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Executive Summary — Pricing Renewable Energy in a @npetitive Electricity Market

In Portugal, just like in other European countriig, production under special regime (PSR), i.edpction that
uses renewable resources as fuel or combined mehatpawer plants (CHP), has benefited from several
incentives, since its environmental impact is lovileain the “classic” generation models. These ircest
generally apply to the obligation of purchasing ébectric energy produced by renewables, withimevipusly

defined remuneration process.

Decree-Law number 225/2007 defines the parameiatsallow determining the remuneration of the eperg
supplied to the public grid by the PSR, the soethfeed-in tariff. In this same Decree-Law, it isoaexplained
the validity of this remuneration method, which de@s on the technology. In the case of wind endhgyfeed-
in tariff is applicable to the first 33 GWh/MW irmgied in the grid or 15 years of installed powerjolihof the
two occurs first. Once the limit is achieved, timex of the same Decree-Law states that renewablge units

will be remunerated for the selling of energy atkeaprices and for the selling of green certifesat

The present work aims to establish a model forsaasg wind energy revenue in MIBEL's (Iberian Efegity
Market) power market. To that purpose, it is stddtbe introduction of a specific wind unit in MIBEL
Moreover, the functioning of MIBEL will be analyseds the platform for the inclusion of wind eneigythe

power market. Particularly, it is implemented adimtor of the daily market.

The management of the organised markets of MIBBhased on an interconnected bipolar structure, evtier
day-ahead and intraday markets are operated bgphaish division (OMEL) and the organised derivegiv
market is under the responsibility of the Portugudision (OMIP). MIBEL entities, though, have penent
cooperation. Only the markets operated by OMEL wesed to study the introduction of a particularadviarm
in the power market. The main purpose of the daadimarket is to handle transactions for the fatgwlay
through the presentation of selling and purchasiigrs to the market operator, OMEL, who includestt in a
matching procedure that comprises twenty-four comsee programming hours. The intraday (ID) marisea
vital tool for wind producers, as it is the lastpoptunity that market participants are offered tdabce their

schedules, i.e. it operates immediately beforegBysDperator’'s balancing mechanisms.

The algorithm employed to compute the market sitouléollows the market splitting mechanism, assitlhe
implicit capacity allocating method used by Portugiad Spain to assign interconnection capacityhan day-
ahead timeframe. This mechanism is characterizatidojollowing procedure: firstly the equilibriuntige with
orders from both countries is determined. Thenyéselting cross border flow origins two possibtersarios: if
it does not exceed the net transfer capacity (NTKQ, result is valid and both countries share thees
equilibrium price; if it is higher than the NTC ehnitial market with bids and asks from both coiast is split

into two separated markets, each one with its price

The results of the market simulator consist of thkevant output for a market operator (clearingcgrand
matched volume for the defined hourly period) adl we the aggregated supply and demand curves for a
particular hour. Furthermore, it is relevant to mi@mthat the results obtained were concordant thighones of
OMEL’s public site.

Regarding the inclusion of the wind producer in plosver market, the strategy performed should maeéntine

global economical results of the wind producer rtgkinto account the overall operation cycle: dagaah



intraday and system operation balancing. Consetlyyéntvas decided that the optimal approach fa tind
producer’s perspective was correcting just once ianthe last available intraday session for eachr lbe

generation schedule made in the day-ahead market.

In order to analyse the introduction of a particsand farm in the power market, six scenarios weudt, to
assess the influence of the main variables onytheatl economic outcome of such an approach. Thosearios
correspond to six data-bases (DB1, DB2, DB3, DBB5[2and DB6) with the following features: all scepar
have the same day-ahead generation schedule aral geheration; DB1, DB2 and DB3 have in common one
scheduling methodology, based on a physical melegioal wind generation forecast (NWP method); DB4,
DB5 and DB6 have in common another ID schedulinghodology, based on a statistical signal processing
wind generation forecast (ARMA method). For eachthaf group scenarios referred variations were nuade
day-ahead, intraday and balancing prices by usirgusive Portuguese values (DB1, DB4), exclusipartsh
values (DB3, DB6) and a mix of Portuguese valueamemented by Spanish values for intraday pricesnwh
there was no such price available in Portugal (DBR5). All the information was gathered for the Whgear

of 2008 and in an hourly basis.

For each of those scenarios, the yearly reventleeofvind producer was calculated for three diststtegies:
(i) all the actual generation (AG) of the wind faiminjected in the transmission grid and pricedl@-ahead
market price (DAP), meaning that there are no dieig; (i) the wind producer does not correct dag-ahead
schedule (DAS) in the ID market, what implies thatexposes the difference between the AG and the @A
the balancing prices of the system operator; {(ii§ wind producer corrects each hour of the DASha ID
market only once and in the last available ID segsexposing the difference between the AG anattheection
in the ID market, named intraday schedule (IDSthwbalancing prices of the SO. Theoreticallylysiag the
three situations we conclude that in the first treewind producer will have the highest revenug@rgdimit —
UL) and in the second one the lowest financial med(lower limit — LL), with the revenue in the thicase
being placed between those limits (intraday situmtt ID), since it is the sole one in which the aviproducer

participates in the ID market.

The yearly revenues of the wind producer in theeupimnit, lower limit and intraday situation (Y)g YR, and
YRp, respectively) obtained with the contents of tixedaita-bases are summarized in Table a). Besidé¢ke

same Table it is also included the average pri€,a which the energy generated by the wind faem valued.

Table a) — Summary of the yearly revenues of thlwiroducer and average price at which the enezgold

was valued.
YRy APy YR AP YRpp APp
DB ™ME)  [Eemwh)| (ve) [Eemmwh) | ve) [ Eemwh)
DB1 18| 67.99 1 56.63 15|11 7
DB2 18| 67.99 1 56.63 15(2 57.B8
DB3 16.6 62.6 156 58.89 19.7 59J27
DB4 18] 67.99 1 56.63 14{8 55.87
DB5 18] 67.99 1 56.63 147 55.49
DB6 16.d 626 155 5849  15p1 58|93

It is clear in Table a) that the difference betwdbe yearly revenue of the wind producer in theaiday
situation and in the lower limit case was not aseatuated as it would be expected. The most sigmfiaspect
that contributed to this phenomenon was the inaaguiof the adjustments effectuated in the ID sessio
Consequently, it was carried out a set of simutegtito evaluate the impact on the YRf an improvement of
the corrections operated in the ID sessions. Thigdvement was accomplished by adding to the ID&airh

hour, 25%, 50% or 75% of the initial differenceveén the AG and the IDS. Let us call the yearlyeraies that



derive from these adjustments in the IDS,,¥R'Rs,, YR;5 and YR (assuming the wind producer corrected

perfectly the forecast in the ID market). Figurgsuad b) show the results of the adjustments fol BBd DB2.
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Figure a) — Results of the IDS adjustment in DB1. iguFe b) — Results of the IDS adjustment in DB2.

In Figure a) the impact of the forecast accuracgrowement is unperceived, since in Portugal in 20@8e
were over 63% of the hours that had no ID pricd, WeFigure b) that impact is evident, due to éxéstence of

prices in all ID sessions. The difference betwéen¥R , and the YRsrises to over 2 M€.

One of the main conclusions of this work is tha #ttual revenue of the wind farm, based on the-fieeariff
regime (24.2 M€), exceeds largely all scenariogmeres, determined in each of the six data-basdsiqEg).
However, it must be pointed out that the item eglato the selling of green certificates was noetakto
account. Furthermore, the yearly revenue of wirmdpcers, with their inclusion in the power market) be
function of highly unpredictable variables: day-atheprices, ID prices and balancing prices. Thisnmadhey
will not be able to forecast the price at whichythill sell their energy, in opposition to the fanegime. In
addition, it was also verified that the differertmetween the yearly revenue of the wind producehénupper
and lower limit situations calculated with the Sighnmarket prices (DB4, DB5, DB6), 1 M€, was sigrdhtly
smaller than the one determined with the pricethefPortuguese area (DB1, DB2, DB3), 3 M€. Thiguiea
allowed concluding that the Spanish balancing griaee more in line with the day-ahead prices aad tie
Portuguese ones penalise more severely the wirdlipeo. To overtake this drawback, Portuguese agenisl
be consented to have access to the Spanish bajameirket (and vice-versa). Moreover, a crucial@ssfithe
introduction of wind producers in the power marisethe 1D markets. In 2008, there was lack of lijyi in the
ID prices of the Portuguese area. This lack ofitiiju can be a strong drawback for wind producerthey need
the ID platform to perform the corrections to theyéhhead schedule. Still, the good news is thaetiey of
new players in the market, namely wind producerdikely to foster liquidity. Another relevant renkeof this
work is that wind producers, in order to have tlestipossible financial income, will have to fine tbptimal

equilibrium between ID price liquidity and forecastiability.

In Table a), it can also be witnessed that theethifices between the yearly revenue of the windyoerdn the
ID situation and in the lower limit case were netaccentuated as expected. This occurred mainlytaltiee
inaccuracy of the wind power forecasts utilizedpgrform the corrections in the ID markets. Actualipth
NWP and ARMA models used in this study had soma/Hdazks. The NWP forecast did not contain infornmatio
related with persistence, while the ARMA model Isathe negative aspects regarding the training pefioese
two issues made it impossible to extract the marinmotentialities of both methodologies. Neverthglemce
the NWP methods have a better behaviour for tintfeebos superior to 3 hours and ARMA models arelyike
offer accurate forecasts within a time horizon @f3inutes to 3 hours, we anticipate that the ogtstrategy for
wind producers when participating in the power mamkould be to use NWP methods to execute the Hageh
schedule (DAS) and ARMA models to perform the id&y adjustments (IDS).



Abstract

The various energy crises that have hit the warlgether with a growing awareness of environmentattens
have raised strong concern about issues like sadtiity, security of supply and competitiveness. the
European Union promotion of renewable energiepanticular wind energy has become one fundameetzby

of the strategy to tackle those challenges.

Portugal is already among the world top ten coastim installed wind power capacity, as a resuli etistained
policy of supporting that technology followed byveeal Governments through an aggressive feed-iff tar
model, which is applicable for a definite periodtloé project’s lifecycle, after which the legistatiestablishes a

remuneration method based on market prices.

This work’s purpose is to analyse, from a techrécal economical perspective, the operation of awioducer
installed in Portugal when, in the future, he \ive to sell his energy into the market, in a negiantegrated
market framework (MIBEL). Accordingly, a simulatiasf MIBEL day-ahead market is implemented using a
market splitting model and the economic outcomeaofind farm operating in that market is assessed,

considering various strategies.

The results gathered show that the new regime remtion is highly dependent on various factors, elgm
market prices volatility, production forecast a@ay, balancing prices and liquidity and frequenéyntraday
markets. Some measures are also identified thagateétsome drawbacks associated to the wind famnatipn

in a market environment.

Keywords: Market, Market Splitting, MIBEL, Generation ForataWind Producer.



Resumo

As vérias crises energéticas que abalaram o masdociadas a uma crescente tomada de consciénaiagpa
problemas do ambiente fizeram emergir temas esdermmmo a sustentabilidade, a seguranca do almasteo
e a competitividade. Na Unido Europeia a apostaenasgias renovaveis e, em particular, na energieag

constitui um dos vectores essenciais da estrap@geaenfrentar esses desafios.

Portugal encontra-se ja no “top 10” mundial em tende poténcia edlica instalada, gracas a umaigaolit
sustentada por varios Governos de apoio a essaldga através de um modelo remuneratério de téfiefad
in”, bonificada e aplicavel a um periodo definidm Wida do empreendimento, apds o qual a legisldefioe
uma remuneracdo baseada em precos de mercado.

O presente trabalho tem como objectivo a andliseidé-econdmica do funcionamento de um produtoicedl
instalado em Portugal quando no futuro a energaymida for colocada em mercado, num ambiente de
mercado regional integrado (MIBEL). Para o efesimula-se o funcionamento do mercado a vista doBU|B

no modelo de separacdo de mercados e avaliam-sstados econdmicos da colocacdo da energia de um
parque edlico nesse mercado considerando divessaségias de actuacao.

Os resultados obtidos evidenciam uma elevada déperad da nova remuneracdo face a varios factores,
nomeadamente volatilidade dos precos de mercadatigsio da previsdo da producdo, precos de desvio e
liquidez e frequéncia dos mercados intradiariosesantando-se no final algumas propostas de nétigdos
impactos negativos observados.

Palavras-chave:Mercado, MIBEL, Previsdo Producéo, Produtor E¢IBeparacdo Mercados.
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1 Introduction

In this introductory chapter it will be presentég tmotivations that led to the execution of thissik, alongside

with the main objectives of the work.

1.1 Motivations

1973 oil crisis led to a global change in the Eeapway of addressing energy issues. The impaigredfwas
so strong that European citizens had to learn lmweope with a totally new paradigm that modifiegmrvhe
cultural approach to energy problems. At the paditilevel, the new paradigm imposed the need tooed
external dependence in energy supply. Thus, inistrito reach this objective, some priorities wededined:
diversity of the oil supply, promote the saving aheé rational use of energy and develop the endmgen
sources of energy. In this context, renewable gnsogrces achieved a major role, as a main cotioibto the

global security in terms of energy supply.

Renewable energies have become a focus on todagity This status was achieved due to the cotipmof
two factors: the green credentials of renewablestha unsustainable scenario that is forecastdwifevels of
production with origin in traditional fuel suppliege not reduced. Undeniably, the climate changeeaws,
coupled with high oil prices, peak biland increasing government support, are drivigeasing renewable

energy, incentives and commercialization, suppdsiethvourable energy legislation.

It is widely recognised that generating electriditym fossil fuels is a polluting process whosebear dioxide
emissions provoke a highly negative impact on d@nzhange. In fact, if we are to avoid the woreas of

climate change, the G@missions need to be halved, at least [1].

The rise in greenhouse gas emissions from energguslly unsustainable. By 2030, global greenh@meas

emissions could more than double due to the riggggof fossil fuels, notably in developing courgrji&].

In an economical perspective, electricity generdtedn fossil fuels is also unsustainable. In therdpean
scenario, for instance, by 2030, oil imports aredjpted to rise from 76% to 88% and gas importsf&D% to
81%, compared to the year 2000. Europe’s imporhemability puts an unsustainable stranglehold en it
economy. According to the European Commissionef@ry $20 increase in the price of oil, the cosEofope’s
gas imports alone rises by €15 billion annuallwegi the unfortunate link between oil and gas priddse
increase of oil prices over the past few years 2 to $120 has added €75 billion to the EU angaalimport
bill [1].

Renewable Targets
There is an urgent need for a long-lasting solutlmat is environmentally benign and economicallyrsty a

solution that can be put quickly and efficientlyamplace. Renewable energies fill all of theseecidt

Up to now, an important factor behind the growthttef European wind market has been strong polippat
both at the EU and the national level. The EU’'s é¥eables Directive (77/2001/EC) has been in planeesi

2001. The EU aimed to increase the share of etégtproduced from renewable energy sources (REShe

1 Peak oil is the point in time when the maximuneraf global petroleum extraction is reached, afthich the rate of
production enters terminal decline.



EU to 21% by 2010 (up from 15.2% in 2001), thusphej the EU reach the RES target of overall energy
consumption of 12% by 2010 [2].

In December 2008, though, it was established thaduEU legislative framework for renewable enesgiEhe
European Union agreed a new Renewable Energy Desitt implement the pledge made in March 2007hey t
EU leaders for a binding target of 20% of its fieakrgy demand coming from renewable sources i0.2Di2is
directive is a concrete step towards a sustainafdegy future. The EU’s overall 20% renewable epéagget
for 2020 has been divided into legally binding &sgfor the 27 Member States, averaging out at 2h%rms
of electricity consumption, according to the Eurap&ommission, renewables should provide about 8btte
EU’s power by 2020. With ambitious legislation, @ienergy could provide 12-14% of Europe’s eledlyibly
2020, a significant contribution to the bindinggar — more than a third of all the power comingnfro

renewables [2].

The European Wind Energy Association reports thatGommission’s goal of 12-14% of electricity fravind
energy is achievable. 180 GW of installed wind cétyas needed to meet the 12-14% electricity. 09, wind
power capacity in the EU increased by over 8.4 @\Weach a total of 65 GW. On average, wind powpgaciy
needs to increase by 9.6 GW per year, approximatehr the next 12 years to reach 180 GW by 202@his is

a target that can be reached with only a smalkeme in annual installed capacity growth.

Wind energy growth
In another record year for new installations, gloland energy capacity surged by 28.8% in 2008. TUS8A

passed Germany to become the number one markdahdh pewer, and China’s total capacity doubled foz t

fourth year in a row.

The world’s total installed capacity reached 126\ at the end of 2008, over 27 GW of which camenenin
2008 alone, representing a 36% growth rate in tireual market. Figure 1.1 illustrates the expansibwind

power in the world since 1996.
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Figure 1.1 — Global cumulative installed capacity 996-2008 [2].

Figures 1.2 and 1.3 show the top 10 nations in tmith installed capacity and new capacity in 2008.
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Figure 1.2 — Top 10 total installed capacity in 20®[2]. Figure 1.3 — Top 10 new capacity in 2008][2

In relation to Europe, wind power is now the fastg®wing power generation technology. Indeed, ntbem
35% of all new energy installations in 2008 weradvpower, which meant that renewable energy aceoufior
more than half of all new power generation capaiaithe EU. A total of 23.851 GW of new power capawas
constructed in the EU last year. Out of this, 8.@34 (36%) was wind power, 6.932 GW (29%) gas, 4.200
(18%) Photovoltaic, 2.495 GW (10%) oil, 762 MW (3&8al, 473 MW (2%) hydro and 60 MW (0.3%) nuclear
power capacity [1].

In the end of 2008, the European Union maintaingegaosition, inherited from 2007, as the world’ader in
total installed wind energy capacity, and one efstrongest regions for new development, with &4rGW of
new installed capacity. Industry statistics congbiley the European Wind Energy Association (EWEAQvgh
that cumulative wind capacity increased by 15%etach a level of 64.935 GW, up from 56.517 GW atethd
of 2007 (Figure 1.4).
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Figure 1.4 — Cumulative wind energy installationsn Europe [1].

2008 saw a much more balanced expansion of thepEarowind market, relying less and less on thetioadl
wind markets of Germany, Spain and Denmark. Thexg avclearly second wave led by Italy, France,ugait
and the UK.

Germany was still Europe’s leader in installed wimower capacity, with a total of 23.9 GW. Spain was
Europe’s second largest market, and has seen griowlihe with previous years. In 2008, 1.6 GW ofane
generating equipment was added to the Spanish fiéet] bringing the total up to 16.8 GW. At thigeaf
development, Spain is likely to reach the governfee?010 target of 20 GW of installed wind capacity
2008, wind energy generated more than 31 TWh, auy@nore than 11% of the country’s electricity dewha

Italy brought its total installed capacity up t@ I3W, experiencing a significant leap in wind powapacity
with over 1GW of new wind turbines coming on lime 2008. France continued its steady process of wind
energy expansion. At the end of 2008, the totafallesi capacity stood at 3.4 GW, representing amuah
growth rate of 38%. It is worthy mention that in08) around 60% of all new power generation capaaity

France was wind energy [2].

It is also relevant to mention that the new EU MemBtates had their strongest year ever regarding power,

in what can be seen as a distinct third wave. Hyndaubled its capacity to 127 MW and Bulgaria legits
capacity from 57 MW to 158 MW. Poland, in the erfid2608, had 472 MW of installed wind power, up from
276 MW at the end of 2007. Additionally, it is wlernentioning that Austria and Greece are just beloevl
GW mark [2].

The advantages of wind energy

Wind energy is an indigenous and virtually unlirditenergy source. Furthermore, it emits no greerdhgases
and does not deplete natural resources in the hatyfossils fuels do. It also does not cause enwental
damage through resource extraction, transportabiorwaste management. It even operates without water

consumption and can be deployed in sites where ikex shortage of this resource.



Wind energy generates economic growth, providimgpine, wealth and technological leadership in Europe
Besides, it is also a labour-intensive power sowligh engenders employment. By the end of 2008praling

to the EWEA, a total of 150,000 workers were emptbdirectly and indirectly in the wind energy secto

Moreover, wind energy replaces fossil fuel, andsiloiel prices, which are a variable hard to pcedFor
instance, oil and gas prices have tripled sincel2@@d in April 2008 the price of oil hit $120 arts. This
inconsistency of fuel prices can act as drawbaclkedonomic development, once energy is essential for
manufacturing most commaodities and a main drivdvirik price formation: the three last global recassihave
been triggered by oil prices rises. Consequerttly stystem will reduce the overall risk and cogh®economy

by relying on a source that can be produced dooadistiand at predictable prices

Additionally, the CQ savings that wind energy orders are of extremeoitapce if we are to avoid the worst
impacts of climate change.

To sum up, wind energy is a flexible and multi-f@cesolution that offers society concrete solutionsnany
fields. Not only can it help tackle the loomingnclite crisis, it can also make the EU’s economy more

competitive.

Wind energy limits

Due to the benign impacts in terms of harmful emiss inherent to renewables, it is undisputableé thay
should benefit from the support of both nationatl &uropean Authorities. Within this context, onaulco
question why, in the future, the investment shawtbe concentrated in renewable units. Howevespitke their
green credentials, renewable units and, partigylarind farms, have some drawbacks, mainly relatih their
integration in electricity grids.

As one may know, in the electricity system the gatien must equal the consumption plus the lostevery
moment, due to the incapacity of storing eleclyi@t a large scale. Once the consumption pattetigisly
variable in time, it is mandatory that the eledtyicsystem includes controllable power plants, tdpaof
promoting the match between generation and consomptherefore, despite the inclusion of a sigmifit
percentage of renewable sources being highly ddsirave should bear in mind that the actual eleityrsystem
can not be operated based on a portfolio exclusielde of renewable sources, especially wind fagimge

this resource is, by nature, uncontrollable.

In addition, another difficulty that should be higihted is linked to the behaviour of the electsidystem in the
periods of low consumption and high hydro generatfcequently associated with a great availabitifywind
production. During those periods, wind energy aod controllable hydro energy are stored in the fofrhydro
energy in pumped storage plants, by elevating taeemfrom a lower to a higher reservoir. In Portugaw
projected hydro power plants foresee the inclusibthis technique wherever it is applicable, acomydo the
local geographical conditions. Even with such measthere is no evidence that generation and copsom
can be balanced without spoiling renewable resasurbie the limit, it will be necessarily to cut reveble

production, what is difficult to justify according the energetic and environmental policies assumed

2 variable costs are very low which means that igital cost accounts for most of the costs thatriiestor will have to
face during the life-time of the investment, anid b known at the time project starts.



Wind energy would benefit from real and effective pwer market competition

We are still a far cry from effective and fair costiion in the European electricity markets. Acdogdto the
European Commission, there are four key reasons tivbge is no competitive market: lack of cross-leord
transmission links; lack of adequate separationvéen production and transmission of electricity-¢atied
ownership unbundling); biased grid operators and liguidity in wholesale electricity market. In ard to
remove some of these barriers, in May 2008, thefean Parliament’s Energy Committee voted in favafur

full ownership unbundling, which is essential i§jucompetition in the power market is to be attdine

According to the International Energy Agency, Ewa@eds to build more than 850 GW of new capanithé
period up to 2030, which is more than the capacityrently installed. Continued liberalisation arair f
competition in the power market are certainly ie thterests of the wind energy sector as they weufabse
investors to the risk of technology choice. Otheayiinefficient competition means that, unlessabmpanies
making the investment decisions are exposed torifle of unknown fuel and CQcosts, the electricity
consumers will have to pick up the bill. Real cotitpm can be a step forward to wind energy, onogauld

force investors in power units to value an enehgy has neither COhor fuel costs.

Currently, there are some countries that have i@d@ve the barriers and included, already, windggni the
power market, namely Spain and Denmark. Portugdl fellow this wind of change (as the feed-in
remuneration method is reaching its end), in wheatukl be a huge move to the continuous growth afdwi
energy and to the accomplishment of the targebgethe European Commission. These two issues aat as

motivation for the studying of the integration oiindl energy in the Portuguese electricity wholesadeket.

1.2 State of Art — Legal framework of wind energym Europe

In this section it will be described the state dfad wind energy in Portugal, as well as the carmemuneration
process for wind producers. Furthermore, therdsis allusion to the remuneration methods of theference

countries in Europe regarding wind power: Spaimiark and Germany.

1.2.1 Wind energy in Portugal

Portugal, having also suffered the consequencésedissil fuels price increase, found it essentidgbllow the
European Union politics in the use of internal sesrof energy. The absence of energy sources asaipas
and the forecasted extinction of coal in the Parésg territory have opened a door regarding theldpment of
alternative sources of electricity production, mmeihantly, promoting and encouraging the explaatiof

indigenous and unlimited energy resources.

Not soon did wind energy started developing, mathlg to the ignorance of the wind potential of country.
The development of renewable resources started frganopower, as the country had experienced dedades
building and operating large hydro plants and, whsthe technology associated to it was considgmaore
mature than any other natural source. Wind caneevedirds, and since then it suffered a breathtadimdution,

principally owing to the following measures:



e The rearrangement of the Portuguese electricabisestiarted in 1995 and reinforced in 2006, which
embraced competition in the wholesale power marRebsequently, this marked the ending of the

monopoly situation out of the incumbent companyPED

e« The publication of numerous and relevant specifgidlation concerning the promotion and
development of renewables, namely the Decree L&w$88/88, n° 168/99, n° 312/2001, n° 339-
C/2001, n° 33-A/2005 and n° 225/2007 which setatiministrative framework for the activity in
Portugal and in particular the economic conditiomsmely remuneration, applicable to wind

generation.

* The approval of the Renewable Directive, whichreates the setting up of 5 GW of wind turbines until
2012 in Portugal.

e A strong political commitment of the Portuguese &wwnents in promoting the development of

renewable energies, since the last decade of shedatury [3].

Figure 1.5 illustrates the evolution of the windygwo installed capacity in Portugal.
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Figure 1.5 — Cumulative installed wind power in Potugal since 20086[REN].

By the end of 2008, 1500 wind turbines were fumitig in 173 wind farms. The wind power connectedhi®
grid represented approximately 18% of the totalailhesd capacity in the National Electricity Syst¢BEN —
Sistema Eléctrico Nacional), in the end of 2008 [4]

Figure 1.6 shows the energy produced with origitheawind resource since 2000.

% The values of 2009 concern only the first six rhant
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Figure 1.6 — Wind energy production in Portugal sice 2000 [REN].

In 2008, the wind production increased 42% in retatwith 2007, achieving a total of 5.7 TWh, which
represents 11% of the total energy consumptioh®fSEN, or 14% of the total injected productiotthie public
grid. In the first six months of 2009, the wind guztion has risen 15% in comparison with the hogois
period of 2008. This production allowed supplyirg9d of the national consumption.

The utilization of the installed wind capacity,2008, was 27% [4].

Remuneration process for renewable energies in Pargal

The production under a special regime (PSR). production that uses renewable resourcgsiamry energy,
has benefited from several incentives, since itgirenmental impact is less than the “classic” gatien
models. These incentives apply to the obligatiopwthasing the electric energy produced, withpreviously

defined remuneration process.

Decree-Law number 168/99 introduced profound ditmna to the remuneration process of the energgiyred

by the PSR. Since then, it was successively agedlintil 2007, when the last revision regardireydtiteria of

the remuneration method was published in the Delcage number 225/2007. This Decree defines the

expression that allows determining the remuneratiotme energy offered to the public grid by theRP$e so-
called feed-in tariff, as (1.1) [5]:

Resr =[Kpt X(PF + PV) + PAXZ] x Kp X K|pc (1.1)

where:
Rpsg (€E/month) is the monthly remuneration applicabléhe PSR;
PF is the fixed remuneration, which representsatimded investment costs;
PV is the variable remuneration, which represdmsatvoided operation costs;
PA is the environmental remuneration, that valarigee avoided emissions of CO2;

Kp is a parameter that books the losses prevented;

Kipc is a correction according to the inflation, whishmeasured by means of the Prices to the Consumers

Coefficient;

4 The values of 2009 concern only the first six rhent
® In Portugal, Combined Heat and Power (CHP) gerterasi also included in the PSR regime.



Kot is @ correction that depends on the diagram afggrigroduction;

Z is a parameter that multiplies the environmemthuneration, which differentiates the types of

renewable energy sources.

It this same Decree-Law is also defined the validif this remuneration method, which depends on the
technology. In the case of wind energy, the feethiiff is applicable to the first 33 GWh/MW injext in the

grid or 15 years of installed power, which of thetoccurs first.

Still, renewable producers are deeply concernedrdigg what will follow the ending of the feed-iariff.
However, in the annex of the Decree-Law number Z&%/ [6] it is clearly stated that, once the linst
achieved, renewable energy units will be remundrbieselling their energy at market prices andtlier selling

of green certificates. In this thesis we will foarsthe introduction of wind generation in the wészle market.

1.2.2 Spanish remuneration process on wind energy

Spain is a worldwide reference when it comes todwémergy. After being the pioneer in wind powerdgri

integration, Spain was also one of the first natitminclude wind energy in the power market.

