameters used for extension of flow eation validation

Node | a b c
(= “maximum quantity demanded”) | (="slope of inverse | (= “slope of the supply curve,
demand curve”) increase in marginal cost
of production”)

10 20 0,1 0,5
11 0 0 N/A
6 0 0 N/A
112 20 0,1 1,0

Supply is the same as in the previous example. Mery&ansport has now changed: a new
route is possible via nodes 6 and 11. The divisiar the routes is now somewhat less
intuitive than previously: the resistance to flawsough nodes 6 and 11 is three times that for
flows from 10 to 12. The resistance over the padmf10 to 11 to 12 is twice that directly
from 10 to 12. 1/8 of the power therefore flows ot longer route to 11 through 6, 2/8
between 10 and 11 and these combine to give 3f&qgfower from 11 to 12. The remaining
5/8 flows directly. Again, for clarity, the valuase given within the equations below:

KV3:-O610t U511+ Ju1,12- Guo12= O

-(-3,846) + 3,846 + 11,538 — 19,231 =0 (a7)
Kv2: q1011+ th112- Qio12 =0

7,692 +11,538- 19,231 =0 (a8)

The flow over 10-6-11 is 3,846, which equals 1/80f769 (the total amount transported).
The flow from 10-11 is twice this, while that frohd — 12 equals the sum of those two flows,
and the flow from 10-12 directly is equal to 5/83&,769.
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3,8
3,8

1,4
19,213

Flows in second validation example
Behaviour of the combined network representation

Finally, overall network behaviour with all the edions can be seen by again considering a
simplified example. In this case, the parametershfe supply curves have been chosen so
that the increase in the price for supplying poisdwice as quick when production increases
in France compared to the other nodes. The valui® arameters are given in the table
below:

Table 34: parameters used for network flow behaviouvalidation

Node | a (=“maximum b c
quantity demanded”) | (="slope of inverse | (= “slope of supply curve,
demand curve”) increase in marginal cost
of production”)
i1-i11 | 20 0,1 0,5
i12 20 0,1 1,0

The result of doing so, given no constraints ongnaission capacity is that production should
increase in all the other nodes in order to eximomeet the supply of electricity in France, the
other half being supplied by the cheapest halfroflpcers within node 12. The output of the
model is displayed the production given in thedabl

The resulting price is equal in all nodes, as tiesefficient transmission capacity to trade
power in order to allow the same equilibrium torbached in each node (and as the demand
curves in all nodes have the same slope). Theikqurh price is € 16,794 per MW, the
guantity consumed in each exporting node is 32,@®ile the quantity produced rises to
33,588.
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We can see that in comparison with the first examphich was used to illustrate the
functioning of the supply curves, trade here all&esnch consumers to benefit from the
much cheaper Dutch and German supply of powereastng their surplus. At the same time
trade increases prices and depresses consumpgbtlysat all Dutch, Belgian and German
nodes. Dutch and German producers will benefit fetightly higher prices, increasing their
share of the surplus. The more expensive half eféir electricity producers will lose market
share to imports. The surplus is 3526,718 Euros.

Table 35: Model output for network flow behaviour validation

Number of node| Level of productionf  Level of constimp | Net export Surplus
1 33,588 32,061 1,527 307,791
2 33,588 32,061 1,527 307,791
4 33,588 32,061 1,527 307,791
5 33,588 32,061 1,527 307,791
6 33,588 32,061 1,527 307,791
7 33,588 32,061 1,527 307,791
8 33,588 32,061 1,527 307,791
9 33,588 32,061 1,527 307,791
10 33,588 32,061 1,527 307,791
11 33,588 32,061 1,527 307,791
12 16,794 32,061 15,27 448.808

This situation is represented graphically in thevedfor an exporting node. The suppliers can
sell additional capacity in their export marketisfansures the price increases at the node.
The green area shows the increased surplus froortsxpr the suppliers.

P max

P export

& equilibrium & export

Figure 18: Curves in an exporting node
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Annex 2 Derivation of equations based on Kirchhoft laws

The base case model constructed for the quanétptivt of this research consists of a set of
equations and parameters which can be solved asiugrs in the GAMS program. The most
important components of the model are the equatiomsrning the way the supply and
demand for power in the market is simulated at eacte, and the way in which the transport
of this power between nodes in the transmissiashigrconstrained. This annex explains how
some of the equations, governing the way the tresssom of electricity may take place
through the network, were derived.

Kirchhoff's laws can be interpreted as a set oésulhich constrain the ways in which
electricity may flow through a given network. Byresenting the components of the network
as ideal components, circuit theory and these rdase combined to derive the minimum
resulting independent equations.

The network model is shown in Figure 19: the verdmthe left is the one presented in
chapter 3, the more stylized form to the right shalused in the rest of this annex. The two
are equivalent from the perspective of network théo

©

O,
Figure 19: scope of network model
Derivation of equations following from Kirchhofsirrent law (junction rule)
For each node in the network, from Kirchhoff's @mnt law or junction rule it follows that the

sum of the flows entering and leaving the node raust to the equivalent value of the total
injection that takes place.

> Note that due to changes in the model scope ddenglopment, there is no node with the numbertBen
model.
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As an example, we discuss node 1. Node 1 is coediéatnodes 7 and 2. The net amount
injected into or withdrawn from the grid at nodaryst therefore equal those flows entering
or leaving the node through the links to nodesd arThis is achieved in the model by
constraining the allowable values which the qugmtifected or withdrawn at node 1 can take
in the following way:

Qi(i1) = Qo7+ Qa2 (@9)

Figure 20: simple example illustrating equations biancing flows through a node

When the values of these three values are positiedeft hand term represents a net
injection, and the other two terms represent flines node 1 to nodes 7 and 2. When one of
the two right hand terms is negative, then thectiva of flow is reversed, i.e. electricity is
transported from either node 7 or 2 to node 1irsthe hypothetical example displayed in the
picture, if the flows going out to the two connetteodes are -5 each, that means 10 units of
electricity must be injected at node 1. This meaode 1 is a net importer of electricity.

This logic is applied to derive similar equations éach node in the network in the base case
model. The resulting set of equations is listeaWwelwhere qi(i) refers to the net amount of
electricity injected into or withdrawn from the drat a given node |, and q(i,j) represents a
positive flow from node ‘i’ to node ‘f*

KCl:qg(il) = g7+

KC2:¢(i2) = G5+t 0pa- o

KC4: g(i4) = Get ths- Goa

KC5: q(i5) = Gio+ Gss- Us

KC6: ¢(i6) = Go+ G20+ Ge11- Clas - Use

¢ Once again, a negative flow from node i to j repres a flow in the opposite direction.
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KC7: q(i7) = 0s- thr

KC8: qg(i8) = Go-0rs- Uus
KCO:q(i9)  =-Go-Geo

KC10 : g(i10) = thoi2+ O1011- Us10- Us10

KC11:qg(i11) = th112- Qro11- Us11
KC12: q(i12) = - Chor2- Ch112

Derivation of equations following from Kirchhoffisltage law
(loop rule, principle of least resistance)

Kirchhoff's voltage law states that the algebraimsof the potential differences across all the
components around any circuit (cycle) in an eleatmetwork is zero. An equation could
therefore be found for every possible cycle witthie@ network modelled. However, this is not
necessary: a minimal number of equations can bhadfty determining a set of fundamental
cycles, which can be translated into a set of iggadependent equations constraining flows
through the network. The method followed here seldlaon that described in (Dolan and
Aldous, 1993¥. The law is also known as the ‘principle of leastistance’, as the
consequence of such equations is to guide thedfalectricity along the path which
represents the lowest resistance route (betweenjaetion and withdrawal) (Smeers, 2008).

First, links are removed from the network represgoh until a spanning tree is found (i.e. a
sub-graph of the network containing no cycles). Sgare 21.

Figure 21: network model and spanning tree derivedrom it

“" This is itself reported by the authors to be smib that first given by Kirchhoff himself, in 184if
formulated slightly differently.
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Note that directions need to be given to eachilindrder to determine the equations. The
chosen direction is arbitrary - it doesn’t makdféedence for the result as long as the notation
is consistent over all the variables used and emusmthat are defined.