According to the Royal Decree 661/2007, new windnfa with the definitive certificate for setting up

installation subsequent to January, 1 2008, haveptyesible retributive options:
a) To sell the wind energy at a fix regulated tatifie same one for all time periods;

b) To bid in the organised market, through the systéauctions managed by the market operator, MO, to

establish a bilateral contract, or a forward caritra

Opting for option a), the wind producer communieatiee day-ahead schedule to the distributor. Thoticau
system managed by the market operator considersc¢hiedule as a selling order at null price. itnigortant to
underline that the schedule can be communicatestttir by the wind producer, or through a represave. In
this option, the wind producer is also granted pesion to participate in the intraday market. Innte of

payment, the wind power producer is reimbursed by:
e The market operator for the amount that corresptmdsily and intraday market;
« The system operator by the amount that correspiontiie ancillary services and deviations;

* The Energy Regulatory Commission for the rest efftk price of the tariff, in case the market prise
lower than the regulated tariff. If the oppositeiation is verified, it is the wind producer whoshi@

pay the Energy Regulatory Commission.
The retribution for wind farms based on the regdatriff can be summarized as (1.2).

Retributiongerarier = regulatedtariff + deviations + compl ements°® (1.2)

In option b), the wind producer sends the sellimjecs for the day-ahead market to the market operat
Participation in the intraday market is also alldwall installations regardless of installed capaceceive a
variable premium depending on the reference mamieges. There are also a cap and a floor for time slithe
reference market price and the premium during itis¢ 20 years of the installation. This cap anaiflact as an

upper and lower limit to the remuneration of thedviproducer. As a matter of fact, if the marketemlus the

& Complements: reactive power and voltage dips.



premium is below the lower limit, this limit willdreceived [7]. On the opposite, if the sum of trerket price

and the premium exceeds the upper limit, this limiit be received Figure 1.7 clarifies this procedure.
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Figure 1.7 — Lower and upper price limits to be peteived by wind facilities [8]°

In this remuneration option, the wind produceraggy:
*  The market operator for the amount that corresptmdsily and intraday market;
e The system operator by the amount that correspioniiie ancillary services and deviations;
e The Energy Regulatory Commission for the premium.

Equation (1.3) emphasizes the different termsimgmunerative option.
Retributiony,, = marketprice+ premium= deviations + complements® (1.3)

To sum up, what diverges in both remuneration aotis basically the financial settlement of the rigge
Regulatory Commission. The wind power producerd wfit for one or another, depending on their risk

management strategies.

1.2.3 Danish wind energy remuneration process

Denmark is also a pioneer regarding wind energy iausl worthy studying the remuneration procesd tha
carried out in this particular country. Until 1998 power produced by wind farms was purchase’b@t of
the domestic tariff plus a government subsidy, &btal feed-in tariff of approximately 80 €/ MWh. 00O,
though, this feed-in tariff was reduced to 60 €/ MW 2003, wind energy was launched in the Danisivgr

market, the NordPool.

In 2008 new economic incentives for wind turbinesiore were introduced. This involved an innovative
remuneration method, based on market price plu&/8Oh for the first 22000 full load houf$ There is also a

4 €/MWh compensation for balancing expenses. Bedtuie newly incentive methodology, it was alscated a

" The cap only applies to a band of the market pfice high market price values, the generatorsivedae market price,
which may exceed the cap.

8 Prices with reference to October 2008.

 Complements: reactive power and voltage dips.

10 Aproximately 9 years.

10



Green Fund, which receives a small state subsidi\{wé produced by each wind turbine for the fir20Q0 full
load hours. This Fund has the goal of providingsglibs to initiatives that promote local acceptaote
installation of wind turbines. Last but not leaahother relevant issue in this 2008 law is the ipdig for
compensation to neighbours for devaluation of prigpe&lue to building of wind turbines in vicinity.

Consequently, wind power developers must offer @immim of 20% ownership share to local residents [9]

1.2.4 German wind energy remuneration process

In Germany, an early feed-in law for wind-generagéettricity has existed since 1991. The Renewablergy
Sources (Erneuerbare-Energien-Gesetz-EEG) camédarae in 2000 and still provides the main stimufas
the German wind market. The EEG is regularly amdrideadapt tariffs to current market conditions aegv
technological developments. The most recent amentdtoek place in 2008 with new tariffs and reguat

which took effect on 1 January 2009.

Under the EEG, electricity produced from renewadiergy sources is given priority for grid conneatigrid
access in both distribution and transmission gras, power dispatch. The EEG stipulates a fixed-fadariff
for each kwh of power produced and fed into thd §ndm renewable sources. For wind energy an &htariff’
is fixed for at least five and up to 20 years.slthen reduced to a ‘basic tariff depending on Hoeal wind
conditions compare to a ‘reference yield'. For amgte, wind installations on very good sites recéeeinitial
tariff for five years, while turbines on lesseesican extend the period. The tariffs are pai@€@oyears.

As of 1 January 2009 the initial tariff for onshasind energy was increased to 9.2 c€/kWh. Thidahtariff
will be reduced by 1% per year for new installatipie. projects which become operational in 20iDreceive
an initial tariff of 9.2 c€/kWh — 1%. The basicithis set at 5.02 c€/kWh. It is important to mentithat there is
a different tariff regarding the offshore wind eger

Grid operators are obliged to feed-in electricitpquced from renewable energy and buy it at a figgde
within their supply area. Furthermore, the new BEQuires that grid operators not only extend the, dput also

that they optimise and enhance the existing gfid [2
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13 Thesis objectives/ Structure

The purpose of this thesis is to forecast the po@tion of wind energy, in Portugal, in a competitwholesale
market. Specifically, it is intended to carry orset of simulating studies in order to draw somechgions
regarding the impact on the revenue of Portugudad energy producers coming from their integratiora
competitive electricity market. To accomplish tgial, though, it is necessary to study the eléttrinarket in
which Portugal is included, the Iberian Electrickarket, MIBEL. Effectively, analysing the functiog of
MIBEL is also the focus of this thesis, as it is filatform for the inclusion of wind energy in thewer market.
The inspection of the Iberian Electricity Markesshao strands: one theoretical, in which is presgnbe main

features of MIBEL, and other practical, regardihg tlevelopment of a market simulator.

Chapter two offers a global overview of the opematof electricity power markets. It starts by désiog the
Portuguese electricity system as well as the entitesponsible for each vital activity: generatimansmission,
distribution, supply, regulation, market operatemd system operation. The Iberian Electricity Méarkealso
scrutinized in this chapter, taking into accoustiitterconnected bipolar structure where the daliattaday
markets are under the supervision of the Spanighkioin, OMEL, and the organised derivatives markatnder
the responsibility of the Portuguese division, OMTPe operation of the day-ahead and the intradarkets is

object of a detailed explanation in this chapter.

The third chapter explains both the algorithm useiinplement the market simulator and the modeltdisthed
for assessing wind energy revenue in MIBEL's powrket. The description of the algorithm used toudate
the effective functioning of MIBEL is introduced layreference to the congestion management methats a
specifically, Market Splitting as it is the modedad by Portugal and Spain to allocate interconoeatapacity

in the day-ahead timeframe. The methodology emplagecompute the introduction of wind energy in the
power market is divided in four main topics: stoptewhich describes the relation of wind farms witie
different markets of MIBEL, generation forecastdiene are referred the two methods brought into pbay
estimate the wind production (ARMA and NWP), impktation, which explains the overall algorithm and
assumptions, reporting the hypothesis adoptedeimlfporithm.

Chapter four presents the results of the simulaticarried out in this thesis as well as the coowstiunder
which they were performed. The different case swidire portrayed. Furthermore, central aspectseofvork
will be discussed based on the outcome of the sitiomls, namely the liquidity of the intraday markite
relation of the quality of the wind forecast witketfinancial income of wind producers and the prejgpance of

the deviations’ prices.

Last but not least, in chapter five the main cosiclos of the work are presented, alongside witeference to
further studies and evaluations that are welcomeach important developments not only in the wenergy

theme, but also in the renewables scenario.
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2 Market concepts — The Iberian Electricity Market

In this chapter it will be characterized the Poutesg electricity system, with particular focuste entities that
play key roles on it. Furthermore, the Iberian Eleity Market, MIBEL (Mercado Ibérico de Electraade), is

also analysed in this chapter, taking into particabnsideration the day-ahead and the intradaiatsar

2.1 Electricity market core components

The goal of electricity market liberalisation isdmeate benefits by introducing incentives for leigkfficiency
and more innovation. Effective incentives are adaby introducing competition between market player
Competition exposes market players to the riskosinlg market share, or even going bankrupt, if teynot
sufficiently efficient and innovative. But it algmrovides rewards for taking risks and performingtdrethan

one’s competitors.

The liberalization process has brought to the pawaing community culture, skills, processes, piads and
systems that have been widely used in more deweloparkets, together with experienced resources. In
particular, there is a significant trend to implemenutatis mutandis, the models that have prowdretefficient
in other commodities and securities markets, faditrg, clearing, products, risk-management toalsiness

models, supervision, amongst others.

However, electricity is a special commodity thaéd® specific provisions to be taken when desigaimgarket,

which derive from electricity physics fundamentalamely:
* Non storability (at least in the context of wholesaarket);
* Physical flows that follow physical rules and nohtractual paths;
e Low dynamic performance of generation;
« Low elasticity of demand.

Those characteristics have led to a widespread eharliodel, commonly adopted in countries that have

undertaken a liberalization process, which incluttesmain components illustrated in Figure 2.1.

Electricity Market

Power (Energy) Markets Transmission Capacity Markets

« Power Exchange Market (PX)
« Bilateral Contract Market (OTC)

Physical Transmission Rights (PTRs)
Financial Transmission Rights (FTRs)
Explicit auctions
Implicit auctions

e o o o

System Operation Services & Markets

« To enable the electricity market activity

Figure 2.1 — Electricity market main fundamental canponents.
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2.2 The Portuguese electricity system

Before we dive into the characterization of MIBELS relevant to introduce the Portuguese eletyrigystem,

as well as the types of companies and organizati@igplay a role in it.

2.2.1 Electricity value chain in Portugal

The electricity industry in Portugal can be dividiedfive main activities, each one carried out bffedent

entities: generation, transmission, distributiarp@y and operation of the regulated electricityrkea

Starting from the top of the chain, generating canips produce and sell electrical energy usingedifit
technologies and primary energy sources (coal,djasel, fuel, water, wind, biomass, solar, amowogsérs). In
Portugal, electricity generation is totally opertedcompetition, subject to obtaining the requisitenses and
approvals. Electricity generation is divided in twegimes: ordinary generation regime, which referghe
generation of electricity through traditional namewable sources and large hydro-electric plants, a
production under special regime (PSR), which referthe use of alternative indigenous and renewsdlgces
for electricity generation and for cogenerationn&mating companies may also sell services suckaqsation,
voltage control and reserve that the system opersteds to maintain the quality and security ofdletricity
supply. In the actual legal paradigm, the ideahafentralized electricity generation planning iglaeed by a
market and private incentive philosophy. In Portutye principal generating companies are EDP Pradtg

Turbogas, Tejo Energia and EDIA (Empresa de Dedeimento de Infra-estruturas do Alqueva) [10].

Transmission system operation refers to the owieestd operation of transmission assets such as,lzables,
transformers and reactive compensation devices dduiipment connects production units to consumuedsis
operated according to the instructions of the systperator that is responsible for assuring thelibgum
between supply and demand. Electricity transmissictivity is carried out through the national tnanission
grid, through an exclusive concession granted byRbrtuguese state to RENN June 15, 2007 for a 50 year

period.

Electricity distribution companies distribute elégty received from the national transmission afistribution

grids directly. In a traditional environment, thBgve a monopoly for the sale of electricity to @hsumers
connected to the network. In a fully deregulatediramment, the sale of electricity to consumerslésoupled
(unbundled) from the operation, maintenance aneldgwment of the distribution network. Independetaiters
then compete to perform this activity, in a mamretironment. The national distribution grid is cgted through
an exclusive concession granted by the Portuguase $resently, the exclusive concession for thivity of

electricity distribution in high and medium voltagas been awarded to EDP Distribuicdo. The lowagat
distribution grids continue to be operated undercession agreements awarded by municipalities pityrta

EDP Distribuicao [10].

The supply of electricity is now fully open to coetjion, subject to obtaining the requisite licensnd
approvals. Retailers are able to freely buy enemgthe wholesale market and resell it to consuméis do not

wish, or are not allowed, to participate in this oddsale market. They have the right of access & th

1 |ncumbent utility in Portugal.
12 REN — Rede Eléctrica Nacional, SA.
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transmission and distribution grids upon paymeraagfess charges set by the regulator, ERSHder the new
electricity framework, consumers are free to chdbeé retailer, and may switch retailers withauturring any
additional charges. A new entity, whose activityl wie regulated by ERSE, will be created to overSee
logistics operations of switching retailers. Retesl are subject to certain service standards wipetct to the
quality and continuous supply of electricity ane aequired to provide access to information in $&mgnd
understandable terms. They are, above all, redpensor managing client relationships with costusper
including billing and costumer service. Howeverggulated tariff regime is still available for alistomers in
Portugal, who are free to choose between the lizechmarket and the regulated regime, which isaigel by
the biggest retailer in Portugal, EDP — Servigovdrsal S.A.. This company plays the new role ofltis¢ resort
supplier, which is subject to regulation by ERSEBeTast resort supplier is responsible for the lpase of all
electricity generated by special regime generatorsybligation which until January 1, 2007 was iedrout by
REN, and for the supply of electricity to costum#rat purchase electricity under tariffs or regedatustomers
and is subject to universal service obligationds Tompetition between regulated tariffs and litizeal market
is temporary, and provisions to limit the scopeapplication of last resort tariffs to small clieritave been
approved by the Portuguese and Spanish Governroades the framework of MIBEL. Within the liberalibe

market there are some companies that act as retagdberdrola, Union Fenosa, Endesa and EDP @aher

Last but not least, the electricity market operai®an activity assigned to the market operatoDjMrhe MO
is the agent that matches sale and purchase drdérsellers and buyers of electricity have suladiticcording
to market rules that he has defined, typically tiglo a computer system. It also takes care of ttikeisent of
the matched orders. This means that it collectsneays from buyers and forwards them to sellero¥althg

delivery of energy. The organized electricity maskeperate on a free market basis, subject to gnétions
jointly granted by the Minister of Finance and bg Minister responsible for the energy sector. drtdyal the

entities responsible for this task are OMIP (ddines market) and OMEL (day-ahead and intraday etajk

Figure 2.2 summarizes the electricity value chairPortugal, including the companies responsibleefach

act|V|ty.

> GENERATION TRANSMISSION DISTRIBUTION SUPPLY

Ordinary regime National National electricity Regulated suppliers

+ EDP Produgéo (CMEC) electricity distribution grid (Supplier of last

+ EDP Produgio (TER, transmission (HY AND MVY) resort)
other hydro) grid Distribution System *EDP SU

+EDIA {(Very high Operator sConsumer Co-

+ Turbogas {via PPAs voltage) + EDP Distribuigdo operatives
operator) Low voltage *Non regulated

+ Tejo Energia (via PPAs Transmissiom distributors suppliers
operator) System Operator: (Municipality * EDP Comercial

Special regime +REN - Redes concessions) + Endesa/ Sodesa
(Feed in tariff) Energéticas +EDP Distribuigéo + Iberdrola

+ Renewable and waste Nacionais. + Several Co- + Union Fenosa
electricity producers operatives + Viesgo

+ CHP (co-generators) + Others

MARKET

SYSTEM

OPERATION

OPERATION
OMIP, OMEL REN

Figure 2.2 — Electricity value chain in Portugal [D].
2.2.2 Portuguese electricity market model

13 The national regulation authority — ERSE (EntidRéguladora dos Servicos Energéticos).
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In order to reach a representation of the Portugessctricity market model, let us introduce tworenentities

that play key roles in the electrical system.

The independent system operator (SO) has the prineaponsibility of maintaining the security of thewer
system, thus enabling the market activity. It ilechindependent because in a competitive enviratjrtae
system must be operated in a manner that doesawoutif or penalize one market participant over agthhe
SO, role that in the case of Portugal has beegredito REN, owns the computing and communicatissets
required to monitor and control the power systeroritler to carry out the required activities, intgadar the

balancing of generation and load in real time,agdtregulation, system restoration, etc..

The regulator, ERSE in the Portuguese paradigitineisSndependent body responsible for ensuring aireahd
efficient operation on the electricity sector. étermines or approves the codes that govern tl&rielty market
and supervises the activity of the entities tharate in it. The regulator also sets the pricestferproducts and

services that are provided under a monopoly regime.

Last but not the least; consumers are the godiegtectrical system. Small consumers typically biggtricity
from a retailer and lease a connection to the posystem from their local distribution company. Thei
participation in the electricity market usually amnés to no more than choosing one retailer amantpstrs, that
will act as the sole interface between the conswandrthe network and system services providersghafar
contracting connection to the grid and for regudsriffs payment.. Large consumers, on the opppaite more
likely to take an active role in electricity markdty buying their electricity directly from the rkat. The largest

consumers are sometimes connected directly tadhsrmission grid.

Having identified the main actors and relationshiwe can now move forward to the representatiorthef
Portuguese electricity market model.

Actually, Portugal has an electricity market mottelt includes two segments: the regulated andiltleealised.
The regulated segment is the oldest one and isctagized by the absence of competition in retadifiess, as
Figure 2.3 demonstrates.

Tejo EDIA EDP Spanish

Turbogés Energia (Alqueva) Producéo Generators PEIR
.
.
.
REN H
Trading H
.
.
¥ ¥
WHOLESALE MARKET
MO — OMEL/ OMIP SO -REN
EDP SU <
Large Small Small Large
Consumer Consumer Consumer Consumer

Figure 2.3 — Portuguese regulated market.
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For long time the purchase of electricity undeegutated tariff regime was the only alternativedonsumers in
Portugal. Nevertheless, in this model they did get the opportunity to choose their supplier as rétail
business was monopolised by EDP Distribuicdo. Funtiore, clients were not allowed to establish erkit

contracts with generating companies and could ngtemergy directly on the wholesale market.

However, following the changes towards liberali@atoperated in Germany, the UK, Spain, Austria dral
Nordic countries in their own electricity market deds, Portugal started implementing and designimatheer
model and in 2004 came up with a much more conipetine, ahead of countries like Italy, Belgiumesen

France, as it can be witnessed in Figure 2.4.

Liberalization in European Electricity Liberalization Dates
Markets® (December 2006)

Sweden January 1996 / November 1999
Full Finland 1 January 1997 / September 1998
liberalization UK 1 1 September 1998
before 2001 Germany | - April 1999
\/ Austria | i October 2001
Spain ] January 2003
Full Denmark | July 2004
liberalization Netherlands | July 2004
after 2001 i
Portugal July 2004 / September 2086
Ireland 1 December 2005
\/ Belgium | 190 July 2007
Liberalization Luxembourg | &4 July 2007
only restricted ltaly | |a July 2007
non-dt(())mestic France : 70 July 2007
e Greece j 62 July 2007
60 % 82) % 100 %

@ pPercentage of eligible consumption relative toltobasumption® Although full liberalization was legally defined bappen in 1996 in
Sweden and in 19977 in Finland, that only happdetted when specific measures to facilitate dormestnsumers switching were
implemented® Although full liberalization was legally included the Decree-Law n°® 192-2004, the effective rightttoose electricity
supplier for domestic consumers only started irnt&Saper, 2006.

Figure 2.4 — Liberalization dates of different Eurgpean’s electricity markets [Portuguese Government].

Contrary to the regulated model, this new libeealisystem allows consumers to choose their enengplisr,
by introducing competition in the retail market.sBies, clients within this system can also estalffisateral
contracts with generating companies. By introduding new scenario, Portuguese authorities werasied in
reaching a model that could induce competitiveqwim this market segment. Figure 2.5 shows theuguese
liberalised model, as well as the companies an@drozgtions that play a key role in it and the iattions

between them.
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Tejo EDIA EDP Spanish

UTiEEEES Energia (Alqueva) Producgéo Generators I
REN H
Trading l I .
WHOLESALE MARKET
BILATERAL MARKET
MO — OMEL/ OMIP SO -REN
EDP Union
Comercial banlela Sz Fenosa
RETAIL MARKET
SWITCHING OPERATOR
Large Small Small Large
Consumer Consumer Consumer Consumer

Figure 2.5 — Portuguese liberalized market.

Figure 2.5 illustrates that most small and mediumscmers purchase energy from retailers, who im bury it
in the wholesale market. Large consumers, thoughmmre likely to choose to purchase energy diyemtl the
wholesale market or through bilateral contractghia model, the wholesale price is determinedhgyitterplay
of supply and demand. Due to all these factorsinfran economics perspective, this model is the most
satisfactory because energy prices are set thrmagket interactions. Nevertheless, implementing thodel

requires considerable amounts of metering, comnatinit and data processing.

Liberalised models such as the Portuguese onecfeaded by some economists to be the most effectiee as
the introduction of competition implies an efficiemarket alternative to centralized control and rdowated
planning. However, some still argue that a cergealiand regulated structure would increase ralakdhd

would be the best approach in cases where indsstigture does not allow a truly competitive manketdel.

In Portugal, there was a wide acceptance of trerdiised model but some of its outcomes, namelypeditive

pressure on the wholesale and retail markets #ratsin early stage.

2.3 MIBEL

The lberian Electricity Market (Mercado Ibérico @dectricidade — MIBEL), is a joint initiative fronthe
Portuguese and Spanish governments, and is a lcstefatowards the development of the internaltatsty

market. With the materialisation of MIBEL, it becempossible for any consumer in the Iberian zorextpire
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electrical energy under a free competition regifrem any producer or retailer that acts either artitgal or

Spain.

The management of the organised markets of MIBBbaised on an interconnected bipolar structure, evtier

day and intraday markets are operated by the Spahission (OMEL) and the organised derivatives keafis

under the responsibility of the Portuguese divisi@MIP"). MIBEL entities, though, have permanent

cooperation. For instance, if an agent was gratitedstatus of producer, retailer or other, by omentry, this

would imply automatic recognition by the other ctyingranting equal rights and obligations to tagent.

MIBEL’s main goals are:

To benefit the electricity consumers of both coigstrthrough the integration of the respectiveteitec

systems;

To structure the market organization on the basiprimciples of transparency, free competition,
objectivity, liquidity, self-financing and self-oagization;
To support the development of the electricity madeboth countries, with the existence of a single

reference price for the whole of the Iberian Penlas

To allow all the participants free access to thekeia under equal conditions of rights and obligad;,

transparency and objectivity;

To promote economic efficiency of electrical seatompanies, encouraging free competition amongst
them [11].

Besides OMIP and OMEL, there are many other loaatif exchanges trading electricity, worldwide Fagure

2.6 illustrates.

APX UK APX Nord Pool EEX Polpx
ICE BELPEX OTE EXAA
Amg]
Calgary Toronto Londor
ﬂESO;#:.:,"“ Holyoke Pariss | iff7ig
IESO Mew York Li:gg:r » Lo Bu:hm
NE Pool /\Iorris town Rom
NYMEX
Guatemala
PJM
AMM
Harare
Santiago
Codec / = Meiboume Wellington
ME OPCOM
Cammesa OMEL G

OMIP  Powemext Borzen SAPP  Nemmco M-co

Figure 2.6 — Locations of exchanges trading electity [12].

¥ The main features of OMIP are described in Appeadi
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2.3.1 Benefits of market integration

MIBEL is a regional approach of European eleclyigitarket integration. The economical benefits afhsu
integration will be highlighted in this section.

Before diving into that economic analysis, thoughis important to have clearly minded the concepts

consumers’ surplus, producers’ surplus and soc#fiane. Figure 2.7 illustrates those concepts.

A
Price Consumers’ surplus

(€/MWh)
U]]I[l Producers’ surplus

Market | -
price

Demand

Equilibrium Quantity (MWh)
quantity

Figure 2.7 — Consumer surplus and producer surplus.

The producers’ surplus arises from the fact thgabds, except for the marginal production, aesléd at a
price hat is higher than their opportunity cost.FAgure 2.7 shows, this surplus is equal to tha aetween the
supply curve and the horizontal line at the mankete. Producers with a low opportunity cost captar

proportionately larger share of the profit thansthevho have a higher opportunity cost.

On the opposite, the consumers’ surplus represkatextra value that consumers get from being tblauy a
commodity at a price higher than the market piicather words, they will pay less than they weispdsed to,
so this corresponds to a gain in the consumerspegetive. The consumers’ surplus can be determiagd,

illustrated in Figure 2.7, by the area betweendiasmand curve and the horizontal line at the maskee.

The social welfare, or total surplus, corresporashe sum of the producer’'s and consumers’ surplusta
national level, a well-functioning and competitigkctricity wholesale market maximizes social welfaf the
market as a whole. The lowest energy asks as weahea highest energy bids are satisfied first ag las bids

and asks match. This results in producers’ anduroass’ surplus, Figure 2.7.

The congestion costs are the costs to society whyalifferent prices in power markets. In otherrdg the
congestion costs are the loss in social welfaretdwangestion. The congestion costs can be mehssieg the
net exporting curve (NEC). For a given hour, theON& each market is constructed from demand anglgup
curves of the market: for each price P there isrargdemand for imports (excess domestic demandupply

of exports (excess domestic supply). These questitepresent the difference between supply and mtma
corresponding to each price P. All in all, the NBCa market gives, for each additional MW exported

imported by the market, the price that would besobsd in this market, Figure 2.8.
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Price Price
(E/MWh) (€/MWh)

Net Export
Supply Curve NEC

Quantity (MWh) Import 0 Export
(MWh) (MWh)

Figure 2.8 — Net Export Curve (NEC).

Coupling two markets is done easily using the NEXB& market with the lowest isolated marginal pggports
to the market with the highest isolated marginaterThe export of one market is equal to the irhpbrthe
other, thus the equilibrium is found at the intetgen of the net exporting curve of a market, ahd het
importing curve of the other (the inverted NEC) J[1Bigure 2.9 illustrates in a single graph the NESE two

markets, A and B as well as the congestion costs.

Price

T (€/MWh) Congestion Costs

Additional flow from B 0 Additional flow from A
to A (MW) to B (MW)

Figure 2.9 — NECs of two markets A and B and conggsn costs.

Figure 2.9 denotes the importance of interconnectiapacity availability: had sufficient intercontiea
capacity been available the market would have etkat the intersection of NEGnd NEG. As no sufficient
interconnection capacity was available, the twoasafe markets cleared aj Bnd RB. The foregone surplus

(congestion costs) is represented by the shaded are

Figure 2.10 shows how maximizing cross-border cidipaccould decrease the congestion costs.
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Price Congestion Costs (;,\;'i\(/:veh)

(E/MWh)

NEC,

R
e

Pa NEG, NEC,

Additional flow from B 0 Additional flow from A —
to A (MW) to B (MW) Additional flow
fromAtoB

Figure 2.10 — Impact on the congestion costs of grconnection capacity maximization.

Moreover, let us know focus in the social welfaengrated by cross-border flows. Considering theesam
markets, A and B, define P'and Py as the prices of markets A and B if they wereatal, i.e. if the cross-
border flow between A and B was zero, andaRd B the marginal prices of each market if there wéle\a of

power from A to B. Figure 2.11 schematizes the Isisgs generated by the this cross-border flow.

Price
[ (€/MWh)

\' s

NEC,

P’A
NEC,

Additional flow from B «———> Additional flow from A
to A (MW) Available T(ansfer to B (MW)
Capacity

Net surplus of ﬁ Net surplus of _—— )
market A @ market B = Congestion Rent

Figure 2.11 — Surpluses generated by a cross-bordéow.

Figure 2.11 illustrates that the cross-border floetween A and B directly generates surplus for enarket.
Additionally, it generates a surplus for the traission system operator (TSO), the congestion nghich is
used by the TSO for decreasing grid access tanfésntaining the existing cross-border capacityngesting in

the grid.
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Distribution of surplus generated by cross-border iows

Even if some market participants lose out, the equence of a cross-border flow from a low-pricedkeagto a
high-priced market is always a net surplus in botirkets A and B. This occurs because a largergsdrigh-

price demand is satisfied by a larger part of loweegsupply, due to the interconnection flow.

For instance, if market A is the exporting markkgn an export from A is beneficial to producershat area,
while it is disadvantageous to its consumers. Caqunsetly, the surplus of the consumers of market il lve

lower when A is exporting than when it was isolat®d the other hand, the surplus of the producktisi®area
rises when market A exports. However, the diffeeebetween the increase in surplus for producensarket A
and the decrease in surplus for consumers in markstalways positive. As a result, the net surgdiusthe
market A in total is positive. This is shown in &ig 2.12.

Market A isolated Market A exporting

Price Price
(E/MWh) (E/MWh)

Demand
including
. export

, ,,,,,,,,,,,,,,,,,,,, Supply

Demand

Quantity (MWh) Quantity (MWh)
Surplus of consumer A <+—— Cross-border flow from A to B
[]:[]]] Surplus of producer A E Net surplus increase for market A

Figure 2.12 — Net surplus increase for the market A

Figure 2.13 also demonstrates the net surplusdser®or market A generated by an interconnectmn from A
to B, but based on the NEC of market A.