Next, for each of the chords (i.e. the links whirdve been removed), the link is added and
the corresponding resulting cycle is translated art equation. By travelling along the cycle,
adding the potential difference resulting from tjuantity transported between the nodes, and
constraining the sum of these to equal zero, aatexuresults.

An example is shown using Figure 22.
This cycle gives the first equation
shown at the end of this page.

The number of such independent
equations in a network of n vertices and

m links can be shown to equal m-1+1, G
where ‘m’ represents the number of
links and ‘n’ the number of vertices or
nodes in the network (Dolan and
Aldous, 1993). In this case therefore,
(17-11+1) = 7 equations are necessary.
These are given below:

In each case, the notatioin) tepresents @

a flow from node ‘i’ to node ' if Figure 22: one of the cycles found using the spamg tree
positive and from ‘j’ to ‘i’ when the sign is ne@at. The ‘direction’ given to the links
mentioned earlier is thus from ‘I’ to .

KV1:  —X55(d2s) — X1.2(12) + X0,7(A1,7) + X7.8(A78) —Xe8* (Ae8) + Xe,11(06,11) + X11,15( 11,19 —
X10,17(d10,19 — X516(d5,10 =0

Kv2: X 1011 (01019 + X11,17(q 11,19 — X1017(q 1019 =0

KV3: -X6.16 (06,10 + X6,11(06,11) + X11,15(A 11,19 — X10,17(0 1019 = O

KV4:  -X359(025) — X1,2(A 1,2 + X1,7(q1,7) + X7,6(d7,8) — X668 (d6,8) — X56 (056 = O

KV4: -X 12012 + X1,7(01,7) + X7.8(07,9) — X658 (6.8 — Xa,6(qa6) — X2,4(0U2,9 = O

KV5: X1,75(01,2) + X1, 7(A1,7) + X7,8(d7,6) — X468 (Aa8) — X2.4(024) = O;

KV6: Xe6g Q68+ X g'Ugo+ X9 170012~ X11,17q 11,12~ X6,11°U 6,12 = O

The other six cycles are displayed graphicallyigares 23-28.
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Figure 23: one of the cycles found Figure 24: one of the cycles found Figure 25: one of the cycles found
using the spanning tree using the spanning tree using the spanning tree

From top left clockwise, the cycles are relatedqaations KV 2,3,4,5, 6 and 7.

Figure 26: one of the cycles found Figure 27: one of the cycles found Figure 28: one of the cycles found
using the spanning tree using the spanning tree using the spanning tree



Adding the effects of reactance to the equationggong flows

The equations derived in the first part of thisenwould be accurate in describing the flows
through the network only if we were to assume thatresistance of all the transmission lines
were equal. In practice, electricity flows are gmesl by the proportional differences that
exist between these resistances. This is represantke model by multiplying the variable
representing flows through each of the lines whin teactance of that line, in accordance with
Ohm'’s law?® to give the equations used in the model itselé $burces of data and parameter
estimation of the reactance of the various linesdascribed elsewhere in this thesis. (See

Annex 6).

KV1:  —X55%(d2s) — X1.2(12) + X0,7(A1,7) + X78(078) —Xe8* (Ae8) + Xe,11(ds,11) + X11,15(A 11,19 —
X10,12(0 10,19 — X5,16° (05,10 = 0

Kvz: X 1011 (01019 + X11,17(q 11,19 — X1017(q 1019 =0

KV3: -X616 (06,10 + X6,11(06,11) + X11,15(A 11,19 — X10,17(0 1019 = 0

KV4:  -X359(025) — X1,2(A1,2) + X1,7(q1,7) + X7,6(d7,8) — X6,6(d6,9) — X56(056) = O

KV4: -X 12012 + X1,7(01,7) + X768 (07,9 — X658 (06,8 — Xa,6(qae) — X2,4(0 2,9 = O

KV5: X1,75(01,2) + X1,7(A1,7) + X7,8(d7,6) — X468 (Aa8) — X2.4(024) = O;

KV6: Xe6g Q68+ XggUgo+ X9 170012~ X11,17q 11,12~ X6,11°U6,11= 0

“8 Although in reality Ohm’s law applies to both theal and imaginary components of current within AC
networks which together form the impedance, in a@ehthat is based on the ‘DC’ load-flow approxiroatithe
resistance is assumed to be negligible comparttetoeactance of each the links. This means tleatdlue for
the reactance of a component can be used in the pfahe impedance.
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Annex 3: Potential bottlenecks in the Dutch 380kv
transmission grid between 2008-2014

This annex displays two figures from Tennet's Ehegch TSO) quality and capacity plans for
the period between 2008 and 2014. Calculationbased on load-flows and scenarios which
represent potential relevant trends in demand vektment. ‘Excursions’ for each scenario
test the robustness in situations where generatieither the Maasvlakte or Eemshaven
coastal locations increases strongly.

These figures suggest congestion can occur both-south (e.g. to the north of Zwolle) and

from the west to the east (e.g. between KrimpenGeettruidenberg, or Zwolle and the
German border).

grafiek 1 Belastinggraad 380 kV-circuits in procenten van de nominale transportcapaciteit
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Figure 30: Reference scenario ‘Groene revolutie’ 2 % growth in demand and realization of plans
assumed Source: (Tennet 2008)

42



Belastinggraad 380 kV-circuits in procenten van de nominale transportcapaciteit

grafiek 7

160

%

133Wxog - JYORIqSeR

| JIBIQSERI - UBAOLPUIT

Biaquapinipzan - usaoypuil
Buaquapiniaan - ajessiog
BP[e|NSERYY - DRLIBISTM
F919359 - ua buniayeny
uabuusie - jlimsielg
UBABLSU OIS - SP{EJASER}
UBABLSUOLLIS - URIsaien)
P{R|ASER - UIRISAARI)
Hlimsis|g - uaduny
Biaquapinipaan - uadwiry

| uissadel) - uadwiy

Alimsialg - oifivusnag
Nimianag - ueemysoQ
uaduwiu - ueezisoQ
UEEZSOQ - UBLLBIQ
uadwiny - uaynaig
uswaI - usjenaig
uswaI( - pejshjal

138 x0g - pIEEMBPOQ
Jyoelqseeyy - pleemapog]
wayousog - pieemapoq
wepun@e - opbusH
ojebuay - ajomz
pelshpl-sug

gjjomz - sug

3|jom7 - uapaaiy
UaNeLSWa] - uapaapy

Excursies

Scenario

—— Maximaal toegestane belastinggraad (110%)

2014

B 2008 T 20m

B o008 B 2011 1 2014

Figure 31: Reference scenario Nieuwe Burchten (repsents assumptions related to high export)

Source: (Tennet 2008)

143



Annex 4: Estimation of supply curve parameters

This annex describes the process through whickupply curves were estimated, including
the sources of the data used. In general, the apiprdescribed by Sharma (2007) and later
reported in De Jong (2009) is followed. This imglige starting point for the analysis is a
bottom-up calculation of the marginal costs of apieg a power plant, depending on the
energy technology employed. The division of thdsats over the nodes in the network is
then used to construct curves based on margintd obavailable capacity at each point,
using a linear regression method.

In order to translate this basic input into usablermation for the model, two major
assumptions are made. The first is that the sugpdieelectricity will bid to sell their

electricity production based on these marginals;asther than attempting to recover
additional (e.g. capital cost) revenues.

It is important to remember that all accepted bitthin the spot market for electricity are

paid the marginal bid price, that is they recelve $ame amount as the highest accepted bid,
regardless of whether their own bid price was lowéis would allow many of the bidders to
recoup some or all of their fixed costs most oftthee, even when bidding based on marginal
cost. This assumption can therefore be understeodpaesenting rational bidding behaviour
under a perfectly competitive market situation.uitlier discussion can be found in chapter 3.

The second assumption is that the aggregationesktiata to linear curves through a
regression results in a fair representation oféhmdding curves which could be reasonably
expected to occur in reality. As discussed in obaPt using a linear curve in place of a step-
function entails the loss of some accuracy comptorecdhat is the case in reality. However, it
is mathematically significantly simpler to modetk this stage modelling these curves in a
more accurate way goes beyond the scope of thedtitiés research.