Price Price
(/MWh) (e/MWh)

Net Export
Curve NEC

Quantity (MWh) Import to A 0 Export from A
(MWh) (MWh)

Net surplus increase for market A

Figure 2.13 — Net surplus increase for the market Aising the NEC.
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Regarding market B, as it plays the role of thedntipng market, the symmetric situation will occan import to
B reduces the surplus of producers in market BJenihiis beneficial to consumers in market B. Tbé be
considered as a transfer of surplus from produtermnsumers of market B. Still, the differencevssn the
increase in surplus for consumers in market B d&eddecline in surplus for producers in market Bilisays

positive. Consequently, the net surplus for thekeiaB as a whole is positive, as it can be sedfigare 2.14.

Market B isolated Market B importing
Price Price
(E/MWh) (€/MWh)
Supply
including
import
Demand
Demand
Quantity (MWh) Quantity (MWh)
EEH Surplus of consumer B <+—— > Cross-border flow from Ato B
{&ﬁ Surplus of producer B EB} Net surplus increase for market B

Figure 2.14 — Net surplus increase for the market B

The net surplus increase for market B, generateal dripss-border flow from A to B, can also be scaiized on
the NEC of market B, as it is patent in Figure 2.15

Price Price
(E/MWh) (E/MWh)

W Demand

Quantity (MWh) Export from B 0 Import to B
(Mwh) (Mwh)

Net surplus increase for market B

Figure 2.15 — Net surplus increase for the market Bsing the NEC.

Lastly, it should be mentioned that, at bordersemghthe price differential direction regularly ches, the

winners and losers of cross-border flows changetsame time. When a market imports, its consumvars

24



and raise their surplus, but when the flow diratsaitches the same consumers will lose. The ofgpbappens

to producers.

2.3.2 MIBEL'’s day-ahead market (spot market?)

The day-ahead market is managed by OMEL since 3arli®®8. The purpose of the day-ahead market, as an
integral part of electricity wholesale market, éshtandle electricity transactions for the followidgy through

the presentation of electricity sell and purchaskers by market participants [14].

Most transactions are carried out in the day-atmearket. All available production units must pagate in this
market, in case they are not bound by physicatdy#é contracts, as well as external agents regidtas sellers.
Buyers on the daily market are last resort suppliegtailers, qualified consumers and external sgexgistered

as buyers. Selling orders (asks) made by prodwerpresented to the market operator, OMEL, antbsil
included in a matching procedure that will affdet tlaily programming schedule corresponding tadtheafter
the deadline date for the reception of orders ftoe session, and comprising twenty-four consecutive
programming hours (twenty-three or twenty-five pds on days which the clocks are changed). Thelidead
for the reception of orders by the market operédorday D+1 is 10:00 (CET) of day D. An exampletbét
matching procedure, for one hourly period is patenFigure 2.16.

4 Last Ask price
€/MWh matched

CE€/KWh /
H Ask (Generation)
Bid {Consumption)

Energy Mwh
Traded

Figure 2.16 — Day-ahead market matching procedureidgram.

Marginal
Price

On MIBEL’s day-ahead market, electricity sale osd@resented to the market operator may be simple or
incorporate complex conditions in terms of theintemt. Simple asks only specify a price and an arno€
power. Complex asks are characterized by incorpamatplex sale terms and conditions. The pricaahédour

will be equal to the price of the last block of task of the last production unit whose acceptaras bleen
required in order to meet the demand that has beched (Figure 2.16) [14].

The two main advantages of the day-ahead markesianglicity and immediacy. Furthermore, a produiser

able to sell the exact quantity he has availabte an the other hand, a consumer can purchase#ot @nount

5 The day-ahead market is also known as spot matkstever, this denomination is not unanimous, asesauthors affirm
that the spot market includes both the day-aheddtfaa intraday markets. In this work we will avaiding the term “spot
market” to clarify the reader. Nevertheless, whendkat term is used, mainly in Figures taken ffoneign sources, it just
concerns the day-ahead market.
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he needs. Yet it would be a mistake to overlookfgloe that prices in the day-ahead market are highlnerable
and, subsequently, tend to change quickly. Forirts#t, a sudden drop of production, or an increasetinand,
sends the price soaring because the stock of gaeaitable for immediate delivery may be limited. @
opposite, a glut in production or a dip in demarnilll lewer the price. Moreover, day-ahead marketer{DAP)
also reacts to news related to the future avaitghuf other commodities such as oil and coal, wareto weather
forecasts. All in all, variations in DAP are notlpharger but also highly unpredictable and thahoagst all

other questions, is what makes life harder for lothsumers and producers of electricity.

Although being in business means taking some riaksexcessive amount of risk endangers the sureoival
business. Most participants in the day-ahead matésire, therefore, to mitigate and reduce therosure to
risk. On one side, a consumer will typically tryastablish a maximum price to pay for the commodiy the
opposite side, the producer of a commodity will twyavoid being forced to sell its output at a vy price.
This will to avoid being vulnerable to the pricaidtuations has led to the introduction of otheretymwf

transactions and markets (intraday, futures andégais markets, for instance) [15].

2.3.3 MIBEL's intraday market

The purpose of the intraday market in the eledyrisiholesale market is to respond, through theergion of
electricity power sell and purchase orders by ntadgents, to adjustments made to the final vialaidyd
schedule. Intraday (ID) markets cover energy nagediin open markets after the day-ahead time paiod to
System Operator real-time security interventiongnsgquently, ID markets represent the last oppibytdior
market agents to balance their schedules in alateltal market environment, without the direct ia@ntion of

the system operator in their transactions [14].

In essence, the intraday market follows the sanagegly that is used in the day-ahead market. Orsioigethere
are the energy sellers and on the other the emargghasers. Both specify the amount and respeptice of
energy they want to sell/buy to the market operakben, the market operator matches the ordergrengrice
of each intraday session corresponds to the lasthmd ask. The only dichotomy amongst the day-aheddhe
intraday market relies on the number of sessionsragpective deadlines. The day-ahead market Hgsooe
session, whereas, the intraday market is dividesixrmsessions, each one for the same day but vffiéreht

deadlines, as one may witness in Figure 2.17.
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Figure 2.17 — Bidding periods for the day-ahead maet and the ID market [16].

Figure 2.17 can be complemented with more accimédemation related with the hourly distribution efch 1D

session. This information is presented in Figule2.

SESSION S5ESSION SESSION SESSIOM SESSIOM SESSION

10 28 33 4a 5z ga

15:00 21:00 01:00 04200 12:00

17:45 21:45 5 O4:45 08 12:45

18:30 22:30 0 S:30 05 13:30

18:45 22:45 5 D45 13:45
Constraints Ana 15:20 23:10 0 G6:10 0: 14:10
Adjustments for Constraints Publication PHF  19:35 23:20 03:20 6:20 D: 14:2
T e 28 ours 24 hours 2 ours 17 hours 13 howrs 9 hours
Schedule Horizon (Hourly periods) 31-241  [1-74 5-24 _ [17-24 16-74

Figure 2.18 — Hourly distribution of each ID sessio (CET) [14].

Looking at Figure 2.18, we rapidly come to the dosion that the last 4 hours are the ones whicle hmawre
opportunities to be corrected in the ID market. i@ opposite, there are very few chances to ditefitst 4
hours. Indeed, only ID1 and ID2 offer the possibito change the prediction for the first four heudours 21,
22, 23 and 24 have all 6 intraday markets availtblee corrected. The explication to this phenomeneties on
the fact that the first four hours are the closests, in terms of temporal horizon, to the deadlimgpresenting
the orders on the daily market. Due to that profimprevisions are less likely to fail. The lasufdhours,
though, are less susceptible to be correct bygbabd. Subsequently, it is imperative to offer extid sessions

for the producers to revise their previsions.

All agents authorised to present electricity saleporchase orders on the day-ahead market and whe h
participated in the corresponding day-ahead mas&ssion in which the intraday market session is\egeor

who have executed a physical bilateral contract; paaticipate in the intraday market.

Intraday markets are a vital tool for market partte keep positions balanced as circumstances taiten
account in the planning of injections and/or off¢anay change between the day-ahead stage and teagal
time operations. Within this field, some intermitteenewable generation benefit from this real toogections.

Photovoltaic and wind energy, for instance, fingdty difficult to have accurate predictions. Thiay not be a
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problem as long as they do not participate in thelesale market. However, in countries like Spainere wind
energy is no longer managed out of the market, varatlucers learned from themselves the importarice o
having a platform that enables them to changeitbiegredictions for the production of wind power f certain
hour. This strategy is fundamental to avoid theegelhy high costs of the denominated “balancing ma@ésm”
which is frequently perceived as a penalty impasedhe purchase price of balancing energy. Thisipemay
be explicit, such as a multiplicative factor apgli® the supply cost of the balancing mechanismmpficit,
integrated into the method by which the balancirigepis computed. Generally, balancing mechanisrosige
for at least two different prices for imbalancesieQrice is applied to positive imbalances, in \uhémergy
supplied in excess of the schedule is remunerdtbdlaw the marginal cost of the systems balancimther
price exists for negative imbalances, in which gpesupplies below the schedule are priced highan tine
marginal cost of systems balancing. This strategfoilowed mainly in Europe. Experts defend that this
procedure, participants in forward markets haveinmentive to increase the risk exposure of the tetgty
system by raising the amount of balancing powarsated during real time. Practically, penalizieglitime
imbalances also has the effect of transferring sofitbe risk and responsibility for balancing frahe system
operator to the market participants.

Portugal is reaching the time when the feed-irfftafi wind energy will end and wind producers wéliart to
give preponderance to the intraday market. Yetethmdances are only possible if the market is ceffitly
liquid. Otherwise not all participants will be alile find counterparties to offer them additionahtacts to

modify their daily schedules.
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3 Wind farm in a market environment — Practical implementation

This chapter aims at describing the algorithms useimplement the market simulator that will allaive
forecasting of a particular wind farm’s economicaitcome in a market environment. Once the casey stud
applies to a regional integrated market — MIBELn-wihich cross-border trade is a key issue, thedmehtals

of capacity allocation and congestion managemetitads will be addressed.

3.1 Congestion management — The market splitting nsgaanism

In this section it will be described the main costggn management methods, with particular empHhasgisarket

splitting.

3.1.1 Examples and differences of congestion managent methods

According to the Regulation (EC) N. 714/2009, catigen means a situation in which an interconnediitking
national transmission networks, cannot accommodadltgphysical flows resulting from international die
requested by market participants, due to lack pacay of the interconnectors and/or the natiorehgmission
systems concerned. At the present time, the Euro@manmission supports every market mechanism which
increases the level of integration of the existiglgctricity markets in Europe. Market integration the

prerequisite for the creation of a single Europelactricity market.

Transmission System Operators, TSOs, are majorsaictdhe process of market integration, for imgngvthe
efficiency of the use of existing infrastructuressveell as for developing new infrastructures. Welgard to the
use of existing cross-border infrastructures TS@s ia charge of calculating the maximum cross-borde
capacities, allocate them to the market and pulilighdata related to those capacities. Regardiagctbss-
border capacity maximization, TSOs are requesteluittl and guarantee the necessary capacity fokehar
functioning without permanent or structural conges. Furthermore, concerning the use of crossdyord
transmission capacity, TSOs are in duty of adoptinggestion management methods which give efficient
signals to them and to market participants. Withiis context, they also need to optimise the detgyeghich
capacity is firm. In Portugal this role is playeyd & sole entity, REN, whereas in Spain it is perfed by Red
Eléctrica de Espafa — REE.

Congestion methods can have different objectivesraeanings. Some of them are meant to allocatenafi
the available capacity to the market participantélevmeeting the security constraints, others naestl with
already existing congestion or predicted congestiolay minus one (D-1). The differences betweesdhwo
issues are significant and accordingly they shdiddseparately assessed as well. The first grogapacity
allocation methods (pro-rata, priority based rulesplicit and implicit auction (market splitting anarket

coupling)), while the second group is congestidev@tion methods (redispatching and counter trgidin

3.1.2 Capacity allocating methods

The capacity allocation methods can be subdividddio categories: explicit and implicit, as it da@witnessed

in Figure 3.1.
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Capacity Allocating Methods

Explicit Implicit
Eirst come, Pr_o-rgta Expl_icit Bilateral_implicit Multilateral
first served rationing auctions auctions
Bilateral Coordinated

Figure 3.1 — Capacity allocating methods.

Explicit Auctions

In explicit auctions, each market participant dffarprice for use of the Net Transfer Capacity (\Y.'he bids
of the participants are stacked, highest bids, fuisttii the NTC is completely used. Often, a “tnanission
market” clearing price is calculated and each piadint pays this. Several methods to fix both flearing price
and the volume of capacity allocated exist. OneeNAC is completely used, either the process igp&d, or
there is some re-dispatching, according to thel lef/¢he clearing price and the process may go dh extra
trade possibilities. Figure 3.2 illustrates theleipauctioning procedure [17].

Prices 4

(EIMWh) 1

Marginal 3
price

L

NTC Transfer capacity (MW)

Figure 3.2 — Explicit capacity auction.

Revenues from this allocation method will ariseyomh interconnections that are expected to be @iadé To
ensure that the explicit auction mechanism workperly, appropriate organisation of auctions iretinorizons,
secondary capacity markets, coordination in timek fanmat in the different interconnections and opeoess to
information are needed. Explicit auctions are ddddn bilateral and coordinated. Bilateral expligiictions
occur when there are only two areas. In case tmere than two areas it is denominated coordinaxgdicit

auction. The first coordinated auctions have staatmong Poland, the Czech Republic, Slovakia anth&ey.

18 NTC = Total Transfer Capacity (TTC) — Transmissiofidbdity Margin (TRM).
17 If the overall demand for transfer capacity is éowthan the NTC, the auction clearing price mustzbm, i.e. no
congestion charges can be applied if there is dgdatt that has not been requested by the market.
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Explicit auctions are, indisputably, one of the meapacity allocation methods used in Europe. lddée long

and medium term, it is the recognised method byEilm®pean regulations and directives.

First Come, First Served

In the first come, first served method, the fietarvation made for a given period of time hasrjyi@ver the
following reservations. Once the interconnectiopazaty is reached, the transactions are not acddpyethe
TSO anymore. Each reservation has to be confirmiddast on day D-1. Any change of schedule haseto b
notified to the TSO and penalties should be paid lést minute changes. This methodology encourages
participants to make longer forecasts. Thus, dvedl better and sooner security assessment for WO know
accurately the volume of exchanges in advance. Mervén some cases, the method may not leave enough
room for short term trading, which is a requirememtensure the success of a market dynamics. Leng t
reservations may block transmission capacitieddng periods, during which little short term marlestivity

would take place.

Pro-Rata

Unlike the first come, first served method, in fite rata mechanism no real priority is defined. tAdinsactions
are carried out but the TSO curtails them in cdsmngestion according to the ratio, existing céyaequested
capacity. This method is transparent to the ugeitsbrings the participants to an economicallyfis&nt use of
the system: everyone being curtailed relativelyht® amount submitted to the TSOs, no incentiveiisrgto

reduce congestion either to the participants, dh¢oT SOs. In the absence of regulatory mechantsmay also

lead to artificially over-evaluated amounts of sactions.

To clarify the differences between the pro-rata #malfirst come, first served methods, imaginetaasion in
which the cross-border capacity is 100 MW. If thame only two offers of 100 MW each for using the
interconnection, in the pro rata method, the TSMOdwide the cross border capacity according ® tbquested
capacity in both offers. Consequently, in this ailon, the TSO would allocate 50 MW of the intengection
capacity to each offer. If the methodology takers wree first come, first served, the first markettipgpant to
make the offer of 100 MW would be automaticallyoaled to use the entire capacity of the interconaegct
independently of existing posterior offers. Howeuée first come, first served and the pro-ratarame-market
based congestion methods that have almost run tloeirse in Europe, as they are not recognised by th

European directives and regulations.

Implicit Auctioning

Implicit auctioning is based on energy bids on eside of the interconnector. In a system of impkeictioning,
generators in area A that want to sell electrigityarea B need to bid into an organised day-ahearkeh
covering area B, directly (market splitting) or iirttly (market coupling). Contrary to explicit diaming,
implicit auctioning does not separate energy flékesn transmission capacity, which makes the prosespler

for market parties. They simply bid into a powerclegange and the best bids are honoured, until the

interconnector is used at full capacity.
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There are, however, several practical barrierppdyang implicit auctions across Europe. The maiaveback of
implicit auctioning is that it requires an orgamisgectricity market, or at least a market placéhaiprice index,
at the downstream side of each congested interctione Between countries there is a wide diversity
physical arrangements (e.g. naotification and bataparrangements, transmission pricing, half hauhaurly
metering) and exchange trading arrangements (@t intraday markets, matching rules) [17]. Pgatuand
Spain, though, operate their cross-border tradeeuad implicit auctioning method, market splittirgn by
OMEL that will be target of a detailed explanatiarthe subsequent sections. Alongside market sygjittnarket
coupling is the other implicit allocation capacitethod recognised by the European directives agaatons

for the day-ahead market.

3.1.3 Congestion alleviation methods

Besides capacity allocation methods, there is @moginoup within the congestion management methties,
alleviation methods. This group includes countexdér and redispatching. Actually, these are thel™rea
congestion management methods, as they operate esamgiestion occurs. Capacity allocation methodsyes

saw, operate before the congestion, in a programptiase.

Counter Trade

In the counter trade methodology, the TSO requistgjenerators, in the bidding process, to regulaten a
certain amount of generation on the surplus sidi®fbottleneck that is subsequently compensatetlagy,
generators on the shortfall side are paid to régueneration up by the same amount. This amoupbwer
will then flow in the opposite direction to the pemflow that the market players want to transmitg d@his

synthetic extra transmission capacity can be madiadble to the players [17], as Figure 3.3 demass.

Price 4 o _
(E/MWh) Bids in merit order —

Upward
Area Control Error (ACE)

Spot Price — >

Downward

Figure 3.3 — Counter trading.

To clarify this methodology, let us give an eludida example. Suppose the NTC between Spain anaidgzbr
is, at a defined hour, 1000 MW. Imagine that, fmame reason, in that hour, the NTC is reduced toN8®0 (due
to a weather temperature increase, for examplehhere was a flow of 2000 MW from Spain to Portugfas

imperative to take some action; otherwise the trassion lines would not support such a power. Ariais
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solution would be building another line. Howevérthie system operator waited for that line to bétbloy that
time the system would have probably collapsed! dioss border flow, CBF, can be calculated, at anynant,

as the difference between the consumption and ptimahy in Portugal, (3.1).
CBF = Z:consPT —Z prodpy (3.2)

In this case, if the CBF had to be reduced fromOL@®V to 800 MW, according to (3.1), two measuresldde
adopted: reduce consumption or increase supplye@y, what happens is that the Portuguese TSQestg
generators in Portugal to regulate generation mhis particular situation, generators would h&véncrease
their power up 200 MW, corresponding to the differe between the power currently in the intercornopand
the new NTC in that hour. The TSO, in Portugal, ldazonsequently buy this extra energy and resedl the
Spanish TSO (Red Eléctrica), as it does not coomspo an increase of demand in Portugal. On tiposife,
generators in the Spanish side would be askedytdate down the same 200 MW. The Spanish TSO wihwid
sell the 200 MW that have previously bought frora tomologous entity in Portugal to the Spanish geoes
that were ordered to regulate down. This is thernonly adopted solution in such situations. Yefmextreme
situation, or in a favourable economic scenaria)scmners in the Portuguese area could be involvethisn
process in order to reduce consumption. Typicaligy are paid to be without supply of energy fareatain

time.

Counter trade mechanism induces cost for the sysfmmator since it must buy and resell energy atiogrto
the adjustment bid® These costs are distributed among network ukessigh the fixed charges of the network
tariff.

Redispatching

Redispatching, conceptually, is similar to courttading. It is used, though, in countries where arkat for
system services is not available. As a consequirecéowest-priced upward and downward regulatiotities
are chosen on the basis of the knowledge of mdrgergeration costs of all generators. Redispatchéogires

the existence of a central body to run a continuauesall load dispatch system.

3.1.4 Market splitting

Market splitting is today generally regarded as thest efficient and transparent congestion manageme
method for day-ahead capacity allocation. Alongsitirket coupling, they both are the two implicipaaity
allocating methods used in Europe. Indeed, theeqaian behind these two mechanisms is almost id&ntrhe
main difference is that market coupling is orgadiségth two or more power exchanges. Market splittia
adopted when one power exchange is in charge ofignag a day-ahead market for several bidding areas,
reason why Portugal and Spain operate their croedeb capacity under this mechanism. The aim, thpig

shared by both methods: improve the economic ssiigdla result of a better use of the interconmextio

Market splitting is a system wide optimisation,drder to make a better use of the cross-bordesrmesion
lines. This method consists of splitting a powechenge market into geographical bidding areas linitfied

capacities of exchange. A clearing unconstrainéxeps set according to the amounts of demand anérgtion

8 1t is likely that the regulating up prices argtér than the regulating down ones.
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offered in the whole market area. Then the TSO edge®pthe relevant load flows and identifies consée
lines. Geographical areas composed of one or midnegbareas are defined on either side of the &wtitks. In
each geographical area, a clearing price is defifled/s across areas being limited to the capacftihe
interconnection lines. Then each area has its deariog price: areas downstream of a congestiohhaie a

higher pool price, areas upstream of a congestithihave a lower clearing price.

Assuming a system with two areas A and B, in & §itsp the power exchange computes the equilibdtioe

and the allocated quantities to market agents. Fhase results, two situations are possible:
1. The resulting cross-border flow is lower than ou&do the Net Transfer Capacity (NTC);
2. The resulting cross-border flow is higher thanXieC.

In the first case, the result is valid and fina, both areas share the same equilibrium price.

In the second case, a second iteration is neededinitial unique market with bids and asks fronthbareas is
divided in two markets: one with the area A ordansl other with the area B ones. These two markaie,h
though, an additional parameter, which refers &oititlerconnection capacity. Indeed, we know thadteter the
final outcome is, there will be a power flow withvalue equal to the NTC from the low price aredhi® high

price area. To implement that restriction in thetaheng algorithm, in the exporting market it isroduced an
instrumental bid at the highest priteith a volume equal to the value of the NTC. ldtsity, in the importing

market there is an extra instrumental ask with lame equal to the value of the NTC at zero prideese two
instrumental orders represent the power that ioeeg from the area with lowest price to the onéhvihe

highest price. The bid price of that order is tighhst possible to assure that it is matched. Bheegphilosophy
is applied to the ask price in the importing markégure 3.4 illustrates the general concept ofkeiasplitting.

) High Price Area
Price ‘r

Price i
A Bid Ask

Bid . Ask

Capacity
Between
Price Areas

Figure 3.4 — Implicit capacity allocation — MarketSplitting.

Moreover, in market splitting and in market couglimodels a congestion rent — market operator revéiOR)

— is generated and collected by the market opégjttitat arises from the price difference betwédendifferent

% |n OMEL model, the maximum price available for ersiis 18.03c€/kWh, or 180.3 £/MWh.
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bidding areas and the cross-border flow. That cstimye rent is proportional to difference of pridasthe two

areas, as it can be seen in (3.2)
MOR = (R; = P,)x NTC (3.2)
The origin of (3.2) is the following: the marketaptor overall settlement for a specific hourlyiperis™:
MOR = (QBuyersg % By + QBuyers, x P,) — (QSallersy x By + QSdllers, x Py). (3.3)
Where:
QBuyers, andQBuyerss are the aggregated buyers quantity in area A amddpectively;
Q&lersy, andQSellersg are the aggregated sellers quantity in area ABamdspectively;
P, andPg are the marginal price in area A and B, respelgtive
Rearranging the terms, (3.3) can be written a9:(3.4
MOR = B; x (QBuyers; —QSdllersy) + Py X (QBuyers, —QSdlers, ). (3.4)
However, the market splitting mechanism imposes the unbalance between aggregated buyers andsselle
guantities, in each area, corresponds to the droster flow between areas, and its value is impdsedhe

available interconnection capacity for that floletNTC. Considering that NTC values assume pos#ive

negative values according to the direction of tbev$ and that the flow from A to B is the positideection:
If Pg > P,, it means that there is a flow from A to B andrthe
-  (QBuyerss —QS<dlersg) = NTC (>0);
—  (QBuyersy, —Q<dlers,) = — NTC (<0).
If P, > Pg, it means that there is a flow from B to A andrthe
- (QBuyerss —Qdlersz) = NTC (<0);
-  (QBuyersy, —QS<dlers,) = NTC (>0).
Therefore, we reach equation (3.2).

Using the same hypothesis, market coupling and etasklitting should lead to the same results. Marke
coupling consists of coupling N markets, which tesin a unique virtual market in case of no coniges,
while market splitting starts with one single marhkehich is split in several different markets inseaof
congestions. Market coupling allows an integratibiseveral markets, even if they have differentgtes That

is why in central Europe market coupling is moriadle.

3.2 Case study — MIBEL implicit auctions algorithm

Market splitting is the implicit capacity allocagirmethod used between Portugal and Spain. In theniag
sections it will be presented the algorithm useMIBEL, and consequently in this thesis which does differ
largely from the one overall algorithm explained saction 3.1.4. As a first step of the algorithmarket

participants of both countries notify their bidsdaasks in the same market place (OMEL), specifytimg

2 n the case of MIBEL, the total congestion revenbetween market splitting start (July 1, 2007) Segtember 30, 2009
is 120 M€.
21 Considering revenues collected from buyers asipesialues and the reverse for payments to sellers.
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concerned area. OMEL, subsequently, integratesettids and asks as part of the equilibrium price, E

calculation. That calculation is explained in sewt8.2.1.

3.2.1 Equilibrium price calculation

The algorithm applied by OMEL to compute the edpilim price follows a marginal price, sealed bidtan
model, which assumes a merit order that consideas higher bid prices and lower ask prices are more

favourable prices, like in any market. The EP iedained according to the following criteria:
1. Maximum tradable volume (MTV);

2. Minimum price (mP) — if there is more than one eriwith equal value for the MTV, the minimum
price is chosef.
Thus, the equilibrium price (or clearing pricettie minimum price at which the biggest possibleuut can be

executed.

The execution of the algorithm that computes thestalts by defining the Tradable Volume (TV) fockarder

price limit present in the order book. The tradalikime is determined according to (3.5),
TV (R) = min[BidVolume(R); AskVolume(R)] (3.5)
where:
Bid Volume (Pi) = Aggregated volume of bids ordesth prices= Pi;
Ask Volume (Pi) = Aggregated volume of ask ordeithprices< Pi;
(Pi) = Different order prices limits (1 to i).

Once the series of TV values has been computedpomach individual order price limit, the maximwalue is
selected as the MTV, and the corresponding prioé tiefined as the EP. If more than one price lioniginates
the MTV, the lowest of those prices is chosen as éfjuilibrium price. Figure 3.5 presents a simgdifi
illustration of the equilibrium price (EP) deterration, where three different prices are selecteith whe

corresponding TV [11].

Price 4
(E/MWh)

j Ask

Bid

TV, TV, TV, Quantity (MW)

Figure 3.5 — Equilibrium price algorithm exemplification.

22 This is obviously a result of OMEL day-ahead mar#lesign, in which orders are linked to physicalivéey or
consumption. Accordingly, bids for consumption ergtrumental orders at maximum price and therefioeeminimum price
criterion has to be used.
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The bid and ask curve (or buy and sell curve, retspay) of Figure 3.5 would produce the followingsult: EP
=Pzand MTV = T\f.

To illustrate the main features of the algorithnremge examples are presented which cover the more
straightforward cases, with one single price far TV. Some other scenarios, where there is maxa tine
price for the MTV, are also considered. The examglensist of the order book status before the ibqiuim
price is established, and the resulting series€dimit; bid volume; ask volume; TV), in ordersbow the main

characteristics of the referred algorithm. The emosquilibrium price in the examples below is shamvhold.

Example 1

In this first example, a simple scenario with oimgk pair, price limit; MTV, is presented.

Table 3.1 — Example 1 — Call Auction: Bid, Ask andradable Volumes [11].

Bid Ask
Volume Price Price Volume

20 49.00 47.00 20

30 48.50 48.50 50

40 48.00 49.00 30

30 47.00
49.00 20 100 20
48.50 50 70 50
43.00 =] 20 20
47 .00 120 20 20

The equilibrium price is given by the price limitigh produces the MTV: 48.50 €/ MWh.

Example 2

In this example, all price limits present in thel@rbook produce the same MTV, 50 MWh.

Table 3.2 — Example 2 — Call Auction: Bid, Ask andradable Volumes [11].

Bid Ask
Volume Price Price Volume
50 51.00 558.00 50
30 £0.00 51.00 50
20 £9.00
50 58.00

Price Bid Volume Ask Volume Tradable Volume

51.00 al 100 50
5000 il al 50
58.00 100 a0 50
58.00 150 a0 30

The EP is determined by the application of the sdawiterion: if there is more than one price wétjual value

for the MTV, the minimum price is chosen. Consedlyethe solution is 58.00 €/ MWh.

Example 3

This scenario is characterized by having two plifoés producing the same MTV, 35 MWh.
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Table 3.3 — Example 3 — Call Auction: Bid, Ask andradable Volumes [11].