Chapter 3 discusses the reality of bidding curvesthe way they have been modelled in the
academic literature in more detail.

This annex describes the process used to arrpparaineters for use in the model in three
steps. The first deals with the estimation of maabcosts. The following step involves
estimating the division of plants with these camstsr the locations in the network. The final
step is the translation of this data to usablerpatars, using a simple regression analysis.

1) Estimation of marginal costs experienced by supplé electricity
For the purpose of modelling the behaviour of eleity suppliers, it is assumed here that
these actors bid to sell their electricity on tlasib of their marginal costs. What are the
relevant components of these costs? For the pespafshis study, these are limited to three
factors: fuel costs, operational costs and costsciated with emission prices. Each of these
is briefly discussed.

Fuel costs
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All generation of electricity using fossil energgchnology implies costs for buying fuel.
The amount to be paid per megawatt generated dsmenbloth the raw price of the fuel
guantity needed that contains the necessary enangyon the efficiency of the plant in
guestion, as is defined in equation a.4.1.

Fuel cost(€/MWh) = Fuel quantity (calorific value 1 MW, e.g.tons of coal, ni of gas) * net plant
efficiency (a.4.1)

For this research, it is assumed that of thesefaoestimates of developments fuel prices
could have significantly changed from the estimaissd by Sharma (2007) while plant
efficiency is not likely to have changed signifitdgrmper energy technology, given the

long lifespan of such installations. Therefordloi@ing the more recent research
performed by Ummels(2009), the values for fuel gsiare based on those values reported
in from the World Energy Outlook 2008 as expectadgs for 2015. Combining these

with the efficiency estimates gives the cost regubrh table 21.

Table 36: Fuel costs per technology

Energy technology Fuel price | Net efficiency | Fuel cost
€/GJ € / MWh
Hydropower 0 100% €0
Wind power 0 100% €0
Hard coal condensation 2 37% €17,14
Lignite condensation 1,36 42% €12,24
CHP natural gas 5 58% €31
Natural gas combined cycle 5 58% €31
Natural gas turbine 5 38% €47
Qil 10,5 41% €92,2
CHP biomass (pellets) £€14789
CHP biomass (straw) €14,59
Uranium 1 37% €9,7

Operational and management costs

Operational costs include non fuel expenses dyreetated to running the plant which are
variable rather than fixed, such as staff and reaiatce.

For these estimates are based on values givee avtilable academic literature, as used
by Sharma (2007). The underlying assumption heagasn that these costs are less
volatile than fuel costs, so that these valuesstiirfiorm a good indicator of expected
practice. They are displayed in the table below.

9 The value for CHP fuel costs used by Sharma isrtalirectly rather than calculated, from Wiesel et a
(2007)
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Table 37:

Operation and maintenance costs per tecbiogy

Energy technology typical capacity factor O/M cost (€/MWh)
Hydro power 51% €6,6
Wind power 25% €10
Hard coal condensation 91% €8
Lignite condensation 91% €7,5
CHP natural gas 91% €8,15
Natural gas combined cycle / turbing  91% €4
Oil 85% €4
CHP biomass 91% €10,7
Nuclear 91% €8

CO, emission permit prices

Since the introduction of the Kyoto protocol, puasing the necessary emission permits
forms an additional cost associated with the geiweraf electricity in Europe. The price
can be quite volatile — at the time of writingwias at €13 (Point Carbon, 2009), but in the
long term it may be expected to rise. The estimases by Sharma (2007) and in the
world energy outlook 2008 for 2015 are €20 and €&pectively. In this case, €25 will be
adopted as the initial value, but the model valatawill include a sensitivity analysis
looking at the impact this choice has on model @uies. Combined with an estimate for
the emissions, this gives the emission costs disglan table 38.

Table 38: Emission intensity and resulting cost peMWh

Energy technology

Emission price

Emission intensity

Emission cost

(€ / tonne) (kg CO2 / MWh) (€/MWh)
Hard coal condensation 20 811 €16,22
Lignite condensation 20 954 €19,08
CHP natural gas 20 358 €7,16
Natural gas combined cycle 20 358 €7,16
Oil 20 1 € 0,025

The resulting estimates for marginal cost pricescatculated in a spreadsheet, as shown
in the screenshot (see Figure 30).
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Figure 30: screenshot of spreadsheet used to estitdanarginal cost

The resulting marginal cost prices per MWh for lase case scenario are given in the
table 24.

Table 39: Marginal cost price of production estimags per technology

Cost of production (euro/MWh) | Energy technology
6,6 | hydro
10 | wind
17,72973| nuclear
38,32| lignite
40,86286| hard coal
42,19448| NGCC
42,19448| NG CHP
58,52842| NG turbine

2) Division of supply by energy technology and quanpiér node in the network

The division of power plants has been estimatedstiiy plants were found by taking the
declared capacity data from the Dutch TSO Tenrmrethi®first quarter of 2010 (Tennet,
2009a). The new plants listed in the quality angac#ty plans for 2008-2014 were then
added, based on those connections that have baetedfTennet, 2008b). A plant planned in
Geertruidenberg by Essent has been cancelled guldieation of the quality and capacity
plans, so this was not taken into account. The Nixt-and Brit-Ned cables were assumed to
be used to import hydropower and power producedN®ZC plants respectively.
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Figure 32: spreadsheet used to calculate capacitgplocation in the Netherlands

The resulting data was combined into a spreadsteeallow easy calculation of the resulting
capacity at each location in the network. The stwhet (Figure 32) shows the resulting
overview of plants in the Netherlands. The data thaa used to estimate supply curves for
each node, as is visualized below in Figure 31.
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Figure 33: spreadsheet used to illustrate supply cues per location in the Netherlands



3) Estimation of parameters using SPSS based on catiins of capacity and marginal
prices per node

Although the supply curves can be roughly estimatadg the spreadsheet as shown in step
2, more precise statistical analysis can be domg ymsirpose built software for data analysis.
The data from the sheet were therefore enteredhetsoftware package SPSS, in order to
allow supply curves to be estimated for each nBeéow, the curves and relevant parameters
are given. The R square value may be interpretéudésating to which extent the variation in
the ‘real’ data is explained by the parametersregtd for the curve. It is higher for the two
nodes (1 and 5, i.e. Meeden and Krimpen) with éingdst amount and variation in generating
capacity. This is not unexpected, given that tleesees are estimated on the basis of a larger
number of data values).

Table 40: Slope of Dutch supply curves

Node | Slope R square value
1 c(i1) = 0,009 | 0,966
2 c(i2) = 0,044 | 0,658
4 c(i4) = 0,077 | 0,809
5 c(i5) = 0,05 0,985
6 c(i6) = 0,038 | 0,710

4) Estimation of supply curves for Belgian, Freacid German nodes

As is noted elsewhere in this thesis (see Chapieh@® model used for the quantitative
research is based on an aggregated representhtiom alectricity markets and networks of
neighbouring countries. This section of this anerplains the methodology used to calculate
supply curves for the nodes in these countries baiefly discusses the assumptions and
simplifications involved.

Belgium
Belgium is represented by two nodes in the modatal@oncerning existing and future
Belgian plants was derived from documents and idatae public domain (Elia, 2009b)

and(Elia, 2009a). Assumptions on future capaciyp araw on the supply adequacy forecasts
of UCTE (2008) and Ummels (2009).
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This information was compiled in

the form of a series of e E—
spreadsheets which allow : faa—
calculation of linear supply = = =—s =—71
curves, based on a least squares || " = = h—
regression as is described inthe | = iE = —
first section of this annex. i - = &8 —
Screenshots of the relevant :

spreadsheets are given as an R —
indication (see Figures 34and | - = | .

35). EIE F

Figure 34: screenshot of spreadsheet with Belgiamgply curves

Belgium is mainly relevant for

congestion within the CWE region as

a transit point between the Netherlands

and France, rather than as a result of

internal congestion. Its nodes are

therefore simply assigned half of the

national capacity for electricity

generation each.

This allows more accurate

- representation of the interconnectors,
while saving time which would
otherwise be spent investigating the
geographical distribution of Belgian
power plants, which is deemed to

* exceed the scope of this research.

. | 50) Working_raft_of thest...| [« 15116

Figure 35: screenshot of spreadsheet with Belgiaroper plants

The resulting parameters for the curves are algengn table 26.

Table 41: Slope of Belgian cost curves

Node Slope R square
10 c(i10) = 0,0075 0,6975
11 c(i11) = 0,0075 0,6975
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France

France is represented in an aggregated form, assiggle node connected to Belgium and
the south of Germany. French generation is domghayenuclear capacity. Estimates for
available capacity for the year 2014 were derivechfUCTE data based on (UCTE, 2008)
and Ummels (2009). A screenshot of the spreadsioestructed with this data is given (see
Figure 36).
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Figure 36: screenshot of spreadsheet with French gply curve

A supply curve was estimated using a least squaggession as described in the first section
of this annex. The resulting curve parameters msengn table 27.

Table 42: Slope of French supply curve

Node Slope R square
12 0,0005 0,5603

Germany

Representing the western part of Germany accuret@hyportant for this research, as
congestion in this part of the CWE region can ti@esnto congestion within the Netherlands
and vice versa. However, modelling the whole of@®man network to the same level of
accuracy as that applied for the Netherlands woeddire data estimation and a model
beyond the means and time available for this rekear

The approach chosen compromises between the dasicadacy and complexity by
representing the western most regions of the Gemabmorks. More specifically, the control
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areas along the border are taken into account. Nod¢he model covers regions 0 and 2
along the north western border region falling urtherTSO Transpow®r Node 8 covers
regions 1-5 of the TSO RWE Transportnetz. Finallyge 9 represents regions 1 and 2 of the
TSO associated with the company EnBW.
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Figure 37: German network regions and TSOs

In order to estimate generation capacities, daadable from sources in the public domain
(Transpower, 2009), (RWE Transportnetz, 2009), (FNR009) and (EEX,2009) was
compiled into a series spreadsheets. The screangiven (see Figure X) give an indication
of the structure of the calculations involved.

0 Transpower is a subsidiary of the E.On group

[a2



B Microsoft Excel - Supply curve Duitsland
] Bestand Bewerken Beold Iwoegen Opmack Extra Data lemster Help Ty een vrasg voor hulp
DEEHSISRIVEIS DR-F/9-0- B =2 0D0 [gim v -/BZU HE % m € R
@M A& @ Favoriten~ | Ganaar~ 3 -
HE - #
AT & S Y O O O S . O O Y 20 O O S 0 2

[T 1AVE  Comolana Node Hyho wnd mcksr NGCHP Bod  Lgwte NGCC  Woubine O Cumultoe

=1 Fil— LR s Gd oo A

=1 FIR R —— ST o L Fegion Capasity

x| FIR S S—— w7 LI 2 Sowons

o s o wme o0 00 sms 0 zmos o a7c 3w

el FIR ¢ £ e - W Unspatenc o concrning nputfotegionenmodel 203

=1 -

|

[el

[0 £0n  Tranzpower Transpover

| FIR - - o~ % ) i Transpavrvebeheanspareny secin

| o Krsvvtkanscu et de Nttt nach stk SKGaAT

[l o

[l o
Dbt o i versus i
und e Leiungstisseinden e

| 5 enev o enev 0 (R )

el FIR - o w0 e -]

| El— -~ iz 2 om EEvubete WipelonsewoamdenTranspeneyPowsr 0

el o e o

[t [Evsing  Powerplnis iegion? wanspover

21 node focaion Gl capacy CHPtabne  WGCC fes

[z 7 vibsimshauen cost Tir

I — ol 0

[26] 7 wemenhanest ol il

- I— ol w0

1 — ol o —

A Fy 5 i &)

£ i 0

[ aon CrTm—c]

N — Coat ]

2 ingen F 5 i

[5G F w2 1

T £

a0 iegion2 wanspover

[ 7 ibaimshanEONconl

[371 7 vibaimstavn GoF S 0

) cosl 0

I — ol 0

T £ 55

[Foz vind

[oat ™ 7 anshore i 2

ET— i t

[[45 |Evsing_ Powerplnis iegion? oY

[ort s vaim ot a5 ai

ol o o 250

T T r— wn i ol gss

- ol & ]

[ ol L i F5

T ol si0

I ol 3

[o61 s Phiosou Er—

o ko the e | 1508

I i i -

[or s Pumpansney o o

- who 50

o Moo cost "

T £ 0

¢ <> Wi\ Nodalsupply curves_{PYCZ \0pa i 14l | ﬂr‘

Gereed

@) start| &) Gmei - Inbox - joln.. | &) Evropean Eneray Ex.. |[&] supply curve Dutt... =] Supply curve doorre... | ) RWE-Strontranspart.. | 5] Postvak IN - Microsof... | ] working_creft_of th.. | 4 france sheet screens.. | [« 15:41

Figure 38: Screenschot of spreadsheet with Germargnts
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Figure 39: Screenschot of spreadsheet with Germamgply curves

A number of German plants are able to run on melfiel types. It was assumed that these
would be run on the basis of the cheapest fudiemterit order (i.e. coal for the base case
scenario).

The resulting curves should be considered to laively rough estimates of the true situation
regarding German generation capacity in 2014,tadyathorough representation would
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require a more detailed analysis of expectatiome@ming new plants and more accurate data
than is currently easily accessible. The paraméberthe curves are indicated below.

Table 43 Slope of German supply curves

Node Slope R square
7 0,0037 0,5999
8 0,0025 0,7289
9 0,0042 0,6084

a4



Annex 5 Estimation of parameters related to demand
curves

This annex describes the relevant methodology nagtons and data which were involved in
the calculation of the demand curves for each modee model.

The demand for electricity should also be specifiednode in the network. The simplest way
in which to deal with demand is to find a value flog national demand, and then divide it
equally over the network. This may allow modellofghe effects of managing congestion
within a generic network, but is not very realigtc a country such as the Netherlands.

(Bjgrndal et al., 2003) simply state they divideshdhnd in a way that they believe ‘comes
close to the realistic situation for the Norwegiand Swedish network’, and represented this
by linear demand curves with a parameter for tlegdtive) slope. The cut-off price (the
maximum which will be paid for electricity) is reggented by a parameter which is equal for
all nodes.

Sharma and de Jong (2007) use a single natioreakrefe market outcome. They determine
the price associated with this quantity of demaaskld on the assumption that at this price the
supply and demand curve will be in equilibrium tisat substituting the chosen level of
demand into the supply curve gives a price. Thep tombine the maximum quantity of
supply possible with a price level of 0 to deterenansecond point. Fitting a linear curve
between these two points results in an inversemnailtior regional demand curve for

electricity. The procedure and result is visualibetbw (see Figure 40). This procedure must
be adjusted when demand is spread over multipleswadthin a national network, to take

into account a realistic distribution.

— PO, Qmax Prmax , Qmax

it o]
oos P ref ‘

| Q = quantity a producer will sell at that price |

Figure 40: Linear curve estimation
Estimating demand curves for nodes with the Nedheld

For the Dutch nodes in this model, where demanal e divided geographically the
approach of (Leuthold et al., 2008) is used to ¢jbathis distribution. These authors, when
modelling the effects of nodal pricing for the Gammetwork, chose to use the division of
GDP over the country as a proxy for electricity éewoh Using public data relating to the
division of gross value added (for industry and/ees) and gross domestic product (for
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residential demand), a proportion of economic #gtper district may be derived. The share
of national gross value added for the node compar#ue national total can then be used.

This share of production can be combined with agemmeasure of electricity use per sector
per unit of value added or of residential demandHe country as a whole, to determine an
average electricity demand at that node. Onceaghigen matched with predicted demand,
either the same procedure can be followed as wagdpy Sharma and de Jong (2007), or
alternatively a chosen level of demand elasticiipear demand curve specific to that node
could be used to give an inverse linear demandecurv

Data for estimating the value of demand for thehldgands in 2014 nationally was the
assumed load from the TSO’s forecast(Tennet, 20081$ estimates growth in demand to
17.782MW (from 15.334 MW in 2008).