Bid Ask
Volume Price Price Volume

10 49.00 47.00 10|

70 48.50 47.50 10

40 4750 48.00 15]

20 47.00
49.00 10 35 10
48.40 an 35 35
48.00 80 35 35
47 .50 120 20 20
47 00 140 10 10

Again, by the application of the second criteritime EP is chosen from the pair (price limit; MTV)thw
minimum price, 48.00 €/ MWh.

Example 4

This situation results in two price limits produgithe same MTV, 40 MWh.

Table 3.4 — Example 4 — Call Auction: Bid, Ask andradable Volumes [11].

Bid Ask
Volume Price Price Volume

LD 49.00 46.50 10

30 47 5D 47 50 10|

AQ 47.00 45.50 20|

50 4650
49.00 40 40 40
48.50 40 40 40
47 50 70 20 20
47.00 110 10 10
46.50 160 10 10

Once more, by the application of criterion 2, tHe i& chosen from the pair (price limit; MTV) withimmum
price, 48.50 €/ MWh.

3.2.2 Trade allocation
Trade allocation is what follows the determinatiminthe equilibrium price. It is processed accordingthe
following criteria:
1. All orders that are better (higher bids and lowstsd than or equal to the equilibrium price arkedi)
according to price priority, until the MTV is reaah

2. If two or more orders have prices better than aragtp the EP and cannot be totally filled, becabtse
order volume of that side of the order book is trethan the MTV, a pro-rata methodology is applied
Instead of this pro-rata mechanism, a First IntFDat priority criterion could be used, meaningttha
orders with higher time priority (stored earliertire order book) are filled. However, OMEL opts for
the pro-rata [11].

The pro-rata methodology has three main steps:
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1. Assess which volume, bid or ask, is subject topterata. This is achieved by comparing both ask
volume (AV) and bid volume (BV) with the maximunattable volume (MTV). The one that exceeds

the MTV is subject to pro-rata;

2. Calculate the exact volume subject to pro-ratat Vblume is denominated the volume to assign (VA)
and represents the volume available to divide lmheader subjected to the pro-rata process, ie. th

volume matched at EP that has not yet been asstgriggher priority orders;

3. Determine the volume to assign to each individudkeo subjected to the pro-rata process. In other
words, how the VA will be divided by the involvedders.

Appendix B clarifies the application of the proaahethodology and the application of these 3 steffisiing 3

situations of possible bid-ask curves.

3.2.3 Assessing market splitting conditions

After running the equilibrium price algorithm witbrders from both countries in one common market and
applying the pro-rata method (if required), it ecessary to calculate the power that is exportedhieyarea and
imported by the other, i.e. the cross border scleeidflow (IF). This step is vital because withoutokving the

IF, it is impossible to know if the cross bordehaduled flow exceeds the net transfer capacity (Nal,

subsequently, if the corresponding generation @mlachd schedule would lead to a congestion.
The IF in this algorithm is determined by (3.6):
IF = AskVolp — BidVolp; . (3.6)

The AskVobt corresponds to the aggregated volume of Portugaslserders with prices smaller or equal to the

EP, after the pro-rata process was executed (ASRiTHortuguese selling order) (3.7).

n
AskVolpr = Z AIPT, while price( AIPT < EP)] (3.7)
i=1
On the other hand, the Bid\{glcorresponds to the aggregated volume of Portugbigserders with prices
higher or equal to the EP after the pro-rata poaess executed. Equation (3.8) shows that correkpue

(BiPT is a Portuguese purchasing order).

n
BidVol o1 :ZBiPT,while[price(BiPT > EP)] (3.8)
i=1
Note that the pro-rata method is crucial for theedmination of both AskVek and the BidValy, as it gives the

possibility to know the exact volume assigned tchgaurchase and selling order.

Furthermore, it is also imperative to know the dii@n of the flow in the interconnection. With tdefinition in
(3.6), if the value of the interconnection flow pssitive, it means that the Portuguese area hasxesss in
generation (the supply orders exceed the purchassg).oConsequently, the flux of power will be fréartugal
to Spain in these situations. On the other handaiase the interconnection flow assumes a negatligey it
means that the purchase orders exceed the seflggjio Portugal. So, in those situations Portulgalgithe role
of the importing area, due to a deficit in genemtiNote that the IF could also be determined latien to

Spain. Obviously, the same conclusions would belred
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Once the interconnection flow resulting from thestfiequilibrium price calculation has been computhd next
step of the algorithm is comparing the IF with tieg transfer capacity (NTC). If it does not excéeeINTC, the
price in both countries, Portugal and Spain, isiigal, because there is no congestion and caionlatrocess
reaches its end for the considered hourly pericalvéVer, if the IF exceeds the NTC, i.e. the intarection
capacity available for commercial transactionsxiseeded, the initial single market with asks artsfiom both
countries is split in two separated markets, whih interconnection capacity being set at its lilditte that the
sign of IF determines the NTC value to be compavih: if positive it has to be compared with therfegal-
Spain NTC value, whereas if negative it is the @gigocomparison that is carried out to assure lidh
situations of importation and exportation are cederAs it was highlighted in section 3.1.4, each ofithe two
markets have now one additional instrumental ooderesponding to the NTC value (bid @ 183.3 €/ M\Wh i
the exporting area and ask @ unconstrained (prehsg) equilibrium price), which is generated blyet
algorithm. The only difference in relation to thigaithm explained in that section is that the instental
selling order, which was considered at 0 €/ MWtgasby OMEL at the price of the first EP calcidaf due to

the stepwise characteristic of the bid and askesirv

3.3 Algorithm for wind producers attending the powe market

This section will address the algorithm appliedhis thesis to study the incorporation of wind gyein the
electricity wholesale market. This explanation Wil supported by four major topics: strategy, whsichutinizes
the overall relation of wind farms with the diffetemarkets of MIBEL, generation forecasts, whiclings
forward the two wind prediction methods used in #erk, implementation, where the main featureshaf t

adopted algorithm are described, and assumptiepsrting the hypothesis taken.

3.3.1 Strategy

As one may perceptibly agree, the foremost aim ofdwlarms while attending the power market is the
maximization of global economical results takingpiaccount the overall operating cycle: day-ahé&adaday

and system operation balancing.

To start with, participation in the day-ahead maikeanandatory, under the penalty of not beingvedio to take
part in the several sessions of the intraday mathethis involvement in the daily market, the wiptoducer
transmits to the market operator the generatioectmst for the 24 hours of day D. This forecast niest
communicated until 10:00 (CET) of day D-1. Subsexyein order to adjust the generation schedule,wind
unit ought to take part in the intraday market.uréy3.6 illustrates the number of programming tinies the

number of times that the generation can be comanteach hour, in the day-ahead and intraday nerke

2 The NTC value may be different for the flow Portu§aain and Spain-Portugal, in the same hour.
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Figure 3.6 — Number of programming times for each bur in the day-ahead and ID markets.

As it was mentioned in chapter 2, the first fourutsoare the ones which have less possibilities edfigh
corrected. This occurs because they are the clasgstrms of temporal horizon, to gate closureetif®CT) of
the day-ahead market and therefore, less likebetbighly inaccurate. On the opposite, the last fawrs stand
as the ones that can be more times adjusted, fioiiptheir temporal delay in comparison to the cigsof the
daily market. In Figure 3.7, it is exemplified tlagjustment scheme in the different ID sessionsfa of the

last four programming hours.
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Previous schedule mmm Corrective action —é— Last availalde forecast

Figure 3.7 — Example of successive corrections ihd ID sessions of one of the last four programming

hours.

Figure 3.7 highlights that the corrective actios, €an be determined as:
CA=LAF -PS (3.9)
where:
LAF is the last available forecast;

PS is the previous schedule.
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Taking into consideration the situation in Figur@,3n the day-ahead market, the wind produceistrats to the
MO that he forecasts a generation of 50 MW during of the last four programming hours, let us sayr24,
for instance. However, in the first session of itteaday market, ID1 (D), he alters that predictton73 MW.
Therefore, the CA is 23 MW. In the second sessiothe intraday market, 1D2, the wind producer hasesv
prediction of 60 MW during the same hour 24, whiebults in a CA of -13 MW. This procedure continuesl

the last intraday session is reached.

Indeed, these corrective actions are buying arshgelrders performed by the wind producer in tifeecent 1D
sessions. The price at which these orders aredriadbe price of the different ID sessions. Figai@ alludes for
this fact.

MWh 4

i+1 price

Market

session i
price

v R

14
1 2 3 45 6 7 8 9 1C 11 12 123 14 15 16 17 18 19 20 21 22 23 24 Hours

Generation forecast for market session i+:1

| Sell Orders | | D Buy Orders

Generation forecast for market session I |

Figure 3.8 — Buy and sell orders performed by wingbroducers in the ID market sessions.

The representation in Figure 3.8 is general for twosecutive market sessions. In the first fourrbiaf the
illustration, the forecast in market session i weagrestimated, according to the correction madenarket
session i+1. Consequently, the wind producer valénto buy the CA for each of the four hours in kear
session i+1. On the contrary, for hour 5 to houri@i6lusively, the wind producer predicts he wobkl able to
generate more power than he has previously foredabtence, he will sell the quantity that corregfsoto the

corrective action in the market session i+1. Theshanism is applied to all 24 hours.

The participation in the ID sessions has one utnpaspose: the minimization of unbalance between las
schedule and actual generation in order to avoitgb@enalised by the application of system operaihtralance

costs. Figure 3.9 illustrates the application esthunbalance costs.
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Figure 3.9 — Application of unbalance costs.

An upward balancing cost occurs, as it is demotestrin Figure 3.9, when the actual power delivergdhe
wind unit is less than the one that was forecaist¢lde last schedule. The denomination, upwardnu#tg costs,
arises from the fact that the SO has to compenbkatpower that is not generated by the wind fargpidally,

the SO accomplishes this task by buying the deficénergy to a conventional power plant. Howeteg, wind
unit is not immune to these costs. It will haveptry the SO for the amount of energy it was not &blgroduce
at a price that is, on average, higher than theepf the different market sessions.

On the other hand, a downward balancing cost tpkas when the wind unit generates more power ithiaas
predicted in the last schedule. In these situatithes SO pays the wind producer for the extra armotienergy

produced, at a price that is, generally, lower ttienprice of the different market sessions.

All in all, there is a very high probability of inaring in losses if the wind producer exposes hifrtsethe SO
balancing costs. In order to reduce that exposuire] forecasts should be available as close tal&zalline for
orders submissidfias possible.

3.3.2 Generation forecasts models

With the purpose of testing the strategy delineatetthe previous section, two forecasting methodigle were

used: NWP, numeric weather prediction, and ARMApeegressive moving average.

3.3.2.1 Numeric Weather Prediction, NWP, methods

Several physical models have been developed basetsing weather data with sophisticated meteorosdgi

models for wind speed forecasting and wind powedijations. NWP models employ equations governimgy th

%4 Gate Closure Time (GCT).
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motions and forces affecting motion of fluids. Frtime knowledge of the atmosphere’s present stagesystem
of equations allows to estimate what the evolutiérstate variables, e.g. temperature, velocity, iditgnand

pressure, will be for a grid of surrounding poiateund the wind generators.

These models calculate how the atmosphere will gdan each time and how each grid point will affést
neighbours, thus building a forecast of incomingrés. According to the type of NWP system, thesedasts
are given with a spatial resolution. Moreover, infation related with the terrain effect, for instanthe terrain
features, height, local surface roughness andeshietim obstacles, can be included in the physcalations.
Nevertheless, collecting the information of terragonditions is one of the mains difficulties in the

implementation of physical models.

Since NWP models are complex mathematical modwety, are usually run on super computers, which sitthie
usefulness of NWP methods for on-line or very-shenn operation of power system. In other words,
meteorological models with high resolution are woftmore accurate but require high computation time t
produce forecasts, and as a consequence, theyt dpdate frequently their outputs. Therefore, thefggmance
of physical models is often satisfactory for I6htime horizons and they are on the other hand irgpiate for

short-term predictio?i alone due to difficulty on information acquisitiand complicated computation.

An unstable atmospheric situation can lead to yergr numerical weather predictions and thus todneate
wind power ones. In contrast, as the atmosphdriatidn is stable, one can expect more accuratdigbi@ns for
power because wind speed is the most sensible topwind power prediction models. In general, a own
approach to short-term wind power prediction isniafy the output of humerical weather predictiondais

operated by weather services to obtain local wirtions.

3.3.2.2 ARMA models

Autoregressive Moving Average (ARMA) models areatiglely simple and inexpensive forecasting toolseyr
do not require a huge amount of historical data, amast significantly, they much improve the perfarme of
the simplistic persistence model, which is normadlgen as the reference model. The ARMA modelsbzn
characterized by (3.10) [18]:

P q
X =Z¢J] Xt +20kq_k +C+¢g . (3.10)
j=1 k=1

Where:

X is the value of the time series for the instant t;
@ is the AR parameter for the lag j;
6 is the MA parameter for the lag j;

g is the value of the error for the instant t;

Cis a constant;

%5 Larger than 6 hours ahead.
% geveral minutes to one hour.
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p is the Autoregressive order (number of the AR peaters);
g is the Moving Average order (number of the MA paegers);
& is the white noise in ideal conditions.

Expression (3.10) states that a realization oftitine series X at the time t depends on a linearbioation of
the past observations of X plus a moving averagsedgse. The time series X is known as an ARMA()
process, wherp is the order of the autoregressive process of &Kcpis the order of the moving-average error
term. It is possible to imagine the ARMA model assiccessive filtering operation which extracts the
information present in the time series values ideorto better represent it. These filtering operwti are

described in Figure 3.10.

X(t) AR filtering e(t) MA filtering g(t)
L . White noise, no
Retains information of Retains information of additional
historic dependence/ sugcessive errors, small information to
influence between the adjusts pertubations that extract
future and past values influence the final result

Figure 3.10 — ARMA filtering operations.

Firstly, the AR filtering extracts the informatioalated with the historic dependences. It triegetmognise how
the future values are influenced by the present past values. Secondly, the MA filtering extracie t
information related with the successive errors,chistill affect the predictions after the AR filieg. Finally, the
result of those two filtering operations will beethivhite noise, in ideal conditions. This means,tiatdeal
conditions, all information is extracted, and ttastipand present values do not have more additioftamation

necessary to predict the future values.

In order to identify which time series model shoble used for a certain time series it is followbd Box-
Jenkins three stage methodology which includes:ahioi@ntification, estimation and validation. Thesf stage
is to determine the order of the AR and MA procgsandq, respectively. It involves the examination of the
series autocorrelation and partial correlation fioms. In the estimation phase, the model paramedee
calculated using non-linear or maximum likelihocatimation procedures. Ultimately, the validatiowalves
diagnostic checking of the model residuals to detgence of model fit [18]. The three stage mdtiogy is

represented in Figure 3.11.
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Figure 3.11 — Three stage methodology for identifpg the ARMA structure [18].

If at the end of the procedure more than one mbidelhe data, a set of criteria are used in otdeshoose the
best one. It is generally considered good prattidand the smallest values pfandq that provide an acceptable
fit to the data. In more formal way, the accuraagpking of the top performing ARMA structures is aibed
after the application ofkaike Information Criterion (AIC) and theBayesian Information Criterion (BIC) to the
selected models. The one which presents the smalage of the AIC and BIC is the ARMA model thatter

represents the original time series [18].

3.3.3 Implementation

The first step of the developed algorithm is olitairwind — and generation — forecast for next day-dhead
market session. Once that prediction is complatexriwind producer sends the ask orders to nextldgyahead
market at an instrumental price, 0 €/ MWh, what nsakém price acceptant orders (market orders), as th
producer takes the price defined by the markets Happens because the day-ahead market is basad on
marginal price auction, i.e. all buyers pay andsellers receive the clearing price. The ratiomalehis strategy
is that any market price higher than 0 €/ MWh isoadjprice for wind farms in general, because thaiiable

generation cost is very low.

Secondly in the algorithm comes the adjustmenhefgeneration schedule in the intraday marketsrder to
minimize the final unbalance with system operaldre orders performed by the wind producer in thHtedint
intraday sessions correspond to the difference dmvihe last available forecast and the previoheddé’.

The price of these orders should not be instrunhdetzause, unlike the day-ahead market, intradaketmare
less liquid and there is the risk of the price éaah limit values, high or low, depending on thgustihent

signal.

The last main feature of the algorithm is the poadjustment made by the SO. Table 3.5 shows théarlof
the balancing made by the SO with the adjustmettiefvind farm.

27 Net power of all transactions executed.
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Table 3.5 — Comparison between the adjustments madby the wind farm and the SO.

Wind Farm SO

| T | L

Generation in
comparison
moe | 1L )

The interpretation of Table 3.5 is the followinghewn there is an adjustment up made by the wind,faemit

produces more than it has forecasted in the laailadle schedule, the SO orders some conventiooaep
plants to regulate down that extra power produgethe wind farm and remunerates the wind producettfat
surplus at a downwards balancing price. On theraontin case there is an adjustment down of thelvaiower
plant, meaning it was unable to generate the amafumbwer it forecasted, the SO will have to congaga that

deficit of energy. The wind unit pays for that emeat an upwards balancing prite

According to the strategy explained in section 3.&e wind producer should use all intraday opputies to
re-schedule. This would mean that each hour woaldebscheduled as many times as there were newafise
for it. However, this solution is not optimum frattme wind producer’s economical perspective. If mote the
following: why would the wind producer correct tlest hours in the first ID sessions, if he is likéd have a
more accurate forecast closer to that hours? Subsdly, the strategy adopted in this work is tauatlpach hour
only once, at the latest opportunity to do so. éams that only the latest intraday session thatrsathat hour is
used to adjust the schedule that comes from theadasid market. In other words, in each intradagisesonly
the hours that are not covered by subsequent mfragssions are corrected. The rationale to aduopt t
methodology is to minimize the economical lossed thould arise from adjusting one hour several siméh
poor prices. Of course, other considerations, Bkssions’ liquidity and counterparties’ availalgilire of

outmost importance, but they are not explicitly sidered in this modelling.

3.3.4 Assumptions

The algorithm carried out in this thesis is appliedh particular wind unit in the year of 2008wis assumed
that the introduction of this generation plant webulot affect the market prices (day-ahead, intradag
deviation prices).

For the day-ahead market this assumption is adoleptaecause if wind generation leaves feed-ifff thrineans
that the corresponding demand must also go to rndtke last resort supplier only buys the net défece
between the demand to supply and the generatidnfedtd-in tariffs). In other words, this inclusiohthe wind
unit can be interpreted as a shift to the righthef bid-ask curve, Figure 3.12. Moreover, the naatveight in
the day-ahead market would be very low.

28 |n the simple example it is considered that affidtions caused by the wind farm have to be diresanaged by the SO.
That is not generally the case in a complex systenit, is likely that deviations in opposite diieos occur and the SO only
sees the net effect of all them.
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Figure 3.12 — Impact in the bid-ask curve made byhie introduction of a wind unit in the power market.

Regarding the intraday market, the previous assomjg not applicable so straightforward. To staith, the
netting effect is not valid, because wind generatidjustment ID orders are totally independent efndnd
adjustment ID orders. Moreover, ID markets are miess liquid and therefore the impact of additiooalers
on prices is more relevant. However, we opted &pkihe prices of the different ID sessions unchdngs the
relative size of one wind farm is small and infotima on the resilience of the Portuguese intradayket is not
available. This analysis is also suitable for tbeidtions prices.

Nevertheless, these hypotheses do not impact arotiusions of this study.
The general expression used to calculate the revehiine wind producer, &, is (3.11).
Ruye = (DASx DAP) +{(IDS- DAY x IDR} {( AG - ID$ x BP (3.11)

Where:

DAS is the Day-Ahead Schedule;

DAP is the Day-Ahead market Price;

IDS is the Intraday Schedule;

IDP is the Intraday Price;

AG is the Actual Generation;

BP is the Balancing Price. The balancing price banupwards, BPU, if the IDS exceeds the AG, or
downwards, BPD, if the AG exceeds the IDS.
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4 Results

In this chapter the results of the computationhef algorithms described in chapter 3 will be presgnTwo
main sets of results are considered: the first afese scope is the implementation of the markaulsitor

algorithm, and a second group dedicated to theysisadf a wind farm’s operation in a market enviremt.

4.1 Market simulator

The results of the market simulator consist of thkevant output for a market operator (clearingcgrand
matched volume for the defined hourly period) ai a®the aggregated supply and demand (bid-askesifor

a particular hour. Two situations will be addressed

In the first section (market simulator results)ices will be displayed in c€/kWh in order to allavdirect
comparison with OMEL data published on its web#§li4]. In the second section (wind farm’s operatiora

market environment), standard pricing conventiopawer markets (€/MWh) will be used.

Situation 1

To start with, Figure 4.1 illustrates the bid-askwe of 24/03/2009, Z1hourly period.

20
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Figure 4.1 — Bid-ask curve of the 24 of March 2009, 2% hour.

The intersection of the bid and ask curves cormedpdo the market clearing price. As it was mertim the
second chapter, the market clearing price, MPathéhour is equal to the price of the last blockhef selling
order of the last production unit whose acceptdraebeen required in order to meet the demandch#sabeen
matched. In this particular hour, the computatiébrihe algorithm results in a MP of 4.175 c€/kWh.eTtotal
volume traded at MP, which is defined in chaptee¢has the maximum tradable volume, MTV, is, fds tiour,
30578 MWh.

Figure 4.2 shows the OMEL’s aggregate supply anchashel curve for the same hourly period,*2df
24/03/2009. This data is available in OMEL'’s puldite [14] in the section market results daily market—
Aggregate supply and demand curves MIBEL.
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Figure 4.2 — OMEL’s aggregate demand and supply cwe (24/03/2009, ZLhour).

In Figure 4.2 two aggregate sell orders curvesigible, and it is clear that the light green curesults from the
dark one by removing some orders (consequentletisea horizontal shift to the left of the remamiorders).
This occurs because the light green curve doesnnotporate the selling orders that were not matahge to

complex conditions.
Complex asks are those that incorporate complextsams and conditions and those which, in compéasith
the simple ask requirements, also include one mesaf the following technical or economic condison

* Indivisibility;

e Load gradients;

e Minimum income;

e Schedule stop.

The indivisibility condition enables a minimum op#ing value to be fixed in the first block of edubur. This
value may only be divided by the application of thad gradients declared by the same agent, opplyiag

distribution rules if the price is other than zero.

The load gradient enables to establish the maxirdiffarence between the starting hourly power amdglfi
hourly power of the production unit, limiting maxirm matchable power by limiting the variations begwéwo
consecutive hours, in order to avoid fast changesuiput that the generation units would be un&blfollow

from a technical standpoint.

The minimum income condition enables the presemtatif selling orders in all hours, and its consemeeis
that the generation unit does not participate exdhily matching result, if the total productiortaibed by it in
the day does not exceed an income level above tablished amount, expressed in euros, plus a \ariab

remuneration established in euro cents for evertgimeal KWh.

The condition of scheduled stop allows productioitsuthat have been withdrawn from the matchingcess,
due to failure in comply with the stipulated minimuncome condition, to carry out a scheduled stpaf
maximum period of three hours [14].

It is possible to conclude that the matched bid-@askes in both Figures, 4.1 and 4.2, lead to #maesmarket
price, 4.175 c€/kWh, as they have a similar sh@pés value can be confirmed in OMEL'’s site, in gection
market results— daily market— daily market hourly price. It is relevant to memtithat, in this situation, the

NTC was not exceeded. Therefore, the market psiegual in both areas, Portuguese and Spanish.
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Furthermore, there is also a match in both Figuegarding the amount of energy traded in this paldr hour,
30578 MWh, which can also be verified in OMEL’ssit

Situation 2

This second situation is referred to thé"IHourly period of 24/03/2009, the same day of sitmal. The
aggregated demand and supply curve that resubed the first equilibrium price (EP) calculatiore.iwith bids

and asks from both countries, Portugal and Spsirgpresented in Figure 4.3.
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Figure 4.3 — Bid-ask curve of the first EP calculaon (17" hour of 24/03/2009).

This first match with orders from both countriesulblead to a market price, MPof 3.395 c€/kWH, as it can
be witnessed in Figure 4.3. However, the intercotioe flow, IF, that would result from this match2161.4
MWh, which exceeds the NTEin that period. The reason why the IF assumesgative value in this case is
because the cross-border flow is from Spain tougait what means that the purchase orders in theidqtese

area exceed the selling ones. In other words, Balrplays the role of the importing area in thisiho

Consequently, there is the need of splitting thainsingle market in two separate markets: orgarding the
Spanish orders and the other concerning the Partiggones. Figures 4.4 and 4.5 illustrate the reduthis

computation.

29 It is relevant to mention at this point that OMEbes not publish the unconstrained price whentwiiemarkets are
splitted.
%0 The NTC in this particular hour was 1200 MWh foe flow Spain-Portugal.
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Figure 4.4 — Bid-ask curve of the Portuguese aredT" hour of 24/03/2009).
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Figure 4.5 — Bid-ask curve of the Spanish area (17hour of 24/03/2009).

The computation of the EP algorithm in both aressdpced the following results, which can be vedfia
Figures 4.4 and 4.5:

« Market price of the Portuguese area,dyi® 3.917 c€/kWh;

e Market price of the Spanish area, ME 3.200 c€/kWh;

e Tradable volume in the Portuguese area atMPVpr = 4711.4 MWh;
e Tradable volume in the Spanish area atMPVsp= 21716 MWh.

These results are supported by OMEL'’s aggregateplyand demand curves for each area, Figuresnti@l .

52



20,0
18,0
16,0
14,0
12,0
10,0

&0

60

4.0
20 AFrIl_J_l__'_r-
g L
0 2.000 4.000 5.000 5.000 10,000 12.000 14.000
= Asks (MWL) = Bids (MWh) Ilatched Asks (WMVh) Matched Bids (MWh)

TEx—~0DNCme

Figure 4.6 — OMEL's bid-ask curve of the Portuguesarea (17" hour of 24/03/2009).
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Figure 4.7 — OMEL's bid-ask curve of the Spanish aa (17" hour of 24/03/2009).

All in all, we reach the conclusion that splittitige initial market into two separate areas hasessed the
market price in Portugal. Initially, the marketqaiwas MiP= 3.395 c€/kWh, equal in both countries. After the
separation the marginal price in the Portuguese ased to M = 3.917 c€/kWh. The explanation for this
phenomenon is the following: before market splgfiRPortugal was importing 2161 MWh, approximatdétgm
Spain. However, that value exceeded the NTC andredhsced to 1200 MWh. As a consequence, the eftta 9
MWh3 that Portugal was importing from Spain needed ¢opboduced by Portuguese generating units, at a

higher price than the Spanish ones, thus incredsagnarginal price in Portugal.

On the other hand, from the Spanish point of vidws occurrence can be interpreted has a decrda8élo
MWh in demand. As a result, the costly generatingsuwere ordered to regulate down, or even to dbuin,

by the SO, leading to a decrease in the Spanisbinaduprice, MRy, when compared to MP

4.2 Wind farm in a market environment

In this section it will be shown the results of tdgorithm described in chapter 3, regarding tharftial income
of a particular wind unit attending the power marRée results are divided according to the twodnfiorecasts
methods employed, already referred in the previeegtions. To end this section, the results obtaimed

discussed.

31 This value results from the difference between Ithéefore, 2161 MWh, and after, 1200 MWh, the safian in two
areas.
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4.2.1 Wind farm characteristics

The wind farm used in this study has the charasttesi outlined in Table 4.1.

Table 4.1 — Wind farm data.

Maximum Power 96.614 MW
Limit Power 96.614 MVA
Installed Power 114 MW
Number of Wind Turbines 38
Wind Turbine Power 3 MW
Manufacturer VESTAS
Model V90

4.2.2 Data acquisition/ Simulation features

In order to draw some conclusions concerning thediuction of the wind farm characterized in theyious

section in the power market, six scenarios wer#t,bniorder to assess the influence of the manmtédes on the

overall economic outcome of such an approach. Tkosaearios correspond to the six data bases (DB2, D
DB3, DB4, DB5 and DB6) referred to in Table 4.2:

All scenarios have the same day-ahead generati@date and actual generation.

DB1, DB2 and DB3 have in common the same intradaheduling methodology, based on NWP
forecasts.

DB4, DB5 and DB6 have in common the same intraddeduling methodology, based on ARMA
forecasts.

For each of the group scenarios referred (DB1, OB23 and DB4, DB5, DB6) variations were made
on prices by using: exclusive Portuguese valuesl([M®B4), exclusive Spanish values (DB3, DB6) and
a mix of Portuguese values complemented by Sparabies for intraday prices when there was no

such price available in Portugal (DB2, DB5).

In order to run the simulation the following infoation was gathered, for the whole year of 2008 iandn

hourly basis:

Day-ahead generation schedule (DAS), provided b iased on NWP models);

Day-ahead market prices of Portugal (ARand Spain (DARY), granted by OMEL,;

Intraday generation schedules, based on NWP methb8g,r) and on ARMA (IDQruwa) models;
Intraday prices of Portugal (IRP and Spain (IDEp), provided by OMEL,;

Actual Generation (AG) of the wind farm, made aablé by REN;

Balancing prices of Portugal (Bf): upwards (BP) and downwards(BP#), provided by REN;
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« Balancing prices of Spain (Bf: upwards (BPl) and downwards (BP43), made available by REE.