As the methodology described above for estimatieg €gional division of demand has been
carried out in 2006 by the TSO, Tennet (TenneT6200his study estimated the demand
distribution at the municipal level: a higher lettehn is relevant for the nodes in this model.
The data were therefore aggregated into a spreedal@wing for a division of demand
according to the allocation of demand per provitaceach of the five Dutch nodes. A
screenshot (see Figure 41) illustrates the proeedur

istat. € G [ ani-tbox... [ [Cescarerc, [ Temer-netk.. | tipiliwwien | /2 povedesvan. [ tioosotexce... |G Workg gt v | 9, ik

Figure 41: screenshot of spreadsheet used to calatd provincial demand for electricity

By allocating the provinces to the relevant nodesl dividing provinces where necessary, a
rough share of electricity demand per node coulddseved. This share is combined with the
demand national prediction above to give the denpeediction per node, as shown in the
table below.
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Table 44: Division of demand for electricity over mitch nodes

Country / node Provinces allocated to node Share demand % | Share of demand MW
(2014)
Netherlands (Krimpen) North/ South Holland, Zeeland 54
Utrecht, ¥2 of North Brabant 9702
Netherlands (Meeden-{ Friesland, Groningen, ¥ of Drenthe 9 1615
Eemshaven)
Netherlands Overijssel, ¥ of Drenthe 10 1819
(Zwolle)
Netherlands Gelderland 12 2137
(Hengelo)
Netherlands Limburg, ¥ of North Brabant 14 2507
(Maasbracht)

The equations for the Dutch supply curves, baseth®mestimation of marginal costs
described in Annex 4, each take the linear forneigivm generalised terms below:

Py(i) = b(i) * Qi) (a10)

Substitution of the predicted national demand im@gregated demand curve gives average
price to use for each demand curve:

Aggregate Dutch supply curve
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Figure 42: aggregate Dutch supply curve

Py(i) = 0,0024*17.782 = 42,68 euro / MWh (all)

To find a second data point, we assume that ag@othetical) price of O euro /MWh, all
national capacity would be consumed. Assuming #meand is then divided over the regions
according to the spread indicated above, a secoimd gan be determined and a linear
function estimated. The resulting demand curvesioarefore be given using the following
parameters for the intercept value and the slope t@ble below, and graphs for an indication
of the slope of both linear approximations of tleendnd and supply curves.
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Table 45: Parameters of demand curves for Dutch nab

Parameter | Represents Node 1 Node 2 Node 4 Node 5 odd 6
a intercept

(= max price) 125,678 129,114 123,851 125,981 125,172
b slope of curve | 0,051393682 0,047518985 0,037984905 0,008586294 32905763

Estimating the Belgian and French demand curve@ir4

In order to determine demand curves for the tw@iel nodes in the network, a similar
simplification is applied to that used for supplyrwes. The relevant parameters are estimated
first on a national scale. Demand is then assumée divided equally over the two nodes.
For France, only a single node is modelled, smnatly aggregated figures can be used.

National demand for electricity in 2014 for Belgiusnestimated based on an extrapolation
using the same assumed growth rate for the pegtwiden 2010 and 2015 as is assumed in
the UCTE system adequacy forecast 1,7 % (2008)gussimple spreadsheet. The same is
done for France, using the growth rate (1%) for®@@Q15 from that publication. A
screenshot of the relevant spreadsheet has bdadedqsee Figure X) as an indication.

e
cooSEosd s e Bive

E F [ 6 [ H T J K T | M N =
Forecast demand (MW)

I

Historic Demand  (MW)

Winter hour 2010 2011 2012 2013 2014 2015
1-1-2009 11:00 12700( 12915,| 13136,47| 13358,7733| 13585,8724| 13816,8323| 14051,7184|
19:00 13500( 13729,5| 13962,902| 14200,2708| 14441,6754| 14687,1838| 14936,866|
Summe our 0
1100 11100] 11480,608)

1-7-2009

IEI NI

\i‘m‘m \‘w

11288,7 11675,7782| 11874,2665] 12076,129| 12281,4232|

NB1  Source historic data Elia (2008) cited in UCTE Supply adequacy forecast 2008-2015

Rk

Assumed Growth rate 1,017
14 ( electricity consumption in year 'n’ compared to year 'n-1)
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Figure 43: screenshot of Belgian demand curve sprdsheet and Powernext prices
These capacities are then compared with refereacketprices from the electricity
exchanges for these countries, to give a data poitthe demand curve (a screenshot of the

market data website for the Powernext French andsishown above).

The results of the demand estimation are shownabelo
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Table 46: Estimated peak national demand in 2014 fBelgium and France

Country / node Demand Assumed rate of Estimated Reference price
(01-01-2009) growth demand (Euro/MWh)
(per year) (01-01-2014) (17-12-2008)
Belgium (2x) 12,7 GW 1,7 % 13,8 GW 82,24
France 82,7 GW 1,0% 86,9 GW 77.624

The two equations for the Belgian supply curvesghbeon the estimation of marginal costs
described in Annex 4, are given below:

P(S, Bdg iumi=0,0075* Q 9 (al2)

Substitution of the predicted demand gives onetpmirthe demand curve:

P(S, Bdg iumi=0,0075*(12,7*10~3MW}/ 2 = 47,625 euro / MWh (al3)

The net maximum capacity is 9569MW per node, wisezh be combined with a price of zero
to give the second data point for estimating theeu

The resulting demand curve can therefore be gigerguhe following parameters for the
intercept value and the slope (see table32, anad&i4 for an indication of the slope of both
linear approximations of the demand and supply esjv

Table 47: Parameters of Belgian

demand curve
Supply at node Belgium west
y =0,0075x
o R?=0,6975 Parameter Represents Value
120 : a intercept 141,6212
- N (= max price)
Z . \\ b slope of curve -0,0148
g AN
A Py
é 40 N~ I
o . S
~
20 * h L
0 . . . . . i
0 2000 4000 6000 8000 10000 12000
Capacity (MW)
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LinAanir (DAlaicima VAN Linnnir INAamand Atinmn)

Figure 44: graph illustrating Belgian demand and spply curves

The equation for the French supply curve, basetthe®stimation of marginal costs described
in Annex 4, is given below:

P<(France) = 0,0005 * QFrance) (a14)

Substitution of the predicted demand gives onetpmirthe demand curve:
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P<(France) = 86900 * 0,0005 = 43,45 euro / MWh (al5)

The net maximum capacity is 112000 MW, which camrcdmbined with a price of zero to
give the second data point for estimating the curve

Supply at node France

250

200

150

Price (euros/MWh)

o P .
50 —
tI\'
—— . 4
[OF 2 T T T T T
0 20000 40000 60000 80000 100000 120000
—e— France —=— Demand y =0,0005x
Lineair (France) ——Lineair (Demand) R?=0,5603

Figure 45: graph illustrating Frenchdemand and supty
curves

The resulting demand curve can therefore be defiset the parameters for the intercept
value and the slope given in the table. The grapésga rough indication of the relation
between the linear approximations of both demantdsaipply curves compared to what step
functions in practice might look lik&.

Table 48: Parameters of French demand curve

Parameter Represents Value
a intercept 193,88
(= max price)
b slope of curve -0,00173

Estimating the German demand curves using demarzDfit

In order to determine regional demand curves feratygregated areas represented by the
three German nodes in the network, the valuesutoré load per regidhgiven in the

forecast published by the German TSO'’s for thaegiaes was compiled using a spreadsheet
(see Figure 46).

*1 Note for example that due to the way the spreatstadculates the trend line, the value for theritept with
the y — axis is overestimated. In practice, oncergain price is reached, demand may become vertica
(completely inelastic or unresponsive to price ¢je) and in practice, there are also caps on maismot
prices that can be reached at times of low supply.

2 The regions used are the same as those chossupioly, see Annex 4 for details.
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Figure 46: Screenshot showing a spreadsheet used @erman demand calculation

The average value of load was taken from the heghahd / high wind capacity and high
demand / low wind capacity scenarios when thederdd. This ensures a similar situation is
being assumed as given in the UCTE supply adedieaegast studies, which are based on
“...standard weather conditioh$2008, page 32).

As these values are based on a forecast for 20@g are increased using the average annual
growth rate assumed in the UCTE supply adequa@cést for the period between 2010 and
2015%(2008, page 115).

This allows the calculation of average load estasdibr 2014, as displayed in the table
below. Reference prices were found for a compangitin current peak prices.

Table 49: German peak demand growth estimates for®.4 per region

Country / node Demand Assumed rate of Estimated demand | Reference price
(forecast growth (MW, 2014) (19-12-2008)*
for 2013) (per year) (Euro/MWh)

Germany (north) 3675 1,002 3681 63.06

Germany 28408 1,002 28465 63.06
(middle)

Germany 11198 1,002 11221 63.06
(south)

The three equations for the German supply cunasedon the estimation of marginal costs

described in Annex 4, are given below:

%3 Specifically, the annual growth rate assumed240,
** Data from the EPEX Spot market website (2009).




P(S, Germanynorth=0,0037* @ ) (a16)

P(S, Germanymidd)e= 0,0025* Q ) (al17)
P(S, Germanysouj= 0,0042* Q) (a18)

Substituting the predicted national demand givetUBE (2008) for 2014 in a national
supply curve based on a regression of predicteglgygimilar to the regional gives a
reference price for power curves (see Figure 47).
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Figure 47: aggregate Dutch supply curve

This is then coupled with the predicted regionahdad to give a first point on each demand

curve.

P(d) = 0,0007"* q(d) = > = 0,0007 * 77500 = 54,25

so these points are as follows:

(a19)

Table 50: Data points on the German demand curvesgp region (national demand and price prediction)

Country / node Demand | Assumed rate of growth | Estimated demand Estimated price
(forecast (per year) (MWh, 2014) (Euro/MWh for 2014)
for 2013)

Germany (north) 3675 1,002 3681 54,25
Germany 28408 1,002 28465 54,25
(middle)

Germany 11198 1,002 11221 54,25
(south)

The net maximum demand is found by assuming tleaptbportion of national demand
consumed by each region will remain the same apribe of power decreases. If this is
coupled with the assumption that on a nationalesaghen a price of 0 Euros per MWh
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occurs, all power capacity is used, a second datd pan be found for each region
representing the intercept of the demand curve thighx axis.

The resulting demand curves can then be given ukagarameters for the intercept value
and the slope given in the tables beside the grgpks below. Each equation can be
generalised in the algebraic forng(ip=a — b * g(i) (see also chapter three).

Table 51: Parameters of German supply curves

Country / node b a=b(Q may

Germany
(north)

i7 0,065642691 295,8807471

Germany
(middle)

i8 0,008488697 295,8807471

Germany
(south)

i9 0,021533798 295,8807471
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Annex 6: Estimation of safety margin with regard to
maximal thermal capacities of transmission lines ath
resistance of lines

This annex describes the sources which have bewulted in order to find the values used
for indicating the maximal capacity constraint flee amount of power that can be transported
during a single hour over any one transmissionilirthe quantitative model used for this
research.

Although data are available for the thermal capdaitits of the lines, these cannot simply be
assumed to be available for transport of tradectrtey. A safety margin is always
employed, in order to ensure that the grid canioagetto function safely when components
fail. If any one component were to fail this is kmoas an ‘n-1’ margin, if the margin is
sufficient for two components to fail without imped, it is ‘n-2’ and so on. Furthermore,
although this model is a ‘DC’ model based on adnmation, in real operation part of the
transmission capacity will also be needed to dethl the occurrence of reactive power,
further reducing the ‘usable’ transmission capacity

Available capacity on interconnectors between matimetworks

For the interconnections between countries, the Najiacity estimates (Entso-E, 2009)can
be adopted as an estimate of the cumulative cgpailable for day-ahead trade in the
market (see table below). Although in practice gff@re taking place which will allow more
precise flow based modelling of actual capacitis tan be seen as a relatively conservative
estimation of the capacity on connections spannatgnal borders. Where the estimates
diverge, the lower capacity is given.

Table 52: NTC values for Dutch borders for winter 209

Border NTC 2009 winter (MW) | Includes links Comments

NL-DE 3000 1-7, 4-8, 6-8

NL-BE 2400 5-10, 6-10, 6-11

BE-FR 2200 10-12, 11-12

FR-DE 2750 12-9 Includes interconnectors

not given in model, such
as those that go to the
RWE control area
represented by node 8.

% Tennet, the Dutch TSO, employs a TransmissioreBiily Margin (TRM) of 300 MW for these connectign
which according to Haubrich et al. (2001, page 18&gased onstatistical analysis of observed amounts of
inadvertent exchange plus a (small) surplus forantainty on system conditions beyond the portioaady
coped with by explicitly considering different sagas’
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Table 53: Interconnector capacity values and reactece used in the model

Link Interconnection Nominal Value | Reactance
capacity | assumed| usedin
(MW) | for model model
(Ohms)
1-7 Meeden — Diele 3290 825 15,32
4-8 Hengelo — Gronau 3290 825 5,64
12-9 France — Germany South 2750 25,4
5-10 Krimpen — Belgium West 1645 800 18,84
6—10 Maasbracht — Belgium West 1645 800 21,64
6-11 Maasbracht — Belgium East 1645 800 17,48
6-8 Maasbracht- 3420 1350 16,03
Rommerskirchen/Siersdaff
10-12 France — Belgium West unknowh 1100 55,4
11-12 France — Belgium East unknown 1100 45,2

Sources: (Tennet, 2008d), (Hobbs and Rijkers, 200i{Entso-E, 2009)

Transmission line capacity estimation within thet@uhigh voltage grid

Estimating interconnections within the Netherlarsddifficult to do precisely, as no data
similar to NTC values for interconnectors are afa# in the literature. Furthermore, the
model aggregates certain lines in order to simphig/work of representing flows, but this
complicates the estimation of the capacity of thked because in practice power may flow
over several lower voltage lines in parallel, oeonultiple high voltage lines in series which

are represented by single links in the model.

A starting point is the available data on thernsdacity limits given by the TSO (Tennet,
2008d) for existing 380kV lines (see the table glo

Table 54: Transmission line data for Dutch transmision links

Transmission line Length | Reactance per circuit | Circuits Capacity per Represented in
(km) (Ohms) (#) circuit the model by:
(MVA)
Diemen-Lelystad-Ens 71,4 19,78 2 1645 L(2,5)
Ens-Zwolle 32 9,66 2 1645 L(2,5)
Meeden —Zwolle 107,7 20,75 2 2750 L(1,2)
Meeden — Eemshaven 37,6 8,76 2 2750 L(1,2)
Zwolle — Hengelo 60,2 15,75 2 1645 L(2,4)
Hengelo — Doetinchem 58,7 16,17 2 1645 L(4,6)
Dodewaard — Boxmeer - | 99,7 27,72 2 1645 L(4,6)
Maasbracht

% Two circuits in parallel
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Krimpen — Geertruidenberg 99,5 9,67 2 1645 L(5,6)
Geertruidenberg — 63,9 19,35 3 1645 L(5,6)
Eindhoven

Maasbracht — Eindhoven - 48,7 13,43 2 1645 L(5,6)

. For the purpose of this model, it is assumedadlsdfety margin of 1/3 is sufficient for
internal transmission lines. Where multiple lines @ombined with different capacities, the
lower is taken as use the lower as indicative eflitmitation to maximum flow.

As stated elsewhere (see Chapter 1), transmisssses are not deemed to be significant with
respect to the economic outcomes of electricitge¢rand congestion management. However,
in order to model the transmission flows through iletwork realistically, taking the differing
resistances of lines into account is necessary.

The reactance of multiple links in series can hantbby adding the individual reactances.
When multiple circuits are in parallel, the aggitega&actance can be found by adding the
reciprocal of the sum.