The above information was processed in the for® déta bases, which are highlighted in Table 4.2.

Table 4.2 — Contents of the different data bases eated.

Content

Data DAS | DAPpr | DAPgp | IDSywp | IDSprma | IDPpr | IDPsp [IDPprisp| AG | BPDpr | BPDsp | BPUpr | BPUsp
Base (DB) (MW) [ (E/IMWh) | (E/MWh) [ (MW) (MW) | (E/MWh) | (E/MWh) [ (€/MWh) | (MW) [(€/MWh) | (E/MWh) | (€/MWh) [ (E/MWh)
DB1 X X X X X X X

DB2 X X X X X X X

DB3 X X X X X X X
DB4 X X X X X X X

DB5 X X X X X X X

DB6 X X X X X X X

As one may notice, in Table 4.2 there is an acrqQriydRe1.sp that was not mentioned until this point in the
work. The IDRt.gparose from lack of liquidity of the Portugueseraciay (ID) market in the year of 2008.
Indeed, as one may witness in further sectionsethere many hours in the different ID sessionthaf year
with no ID price, due to the nonexistence of bahirsg and buying orders that could be matched r&foee, the
IDPpr.spintegrates in the hours which the IR not defined, the prices of the correspondamnaday sessions

of the Spanish area.

Each data base is composed by 8784 values of thespendent contents (Table 4.2). This happensusecas

it was previously notified, the information waslgated in an hourly basis and 2008 was a leap year.

After having described the scenarios considerethénsimulation, let us consider now the differeinategies
implemented. For each hour of each data base deisrmined the revenue of the wind producer inethre
hypothetic situations:

1. All the actual generation (AG) of the wind farmirgected in the transmission grid and priced at-day
ahead market price (DAP). This means that there@ameviations;

2. The wind producer does not correct the day-ahehddsde (DAS) in the ID market, what implies that
he exposes the difference between the AG and th® @Ahe balancing prices of the system operator
(SO);

3. The wind producer corrects each hour of the DAh&ID market only once and in the last available
ID session, exposing the difference between the &@ the correction in the ID market, named

intraday schedule (IDS), to the balancing pricethefSO.

Theoretically, analysing the three situations waobade that in the first one the wind producer widive the
highest revenue and in the second one the loweahdial income, with the revenue in the third chsing
placed between those limits. As a result, let usdenate the first situation the upper limit, Ulndathe second

one the lower limit, LL.
The revenue of the wind producer in the UL situatig,_, can be determined using (4.1).

RuL = (AG x DAP) (4.1)
In the LL situation, the revenue of the wind proeilud3 . is calculated according to (4.2).

R, = (DASx DAP) +{( AG - DAY x BP (4.2)

55



In (4.2) if the difference between AG and DAS isitioe it is used the BPD. On the opposite, in dagesame
difference assumes a negative value it is use8 .
Let us denominate the third case the intraday §iRjation, since it is the sole one in which the@dvproducer
participates in the ID market. The financial incomithe wind producer in this case,pRis determined
according to (4.3f.

Rp = (DASx DAP) +{(IDS- DAS x DR #( AG-ID$ x BP (4.3)

As it was pointed out, R, R,. and R, are hourly revenues. To reach the correspondemtyyeevenues, YR,
YR.. and YRp, it is necessary to sum the 8784 revenues thatedépm the hourly application of (4.1) (4.2)
and (4.3).

The presentation of the results of the six datedagll be divided according to the forecast metilogdy that
was employed to make the corrections in the IDisass Consequently, in section 4.2.3 it will be whothe
results of DB1, DB2 and DB3. In section 4.2.4, tlitcome of DB4, DB5 and DB6 is illustrated.

Last but not least, in section 4.2.5, the predidim the ID sessions are bettered and it is eteduhe impact of

that improvement on the revenue of the wind produce

4.2.3 Results using NW forecasts (DB1, DB2 and DB3)

In this section it will be presented the resultghaf data bases that make use of the NWP modelseiate the
adjustments in ID sessions. The methodology apptietiatch the NWP forecasts (provided by REN) wlitd
intraday sessions is explained in Appendix C. Balicthat methodology is based in the philosopimst tonly

one correction is performed for each hour in tis¢ ¢évailable 1D session, with the last accessiffiermation.

4.2.3.1 DB1

Figure 4.8 shows the actual generation of the vianeh during the 8784 hours of 2008.
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Figure 4.8 — Actual generation of the studied windarm in the year of 2008.

32 This equation is equal to (3.15).
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As one can witness in Table 4.2, this AG is comnwoall six data bases. The total generation ofithnel farm
in the year of 2008 was 264.9 GWh.

Tables 4.3 and 4.4 demonstrate the calculationyof R, and Ry for two particular days of 2008, according to
the features of DB1.

Table 4.3 — DB1 —results of R, R, and R for 27/04/08.

Day [Hour| Day-Ahead ID1 1D2 ID3 ID5 AG BP Ru. | Ru Rip
DAS | DAPpr [IDSywe| IDPpr [IDSywe| IDPpr [IDSywe| IDPpr [IDSywe| IDPpr [(MW) | BPDpy | BPUpr € €) €
(MW) | e/mwh) [ (Mw) | E€/Mwh) | (MW) |(€MWh) | (MW) |EMWh) | (MW) [EMWh) (EIMWh) | €/MWh)
27/04/08 5.647b 56.69 1 -1 5.0725 47.92 -1 -1 -1 -1 16.94 7|143. 69.1 960.3 8136 8112
27/04/021 y 5.31L 54.53 1 1 5.6B5 46 -1 -1 -1 -1 15.94 na.6 6460.8 763.7 764p
27/04/021 5.362b 56.69 1 1 3.095 44,46 -1 -1 -1 -1 1[1.64 30.6 82.1 659.9 496.1 4647
27/04/021 4 6.0026 57.2 1 -1 4.0375 49.71 -1 -1 -1 -1 14.01 3|34. 81.q 807.3 620/ 5902
27/04/021 5 4.787b 54.61 1 -1 -1 49181 3.4175 -1 -1 -1 1B.65 6.7102.4 745.4 3208 3208
27/04/021 4.2076 5416 1 1 F1 49)81 0.1975 -1 -1 -1 1B.89 48.5 60.1 758.4 699.3 6993
27/04/021 1 0.40p 54|5 1 1 1 bl 4.5325 -1 -1 -1 1.67 B6.6 7218.04 288.0 288.0
27/04/021 0.y 53.17 1 1 1 4488 0.435 -1 -1 -1 24 3.7 0334 724 2.0
27/04/021 2.582b 53.68 1 -1 -1 44171 0 -1 -1 -1 28.73 B0.7 1873.4 787.9 787]9
27/04/021 10 2.4325 85 1 1 F1l 52.5 0.985 -1 -1 -1 1B8.39 29.5 5/8036.4 457.0 457]0
27/04/021 11 3.0975 56.75 F1 -1 -1 51|75 4.4p75 -1 -1 -1 .03 8|64. 48.7 1.7 264 264
27/04/021 12 3.592b6 57.48 F1 -1 -1 54 -1 -1 5405 -1 71 62.6 3|5240.4 55. 557
27/04/021 1 7.1p 58.04 1 1 F1 5304 -1 -1 7.0p25 -1 p.05 49.5 6.66119. 75.2  75[2
27/04/021 14 13.998 58.87 F1 -1 -1 55|37 -1 -1 11.9375 -1 [6.75 8|43 73.9 397.4 288/4 2884
27/04/021 1% 23.305 57.61 F1 -1 -1 52|61 -1 -1 16.62 -1 1B8.71 3|46. 68.9 789.8 68155 6815
27/04/021 16 38.425 55.29 F1 -1 -1 50|29 -1 -1 21.45 -1 [7.95 35.2 75.4 439.6 -1738 -173|3
27/04/021 1 50.6/L 54.43 1 -1 -1 48.6 -1 -1 23.64 -1 16.18 45.8 3.06880.1 585.p 585|6
27/04/021 18 49.613 53.81 F1 -1 -1 U6 -1 -1 24715 -1 1B.63 35.6 1.0 7726. 90.1 901
27/04/021 1 43.56 53.69 1 -1 -1 415 -1 -1 28.845 -1 16.95 47.7 .715910.Q 750.1 7501
27/04/021 20 39.815 54.53 F1 -1 -1 50.5 -1 -1 34.0675 -1 27.15 0|35 74.11480.p 1232|6 1232.6
27/04/021 21 34.178 54.69 342 -1 -1 49.2 -1 -1 -1 -1 2)7.42 43.7 65.71 1499.6 1425[2 1424.2
27/04/021 2. 29.14 68.89 34.2P5 -1 -1 62 -1 -1 -1 -1 37.85 47.5 .3]19607.5% 2421.p 242112
27/04/021 23 24.885 64.75 34.6905 -1 -1 54.28 -1 -1 -1 -1 49.75 1137 92.4 3221.B 2533|8 2533.8
27/04/021 24 26.713 5716 3419 -1 -1 5p.6 -1 -1 -1 -1 56.38 45.3 9.98247.% 2882)6 2882.6
Table 4.4 — DB1 —results of R, R, and R for 12/11/08.
Day [Hour[ _Day-Ahead ID1 D2 D3 D5 AG BP Ru | Ru | Ro
DAS | DAPpy [IDSywp| IDPpr |[IDSywe| IDPpr [IDSywe| IDPpr [IDSywe| IDPer [(MW)| BPDer | BPUsr | () | ©) | (€)
(MW) | €/Mwh) | (MW) |(@€/MWh) [ (MW) |EMWh) [ (MW) [E€MWh)| (MW) |E/MWh) (E/MWh) | (e/MwWh)
12/11/04 1 48.9275 80.88 L1 -1 35|68 -1 -1 -1 -1 -1 94.78 79.9 .9|8665.8 7620.0 76209
12/11/04 2 48.4125 16 1 1 34.6375 -1 -1 -1 -1 -1 94.79 6.7 .310204.0 5845.p 58452
12/11/04 45.3275 75.92 F1 -1 33.9825 -1 -1 -1 -1 -1 9f.71 52.6 99.3 7190.4 6038]8 6034.8
12/11/04 4 40.515 65.48 1 1 36.2175 -1 -1 -1 -1 -1 9[.24 68.8 2.1{6974.4 614218 6142.8
12/11/04 5 38.315 65.03 1 Fl -1 -1 42.875 -1 -1 -1 91.41 58.3 .8|3944.4 5587 [l 55871
12/11/04 31.0975 65.14 F1 -1 -1 65|14 42.6825 -1 -1 -1 94.75 3.05 77.3 6172.p 5399|3 5399.3
12/11/04 1 24.286 65.15 1 L1l -1 -1 39.2275 -1 -1 -1 9472 47.7 2.6(8171.0 4941]9 4941(.9
12/11/04 28.6825 79,8 1 L1l -1 85[79 34.21 -1 -1 -1 P2.6 62.7 6.9 9389.%5 6296/5 6294.5
12/11/04 29.7 7914 1 1 1 79.4  30{84 -1 -1 -1 67.34 48.7 .1156846.8 41940 4194.0
12/11/04 1 32.665 80.93 F1 -1 -1 80|93 24.07 -1 -1 -1 49.74 1/63. 98.4 4025.5 3721{0 3721.0
12/11/04 11 32.4675 79.3 F1 -1 -1 79.3 47.8p25 67]080 -1 -199%1. 71.3 87.8 412218 396€.6 390[L.8
12/11/04 1 10.B 81.02 1 1 -1 81)02 -1 70.010 53.9675 6.3838 74. 87.5 4648|9 4349.9 400B.7
12/11/04 1 8.26p 80.99 1 L1l -1 80/99 -1 63.p70 45|645 3.0P3H 69. 92.p 46918 4136.0 3884.4
12/11/04 14 14.2875 80.88 -1 -1 -1 80{88 -1 595610 41.y075 52352.7] 40.p 121[6 4264.0 270D.6 3340.0
12/11/04 1 10.175 802 1 L1l -1 80.2 -1 61.170 32.2275 58.343 42, 117.9 2681}1 1804.4 2149.3
12/11/04 1 10.883 80.94 1 Fl -1 80[94 -1 61..170 20405 -1 788.4 69.( 92.9 31138 2783.7 278B.7
12/11/04 1 16.08 80.87 1 Fl -1 80[87 -1 63.p20 12.9275 -18740. 72.3 89.41 3305/2 3094.3 309R.3
12/11/04 18 15.1275 80.96 -1 -1 -1 80({96 -1 63[160 11.94 -136B5. 113.1 48.8 2862|7 3518.0 3515.0
12/11/04 1 15.225 83.23 F1 -1 -1 80|32 -1 79800 13.6725 -147P9 78. 88.41 2452(8 2374.3 237B.3
12/11/04 20 17.9475 87.84 -1 -1 -1 84{77 -1 86040 4.1 -1 |[34.4 63.4 112.3 3021)7 2619.6 2619.6
12/11/04 21 13.7075 85.01 5.915 85,01 -1 2.9 -1 83.210 -1 41043 93. 76.[Ll 2893|7 3074.5 314B.8
12/11/04 2. 11.p 81.96 5.90/5 81{96 -1 81.96 -1 67.000 -1 -11815 80.4 83.5 3703|0 3649.9 364[L.7
12/11/04 23 18.9745 81.83 6.725 81[.33 -1 81.33 -1 -1 -1 -1 %8.9 744 88.8 56110 5264.3 5179.5
12/11/04 24 29.8275 81.13 8.335 81113 -1 81.13 -1 -1 -1 -1 B7.0 82.4 79.% 7065/6 7161.2 719f.1

As we can observe by the presence of multiple théncolumns of the IDR in Tables 4.3 and 4.4, there were
many non-priced ID sessions in the year of 2008eNat replacing the -1 by zero would not evem®ption,
because zero could perfectly be a price of andayaession. The negative value denotes that Wesenot any

match between bids and asks in that particulaisess
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Indeed, in DB1, only 3176 hours had ID prite3his means that over 63% of the 8784 hours withee fvith -1
in the columns concerning the IBP Such fact became the motivation for the buildiidoB2, which has only
one difference in relation with DB1: the 5608 hotlrat are filled with -1 are replaced by the coomwlent 1D

prices of the Spanish sessions, {RP

Moreover, as it demonstrated in Tables 4.3 andthelRp equals the R in the hours that are characterized by
the non-existence of ID market prices. With the asgibility of correcting the day-ahead schedule @) the

ID sessions, the wind producer has to expose fferelice between the actual generation (AG) and#i8 to

the SO balancing prices, which is identical tolthesituation, (4.2). Consequently, in DB1 there 8688 hours

in which Rp = R_,.. In the other 3176 hours, the;Rexceeds the R in all cases where the adjustments in the ID
sessions are performed in order to reduce thalimitiference between the AG and the DAS, like whepens,
for instance, with hour 14 of Table 4.4. To thedpistments, let us denominate them correctionkérdirection

of AG. In contrast, if the adjustment is executadsuch way that does not minimize the original Uasuiee
between the AG and the DAS, the Ruvill of course exceed thedR In these occasions, we rapidly come to the
conclusion that the wind producer would better pentticipate in the ID markets because, the hugaratdge of
the ID sessions is, precisely, permitting to cartke first prediction made in the day-ahead maf&gtusing the
term ‘correct’, we mean reducing the differencensstn the AG and the DAS in the ID market, not agitay it,

as in hours 1, 3 and 4 of Table 4.3. Of course tbésoning is very straightforward after the faet, after
knowing both the DAS and the AG. The sole problerthat when the generator has to take a decisiamlye
knows the past (DAS), not the future (AG). The othiyng he knows is that the forecast that he iagifor the

intraday session has a high probability of beingaraccurate than the one used for the DAS.

Just like what happens with the columns of thedPEhere are also several -1 in the @ columns. Still,
these -1 have a different connotation. They aregalain each hour, in the columns in which the DA&$iot
corrected. Since, according to the implementedrihgo, it is only made one correction to the DAStle 1D
markets, for each individual hour (line) considetidre is only one ID&ye column that has a value different

from -1, corresponding exactly to the ID sessiat thas chosen to adjust the DAS.

Furthermore, it is also natural in both Tables,tganerally, the BPU is higher than the DAP andBR® lower
than the same DAP. Those differences imply a pestédin if the wind producer does not make accurate
forecasts in order to reach a schedule as clod®tAG as possible, namely by participating cawdipin the 1D
sessions. If the IDS exceeds the AG, he is pemhfizenot producing the amount he declared in iedssion,
paying the difference between the IDS and the ABRIt). On the opposite, in the case the AG beingéig
than the IDS the wind producer is penalised forgadling the quantity corresponding to the differemetween

the AG and the IDS at a price higher than BPD (dlagad market price for example or even intradasejpri

Drawing attention to the financial revenue of thedvproducer, it is clear that the hourly revenie$able 4.4
exceed the ones in Table 4.3. This happens magtdguse the wind farm generated more power in 12008/
than in 27/04/2008. In fact, there was not any houR7/04/2008 that surpassed the correspondent inou
12/11/2008 in terms of AG. In addition, it is alsatent in both Tables that thg Rexceeds, in general, both the
R.. and the R, as it was expected. Nevertheless, in hours 111 araf 27/04/2008 that was not verified because

the BPU in those two hours was lower than the spwedent day-ahead market price. Therefore, thaseeno

33 According to the distribution of the generatiohedules for the different ID sessions employedh@éndomputed algorithm.
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penalisation for the wind producer not having pretlwhat he previously declared in the IDS and ebenved

the R, and the R to exceed the R. These, of course are singular cases that happgmarely.

Figure 4.9 shows the yearly revenues of the wirmtipeer in the three referred situations, obtainéti tihe

contents of DB1.

17
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Figure 4.9 — YRy, YRp and YR, obtained with the features of DB1.

4.2.3.2 DB2

This data base is characterized by introducing pttiees of the ID Spanish sessions in the correspand

Portuguese ID sessions that had no price defin@Bih

Tables 4.5 and 4.6 demonstrate the calculatiometburly revenues of the wind producer in the upipait,

lower limit and intraday situations (R R, and Ry) in the same two days reported in Tables 4.3 afd 4

Table 4.5 — DB2 —results of R , R, and R for 27/04/08.

Day |Hour| Day-Ahead D1 D2 D3 ID5 AG BP. Ru. | R | Rip
DAS | DAPpr [IDSyw [IDPprisp|IDSnwe | IDPprisp|IDSwe [ IDPprisp| IDSnwe | IDPprisp|(MW) | BPDpr | BPUpr | (€) (€) (€)
(MW) [€/MWh) | 5 |(E/MWh) [ (MW) |(E€/MWh) | (MW) |(E/MWh)| (MW) |(€/MWh) (€/MWh) | (€/MWh)
(MW)
27/04/08 1 5.6476 56.69 1 t1 5.0725 47.92 -1 -1 -1 -1 16.94 43.7 69.7] 960.5 813.¢[ 811.Z
27/04/08 2 5.31 54.53 1 1 5.6B5 46 -1 -1 -1 -1 15.94 44.€ 64.5| 869.2| 763.7 764.2
27/04/08 3 5.3626 56.69 1 F1  3.095 44,46 -1 -1 1 -1 11.64 30.€ 82.7| 659.¢| 496.1 464.7
27/04/08 4 6.0026 57.62 1 F1  4.0375 49.71 -1 -1 -1 -1 14.01 34.7 81.(| 807.5 620.5 590.2
27/04/084 5 4.7876 54.61 1 2 1 49181 3.4175 49.98 -1 -1 13.65 6.7 102.f| 745.4 320.§ 261.f
27/04/08 6 4.2076 54|6 1 1 1 49/81 0.1975 49.71 1 -1 13.89 48.f 60.7] 758.4 699.5 694.f
27/04/08 7 0.40b 54/5 1 1 1 bl 4.5325 50Q.27 -1 -1 .67 36.€ 72.4 418.(| 288.(| 344.c
27/04/08 8 0.y 53.77 1 1 1 44838 0.435 44.38 -1 -1 B.24 137 93.¢ 174.2] 724 64.:
27/04/08 9 2.5826 53.68 1 2 1 44|71 0 44.71 1 -1 2B.73 30.7 76.711273.¢| 787.¢[ 749.1
27/04/08 10 | 2.4325 55 1 1 1 52.5 0.985 50 1 -1 18.39 29.5 80.E| 736.5| 457.(| 427.¢
27/04/08 11 | 3.0975 56.75 1 -1 1 51{75 4.4p75 5p.18 -1 -1 |0.03 64.§ 48.7] 1.7 264 36.7
27/04/08 12 | 3.5925 57.48 2 -1 -1 54 -1 57 5.405 51.73 [0.71 62.€ 52.5| 40.| 55.1 54.7
27/04/08 13 7.1p 58.04 1 1 F1 53/04 -1 53.04 7.0225 49.33 5[2.0 49.5 66.€| 119.(| 75.2[ 77.€
27/04/08 14 | 13.998 58.87 1 -1 1 55(37 -1 58.04 11.8375 $2.8875 43.€ 73.¢| 397.4 288.4 333.
27/04/08 15 | 23.305 57.61 1 -1 1 52|61 -1 53.61 16.62 §1.8571)3  46.% 68.¢| 789.(| 681.5 795.
27/04/08 16 | 38.425 55.29 2 -1 1 50{29 -1 50.29  2[.45 §5.295(7.  35.2 75.4 439.€/-173.7 168.1
27/04/08 17 50.6[L 54.43 1 2 1 48.6 -1 59.01  23.64 66.5 16.18 45.¢ 63.(| 880.1 585.¢[ 760.¢
27/04/08 18 | 49.613 53.31 1 -1 1 46 -1 50.1 24715 53 13.63 35.€ 71.(| 726.¢f 90.1[ 538.
27/04/08 19 43.56 53.69 1 2 1 U6 -1 50 28.B45 54 1p.95 47.7 59.7] 910.(| 750.1 836.¢
27/04/08 20 | 39.815 54.%3 1 -1 1 50.5 -1 59.74 34.0675 85.7415 35.( 74.111480.5[1232.¢(1338.
27/04/08 21 | 34.178 54.69 3412 48,78 1 49.2 -1 56.89 -1 54242 43.7 65.7/1499.¢(1425.2{1426.
27/04/08 22 29.14 68.89 34.2p5 5.5 -1 62 -1 56.97 -1 §2.183587.  47.F 90.5|2607.£[2421.2{2472.(
27/04/08 23 | 24.885 64.75 34.605 55.04 -1 58.28 -1 56.75 -1 9Z7H 37.1 92.4)3221.52533.¢[2708.:
27/04/08 24 | 26.713 576 3419 41)35 -1 52.6 -1 19.6 -1 50 $6.38 45.9 69.€/3247.52882.¢(2853.(
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Table 4.6 — DB2 —results of & , R, and R for 12/11/08.

Day [Hour| _Day-Ahead ID1 D2 ID3 ID5 AG BP Ry, | R | Rp
DAS | DAPpr |IDSywe | IDPprssp|IDSywe | IDPprssp|IDSywe | IDPprasp| IDSywe [ IDPprssp| (MW) | BPDpr [ BPUpr | (€) €) €)
(MW) | (€/MWh) | (MW) [E€/MWh)| (MW) |(E/MWh) | (MW) |(E/MWh) | (MW) [E/MWh) (€/MWh) | (E/MWh)
12/11/04 1 48.9275 80.88 2 -1 35[68 59.6 -1 -1 -1 -1 94.78 79.9 81.9 7665.8 7620]9 7889.8
12/11/09 2 48.4125 16 1 1 34.6375 59.5 -1 -1 -1 -1 9179 46.7 05.3.7204.0 58452 5664.9
12/11/04 45.3275 75.92 F1 -1 33.9825 54.25 -1 -1 -1 -1 9471 265  99.3 7190.4 6038/8 602(.1
12/11/04 4 40.515 65.48 1 -1 36.2375 53.88 -1 -1 -1 -1 91.24  .8|68  62.1 5974.4 6142|8 6204.9
12/11/04 % 38.316 65.03 1 -1 -1 49172 42.875 49.52 -1 -1 91.41 58.3 71.8 5944.4 5587).1 5547.0
12/11/04 31.0975 65.14 Fl -1 -1 65|14 42.6825 49.17 -1 <1784, 53.( 77.8 61720 5399.3 535¢.9
12/11/04 1 24286 65.15 1 F1 -1 60 39.2275 55.5 -1 -1 9472 7|47. 82.6 6171.p 4941|9 5054.5
12/11/04 28.6825 7918 1 2 -1 85(79  3§4.21 2.9 -1 -1 926 7|62. 96.9 7389.5 6296[5 6298.0
12/11/04 29.7p 79/4 1 1 1 79.4  30{84 66.49 -1 -1 6[7.34 48.7110.1 5346.8 4194|0 4213.7
12/11/04 10 32.665 80.93 F1 -1 -1 80|93  249.07 67.54 -1 -1 49.74 63.1 98.8 4025.5 3721/.0 370%.0
12/11/08 11 32.4675 793 F1 -1 -1 79.3 47.8p25 6y.08 -1 -1 $1.9 719 87.3 41228 396€.6 390].8
12/11/08 1 10.B 81.92 1 1 FL 8102 -1 70.01 53.9675 66.58857  74.4 87.5 4648]9 4349.9 400B.7
12/11/08 1 8.26p 80.99 1 F1 -1 80/99 -1 63.07 45|645 §3.0P367  69. 92.P 4691(8 4136.0 388414
12/11/08 14 14.2875 80.38 -1 -1 -1 80|88 -1 59.51 41.7075  263%3.73 40.p 121}6 4264.0 270p.6 3340.0
12/11/04 1% 10.175 80[2 1 L1 -1 80.2 -1 61.17 32.4275 §8.14383 424 117.p 2681|1 1804.4 214P.3
12/11/08 1 10.88 80.94 1 L1 -1 80{94 -1 61.17 20/405 64.524788  69. 92.9 3113|8 2783.7 274p.8
12/11/08 1 16.08 80.87 1 -1 -1 80{87 -1 63.52 12.9275 5.0871 72. 89.4 3305{2 3092.3 311¢4.9
12/11/04 18 15.1275 80.96 -1 -1 1 80,96 -1 63.16  11.94 5.5868  113. 48.8 2862|7 351%.0 3667.3
12/11/04 19 15.225 83.23 FL -1 1 80|32 -1 719.8 13.725 §3.947 78. 88.41 2452(8 2374.3 237P.2
12/11/08 20 17.9475 87.84 -1 -1 1 8477 -1 86.04 14.1 §7.84.4/34 634 112.8 3021{7 2619.6 252b.6
12/11/08 21 13.7075 85.01 5.915 8501 -1 2.9 -1 83.21 -1 1853@.04 93. 761 2893.7 3074.5 3143.8
12/11/08 2 11.p 81.96 5.9075 81|96 -1 81.96 -1 67 -1 §5.581.815.  80.4 83.5 37030 3649.9 364[L.7
12/11/04 23 18.9725 81.83  6.725 81).33 -1 81.33 -1 64.7 -1 26468.99 74.4 883 5611.0 5264.3 5179.5
12/11/08 24 29.8225 81.13 8.335 8113 -1 81.13 -1 63.52 -1 526387.0 82.8 79/5 7065.6 716]1.2 7197.1

In Tables 4.5 and 4.6, the hours filled with -1t IDR-T.sp cOlumn mean that they are not covered by that
particular ID session.

From the inspection of Tables, 4.5 and 4.6, oneatzerve that, with prices in all ID sessions, Rag and the
Rpp have distinct values, in the majority of the caskdditionally, in these two Tables it is also esid the
impact that a good or bad correction of the dayadigchedule (DAS) in the ID markets has on themesef
the wind producer. For instance, in hour 16 of €ablb, the R exceeded the R in more than 340 € and in
hour 14 of Table 4.6, the difference between beenues was 640 €, in favour of thg.Rn these two
situations, the ID market was used to reduce thgdiminary difference between the DAS and the actual
generation (AG) and when that happens, the windywer profits from it. However, when the adjustnsezte
executed in such way that enlarge the initial déffece between the DAS and the AG, the wind prodfamss a
loss in the B, in comparison with the R.

Figures 4.10 and 4.11 illustrate the DAS, IDS ari@liA 27/042008 and 12/11/2008.
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Figure 4.10 — DAS, ID{wp and AG in 27/04/2008.
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Figure 4.11 — DAS, IDQwp and AG in 12/11/2008.

Analysing both Figures, 4.10 and 4.11, we can aatelthat the wind producer profits from participgtin the
ID sessions when the intraday schedule (IDS) cigsuated between the curves of the AG and th&DXs a
matter of fact, if that happens, there is a minatian of unbalance between AG and DAS, which isrtieen

purpose of the ID markets.

Figure 4.12 shows the yearly revenues of the winmtycer in the upper limit, lower limit and intrada
situations (YR, YR, and YRp), calculated with the contents of DB2.
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Figure 4.12 - YR, , YRp and YR, obtained with the features of DB2.

4.2.3.3 DB3

In this data base it were used the prices of theniSh area in all market sessions, and also irb#kencing
prices. Tables 4.7 and 4.8 show the results forstirme two days that were portrayed in the previouws

sections.
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Table 4.7 — DB3 —results of B , R, and R for 27/04/08.

Day [Hour| _Day-Ahead ID1 D2 D3 D5 AG BP Ru | Re | Ro
DAS | DAPgp [IDSywp| IDPsp [IDSywe| IDPgsp [IDSywe| IDPsp [IDSywe| IDPsp |(MW)| BPDse | BPUse | (€) | ©) | (©)
(MW) [E/Mwh) [ (Mw) [EMWh) | (MW) | (E/MWh) | (MW) |E/MWh) | (MW) |(E/MWh) (E/MWNh) | (€/MWh)
27/04/04 1 5.647p 51.92 1 1 5.07125 47.92 -1 -1 -1 -1 16.94 92%1. 52.24 879.5 879|5 881.8
27/04/04 2 5.31L 0 {1 1 5.685 46 -1 -1 -1 -1 15.94 49.00 53.63.1y8781.1 779.9
27/04/0 5.3626 44.46 1 L 3.J95 44.46 -1 -1 -1 -1 101.64 614.4 5494 5175 517)5 5175
27/04/09 4 6.0026 49.91 1 1l 4.0375 49.71 -1 -1 -1 -1 14.01  749. 56.82 6964 696|4 694.4
27/04/09 % 4.787p 49.91 1 Fl -1 49181 3.4175 49.98 -1 -1 13.6549.7] 57.08 678/5 6785 678.2
27/04/04 4.2076 49.71 1 F1 -1 4981 0.1p75 49.71 -1 -1 13.8949.71] 55.48 6905 6905 690.5
27/04/04 1 0.40b 50 1 1 1 1 4.5325 50.27 -1 -1 §.67 50.00 974383.3 383.5 384|6
27/04/0 0.y 49.38 1 1 1 4438 0435 44.38 -1 -1 B.24 38.9149.34 160.0 1334 131)9
27/04/09 2.582b 49.91 1 Fl -1 44171 0 45.71 -1 -1 2B.73 49.7155.34 1179.6 1179|6 1189.9
27/04/09 10 2.4325 95 1 1 2 52.5 0.985 50 -1 -1 18.39 §5.00 .15%8736.% 736.p 743|7
27/04/04 11 3.0975 56.15 F1 -1 -1 51|75 4.4p75 5p.18 -1 -1 [0.0356.75 56.7% 1.7 1{7 1{0
27/04/04 12 3.5925 57.48 F1 -1 -1 54 -1 57 5.405 5L.73 [0.71 8p7.4 57.48 40. 408 30/4
27/04/0 1 7.1p 58.04 1 1 F1 53/04 -1 53.04 7.0225 49.33 5|2.0 42.5( 58.04 119/0 119.0 120.2
27/04/09 14 13.9975 58.87 -1 -1 -1 55|37 -1 58.04 11.8375 8p2.8.79 44.62 58.47 3974 397.4 41p.1
27/04/09 1%  23.305 57.61 F1 -1 -1 52|61 -1 54.61  16.62 91.857113 42.74 57.6[L 789[8 789.8 828.3
27/04/04 16 38.425 55.29 F1 -1 -1 50(29 -1 50.29 2{.45 §5.295|7. 34.5 55.2D 439|6 439.6 439.6
27/04/04 1 50.6[L 53|16 1 1 F1 48.6 -1 5501 23.64 b6.5 16.18 5.08 53.60 867p 867|2 789.0
27/04/0 18 49.6135 30 1 1 -1 16 -1 5p.1 2415 53 13.63 5.0050.00 681.%5 6815 6068
27/04/09 1 43.56 40 1 1 1 16 -1 b0 28.345 54 16.95 38.00 0pBa7.4 847.5 786/6
27/04/09 20 39.815 5215 1 Fl -1 50.5 -1 55.74 34.0675 95.741827 41.0 52.5D 14254 142%.4 1406.8
27/04/04 21 34.1775 542 3402 48178 -1 49.2 -1 56.89 -1 542420 42.7 54.20 14862 1486.2 1486.5
27/04/04 2 29.14 68.89 34.2p5 5.5 -1 62 -1 56.97 -1 H§2.1835B87. 42.84 68.8p 2607{5 238(.6 2455.1
27/04/0 2 24.885 64.15 34.605 55.04 -1 58.28 -1 56.75 -1 527754 64.7 65.08 3221|3 322]1.3 3126.9
27/04/09 24 26.7135 576 3409 41435 -1 52.6 -1 #9.6 -1 50 856.3 57.6( 57.78 3247|5 32471.5 3125.0
Table 4.8 — DB3 —results of B , R, and R for 12/11/08.
Day |Hour| Day-Ahead ID1 1D2 ID3 DS AG BP Ru. | R Rip
DAS DAPgsp |IDSywp| IDPgp [IDSywp| IDPgp |IDSywe| IDPsp [IDSywe| IDPgp |(MW)| BPDgp | BPUgp €) ®©) ®©)
(MW) | €/Mwh) | (MW) |(€/MWh) | (MW) |@E€/MWh) | (MW) |EMWh) | (MW) |EMwh) (E/MWh) | (€/MWh)
12/11/04 1 48.9275 62.74 Fl -1 35]68 59.6 -1 -1 -1 -1 94.78 42.7 62.74 5946.5 5946|5 5988.1
12/11/09 2 48.4125 60 1 1 34.6375 50.5 -1 -1 -1 -1 9B.79 60.0062.57 5687.4 5687(4 5694.3
12/11/09 45.3275 57.11 F1 -1 33.9825 54.25 -1 -1 -1 -1 94.71 8.3& 57.1] 54089 3990.1 3696.6
12/11/09 4 40.51p 56.12 1 1 36.2175 53.88 -1 -1 -1 -1 91.24 6289 56.72 5175.1 43077 4246.5
12/11/04 % 38.31p 56.12 1 F1 -1 4972  42.875 49.52 -1 -1 91.4126.57 56.7P 51848 3581.3 368p.2
12/11/04 31.0975 57.85 FLl -1 -1 50|85 42.6825 4p.17 -1 -17594.  20.0 57.8p 5481{3 3072.7 3410.5
12/11/04 1 24286 61.67 1 F1 -1 B0 39.2275 5.5 -1 -1 9472 6%1. 61.67 5841.4 584114 5749.2
12/11/04 28.6825 14 1 1 1 6364 36(21 2.9 -1 -1 P2.6 $6.5074.0Q 6852.4 5733|8 5784.0
12/11/09 29.7p 78.22 1 rl Fl 70.4 30(84 66.49 -1 -1 §7.34  289. 78.22 5267.8 45561 4563.7
12/11/04 10 32.665 79.46 F1 -1 -1 77(46  29.07 67.54 -1 -1 49.7459.94 79.46 3952{3 3619.0 359[L.7
12/11/04 11 32.4675 18 1 F1 -1 771.7 47.8p25 67.08 -1 -1 51.99 9.5% 78.00 4055,2 3695.8 381D.8
12/11/04 1 10.B 77.19 1 F1 F1 75/07 -1 70.01 53.9675 66.5887 58.9 77.7P 44636 3587.4 3915.5
12/11/04 1 8.26b 74{2 1 rl Fl 66,78 -1 63.07 45]645 63.07937. 60.3% 74.2D 42984 361(0.5 371R.2
12/11/0 14 14.2875 747 Fl -1 -1 6453 -1 59.51 41.7075 6353279 54.5% 71.70 3780.0 3129.9 33¢6.9
12/11/0 1% 10.175 6416 1 F1 -1 64149 -1 61.17 32.2275 58.343B 56.2 64.60 21596 1964.9 20Q7.1
12/11/09 1 10.88 64(6 1 F1 F1 64.6 -1 61.17 20}405 614.52 758.4 53.37 64.6D 2485(2 2173.4 228D.6
12/11/09 1 16.08 66.07 1 F1 -1 65]87 -1 63.52 12.9275 5.087% 54.7. 66.07 2700.3 2418.3 2386.4
12/11/09 18 15.1275 743 F1 -1 -1 66|87 -1 63.16  1[.94 §5.443685 54.7 74.3D 26272 2231.1 2196.9
12/11/04 19 15.225 83.23 F1 -1 -1 80|32 -1 79.8 13.4725 §3.247p 57.4 83.23 24528 208%.1 2045.1
12/11/0 20 17.9475 87.84 -1 -1 -1 84{77 -1 86.04 14.1 §7.84.4(34 56.25 87.81 30217 2504.0 238D.4
12/11/04 21 13.7075 85.01 5915 7651 -1 2.9 -1 83.21 -1 1$53@.04 57.9p 85.01 2893.7 234{1.4 22(0.0
12/11/09 2 11.p 80 5.90715 64 -1 66.4 -1 67 -1 65.58 45.18 9.3380.00 3614.4 2912(0 2881.3
12/11/04 23 18.9735 719  6.7p5 61112 -1 61.9 -1 64.7 -1 4.80% 58.0. 71.90 49604 4267.1 4229.4
12/11/09 24 29.8235 66.68 8.335 60.01 -1 63.52 -1 63.52 -1 52637.0 54.44 66.68 5807.2 5106.2 4986.5

In both Tables, 4.7 and 4.8, one can witness ardsating phenomenon. There are some hours, formggam
hours 23 and 24 of 27/04/2008 and hours 1 and124f1/2008, in which the R equals the R . However, this
was only possible since the price of the BP&nhd the DAR: were also equal in those hours. As a matter df fac
this can be proved mathematically: consideringgeereral expression for the calculation of the ®&.2), and
replacing BP for BPD, because in all those houesA6 exceeded the DAS, we reach (4.4).

R, = (DASx DAP) +{( AG - DAY x BPD} (4.4)
Given that in all those periods the BPD equalled@A\P, it is possible to rewrite (4.4) as (4.5).

R, = (DASx DAP) +{( AG - DAY x DAR (4.5)
Rearranging the terms, (4.5) can be written a9.(4.6

R, = (DASx DAP) + (AG x DAP) — (DASx DAP) (4.6)
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Finally,
R =(AGxDAP)=R, . 4.7)

Moreover it is also clear in those same hourst®aR; exceeds the other two revenues. This occurs dtheto
equality between the BRpand the DARr as well as the ID§ being lower than those two values. Taking as an
example hour 1 of Table 4.8, the wind producer etazt a first prediction in the day-ahead market&d MW
and was paid for that prediction at D4&P62.74 €/ MWh. In the ID session, he corrected thidial forecast to
35.68 MW and bought the difference between the #b8 the DAS, 13.22 MW, at 59.6 €/ MWh, meaning that
he made a financial profit of 13.22 MW x (62.74@9€/MWh. However, this correction was wrongly
performed, since the AG was 94.78 MW. Consequetttly,wind producer exposed a difference between AG
and IDS, 59.1 MW, bigger than the one between AG BAS, 45.9 MW, to the system operator's BP. Shi#,
was fortunate and was paid that difference (betwiherAG and the IDS) at day-ahead market pricesesthe
BPDsr equalled the DAR in this particular hour. All in all, the wind prader was not as penalised as he would
have been if the BP{3 was lower than the DAR like what happens in the majority of the occasiand he

even made a profit due to the difference betweerDi#iPsp and the IDRp

Figure 4.13 shows the yearly revenues of the whodlgcer, YR, YR, and YRp, calculated with the contents
of DB3.
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Figure 4.13 - YR, , YRp and YR, obtained with the features of DB3.

One relevant conclusion to retain at this poirth&t the difference between the different scenasiosuch lower
than in the previous cases. This is due mainlywto factors: the availability of ID prices for cocteng the
schedules and the lower difference between theatiagd price, the balancing price downwards and the

balancing price upwards of the Spanish area (RABPDsp and BPUp).

4.2.4 Results using ARMA prediction models (DB4, DBand DB6)

In this section it will be presented the resultghe data bases that make use of ARMA models toatpehe
adjustments in ID sessions. The methodology appiiedatch the ARMA forecasts with the intraday &essis

explained in Appendix C.

4.2.4.1 DB4

This data base is similar to DB1, with the soldedénce of replacing the intraday schedule base\MP
methods (ID{we) by the intraday schedule based on ARMA modelsS(Ha.). In Tables 4.9 and 4.10 are

shown the results of R, R, and R, for two particular days.
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Table 4.9 — DB4 —results of B, R, and R for 27/04/08.

Day Hour Day-Ahead ID1 ID2 ID5 AG BP RuL R Rpp
DAS DAPpr | IDSprma | IDPpr | IDSprma | IDPpr [ IDSprma | IDPpr | (MW) | BPDpr BPUpr € €) €
(MW) | e/MwWh) [ (MW) |E€MWh) | (MW) [@E&Mwh) [ (Mw) | (€MWh) (E/MWh) | (E/MWh)
27/04/08 1 5.6475 56.69 1 F1 15.904 47.92 -1 -1 15.94 43.7 69.7] 960.: 813.¢/ 856.¢
27/04/08 2 5.31 54.93 1 1 17.1)71 46 -1 -1 15.94 44.€ 64.5| 869.2] 763.i] 755.¢
27/04/08 5.3625 56.69 k1l 1 18.314 44.46 -1 -1 11.64 30.6 7/8859.9 496.1 327/9
27/04/08 4 6.0025 57.62 kL F1 19.396 49.71 -1 -1 14.01 34.3 0/8807.§ 620.p 5754
27/04/08 % 47875 54.61 F1 F1 20.414 49.81 -1 -1 1B.65 6.7 102.5| 745.4 320.{ 346.F
27/04/08 4.2075 5416 1 tl 21.373 49.81 -1 -1 18.89 48.5 6058.4 699. 6305
27/04/08 1 0.406 54|5 1 1 22.275 51 -1 -1 .67 6.6 [72.4 41288.Q 80.
27/04/08 0.Y 53.77 1 1 23.1p4 44138 -1 -1 3.24 13.7 93.9 .217472.4 -834.8
27/04/08 2.5825 53.68 Fl F1 23.923 44.71 -1 -1 2B.73 30.7 76.711273.¢] 787.¢1078.(
27/04/08 1 2.4325 35 1 1 24.676 5p.5 -1 -1 13.39 P9.5 80.%.5/3457.0 393.p
27/04/08 1 3.0975 56.15 F1 -1 25.384 51.75 -1 -1 0.03 64.8 7148.1.71 26.4 940
27/04/08 1 3.5925 57.48 F1 -1 -1 54 4.405 -1 71 62.6 52.3 8/4055.1 55.
27/04/08 1 7.1p 58.04 1 F1 F1 53[04 6139 -1 2.05 49.5 66.€) 119.(] 75.2f 75.2
27/04/08 14 13.9975 58.87 -1 -1 -1 55|37 8.1141 -1 6.75 43.8 9|7397.4 288.4 2884
27/04/08 1 23.305 57.61 -1 -1 -1 52{61 9.806 -1 1B.71 46.3 9/6889.4 681.p 6815
27/04/08 1 38.425 55.29 F1 -1 -1 50{29 11.871 -1 7.95 35.2 75.4 439.€] -173.{ -173.%
27/04/08 1 50.6{1 54.43 Fl F1 -1 48.6 12.845 -1 16.18 45.¢ 63.(| 880.i] 585.¢/ 585.¢
27/04/08 18 49.6125 53.81 -1 -1 -1 46 14.232 -1 1B8.63 35.6 71Z6.4 90. 90.L
27/04/08 1! 43.56 53.69 k1l 1 -1 n6 15.539 -1 16.95 n7.7 59.7.0p1750. 750.[L
27/04/08 2 39.815 54.%3 F1 -1 -1 50.5 16.Y69 -1 2f.15 35.C 74.111480.5 1232.¢/ 1232.¢
27/04/08 21 34.1775 54.69 19.605 -1 -1 49.2 -1 -1 2[7.42 4375 65.7 1499.¢) 1425.:[ 1425.%
27/04/08 2. 29.14 68.89 20.307 -1 -1 62 -1 -1 37.85 n7.5 Q0B Hp2421.p 24212
27/04/08 2 24.885 64.75 21.304 -1 -1 5§.28 -1 -1 4Pp.75 37.1 .4{9221.3 25338 25338
27/04/08 24 26.7125 57.6 22.198 -1 -1 52.6 -1 -1 5p.38 45.3 69.€| 3247.1] 2882.¢[ 2882.¢
Table 4.10 — DB4 — results of R, R, and Rp for 14/11/08.
Day |Hour Day-Ahead D1 D2 D5 AG BP Ru | Re | Rio
DAS | DAPpr |IDSagwa | IDPpr |IDSaruma | IDPer [IDSarua | IDPer | (MW) | BPDer | BPUsr | (€) | (€) | ()
(MW)  |(€/Mwh) | (MW) |(€/MWh)| (MW) |€/MWh)| (MW) |E/MWh) (€/MWh) [ (€/MWh)
14/11/08 1 18.2175 81.33 F1 -1 1.675 64.94 -1 -1 .28 39.7 012322.4 -724.1 2358
14/11/08 2 18.2175 7914 1 L1 3.388 61 -1 -1 1.71 22.7 136.5 135.¢| -806.§] 312.¢
14/11/08 3 20.2375 76.02 F1 -1 5.028 43.88 -1 -1 2 434 108.7 152.(] -444.(] 541.¢
14/11/08 4 24.276 71 1 1 6.57 -1 -1 -1 0{48 50.] 91.¢ 34.1] -463.7] -463.2
14/11/08 5 29.1075 65.89 F1 -1 8.016 -1 -1 -1 1.82 52.9 78.§) 119.¢| -232.4 -232.¢
14/11/08 ¢ 32.9)7 65.87 1 1 9.373 -1 -1 -1 8.95 47.9 84.4 589.[ 144. 144.
14/11/08 1 33.645 71 1 1 10.647 -1 -1 -1 1355 44.¢ 97.2] 962.1| 435.¢] 435.¢
14/11/08 8 30.3825 80.88 F1 -1 11.842 8(.88 -1 -1 26.85 47.1 114.¢ 2171.¢| 2052.5) 1664.%
14/11/08 g 28.036 79|8 1 1 12.964 75 -1 -1 37.85 41.C 118.5 3020.4| 2639.¢) 2127.2
14/11/08 1 25.4875 81.89 -1 -1 14.016 74.51 -1 -1 0.46 50.7 12.101 2397.Y 2275|8 2004.7
14/11/08 1 19.98 82.43 1 F1 15.003 -1 -1 -1 17.11 66.9 97.901 1366.8 1366)8
14/11/08 1 14.1275 83.15 -1 -1 -1 -1 30.318 69.45 [7.01 67. 99.5] 582.¢| 467.¢ -15.<
14/11/08 1 8.9775 85.12 F1 -1 -1 -1 30.564 70.84 7.04 71.7 98.5] 599.z| 573.F -23.t
14/11/08 14 5.2775 84.27 F1 -1 -1 -1 30.553 67.49 1D.91 64.7 103.§ 919.4] 809.2] 111.€
14/11/08 1 2.7525 83.23 F1 -1 -1 -1 30.522 62.77 6.11 73.7 93.5] 508.5 474.¢| -305.f
14/11/08 1 1.276 85.12 1 F1 -1 -1 30.492 65 .81 73.7 96.¢ 324.i 294.7 -577.¢
14/11/08 1 0.3375 85.12 F1 -1 -1 -1 30.463 67.5 0 77.7 92.€ 0.C -2.5| -758.7
14/11/08 1 2.0225 84.27 F1 -1 -1 -1 30.436 71.95 0 74.¢ 93.€ 0.C] -18.€) -634.C
14/11/08 1 7.0825 84{2 1 F1 -1 85[61 30.411 -1 1.07 76.8 9190.1) 45, 45.6
14/11/08 2! 20.9725 88.84 -1 -1 -1 91195 30.388 -1 10.47 93.0 3.718924.9 973.)f 973|7
14/11/08 2 44.0115 84.51 0.488 -1 -1 84.26 -1 -1 5B.11 82.8 .218888.3 44728 44728
14/11/08 2. 59.717 83.12 2.2 78 -1 -1 -1 71076 60.42 74.€ 91.€) 5022.:| 5016.¢ 4820.¢
14/11/08 2. 66.38715 81.69 3.908 7428 -1 -1 -1 6P.03 §5.28 65.(] 98.5 4515.¢ 4331.{[ 4121.«
14/11/08 24 67.975 81.18 5.5[18 64.6 -1 -1 -1 61.01 55.68 52.7 110.7 4520.: 4164.5 4107.(

From the inspection of Tables 4.9, 4.10, we carckmie that, generally, the ,Rexceeds both the,Rand the
Rp, as it was expected. The relation between thedRd the R depends directly from the accuracy of the
IDSArMa- FOr instance, in the first three hours of 14/008 it is evident that the wind producer benefitean
the participation in the ID sessions. Indeed, mfihst hour of 14/11/2008, theRexceeded the Rin 960.5 €.

In hour 2, that difference was raised to 1119.%€avour of the K. In the third hour, the R again surpassed
the R, by 985.9 €. These three cases are elucidativeeofinancial advantage that the wind producer mety g

from a good correction in the 1D market.

Conversely, there are also many examples of sitostin which the R surpassed the,RR(hour 8 of Table 4.9

or hour 12 of Table 4.10), mainly due to inaccurarcthe generation adjustments operated in theeK3isns.
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Figures 4.14 and 4.15 show the relation betweemlélyeahead schedule (DAS), the intraday schedidedban
ARMA models (IDSgua) and the AG in the same two days analysed in Babie and 4.10.
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Figure 4.14 — DAS, IDQrma and AG in 27/04/2008.
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Figure 4.15 — DAS, IDSrwa and AG in 14/11/2008.

Figure 4.16 shows the yearly revenues of the wirmtycer in the upper limit, lower limit and intrada
situations (YR, YR, and YRp) calculated with the contents of DB4.
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Figure 4.16 — YR,, YRp and YR, obtained with the features of DB4.
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4.2.4.2 DB5

Figure 4.17 shows the yearly revenues of the whodlgcer, YR, YR, and YRp, calculated with the contents
of DB5.
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Figure 4.17 - YR,, YRp and YR, obtained with the features of DB5.

4.2.4.3 DB6

Figure 4.18 shows the yearly revenues of the whodlgcer, YR, YR, and YRp, calculated with the contents
of DB6.
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Figure 4.18 — YR, YRp and YR, obtained with the features of DB6.

Table 4.11 summarizes not only the revenues ofniine producer obtained with the contents of the daxa

bases, but also the average price, AP, at whickribegy generated by the wind farm was valued.

Table 4.11 — Summary of the yearly revenues of theind producer and average price at which the energy
he sold was valued, in each situation.

YRy AP, YR, AP, YR AP,

DB ™Me) | ©mMwh) | (ve) | ©@Mwh) | me) | (e/Mwh)
DB1 18 67.91 15 56.63 151 57
DB2 18 67.99 1% 56.63 152 57.58
DB3 16.9 62.67 155 58.49 197 59)27
DB4 18 67.95 1% 56.63 148 55.87
DB5 18 67.94 15 56.63 147 55.49
DB6 16.9 62.67 155 58.49 15.61 58|03

Note that the YR. and YR, are similar in DB1, DB2, DB4 and DB5 because teattires that involve the

determination of those two parameters are commail these four DB. The same reasoning is appleDB3
and DB6.

Moreover, comparing the average day-ahead markeg pf the Portuguese area in 2008, 69.975 €/MWith w

the average price at which the energy generatedébwind farm was valued in the upper limit sitoat{energy
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valued at day-ahead market price) in Portugal, BE/MWh, we conclude that there was a higher faufuthe

wind farm generation in off-peak hours (lower pgicthan in peak hours (higher prices).

4.2.5 Consequences of forecast accuracy improvement

Given the results of the yearly revenues of thedwinoducer in all six data bases, it is evident thaeach of
them the difference between the YRnd the YR was not as accentuated as it would be expectddeth in
DB4 and DB5 the YRR was even lower than the YR One of the aspects, and perhaps the most signifithat

contributed to this phenomenon was the inaccuratlyeoadjustments effectuated in the ID sessions.

Consequently, it was carried out a set of simutetito evaluate the impact on the yRf an improvement of
the corrections operated in the ID sessions. Thisrovement was accomplished by adding to the iafrad
schedule based on NWP methods (RS in each hour, 25%, 50% or 75% of the initial éifnce between the
AG and the ID{wp. This procedure is mathematically detailed in egpions (4.8), (4.9), (4.10) and (4.11).

diff = AG ~ IDSyyp - (4.8)
IDSy5 = IDSyyp + (0.25% diiff ). (4.9)
IDS;, = IDSyyp + (0.5 diff ). (4.10)
IDS;5 = IDSyyp + (0.75x diff ). (4.11)

The results of this improvement are graphically destrated in Figures 4.19 and 4.20.

10+

Time [H]

Figure 4.19 — DAS, IDSwe, IDSs, IDSso IDSys and AG in 27/04/2008.
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Figure 4.20 — DAS, IDQwep, IDS,s, IDSs5 IDS75 and AG in 12/11/2008.

One may witness in Figures 4.19 and 4.20 that Bf§s| IDS;y and IDSs minimize the initial unbalance
between the AG and the DAS, improving also the samuof the IDJwp used in the first three DB.

Let us call the yearly revenues that derive frogsthadjustments in the IDS, ¥R'Rsoand YRs.

Figures 4.21, 4.22 and 4.23 illustrate the,y ¥ Rs,, YR7s and YR for DB1, DB2 and DB3. In both Figures,
it was also included the YR, the YR, and the YR, that derive from Figures 4.9, 4.12 and 4.13, reispaly.
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Figure 4.21 — Result of the IDS adjustment in DB1.
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Figure 4.22 — Result of the IDS adjustment in DB2.

34 1n this hypothetic scenario, there would be a métetween the intraday schedule operated by the pioducer and the
actual generation of the wind farm.
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Figure 4.23 — Results of the IDS adjustment in DB3.
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Note that in all these three Figures, 4.21, 4.22 423, it was included a yearly revenue that assuthe wind
producer corrected perfectly the forecast in thetay markets (YR). In other words, it was presupposed that
there was a match between the intraday schedulghendctual generation of the wind farm. It is ous to
observe that even with this perfect corresponddheeyearly revenue of the wind producer would net b
identical to the one in the upper limit situatidrhis occurs because in the upper limit situatidhthe energy
generated by the wind farm is valued at day-ahearken price. On the other hand, in the perfectesion
situation, one part of the energy is valued at alagad market price (DAP) and the other at intragae (IDP).
They would only be equal in case the IDP was simdldhe DAP. This allows us to draw one conclusighich

is that the day-ahead market price was, on avetagieer than the intraday price.

These adjustments in the IDS were only performedi®l, DB2 and DB3 since the results for the renman
data bases would be very similar. Furthermore,résailts expressed in Figures 4.21, 4.22 and 4.28idw
evidence that an improvement in the accuracy offf# has a high direct impact on the yearly reveoiuthe
wind producer. It can also be observed that thasgaiising from better accuracy are higher in DB@ BB3,

the ones where there are no hours without ID pri€hs shows the importance of intraday marketiddy for

the financial results of wind generation in a mamrevironment. Finally, it is also important to pothat very
low balancing prices downwards (BPD) and very Higllancing prices upwards (BPU) have strong negative

impacts on the wind producer performance.

4.2.6 Discussion of results

In this part of the work it will be analysed thesuéis obtained in section 4.2, as well as identiypossible
measures that would mitigate some drawbacks relatettie participation of a wind producer in the gow

market, namely market design issues and operdtiategies.

4.2.6.1 Comparison of market results assessment aadtual revenue in 2008

An accurate analysis of the wind farm performanca imarket environment cannot be done without kngwi
the current environment of wind generation remuti@nan Portugal, the feed-in tariff regime. Effeety, the
actual revenue of the wind farm studied in thissthavas, approximately, 24.2 M€ in 2008 [ERSE] &uea
which exceeds largely all scenarios revenues, imhated in each of the six data bases (Table 4.143ufing
the energy generated by the wind farm was all \hlaeday-ahead market price, the wind producer avoul

“only” collect 18 M€, using the DAP of the Portugearea. This value, which concerns the upper $§itiation
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in DB1, DB2, DB4 and DBS5, is surpassed by the ¢iffecrevenue of the wind farm in over 6 M€. Regagdihe
revenues in both the lower limit and the ID sitaa§, the difference towards the effective reveraises to
values between 8 M€ (in DB3 and DB6) and 9 M€ (B1DDB2, DB4 and DB5).

Overall, the main conclusion that one can take ftbenabove reasoning is that in all projected stesiabased
on 2008 market prices, the yearly revenue of thedwiroducer by the time he enters in the power etirk
would be significantly lower than the one he reesifrom the application of the feed-in tariff. Eventhe
putative situation of matching the intraday schedwith the actual generation of the wind farm, the
correspondent yearly revenue, ¥Rwould be surpassed in 8 M€ in DB1, 6.5 M€ in D&l 7.7 M€ in DB¥

by the effective revenue in 2008.