The resulting values are summed up in the tabl@kelhe sensitivity analysis investigates
the impact of varying this assumption for the maalglcomes.

Table 55: Values used in model for transmission lmaggregate capacity and reactance

Line in model Capacity assumed Aggregate reactance
(MVA) used in model

(Ohms)

L(1,2) 3666,67 14,71

L(2,5) 2193,33 14,72

L(5,6) 2193,33 18

L(4,6) 2193,33 28,08

L(2,4) 2193,33 7,875

Estimation of internal transmission links betweeasri@an nodes and between Belgian
nodes

Estimation of the internal transmission capacitimeen the German nodes is a difficult
exercise, both because the scope of the aggregatiolved in the representation of the West
German network is significant and because the GeM&0’s are not unbundled from
competing actors on the power markets, and ndbalhecessary technical information is
therefore available in the public domain due toficlamtiality considerations.

A solution was found by adopting the values useanirarlier ECN publication by Hobbs and

Rijkers (2004b). These values were based on atl§ligififerent network representation with
4 nodes and should therefore be considered to benmoximation. They are based on an
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initial study by Haubrich et al. (2001). Resistarxestimated to be proportional to the length
of the lines.

Belgium is divided into two nodes in the model, batregional differentiation is assumed.
The capacity assumed for these nodes is theredken to be equal to that of most of the
Dutch lines; the resistance is taken as an averfte two Dutch links running from west to
east.

Table 56: Transmission line values used in model f@apacity and reactance of German and Belgian
transmission links

Line in model Capacity assumed Reactance used in mode
(MVA) (Ohms)

L(7,8) 1842 69,2

L(8,9) 1842 43

L(10,11) 2193,33 20
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Annex 7: Validation of flow equations in the netwok
model through algebraic derivation from generalisedDC’
load-flow equations

As described in Annex 2, equations governing toedl of electricity in network within the
model have been derived based on network theorKanthoff's laws. An example is

shown using the figure on the right. This cycleegithe first equation shown at the end of this
page. In this annex, the algebraic steps neededai® the resulting equations to the more
general form of equations used to define the mathalisare based on ‘DC’ linear load-flow
approximations are described.

The number of such independent equations in a mktofa vertices and m links can be
shown to equal m-1+1, where ‘m’ represents the rarmblinks and ‘n’ the number of
vertices or nodes in the network (Dolan and Alddi#83). In this case therefore, (17-121+1)
= 6 equations are necessary (KV1-6).

KV1:  —X35(q25 — X1,2(01,0) + X1,7(q1,7) + X7,6(0d7,9 —Xe,8° (A68) + X6,11(6,10) + X11,17° (011,19 —
X10,17(0 10,19 — X5,16°(0 5,10 = 0

Kv2: X 1017 (1019 + X11,1(q 11,19 — X1017(d 1019 =0

KV3: -X6.16 (06,10 + X6,11(d6,11) + X11,15(A 11,19 — X10,17(0 10,29 = 0

KV4: -X25(02,8) — X1,7(d1.2) + X1,7(q1,7) + X7,6(07,9 — X6,6(d6.8) — X5.6"(456) =0

KVv4: -X12(q12) + X1,7(01,7) + X7.8(07,9) — X668 (6,8 — Xa,6(qa6) — X2,4(024) = 0

KV5: X171, + X1,7(A1,7) + X7,8(A7,8) — X468 (Aa8) — X2.4(024) = O;

KVG6: X6g 068+ Xgg*Ug o+ Xg,150 9,12~ X11,15°0 11,10~ X6,17°06,11= 0

In each case, the notatior) cppresents a flow from
node ‘I’ to node ' if positive and from ‘j’ to ‘iwhen
the sign is negative. The ‘direction’ given to thmks
mentioned earlier is thus from ‘I’ to ‘j’. Note thhere,
the impedance is not yet included (or alternativein
be considered to be equal for all the links).

Algebraic steps involved in deriving equations

The ‘DC’ load-flow approach can be summarized | th
form of two equations relating the flow (PF(i,))) @
between nodes to their voltage phase angles (T)eta(

and the susceptance (3/)of the transmission line

linking them (Wood and Wollenberg, 1995), (Schweppe
et al, 1988):

Pe(ij) = 1/X; * (Theta()) — Theta() ) (a20) Figure 47: cycle in the network model

and for each node:
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P(i) = sum(R(ij)) where j is an element of j, representing alhodes connected to i. (2)

Here, we start by applying equation (1) to thedibletween nodes 10, 11 and 12 in the
network model:

Pe (10,11) = 1/%0.1:* (Theta(10) — Theta (11))  (a21)
Pe (10,12) = 1/%01,* (Theta(10) — Theta (12))  (a22)
Pe (11,12) = 1/X1.,* (Theta(11) — Theta (12) )  (a23)

Next, we rewrite these equations by multiplyinghbsides of each equation by the reactance
of the link in question. As the susceptance is etuene inverse of the reactance, this gives:

XlO,ll* Pe (10,11) = ThetalO — Thetall (324)
X1012* Pe (10,12) = ThetalO — Thetal2 (a25)
Xll,12* Pe (11,12) = Thetall — Thetal2 (326)

Now, it is possible to combine these equationssuitracting the second from and adding the
third to the first:

X1011* Pr (10,11) - Xo12* P (10,12) + X1,10* Pe (11,12) = 0 (a27)

As can be seen from the above, this eliminatesdhables representing the phase angles
from the resulting equation. The result conformtheequations KV2 as given above (note
the notation in the model ig;qather than Ki,j). The validity of the other equations listed
KV1 and KV 5-7 can be deduced in a similar fashion.

The second generalized equation relates to theieqaalenoted KC 1-12 in Annex 2. By
combining this with the first equation, for all theks connected to the node in question, the
specific equations can be found as used in the mAden example, node 9 is considered.
P (i9) =R89-R9,12  (a28)

Adopting the model notation, we find:

Qi(i9) = Qgo— Qo 12 (a29)

This is equal to equation KC9 as noted in AnneXi other equations are similar in form.
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Annex 8: Overview of the quantitative changes to nutel
input for the scenarios

The table below reproduces the changes made tmageecase scenario in order to create the
other scenarios. A fuller qualitative descriptisrgiven per scenario in Chapter three of this
thesis (3.5), but the changes are based on develdprrelated to the available generation
capacity, the C@permit price and the wind conditions.

Table 57: Overview of scenario input

Scenario => Base case Scenario B Scenario C Scenario D
Input
D(Generating capacity) | 2500 MW of 4400 MW 5000MW (1400) MW
wind in wind in wind in nuclear power in
limuiden ljmuiden, [jmuiden, France
1000 MW 400 MW
wind in wind in
Eemshaven Eemshaven
Wind availability 25% 100% 100% 25%
of rated of rated capacity of rated capacity of rated capacity
capacity
CO, permit price 20 20 40 20
euro/tonne euro/tonne euro/tonne euro/tonne
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Annex 9: Investigation into French supply curve
parameters

The French supply curve leads to large overestonatin price, as the linear regression forces
a higher cost level to be estimated for the lasgep’ of cheap nuclear power.

To find out if this leads to unrealistic results, atempt is made to increase realism by
investigating the effects of the curve, leaving tha power plants that are more expensive
than nuclear. This changes the parameter of thtecooge to ¢=0,03, effectively reducing the
cost of French power by more than half. See Figure

Supply at node France y = 0,0003x
R? = 0,2493
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0

Capacitv (MW)
—+— France —=— Demand Lineair (France) — Lineair (Demand) ‘

Figure 48: Adjusted French supply curve

To show the effects this would have on the modhel dase case is first run again. The
diagrams below show how this effectively reversews in the south of the region. A better
balance between French and German imports allomiese potential problems within the
German network due to North-South transport. Nioé EFrench demand is fixed at the level
calculated previously, and that transmission isoastrained (see Figure 49).
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Figure 49: changes in flows from adjusted French qply curve

Though the effects of changing French supply omstrassion appear to result mainly in
rebalancing the transmission in Belgium and theétsotiGermany, these outcomes suggest
that the aggregated economic indicators and tleepshould be interpreted as rough
estimates at best. Further investigation of the imayhich the French market works may be
necessary to gain more confidence in the modeluvwtfh regard to this part of the region.