Facing these reductions in the revenues, one dmiidduced to affirm that the wind producer wikrstlosing
money as soon as he starts participating in theepamarket. However, that reasoning is a too singple. In
fact, it is likely that the business case that sagported the project included a recovering ofithestment
capital (or at least a large part of it) by thedithe wind farm ceases its tariff regime. That vihg,operation in
a market environment must “only” allow recoveringeoation costs (low compared with other technolegand
the eventual residual part of investment costsclvimakes that operation likely to be profitable wdoer, one
must recognize that 2008 market prices were vergueable for generators compared to other yeansieha
2009, and that the differences between tariff and ntargimes may be higher if the trend in electrigitices

evolution occurred in 2009 was to happen whendh#f tegime comes to an end.

4.2.6.2 Assessing the impact of market price voléty

Wind producers, when entering the power market, lnél confronted with several circumstances withcluhi
they are not used to deal with. One of the mosbitamt is that their yearly revenue will be functiof highly
unpredictable variables, namely day-ahead market prhis creates a total disruption towards theweeration
method that is reaching its end: the feed-in tatiffleed, with the actual regime, wind producersvknin
advance, the price at which the energy they willisegoing to be valued, which will no longer bdeetcase in a

market environment and will imply a higher voldtilof annual revenues perceived by them.

In order to assess how volatile the revenues oflwioducers can be to day-ahead price, it was atahwhat
would be the yearly revenue of the wind producedisd in this work, in the upper limit situatiom, 2007 and
2009, based on the actual generation of the wird & 2008. This estimation was executed accorting.12)
and (4.13),

YRuL2007 = % X DAP 407 (4.12)
2008

YRyL2009 = —&;2008 X DAP;009 (4.13)
2008

where:

% This revenue will have other item related to takirsg of green certificates by the wind produsghjch was not studied in
this thesis.

% See Figures 4.21, 4.22 and 4.23.

37 See Table 4.12.
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YRuL2007 YRuL2008 2Nd YRy 2009 @re the yearly revenues of the wind producer énUh situation in 2007,
2008 and 2009, respectively;
DAP,y 7 DAP,0g and DARgge are the average day-ahead market prices of 20008 zand 2009,
respectively.

Furthermore, it was also determined the average @i which the wind producer would sell his eneigythe

UL situation, in 2007 and 2009, also based on theah generation of the wind farm in 2008. Thesmilts are

expressed in Table 4.12.

Table 4.12 — Average day-ahead market price of tHeortuguese area, yearly revenue of the wind produce
in the UL situation and average price of the energgold by the wind producer in the UL situation in
2007, 2008 and 2009.

Average YRy Average Price
DAP (M€) (YRy)
(E/MWh) (E/MWh)
Year
2007 52.18 13.4 50.58
2008 69.98 18 67.94
2009 39.11 10.1 38.12

As one may witness in Table 4.12, since the impleat®n of the day-ahead market in Portugal in 2497,
until 30 September 2009, the day-ahead market ,pdneaverage, suffered considerable fluctuationsesé
fluctuations have a direct impact on the averageepat which the wind producer sells his energy,and
subsequently, can change dramatically the finameca@ime of the wind producer if exclusively depemtdan the
day-ahead market price. The differences betweenY®Rg ,q0s and the YR o007 (4.6 M€) and between the

YRuyL2008 and the YR o009 (@lMost 8 M€) are an unmistakable proof of that.

Besides, it is important to emphasize that thidysiawas only executed for the upper limit sitaati which
only had the influence of the day-ahead markegpiitowever, in a real market environment, the wiretucer,
besides the DAP, will have to deal, at least, with more variables that will turn his financial orae even

more unpredictable: intraday prices (IDP) and batanprices (BP).

4.2.6.3 The impact of market design features

In this section the impact of balancing prices tie trevenue of the wind producer will be discussed.
Furthermore, there is also allusion to the impar¢aanf the liquidity of the intraday prices and ke trelation

between ID price liquidity and forecast reliability

Balancing costs

To start this section, let us focus on the yeaglenue of the wind producer in the upper limitaion (YR,.)
and in the lower limit case (YR, for two specific scenarios corresponding to @guiese and Spanish prices
respectively. To this purpose one may take intcsittaration the relevant results of DB1 and DB3 a@bl€ 4.11
whose underlying data refers to Portugal (DB1) &pdin (DB3). It is clear that the Y)Rof DB1 surpasses the

38 Day-ahead market prices since 1 July 2007.
39 Day-ahead market prices until S38ptember 2009.
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one of DB3, what denotes that the DARXxceeds, on average, the DR Moreover, it is also highly relevant
to point that the difference between the YRind the YR calculated with the Spanish prices is much smaller
than the one determined with the Portuguese onetsially, that difference is reduced from 3 M€ in DB 1

M€ in DB3. This signifies that the Spanish balagcprices are more in line with the day-ahead prames that
the Portuguese ones penalise more severely the pvidlicer. Table 4.13 shows the spread of the geera
difference between the day-ahead price (DAP) amdbiddancing price downwards (BPD) and the balancing
price upwards (BPU) and the DAP, in Portugal andiisp

Table 4.13 — Spread of the average differences [DABPD] and [BPU - DAP] in Portugal and Spain
(2008).

AVG[DAP-BPD] |AVG[BPU-DAP]

(€/MWh) (€/MWh)
Portugal 21.3 20.8
Spain 8.03 4.05

The inspection of Table 4.13 allows drawing impotteonclusions regarding the impact of balanciriggsrin
the revenue of the wind producer. The first onthad, in both countries, the day-ahead price (D&Reeds, on
average, the BPD. On the opposite, it is also glaihable 4.13 that the day-ahead price is, onagesrlower
than the BPU. These two aspects penalise the widliper for inaccurate forecasts, as it was poimexghapter
three. However, as one can witness in Table 41, genalisation is much more severe in Portughkrey
average balancing prices deviate from average rhprlees by approximately 30%, than in Spain, lagdb the
dissimilarity in the difference between the YRand the YRR in DB1, 3 M€, and in DB3, 1 M€. To sum up, the
participation of wind producers in the market reguhat the balancing prices in Portugal are lessalising
than they were in 2008, i.e. that the spread toddneahead market becomes lower and convergestheéth
Spanish case, which could be achieved by grantiegPbrtuguese agents the access to the Spanisitibgla
market (and vice-versa). In case this occurs, thel yproducer will be given the opportunity of sliogt the
difference between the yearly revenue in the loaved upper limit situations. On the whole, he wosde the

energy he sells converge to a price closer to DAP.

The announced cooperation between REN and REE dswarharmonization of Portuguese and Spanish

balancing markets is likely to pave the way forestdr level playing field for renewables in Portliga

Liquidity of Intraday market prices

The inclusion of wind producers in the power managtuires liquid intraday markets. One of the reasahy
the intraday scenarios in the Portuguese case atigherform as well as in the Spanish case wasatle of
intraday prices in Portugal in many hours, whichamethat there were no counterparties availableatte.
Indeed, in DB1 only 37% of the 8784 hourly peribdsl intraday prices available. This is a strongubiack for
any decision towards a market-based strategy.

However, the good news is that the entry of newerin the market (wind producers), who stronggchto

adjust their positions in the intraday session$ikedy to foster liquidity. Traditional participas will pay more

40 since the AG of the wind farm is common to alladaases.

72



attention to the intraday market sessions as timeyvkthat the probability of finding counterpartseirested in

trading is much higher than actually and the ligyidnd traded volumes will rise.

Intraday market model

It is by all means undeniable that the accuradhefadjustments performed in the intraday sesdiassa direct
impact in the financial income of a wind produddowever, having a good prediction for a particutdraday
session that, in the end, had no price, i.e. notesparty to negotiate, is worthless. Consequeititly, wind
producer has to play with these two variables oteoto find the best possible match between fotdaatsaday
schedule) and intraday price liquidity. Table 4alldides for this fact.

Table 4.14 — Relation between forecast reliabilitgnd 1D price liquidity.

Long Short
Term Term
Forecast
Reliability - +
ID price
Liquidity + -

Table 4.14 shows that forecast reliability and lfce liquidity have opposed characteristics: if thgaday
corrections are performed far in advance, themdee liquidity in the ID prices but the forecashist as reliable
as it would be if it was made closer to real tirog;the opposite, in case the prediction is exectethke
advantage of all intraday sessions, the forecaghtoto be reliable, but there is the risk of notihg
counterparties to negotiate due to lack of liqyidik better or worse financial income for the wimebducer will

rely on the equilibrium of these conflicting asggect

From the wind producer’s perspective, though, atinapous intraday market would be the ideal solution
remove the problem of meeting generation forecits$t the ID sessions. Like that, he would have amnzerent
platform to trade at any time, according to thedprgons he would make for the generation of thadaviarm in
each hour. Consequently, the incompatibility shawiable 4.14 would not be a dilemma anymore. Timislel

is already applied e.g. by NordPool in the Nordarket.

4.2.6.4 Generation forecast

In this section it will be drawn conclusions regagithe relevance of the accuracy of the correstiperformed
by the wind producer in the intraday sessions. fidiecasting models used in this work are also dbjdéc

discussion.

Forecast accuracy

The simulations of section 4.2.5 had the utmosnitibn of proving that an improvement in the accyraf the
intraday schedules would have a direct impact & ykarly revenue of the wind producer in the irdsad
situation (YRp). The consequence of this impact would be an asgeof the difference between the original

YRp and the yearly revenue of the wind producer in lthwer limit situation (YR_). However, looking at
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Figure 4.21 one could be tempted to affirm thatithpact of a forecast accuracy improvement wasevent,
once the difference between the ¥Rand the YR was less than 1 M€. That commentary would be redde

if one did not take into consideration that theuhssillustrated in Figure 4.21 were obtained wilie features of
DB1, a data base including exclusively the intrageges of the Portuguese area where, as one magnmber,
in 2008, there were over 63% of the hours thatr@tD price. In Figure 4.22, though, the impacthaf forecast
accuracy improvement is much more emphasized, atheetexistence of prices in all intraday sesdfoms this
Figure, we can observe that the difference betweeryR, and the YR is 1.5 M€, rising to over 2 M€ in case
we compare the YR with the YR, . Of course, the difference between the yearly magein the upper limit
situation and the yearly revenues with forecastisy improvement is successively reduced accortirthe
quality of the improvement. The original Y\Rwas almost 3 M€ less than the YRwhereas the difference
between the YR and the YRs was less than 1 M€. Figure 4.23 shows the samegphenon of Figure 4.22 but
with the Spanish prices. The differences betweers#veral yearly revenues with forecast improveraadtthe
YR, are not as accentuated as the ones in Figure Be2ause the difference between the yearly revehtre

wind producer in the upper and lower limits wadgtbglf very short: 1 M€.

The analysis performed shows that an accurate gémerforecast is a key issue for wind generatiparating in

a market environment.

Forecasting models

One of the main purposes for the creation of sta td@ses was varying the yearly revenue of the wioducer
according to the intraday strategy (¥Rand compare it with the YR Theoretically, like it was detailed in
section 4.2.2, the YR would exceed the YR since in the ID situation the wind producer cottdrect the day-
ahead schedule in the intraday ses$fora more favourable prices than the balancing .ometeed, that was
verified in DB1, DB2, DB3 and DB6, as one may wigadn Table 4.11. Nevertheless, the difference &etw
the YRp and the YR, in those data bases was not as accentuated as gxpected. Besides, in two DB, DB4
and DB5, the Y was even lower than the YR

What contributed decisively for the occurrence fed above mentioned facts was the inaccuracy ofvhe
power forecasts utilized to perform the correctionsthe ID markets, denominated IR and IDSgva
depending on the method employed. This inaccuracyhé IDSwp and in the IDgrua led to incorrect

adjustments in the intraday sessions.

In reality, both NWP and ARMA models used in thisdy had some drawbacks. The [a$ did not contain
information related with persistence, what woulgiove the accuracy of the model. Regarding thex S

the training period employed was not the most gpsite. To forecast the generation of the wind féomthe

full year of 2008, the period used to train the elaghould have been the actual generation of timel whit in
2007. However, in the absence of that informattbm, training period utilized was the generatiortha wind
farm in December 2008, assuming that in the honmlegperiod of 2007 the wind farm would have had an

identical generation. This assumption denotes twerient problems: one is that the generation ofeBéder

41 YR,5 was, after YRy, the best forecast accuracy improvement implendente

2 This data base was created introducing the pdt#se Spanish ID sessions in the correspondert oneortugal that had
no price. The day-ahead market price and the biagmeices were both from Portugal.

“3 That correction corresponds to the difference betwthe intraday schedule and the day-ahead sehedul
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2007 was surely not equal to the one of Decemb@8;2the other is that the training period employeds too
short. Choosing too short a period for model tragrieaves out some important information that wdwdtp the
model’s forecasting accuracy. The ideal trainingiqueto predict the generation of the wind farm 2008
would pick up the important drivers and patternsdifferent times of the year 2007. These aspdcdtsiot allow

extracting the maximum potentialities from the ARM#ethodology.

Despite all these drawbacks, we foresee that tlal istrategy for wind producers when participatimnghe
power market would be to use NWP methods to perftvenforecast for the day-ahead market (DAS) and
ARMA models to the intraday adjustments (IDS), bleast some of them, when the forecast is appliettarer
scheduling periods. On the basis of this delibenais the fact NWP methods have a better behay@mutime
horizons superior to 3 hours. On the opposite, ARM@dels are likely to offer accurate forecasts wmittime

horizon of 30 minutes to 3 hours.

4.2.6.5 Strategy topics

Due to the fundamental differences that exist betwthe day-ahead and intraday market conceptsciparits

bidding strategies are also very diverse when amhiag those two segments.

Effectively, the strategy of placing instrumentatiers in the intraday sessions by wind producés,it was
assumed to be the case in the day-ahead operatam ribt seem to be a good strategy, for two fundeahe
reasons: the first one is that the participatiomtraday sessions is not mandatory; the secondsathat there is
a limit for the valuation of the energy adjustedtia intraday market: the balancing prices. Thedeen value of
those prices should be a limit for adjustment agdé&or instance, imagine the wind producer is cergig
placing a selling order in one particular intradgagsion. One may be thinking that selling orderldvbe placed
at 0 €/ MWh. Indeed, finding a counterparty to bunergy at 0 €/ MWh is not the hardest of tasks. Hawev
doing so, the wind producer was risking to actuakyl the energy at zero price, in case there werenore
trades in that same session, which is not impassibbccur. As a matter of fact, taking into acdaatwe lack of
liquidity of the ID prices of Portugal in 2008, veeuld affirm that the probability of that happenings not
negligible. Thus, we reach the conclusion that leukl place that selling order at a price differth&n zero.
But how different? Higher than the price he pregifdr the system operator's balancing price dowdsar
(BPD). In other words, if he places that ask atieepower than BPD, he will be loosing money, hesmselling
the same energy to the system operator would rasalthigher revenue. All in all, he should plabattselling

order at a price he expects will be higher than BPD

Let us now consider the case in which the wind peced wants to place a buying order in an intradgesgion. In
this situation, the maximum price at which he idlimg to buy that energy is the system operatogtabcing
price upwards (BPU). He should find a counterp#ngt is disposed to sell the energy he needs aica pe
believes is lower than the BPU. It would not makese buying that energy in the intraday market jatice
higher than the BPU.
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5 Conclusions

In this fifth chapter the main conclusions of therkare presented, alongside with suggestionsrttidu studies

regarding the introduction of renewable energieh@power market.

Final Remarks

Wind energy has suffered a breathtaking developmesit the past 10 years. To that rise contributdnly its
green credentials, but also the support from gawent’s policies. Furthermore, the new Renewablergne
Directive agreed in December 2008 set a new tanfie20% of EU’s final energy demand coming from

renewables in 2020, which allows us to foreseewadl energy will continue its sustainable growth.

As outlined in the first chapter, wind energy ikeliy to benefit from market integration if investon power
plants are obliged to value a clean energy soutdehahas no fuel costs. That integration has ajresdturred
in reference countries in the wind power field I&pain or Denmark. Portugal will soon join thesgames as we
are reaching the end of feed-in tariff: Decree-Lawmber 225/2007 states that this remuneration rdeifo
applicable to the first 33 GWh/MW injected in thedgor to 15 years of installed power, which of the@® occurs

first.

In the second chapter it was portrayed the Porsgyeectricity system, with particular focus on ¢émities that
play key roles on it: generation, transmissionfritigtion, supply and operation of the regulatedc#icity
market. In addition, it was represented the twonsmgs of the Portuguese electricity market moded t
liberalised and the regulated. In this second arapie also gave preponderance to MIBEL and to its
interconnected bipolar structure, where the day iatrdday markets are operated by OMEL, under sketar
splitting model, and the organised derivatives ratik under the responsibility of OMIP. The econobenefits

of cross-border flow in an integrated market wetentified and, subsequently, the main featureshefttvo
markets utilized to study the introduction of atjzaar wind farm in the power market were explainthe day-
ahead market and the intraday market. We mentithetdhe main purpose of the day-ahead marketlisnalle
transactions for the following day through the praation of selling and purchasing orders to thekata
operator, OMEL, who includes them in a matching cpdure that comprises twenty-four consecutive
programming hours. Regarding the intraday market,cancluded that this particular platform will bevigal
tool for wind producers, as it is the last oppoityurthat market participants are offered to balaticeir

schedules, i.e. it operates immediately beforegBysDperator’'s balancing mechanisms.

In the third chapter it was described both the rélgms used to implement the market simulator dedrhodel
established of pricing wind energy in MIBEL’s powmiarket. Concerning the market simulator, the atigor
applied follows the market splitting mechanismjtaas it is the model used by Portugal and Spaialltcate
interconnection capacity in the day-ahead timefraWie concluded that this mechanism is charactefizethe
following procedure: firstly it is computed the é@durium price (EP) with orders from both countriéhen, the
resulting cross border flow origins two possiblersgrios: if it does not exceed the net transfeaciap (NTC),
the result is valid and both countries share thmesaquilibrium price; if it is higher than the NT@ge initial
market with bids and asks from both countries i& sgto two separated markets, each one with fieep In
relation to the inclusion of the wind producer lie tpower market, the main conclusion of this chraptes that

the strategy performed should maximize the globahemical results of the wind producer taking iatwount
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the overall operation cycle: day-ahead, intraday system operation balancing. Consequently, it dexsded
that the optimal approach for the wind producegsspective was correcting just once and in thedsaatlable

intraday session for each hour the generation stbedade in the day-ahead market.

In chapter four we firstly concluded that the résuwf the market simulator carried out in this wavkre
concordant with the ones of OMEL’s public site. Adthally, six data bases were analysed in ordeas®ess
the performance of a wind farm in a market envirentrin several scenarios. For each of those samdtie
yearly revenue of the wind producer was calculdtadthree distinct strategies: a first one, denateéd the
upper limit situation, in which the energy genedaty the wind farm was all valued at day-ahead etapkice
(DAP); a second one, named the lower limit situgtio which the wind producer did not correct tla-éhhead
schedule (DAS) in the intraday (ID) market sessi@xposing, consequently, the difference betweerattual
generation and the DAS to the system operator'anoaig prices (BP); a third and last one, denorathdhe
intraday situation, in which the wind producer atifid the DAS just once for each hour and in thedeailable
ID session. Furthermore, it was also studied thgaththat a forecast accuracy improvement woulek lravthe

revenue of the wind producer.

One of the main conclusions that come up fromwidsk is that in all projected scenarios, based @82market
prices, the yearly revenue of the wind producethigytime he enters in the power market would beifsgntly
lower than the one he receives from the applicatibthe feed-in tariff. Even though we know thag titem
related to the selling of green certificates wastaken into account, the differences between ¢veral yearly
revenues (18 M€ was the highest one in the uppur $ituation) and the actual revenue of the winodpicer in
2008, approximately 24.2 M€, were appreciable. farrhore, it must be pointed out that 2008 markatepr
(average DAP in 2008 was 69.98 €/MWh) were veryitpasfor generators compared to other years, ngmel
2007 (average DAP since 1 July 2007 was 52.18 €/Mévid 2009 (average DAP until 30 September, 2009,
was 39.11 €/MWh), and that the differences betwagff and market regimes can be significant if tardency

in electricity prices occurred in 2009 is to happédren the tariff regime ends.

This brings us to another pertinent remark of thissis, which is the difficulty of wind producenshen
attending the power market, to forecast the pricavtsich they will sell their energy. This aspectuterly
different from the one wind producers are familiath, because according to the actual regime, \pirmdlucers
know, in advance, at what price will the energyythéll sell going to be valued. However, with théiclusion
in the electricity wholesale market, the yearlyenewre of wind producers will be function of highlypredictable

variables: day-ahead prices, intraday prices atahbimg prices.

Furthermore, it was also verified that the differerbetween the yearly revenue of the wind prodirceéhe
upper and lower limit situations calculated witle tBpanish market prices, 1 M€, was smaller thanotiee
determined with the prices of the Portuguese a3eMl€. This feature allowed concluding that the Sglan
balancing prices are more in line with the day-ahei@éces and that the Portuguese ones penalise seuegely
the wind producer. However, if wind producers argarticipate in the market, the balancing pricePaortugal
need to be less penalising than they were in 288&h can be accomplished by allowing a strongtgration
between Portuguese and the Spanish balancing mearkbis Iberian collaboration could offer renewable

producers in Portugal a better playing field.

In addition, a crucial piece of the inclusion ofrdiproducers in the power market is the intradayketa. As

one could witness in chapter four, there was laickqoidity in the intraday prices of the Portugeearea in
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2008. This lack of liquidity can be a strong drawlbdor wind producers as they need the intradatfqia to
perform the corrections to the day-ahead sche@ilk,. the good news is that the entry of new ptayia the
market, namely wind producers, is likely to fostigjuidity. Moreover, in order to have the best pbks
financial income the wind producer has to find tmimal equilibrium between intraday price liquidiand
forecast reliability. Intraday corrections are likéo be more accurate closer to real time, butethe the risk of
not having a counterparty to negotiate with. On dp@osite, in case intraday corrections are exdcfaein
advance, there is more liquidity in the intradaic@s, but the forecast is not as accurate as itduosi if it was
made in the short term. To overtake this problenmdwproducer would benefit from a continuous in&ad

platform, where he could trade whenever he likedpeding to his generation predictions.

In relation to the generation forecasts, one ofntiagn purposes for the creation of six data baseswarying the
yearly revenue of the wind producer according ® ititraday strategy (Y[R and compare it with the yearly
revenue in the lower limit situation (YR. In theory, the YR would exceed the YR, since in the intraday
situation the wind producer was given the oppotjutd adjust the day-ahead schedule in the intragmgions,

at more favourable prices than the balancing ddewever, that was not verified in two scenariog] anthose

in which the YR, exceeded the YR the difference was not as accentuated as it wpscted (it was never
superior to 0.2 M€). This occurred mainly due te tmaccuracy of the wind power forecasts utilizegérform

the corrections in the ID markets. Actually, bottWR and ARMA models used in this study had some
drawbacks. The NWP forecast did not contain infdiomerelated with persistence, while the ARMA motetl
some negative aspects regarding the training peftese two issues made it impossible to extraet th
maximum potentialities of both methodologies. Néweless, once the NWP methods have a better befavio
for time horizons superior to 3 hours and ARMA migdare likely to offer accurate forecasts withitime
horizon of 30 minutes to 3 hours, we anticipate tha optimal strategy for wind producers when ipgrating

in the power market would be to use NWP methodsxecute the day-ahead schedule (DAS) and ARMA

models to perform the intraday adjustments (IDS).

Once the forecasts that resulted from the apptinadf both NWP and ARMA methods did not make itdewvit
that the wind producer would benefit from the papttion in the intraday markets, it was studied ittmpact
that a forecast accuracy improvement would havehényearly revenue of the wind producer. The outom
showed that the initial difference between thepréd the YR, 0.2 M€, could rise to over 2 M€, which is a

significant gain for the wind producer.

Last but not least, it should be highlighted theré is a limit for the valuation of the energywst¢d in the
intraday market: balancing prices. It is a non eefas wind producers to adjust their position ie tihtraday

sessions at prices that are more unfavourablédtibaines they foresee for system operator’s balgrmmiices.

Future Work/Further Studies

The study carried out in this thesis was applied single wind farm. However, further studies unihés theme
could address a group of wind farms. The foremagp@se of using more than one wind farm is to imprthe
overall forecast accuracy, due to a netting effetiieved in the joint operation. In effect, a dowandvdeviation
of one unit could be balanced by an upward deviatibother unit(s), if those two deviations coulel tetted

out. For instance, suppose two wind farms,,\&ifd WF that, in their last available schedule (it doesmatter
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if it was in the LL or ID situation), predicted &meration of 50 MW for a particular hour each. Gapently,
the sum of both forecasts was 100 MW. Yet, Wias only capable of generating 40 MW, which wdelad to
an individual deviation of -10 MW in that hour. Qne opposite, Wf-had an actual generation of 60 MW,
resulting in an individual netting of 10 MW. Howeyeéespite neither of the wind farms matched, sapéy, its
last available schedule with the correspondentahgteneration, they did so together and the glab#ting was

null. All in all, they managed to accomplish in gpoan assignment they would fail individually.

One may now be thinking that implementing this idezuld only be possible in wind farms that beloonghe
same wind producer or company, which would onlyhagp big producers that own several wind farms.
However, small wind producers could also put intactise this strategy, for example, through antenti
responsible for the market operation managemena afet of wind units. In reality, this idea is altga
implemented in Spain, for instance, where thereeatéies responsible for managing the generatierface
with the market for a group of wind farms. Notettfar the referred strategy to be effective the ggaphical
distribution is extremely relevant since groupiegeral wind farms of different parts of the courdgsures that
different weather conditions (in particular windesg) are covered in the same period of time. Haidd to even

more accuracy in the global netting.

Furthermore, another relevant area that can beomglas an extension of this work is studying hoiwdw
producers can reduce their exposure to price Vigyativithin this field, future and forward marketssume a
key role, as wind producers can hedge their pasiticthe day-ahead and intraday markets through term

contracts. Like that, wind producers would redugai§cantly their exposure to price fluctuationsdause they
could set the minimum price at which they were dégal to sell their generation, for example on a-gbaad

basis.

In addition, another aspect to take into consid@main further works is the possible implementatiointhe
Spanish economical regime, denominated cap and, fiooPortugal. As a matter of fact, this retrikounti
methodology will also reduce the exposure of winddpicers to price fluctuations, since the pricevlich the
energy produced by wind farms is valued will bered by a lower limit, or floor, and an upper lingt cag”.
Consequently, if the day-ahead price plus the usttaimed premium is inferior to the floor, the eqyeproduced
by wind farms is valued at the lower limit. In cabe day-ahead market price plus the unconstrganechium
exceeds the cap, the energy generated by the aindi§ valued at the maximum of two values: theeupimit

or the market price. Between those two limits, fhreducer receives the market price plus the rederre

unconstrained premium.

Moreover, according to the decree law number 22 2@enewable energy units will be remuneratedomby
for the selling of energy in the power market, &lisb for the selling of green certificates, whichsmot brought
into play in this work. Thus, further studies unttas theme should develop the issue of greenficaties and in
what terms will they become a complement to tharfeial income that wind producers will get fromlisgl the

energy in the power market.

Finally, as this thesis was focused in wind povitewould be profitable to extend this work to otlenewable
energy sources, namely photovoltaic and hydro poplants, in order to foreseen their inclusion ir th

electricity wholesale market.

44 The cap only applies to a band of the marketepior high market price values, the generatorsiveche market price,
which may exceed the cap.
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Appendix A

This appendix concerns the main features of OMIP.

Al OMIP

OMIP is the managing entity responsible for theaoigation of MIBEL's Portuguese division, ensuritig
management of the MIBEL derivatives market, jointljth OMIClear (Energy Markets Clearing Company
totally owned by OMIP), which performs the role Gfearing House and Central Counterparty. Thus, the

management of the MIBEL derivatives market is eariout by two different entities:
« An exchange, managed by OMIP, which ensures théngdunctions;
e A Clearing House, that takes on the central copatgy role within the market.

Although two companies exist, the organizationniegrated in order to benefit from economies ofesead

synergies, while still preserving the specificitafseach entity. Figure A.1 shows this coexistence.

OMIP
Management Board

l

OMIP € p OMIClear
Executive Committee Management Board
—
Trading ¥ Clearing

Marketing & Information Legal & Finance &
Development Systems Compliance | Administration

'
Outsourcing

'
v

Trading & Clearing Systems

Figure A.1 — OMIP/OMIClear Internal Organization [1 1].

Although OMIP’s incorporation as a company occurie@003, the MIBEL Derivatives Market was launched
only in July, 2006.

The main goals of OMIP are the following:
e Contribute to the development of the Iberian eleityr market;
« Promote Iberian reference prices;
e Supply clients with efficient risk management tgols
*  Overcome some of the limitations of the Over thei@er (OTC) market.

As the managing entity responsible for the derxegtimarket trading platform, OMIP performs taskesessary
for the regular running of the market as the adimisef participants, the supervision of the mansetticipants

behaviour, the implementation of disciplinary posvir relation to its members, the support of thggsteation of
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bilateral (Over the Counter — OTC) operations dreddefinition and listing of the contracts, as veallmanaging
their trading. Furthermore, OMIP is also respomsifidr publishing information, which is relevant tbe
participants and the general public relative torlmning of the derivatives market. OMIP’s actiegtiare based
on a standard flexible market structure which imeslan open electronic trading system with an qzaeway
to the clearing platform and allowing web basedeasc continuous and auction trading modes, andamiat

with cascading. Membership is allowed to electyichmpanies as well as financial entities [11].