Table 58: Effects of changing French suplpy curveromodel output

Output Base case Base case
(full French curve) (short and cheap French curve)
Marginal price p(i) 42,69 40,03
Total Production cost 3,5*10”6 Euros / hour 2,78 ®uros / hour
Net French exports -1992 MW 4311 MW

The approach chosen in the model research, asloksdon chapters three and four of this
thesis is likely to be closer to the truth if thanginal price is effectively set by fossil fuelled
plants in the French market. This approach magse dccurate if long term contracts and
strong regulation drive the nuclear plants resgmeador the bulk of power production.

Either way, more complex modelling and economieaesh into the variable costs of the

various French nuclear power plants would be nacgg$er truly accurate assessment of this
market.
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Annex 10: German and Dutch fuel mixes and supply
curves

This annex gives a more detailed insight into thet inix under the conditions assumed for
scenario C. This scenario was created in ordemnestigate the occurrence of trade between
the west and the east of the CWE region, but theéeinautput did not reveal significant
Dutch exports to Germany. To investigate how tloisld occur, the aggregate fuel mix for
both countries was looked at in more detail, asssally displayed below in the Figure 50
and quantitatively in table 44.

@ Hydro
m Wind

O Nuclear
0O NG CHP

@ Coal

B Natural gas combined cycle

® Natural gas (turbine)

Figure 50: Dutch fuel mix

Table 59: Fuel mix Dutch supply for scenario ¢

Dutch mix Hydro Wind Nuclear NG CHP NG CC Coal NGturbine
% 2,18 % 19,65 % 1,52 % 10,41 % 22,19 % 29,04% 02%

# (MW) 700 6320 490 3348 7138 9344 4831
CUMULATIVE | 700 7020 7510 10858 17996 27340 31171
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German mix Hydro Wwind Nuclean NG NG CC | Coal Lignite | Gas 0]]

CHP turbine
% 5,13 3,05 7,13 1,74 14,73 49,37 13,45 5,22 0,18
# (MW) 3993 2377 5549 1356 11466 38427 10466 4064 42 1
CUMULATIV | 3993 6371 11920 13276 24742 63169 73635 77699 77841
E

Table 60: Fuel mix German supply for scenario ¢

@ Hydro

® Wind

O Nuclear

O Natural Gas CHP

® Natural gas combined cycle

@ Coal

B Lignite

O Gas turbine
m Oil

Figure 50: German fuel mix

What can be deduced from this information? Gernanahd in the model output is
44.284MW, Dutch demand is 16.399 MW. Looking atfilne type which would set the
marginal price at these quantities, we can sedlistvould be natural gas combined cycle in
the Netherlands but coal in Germany. Neverthetbgsgosts for production are the same in
both countries!

This is due to the smoothing effect that the liregyply curves have on the costs of
production. This can be confirmed by looking atianalative German supply curve (see

Figure 51).
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Figure 52: aggregate German supply curve for scenar ¢

From the beginning of the part of the curve covggas fired capacity, there is quite a strong
under estimation of the costs (and therefore, amestimation of the surplus) resulting from
increased production. This problem is less sigaiftan the Netherlands, although
underestimation is also the case here (see Fidi)re 5

Dutch supply

920

80

70

60

4

50

40

30

Price (euros/MWh)

20

o4

10

RIS
0 = T T T T T T
0 5000 10000 15000 20000 25000 30000 35000
Capacity (MW) y =0,0026x
—e— Hengelo Lineair (Hengelo) ‘ R?=0,8575

Figure 53: aggregate Dutch supply curve for scenasic

This is an example where implementing step funstiwnuld make German prices more
expensive and Dutch supply more competitive! Meaistic would be that under these
conditions, Dutch gas fired supply would be fullgmhtched, leading to 1600 MW higher
Dutch generation, and displacing the same amouGeofan coal fired supply. This could
lead to the result that we would intuitively expdatitch exports to Germany.
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However, it is important to remember that powearosy also traded in the direction of the
Belgian border, where price differential is high&lso, the amounts of power that are
exported will appear de factor within the supplytie importing country.

Furthermore, the model does not use national cuywesegionally differentiated ones, so

taking this into account may change the resultdeisly given nodal or zonal pricing
assumptions).
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Annex 11: Overview of parameter changes per scenari

This annex shows changes in parameters per scextamipared to the base case. The
gualitative changes these are used to describadicated in Annex 8.

The table (see table 46) shows changes to the Bldhe supply curve parameter c.

Table 61: Scenario cost parameters

Node base case scenarioh)  scenariolc  scenario|d
1 0.0092 0.0075 0.0129 0.0092
2 0.0484 0.0368 0.0588 0.0484
4 0.0823 0.0823 0.01178 0.0823
5 0.0041 0.0031 0.0041 0.0041
6 0.0448 0.0448 0.057 0.0448
7 0.0063 0.0037 0.008 0.0063
8 0.0013 0.0013 0.0017 0.0013
9 0.0042 0.0042 0.0053 0.0042
10 0.0075 0.0075 0.0079 0.0075
11 0.0075 0.0075 0.0079 0.0075
12 0.0005 0.0005 0.0006 0.0006

Scenario B involves increased wind power in themof Germany and the Netherlands. This
is reflected in decreased supply cost curve paemn&ir nodes like 1 and 7. Scenario C
describes a scenario involving an increase in @& @rice, which results in a cost price
increase across all nodes. The exception is indst of the Netherlands, as this scenario
assumes increased wind deployment there. Scenanedlves a supply side shortage in
France, whereas the other parameters are unafteradhe base case.

All parameters were found using a linear regresarmaysis as described elsewhere in this
thesis (see Annex 2-5).
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Annex 12: Calculation of yearly congestion cost astates
based on wind conditions

In order to translate the hourly results from tbergrios to yearly totals, we need to know
how many hours per year the relevant conditionsiodaring peak load conditions. The
amount of hours can then be estimated roughly ukiedormula defined in equation A14.1

# of hours in which congestion occurs = # of houiis a year * % high wind hours* % peak load demand
hours (A14.1)

Wind speed varies both seasonally and from yegeao. Data from the Dutch office of
statistics (CBS, 2009) give a monthly index (calleel Windex) which indicates whether
production was high or low compared to yearly agesa This index is strongly correlated
with the number of hours during which the productid the existing wind turbines is at a
maximum (Segers, 2009a personal communication).

In order to find a rough estimate of the amourttairs during which the highest wind
production took place in a year, the number of mem which the windex indicator was over
100 were found for the last three years. This peegge of the hours in a full year was then
multiplied by a percentage of 25% to find a roughneate of the number of hours during
which both peak load and peak wind conditions magua This allows for a rough estimate
of the relevant number of hours to be in the rawfgg00 to 1000 hours per year, using data
calculated by Segers (2009b) for the last threesysze table 69) .

Table 62: Overview of calculation of hours during vinich congestion due to wind may take place

total hours / Hours with high wind
Year months with windex > 100 year % peak demand during peak demand
2005 3 8760 25 547,5
2006 6 8760 25 1095
2007 3 8760 25 547,5

The level of congestion costs in a year can therobghly estimated by multiplying the
amount of hours in which congestion take placehgyl¢ével of congestion costs reported in
chapter 4 of this thesis, as shown in equation (214

Yearly congestion costs = congestion cost estiméaté# of hours in which congestion occurs)

The resulting cost estimates (see Table 70) sugiggisthe deployed wind power leads to
yearly congestion costs of around 41 million Eumrsscenario B or 33, 3 million Euros for
the base case in conditions comparable to 2009®f.Z-or wind conditions in a year such as
2006, the costs are estimated to be double thisdid2 million Euros or 66 million Euros
respectively.
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Table 63: Yearly congestion cost estimates for scamo B and base case

High wind / peak

demand hours Yearly costs b Yearly costs base case
5475/ € 41.001.180 | € 33.397.500
1095| € 82.002.360 | € 66.795.000
5475 € 41.001.180 | € 33.397.500
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