A.2 MIBEL'’s future contracts and future markets

Futures contracts are standardized contracts trad@dmmodity exchanges where all terms associaitidthe
transaction have been defined in advance, leavieg ps the only remaining point of negotiationtHis type of
markets, a clearing house is present and playtbef a central counterparty for all transactions

Futures contracts are traded on OMIP. The prodbetsare traded in this type of market are illusilan Figure

A2

Options

4 Contracts for Differences

Forwards

c {
S )
,§ | Balance of the Month (BOM) |
2 | Peakload Futures
&

Baseload Futures

* Weeks

* Months

* Quarters

_* Years
Start Medium/Long Term

Time

Figure A.2 — Products traded in OMIP’s futures [11]

OMIP has two types of futures contracts: physicgivery contracts and financial delivery contracister a
trade is matched, OMIClear becomes the buyer toyeseller and the seller to every buyer. Consedyent
benefiting from OMIClear’s central counterpartyeplt is possible to provide a common order boakkioth
contracts. The only restriction is that the tradescerning physical delivery contracts must bestegéd in
physical trading accounts and the ones for findréivery contracts must be allocated to finandiadding
accounts [11].

During the trading phase, both contracts have #imeesprocedures. However, during the delivery, tingsical
delivery positions are sent to OMEL to be integilate the day-ahead market, and delivered. The fian
movements with OMIClear are exactly the same fahlmntracts, assuring a financial balance, whithwa

them to profit from the same order book.

The trading period of a futures contract tradalsl€dMIP is the period in which trading members gawlé such

contract on the trading platform. Therefore, thading period of a given contract is the period cosad
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between the First Trading Day (FTD), which setsda&g when the contract life starts and is tradedoie the

Last Trading Day (LTD), which must be previoustie start of the delivery period.

The delivery period corresponds to the period incWithe electricity power of the underlying futurgntract is

delivered or consumed. Delivery periods can be we@Keek Futures), months (Month Futures), quarters

(Quarter Futures) or years (Year Futures). As tading period, the delivery period of a given caatris the
period comprised between the first day of the @eliyperiod (FDD), which sets the date when thereatstarts
to be settled, and the last day of the delivenjgoe(LDD), which sets the date when the contradivdey

expires.

In terms of financial liquidation, on futures caatts there are two processes of daily settlemeptaffts and

losses, one during the trading period and othenduhe delivery period. During the first periodV@P defines

a Settlement Price (SP) for each futures contrddtiwcorresponds to its fair market price. The edifhce

between the settlement price of the current tradiegsion and the settlement price of the previcading

session is credited/debited to the trading paditigvia Clearing Member’s accounts) in cash, thhoa process

called Mark-To-Market (MTM). During the delivery ped, there is also a daily cash settlement forhbot

contracts with physical delivery as well as for taats with financial delivery. However, this settient results

from the price differences between the day-ahe&eterce price and the Final Settlement Price (DARe

LTD, i.e. upon maturity) of the futures contracpplcable to the number of hours of each day dutimg

delivery period. Figure A.3 illustrates a finandiglidation of a futures contract.
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Trade
@ €26
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OMIClear daily cash
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it Price Closing Price Day-ahead Index

AN, e ./

P Time

Delivery Period

Figure A.3 — Financial settlement of a futures comact [11].

Particularly, the liquidation that is done duritg tdelivery period is denominated the Delivery I8gtent Value
(DSV). The DSV is calculated according to (A.1).

Where:

DSV, is the delivery settlement value for “d” delivedgy (it may be a positive/negative value);

DSv, =H XZnL[FFf x(DRP - FR)]

(A1)
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H is the number of delivery hours on “d” delivergyd(23, 24 or 25);
DRP is the Day-ahead Reference Price for “d” dejiday;

FSP is the Final Settlement Price of futures cantiig

FPi is the Final Position on futures contract “i";

i is the futures contract with delivery on “d” day;

n is the total number of futures contracts withdely on “d” day.

Last but not least, it is important to know howui@s contracts are delivered on MIBEL. Indeed ttaeetwo
types of contract delivery: Physical Delivery anishdhcial Delivery. The delivery process starts ba tast
trading day of the futures contract for every gositkept open at the end of the trading sessiornit Asuld be
expectable, MIBEL baseload physical futures argestlto physical delivery and MIBEL baseload finehc
futures are subject to financial delivery.

Physical delivery involves two processes, the fii@nsettiement and the physical settlement. Tharial
settlement was already mentioned, the physicalesatht is concluded with the sending of open pars#ito
OMEL, to be integrated in the day-ahead market ggecfor physical delivery. Figure A.4 clarifies shi
procedure.

Physical Settlement

Positions are sent to OMEL's day-ahead market for
physical delivery

Open Positions
(MIBEL Baseload Physical Futures)

Financial Settlement

OMIClear cash settles the difference between the
dav-ahead reference reference price and the final
settlement price

Figure A.4 — Physical Delivery [11].

The financial delivery comprises only the finanaattlement process.

A.3 MIBEL'’s forward contracts and forward markets

Electric power has long been purchased and soldruiedward contracts. In the global perspectivdimdncial
markets, forward contracts are described as bdhi@greements to purchase or sell a certain amolat
commodity on a fixed future date (delivery date)agpredetermined contract price. The seller offtrevard

contract has the obligation to deliver the commpodit the delivery date.

Many financial forward markets operate as it wascdbed in the above paragraph. However, the Eamope
power market approach, and, particularly, the Heverview, is slightly different in the aspecatthit is not

mandatory to have physical delivery in forward caots.

In March 2009, OMIP launched a clearing servicelfitateral forwards contracts (OTC registration)thmthe

same structure as that of MIBEL futures. Thesetreots arise from direct negotiation between theigm
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Comparing with futures, the main difference liestba settlement of gains and losses, which in tse of

forwards only occurs during the delivery periodité contracts and on a monthly basis.

Contrary to futures, the daily gains and lossefoimvards contracts are not daily cash settled. 8ase the
settlement prices defined by OMIP, OMIClear estdids the corresponding clearing prices and caésilkde
Variation Margin (VM) in the forward positions wiiagefer to the accumulated gains and losses astfrerdate
of the original trade. For instance, taking intec@mt Figure A.3, a contract traded originally &t&MWh and
with a final settlement price (FSP) of 26 €/ MWh Wbuesult in a null gain. While in a futures cormtrahere
would be a daily settlement of prices, in a forwamhtract the financial liquidation would only ocdn the
LTD. Obviously, the final profit is exactly the sann both situations. The VM is calculated in theding and
delivery periods of the contracts. However, whes ¢bntracts are in delivery, the VM only considirs days
which have not yet been delivered. Regarding themdly delivered days, OMIClear calculates for eafcthese
days the final gain and loss resulting from thdéedénce between the respective day-ahead marlset and the
original trade price, using a similar formula to.TA The only dichotomy is that the DSV in the caséorwards

is on a monthly basis.

A.4  Market strategies

Increased competition in wholesale and retail elgtt markets is likely to lower electricity prisgbut will also
result in greater price volatility as the industnpves away from administratively determined, castdu rates

and towards market-driven prices. Price volatilityoduces new risks for generators, consumerspaardteters.

In a competitive environment, some generators séll their power in potentially volatile day-aheathrkets
and will be at risk if day-ahead market prices imufficient to cover generation costs. Consumeitk face
greater seasonal, daily, and hourly price varigbdind, for commercial businesses, this uncertaiotyd make
it more difficult to assess their long-term finaamicposition. Finally, power marketers sell eledtyico both
wholesale and retail consumers, often at fixedgsridlarketers who buy on the day-ahead markettfacesk

that the day-ahead market price could substangaiteed fixed prices specified in contracts.

Electricity futures and other derivatives help &leity generators, consumers, and marketers mamadedge,
price risks in a competitive electricity market.ties contracts are legally binding and negotiabletracts that
call for the future delivery of a commodity. In serpases, physical delivery does not take placeftenéutures
contract is closed by buying or selling a futurestcact on or near the delivery date. In this sectt will be

demonstrated how market participants can use feitaomtracts to reduce their exposure to price Nibjat

(hedging), or even to just have positive returpg¢silation) [19].

A.4.1 Speculation

Speculators are participants whiy to take financial advantage from the fluctuaioof the price of a
commodity in the futures market. We may wonder \ahy rational person might want to engage in thie tgf
scheme. If the markets are sufficiently competitivel all participants have access to enough infoomathe
forward price should reflect the consensus expieciaif the day-ahead market price. Hence buyingilothe
hope of selling high would seem more like gamblingn a sound business strategy. Therefore, to duessful

as a speculator one needs an advantage over athiespThis advantage is usually being less risleese than
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other market participants. Shareholders in somepamies expect stable but not extraordinary resilte
management of these risk-averse companies willsexpently, try to limit its exposure to risks thaight
reduce profits significantly below expectations. e other hand, shareholders in companies thagengq
commodity speculation hope for very high returns ¢hould not be surprised by occasional large ksEhe
management of these risk-loving companies will ¢fane feel free to take significant risks in ordersecure
larger profits. A risk-averse company will usuadlgcept a price somewhat worse than it might be &bt
later in exchange for the security of getting a&dixprice now. A speculator, though, will demancetdy price in
exchange for accepting to shoulder the risk ofrufiuctuations. In essence, risk-averse compamiesinerate

speculators for their willingness to buy the rigk].

However, speculators themselves also reduce thposere to risk. They do so by diversifying intorkets for
different commodities. Even though speculators makarofit from their own trades, the market as aolh
benefits from their activities because their preseimcreases the number and diversity of markeicgzants.
Participants who produce or consume a commoditg find counterparties for their trades more eadilyis

increased liquidity helps the market discover thieegpof a commaodity.

There are two types of speculation, short and I@iegdistinguish one from the other, let us introeltwo simple
examples. Suppose that a certain market playerécdsting a significant drop in the electricitycps for the
coming month (e.g. December), given a strong estichancrease in the precipitation levels. Consetiyehe
attributes a low probability of rising prices. Ragithis scenario, this player can sell Decemberésg at OMIP
and as long as the forecasted price is lower thanotiginal selling price, he will register gair&urely, the
higher the risk and uncertainty in the forecastthg, higher will be the price at which the speaulas willing to
sell in futures market. This is a typical examplesioort speculation. Short speculators are cruoialvoid unfair

excessively high prices in the markets.

Now consider a market player that is expectingta@ty prices to increase, due to a combinatiorseferal
factors, including strong demand and increase énpitice of natural gas and carbon. He, therefdtebates a
low probability of decreasing prices. In this sttaa, the market participant can buy futures at ®Mhd as long
as the forecasted price is higher than the originging price, he will register gains. This exampteresponds
to a common case of long speculation. Long spemglare vital to avoid unfair excessively low psda the
markets. The higher the risk and uncertainty in filrecasting, the lower the price at which speautatare
willing to buy in futures markets. It is relevamt mention, though, that in both short and long sfsion,

market players do not necessarily need to usedsittmntracts with physical delivery. On the contréney tend
to prefer financial delivery, to avoid any risksnoected with the supply (or withdrawal) of the coaotity that

they don'’t include in their business model.

A.4.2 Hedging

Most derivatives function like a side bet on comitogrices. They are a zero sum game where theasdaser
for every winner. The seller of a future or an optloses one euro for every euro that the purcheeers. But
this does not mean that risk is a zero sum gameaddies in a futures market could be hedgers,aincbuld be

successfully using the market to reduce their [i$§.
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Just like in the case of speculation, there are @i® types of hedging. A short hedger sells fguehedge a
long position in the underlying commodity (elecityy, while a long hedger buys futures to hedgeharts
position in the underlying commodity. A generaterldng in electric power and will use a short hedge
marketer who has sold power to a utility is sharpower because he cannot produce it. A marketkwy

futures to hedge its short position in the powerk®@ To clarify these procedures, two examples faflow.

In November 2009, suppose a producer with a 400 ®I@GT plant wants to obtain protection against low
electricity prices during the next year (he alreéiggd his costs of natural gas). Therefore, had#ecto hedge
50% of the exposure selling 200 CAL-1€utures at 40 €/ MWh. Two typical scenarios may r@ppen for the
day-ahead market prices in 2010:
« Day-ahead market prices become unexpectedly higth, an average of 43 €/ MWh. As a result,
producer sells at higher prices in the day-aheade@hdut losses 3 €/ MWh in the futures markethiis t
situation, the average selling price, ASRill be 41.5 €/ MWh, as it is demonstrated in (A.2

ASF, =0.5x 43+ 0.5¢ 46= 41.€/MWh (A.2)
« Day-ahead market prices are unexpectedly low, waith average of 35 €/MWh. The producer,

subsequently, sells at lower prices in the day-dmearket but gains 5 €/ MWh in the futures market. |
this scenario, the ASRvill be 37.5 €/ MWh as it is proved in (A.3).

ASP, =0.5% 35+ 0.5¢ 4G= 37.€/MWh (A.3)
Had the producer wanted to completely eliminaterigleexposure to electricity price changes, hdagall 400

annual contracts and the average selling price dvbelexactly 40 €/ MWh, irrespective of the day-aheearket

price evolution. Figure A.5 illustrates the hedgsupeme of the producer in this particular example.

Sells futures
PRODUCER | — OMIP

|
“Receives” A der.fspot

In the Example
43 )
40

Receives spot price

ABJiaus s||98
\

OMEL

Figure A.5 — Producer’s hedge [20].

Figure A.5 clearly shows that if the producer sdld® annual contracts he will have a perfect hedgehe will
be able to sell the energy at a fixed price of A0V&h during the whole year, independently of the-dhead
market price fluctuations. If the day-ahead prigéhigher than the settlement price establishedherfutures

contract, the producer wins on the day-ahead mémketoses on OMIP. On the contrary, he loses endty-

4 Contract for the selling of energy during the ye&2010.
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ahead and receives from OMIP. However, for the pcedthe only thing that matters is the final pratevhich

he gets paid for the selling of energy, and thatlheady achieved when he sealed the futures aintra

Consider now the situation of a certain marketat th worried with the bullish trend in the day-atienarket
prices in the upcoming months as that will implyedi®ration in its margin. Let us assume that he dlseady
fixed prices with clients representing around 100/MHe decides, therefore, to hedge the exposuranguiyp0
Q4 futures contracts at 41.60 €/ MWh. Once again, tiypical scenarios may happen for the day-aheattaha
prices in Q4:

« Day-ahead market prices are unexpectedly high, aitlaverage value of 45 €/ MWh for instance. In
this case, the marketer will have increased codts acquisitions in the day-ahead market. However,
those will be compensated with gains in the futumnesrket (3.4 €/MWh). The average buying
price,ABP, , will be 41.60 €/ MWh, corresponding to the difface shown in (A.4).

ABP, = 45— 3.4= 41.6(€/MWh (A.4)

« Day-ahead market prices are unexpectedly low, @&ithaverage price of 35 €/ MWh for example.
Consequently, the marketer will have lower costshwihe acquisitions in the day-ahead market.
Nevertheless, he will not be able to profit fromattlas he will register losses in the futures ma(&es
€/MWh). The ABR resulting from this operation will be 41.60 €/MWHesulting from the sum shown
in (A.5).

ABP, =35+ 6.6= 41.6(€/MWh (A.5)

Just like the generator example, we come to thelasion that the marketer is invulnerable to dagaahmarket
prices fluctuations. He just cares of buying a fesucontract at a price that he considers proétéin himself.
The settlements that afterwards take place ardytamalifferent for the marketer because the buyprice for
him will never change. It is important to mentidhpugh, that this is only a simplified example agnhores
second order cash flow effects and assumes theetearik able to systematically buy at the day-ahietatence

price.

Table A.1 summarizes the hedging strategies fdn baharketer (consumer/retailer) and a producer.

Table A.1 — Hedging strategies [20].

Consumer / Retailer Producer

Physical Position |“Short” — Risk: higher prices | “Long” — Risk: lower prices

Futures Hedging |Buy Futures (Long hedging) Sell Futures (Short hedging)

Higher Day-ahead Day-ahead Results @ Day-ahead Results ﬁ

Prices Scenario

Derivatives Results Derivatives Results

Lower Day-ahead

Prices Scenario

Derivatives Results Derivatives Results

L) 4
Day-ahead Results ﬁ Day-ahead Results @
4 L)
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It is clear on Table A.1 the advantages both comssnand producers have in using hedging strategies.
consumer is typically short in energy, becausedesaot produce it, so he buys futures to hedgpdsgion. If

the day-ahead market prices are higher than exghelmtewill have a loss on OMEL. However, that lasl be
totally compensated with a gain in the derivativesrket. This is the meaning of the orange and bluews,
respectively. When a lower day-ahead market pr&msario is faced, it happens all the way arourte T
consumer profits on OMEL but has to pay on OMIPpducer, on the opposite, is long in energy so his
hedging strategy covers selling futures on OMIRyHér day-ahead prices scenario, in comparisontivitiprice
established in the contracts he sold on OMIP, redlult in a gain for the producer. However, he Vadie on

OMIP. In a lower day-ahead prices scenario, tha géli be on OMIP and the loss on OMEL.

In conclusion, speculation is the opposite of hedglt increases risk but holds out the possibiitygains from
earning a risk premium. As it was discussed, speicul can result in extremely large financial Iesaed gains
but is crucial for market liquidity. All in all, nrket strategies are a vital tool for market papieits and wind
producers, by the time they enter in the power eiarkhould use hedging strategies in order to redueir
exposure to price volatility. For this reason, stéxpected a continuous increase in the use ofrielgate

derivatives.
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Appendix B

This appendix exemplifies the application of th@-pata methodology with 3 situations of possibld-ask

curves.

Situation 1

In the first situation, there are two or more biders that cannot be totally filled.

i A
Prices 1 Volume to
(€/MWh) ! assign'!
BIES S a— .
«—> : : Bid Volume @
' EP
BIPT Ask
) F— «—>
BiPT BiPT BIES
P I ~—> “—> «—>
1
AIPT
i Bid
AIES AIPT|
> <>
AIPT
+> : H >
MTV=AV BV Quantity (MW)

Figure B.1 — Situation 1 — Bid-Ask curve.

It is important to specify the meaning of somelaf variables in Figure B.1:
P; — Last matched order price (lowest priority ordetched);

P, — Penultimate matched order price;

BiPT — Portuguese purchasing order;

BIES — Spanish purchasing order;

AIPT — Portuguese selling order;

AIES — Spanish selling order.

It is clear in Figure B.1 that the bid volume extedhe MTV, while the ask volume equals the MTV.
Consequently, the bid volume (BV) will be subjeatpro-rata. The second step in the pro-rata meihiade

calculation of the volume to assign. In this sitiiatthe VA is computed as

VA=MTV -TV(R,) . (B.1)
To conclude the pro-rata methodology, it is neagstadetermine the amount of the VA each bid atvélPbe
granted. That amount will be proportional to théumee of each bid, i.e. the bigger the volume ofhelaid at EP,
the bigger the volume it will be assigned to iteTéxpression used to calculate the volume assitgnedch bid
at EP, VAB, shows that proportionality:

VAB = Bi @ EP

=——— —  xVA. (B.2)
BidVvolume @ EP
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Situation 2

This situation is characterized by two or more thled cannot be totally filled.

Prices 4
(E/MWh) Volume to
_assign
>
BRI i | AskVoume@ !
1< : EP >
BIES : |
> ! Ask
AIPT AES
Ll H <_>
EP=B [------------ ‘ ‘ “ ‘ \
AES AIPT E
P, |----- > : i
L Bid
APT : 5
> ' L >
MTV=BV AV Quantity (MW)

Figure B.2 — Situation 2 — Bid-Ask curve.

As in situation 1, Pand B are, respectively, the last matched order pricetha second last matched order
price.

In this case, the ask volume exceeds the MTV. Gpresgtly, the selling orders at EP will not be tigtalilfilled.
The VA in this situation is determined identicatty (B.1). The volume assigned to each ask at EPAMA

calculated according to (B.3).

VAA = A @EP N
AskVolume @ EP

(B.3)

In the majority of occasions the VAA and the VAR arot integer numbers, and a rounding mechanisnh Ineus

used, which is the following:
1. First VAA or VAB values are truncated,;
2. The difference between VA and the sum of the remuttuncated orders (bids or asks) is computed;
3. The difference to fulfil the value of VA is compéet by adding 1 MW to VAA or VAB, in an
ascending order according to their volume. If tvadues are identical, a random mechanism is used.

An example will clarify this procedure: imagine thihe volume to assign is 100 MW and the ask volatEeP
is filled by three selling orders of 100 MW eaclineTsum of the volumes of each ask at EP is 300 yBi/the
volume to assign is only 100 MW. Applying the peda method, each ask would be assigned 33.33(3) &4W,

it is shown in (B.4).

VAA = ;—88 x100= 33.33(3 MW (B.4)

However, truncating each ask, would result in a V&A33 MW. The sum of the three truncated sellindeos
would be 99 MW and 1 MW would be missing to filetWA. Likewise, that MW is summed to the ask thas h

¢ In this work, the minimum order size consideredsviaMW, instead of 0,001 MW as in OMEL. 1 MW is thiandard
minimum unit used in the wholesale power market.
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the lowest volume. In this case, as the volumdastical in all three selling orders, it is indiéat the order that

is granted the extra MW, and the referred randomhaeism is applied.

Situation 3

Figure B.3 illustrates a special situation.

Prices 4
(E/MWh)
BIiES
R
. Ask
BiPT
>
BiPT
>
EP}-----mee--
AIES '
+«—> ' .
== ' L Bid
. AIPT |
AiPT !
hnd . >
BV=AV=MTV Quantity (MW)

Figure B.3 — Situation 3 — Bid-Ask curve.
In fact, as the bid volume and the ask volume edhal MTV, there is no need to apply the pro-rata

methodology. In this case, all bid and ask ordeessatisfied, i.e. all volumes declared in eachdrichsk are

matched.
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Appendix C

This appendix explains the matching procedure betweoth forecasting models used in this work (NWiB a

ARMA models) and the several market sessions.

C.l1 Matching NWP forecasts with market sessions

Building the data base stated in section 4.2.2ligbmany previous calculations and consideratiéimsongst
them, matching the generation forecast of the amch with the several market sessions emerges agfbthe

most significant.

The generation forecast of the wind unit based @iPNmodels was kindly provided by REN for the reatiian

of this study. Basically, for a particular day, let call it D3, REN starts receiving generationdizgons three
days in advance. During the days that precede B [ and D2), and even in the considered D3, REN i
given four hourly basis forecasts that arrive ah,062h 18h and 00h (CET-1), each of them comprising
prediction for the next 72 hours. With this scenad correspondence was made between the receyftibe
predictions and the gate closure time of each massion, taking into account the philosophy thdy one
correction is performed for each hour, with thet iagilable information. Figure C.1 illustrates rwotly that

matching but also the generation forecasts that RENfered for day D3.

Day Hour Per D0-00 D0-06 DO0-12 D0-18 D1-00 D1-06 D1-12 D1-18 D2-00 D2-0@-I2 D2-18 D3-00 D3-06 D3-12 D3-18

DO  01-06 [01-06
DO  07-12 | 07-12 01-06
DO  13-18 | 13-18 07-12 01-06
DO  19-24 |19-24 1318 07-12 0106
DL  01-06 [25-30 19-24 13-18 07-12 01-06
DL 07-12|31-36 25-30 19-24 13-18 07-12 01-06
DI 13-18 | 37-42 31-36 25-30 19-24 13-18 07-12 01:06
DI  19-24 | 43-48 37-42 31-36 25-30 19-24 13-18 07-12 0106
D2 01-06 [49-54 43-48 37-42 31-36 25-30 1924 13-18 07112 01-06
D2 07-12 | 55-60 49-54 43-48 37-42 31-36 25-30 19-24 1318 07-12 01-06
D2 13-18 | 61-66 55-60 49-54 43-48 37-42 31-36 25-30 1924 13-18 07-1208)
D2 19-24 | 67-72 6166 55-60 49-54 43-48 37-42 31-36 2530 19-24 13-T312) 01-06
D3  01-06 67-72 6166 55-60 49-54 43-48 37-42 3186 25-30 4913-18 07-14 01-06
D3 07-12 67-72 61-6p 55-60 49-54 43-48 37142 31-36 25-30 4913-18 01-06
D3 13-18 67-71 61-66 55-60 49-54 4348 3742 31-36 25-30 4 07-12. 01-06
D3 19-24 67-72 61-66 55-60 49-§4 4348 37-42 3136 2 i858 07-12 01-0p
D4 0106 67-72 6166 55-60 49-54 43-48 37-42 3136 25-30 1924 13-BLD
D4  07-12 67-72 61-66 55-60 49-54 43-48 37-42 31-36 25-30 19-24 13-18
D4  13-18 67-72 61-66 55-60 49-54 43-48 37-42 31-36 25-30 19-24
D4  19-24 67-72 61-66 55-60 49-54 43-48 37-42 31-36 25-30
D5  01-06 67-72 6166 55-60 49-54 43-48 37-42 31-36
D5 07-12 67-72 6166 55-60 49-54 43-48 37-42
D5  13-18 67-72 61-66 55-60 49-54 43-48
D5 19-24 67-72 61-66 55-60 49-54
D6  01-06 67-72 61-66 55-60
D6 07-12 67-72 61-66
D6 13-18 67-72
Not a forecast
DAS of D3 ID2 of D3 D3of D3 [l 105 of D3

ID1 of D4
(Note that the ID1 of D4 covers the last four hgyriods of D3, besides the 24 hours of D4)

Figure C.1 — Matching of the generation forecastsfahe wind farm with the market session®’.

4" The time reference in this Figure is CET-1.
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Note that the data in gray in Figure C.1 is notradgtion and should be ignored for the case study.
Consequently, the D0-00 information reaches RERGat the D0-06 at 12h, the D0-12 at 18h and swothe

remaining entrances.

Analysing Figure C.1, it is clear that the firstdoast for the first six hours of D3 arrives at B2D0. Six hours
later, at 18h of DO turns up a first correction foe first six hours of D3 and the first predictifim the next 6
hourly periods (07-12) of D3. At 00h of D1, thesfirprediction for the 13-18 hourly periods of D3ias,
alongside with adjustments to the two previousqakxi(01-06 and 07-12). The first forecast that cotee full
periods of D3 pulls in at 06h of D1. This procedigreninterrupted until the end of D3.

The deadline for the sending of selling or purchgsirders to the day-ahead market concerning disy1D:00
(CET) of day D-1. Therefore, the last availableomnfiation for the wind producer to send his sellimders to
the MO is the D2-00, which is completed at 06h (€GB Tof D2. The subsequent data, D2-06, arrivestaha
the GCT for the daily market has already closed.

In Figure C.1 are also highlighted the forecasts tere used to attend the different intraday eessiHowever,
if we sum all the hours that are said to be usedoa®ctive actions in the ID market, we rapidlyreto the
conclusion that it exceeds 24 hours. This happegsause in Figure C.1 there are overlapping petioaisare
not used in corrective actions, because only ook aation is performed for each hourly period. Hgvihis in

mind, Figure C.2 unambiguously discriminates therbahat are covered by the corrective action iche®

session.

Day D2-00| D2-04 D2-1} D2-1B D3-do D3-(6 D32 D3{18

D2 |CET-1| CET
D2 |24 24 | 18] 12| 6 1
D3 |1 25 | 19| 13| 7 1 2
D3 |2 26 | 20| 14| s 2 3
D3 |3 27 | 21| 15[ o 3 4
D3 |4 28 | 22| 16| 10| 4 5
D3 |5 29 | 23| 17| 12| s 6
D3 |6 30 [ 24| 18] 12 6 7
D3 |7 381 | 25| 19| 13 7 1 8
D3 |8 32| 26| 20| 14| 8 2 9
D3 |9 33 | 27 21| 18] o 3 10
D3 |10 384 | 28| 22| 16| 10| 4 11]
D3 |11 35 [ 29| 23| 17 5 12
D3 |12 3 | 30| 24| 18 6 13
D3 |13 37 | 31| 25| 19 7 1 14
D3 |14 38 | 32| 26| 20 8 2 15
D3 |15 39 [ 33| 27| 21 9 3 16
D3 |16 40 | 34| 28| 22 10 4 17,
D3 |17 41 | 35| 29| 23 11 5 18
D3 |18 42 | 36| 30| 24 12 6 19
D3 |19 43 | 37| 31| 25 13 7 1 20
D3 |20 44 | 38| 32| 26| 20[ 24| 8 2 21
D3 |21 45 | 39| 33| 27 21| 15 9 3 22
D3 |22 46 | 40| 34| 28| 22| 26| 10 4| 23
D3 |23 47 | 21| 35| 20| 23] 27| 11 5 24
D3 |24 48 | 42| 36| 30| 24| 18] 12 6 25

Not a forecast
DAS of D3 ID2 of D3 D30fD3 [l D5 of D3

ID1 of D4
(Note that the ID1 of D4 covers the last four hopdyiods of D3, besides the 24 hours of D4)

Figure C.2 — Hourly discrimination of the matchingbetween the generation forecast and the different
market sessions.
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Figure C.2 can be interpreted as a complementgar€&iC.1. As a matter of fact, it is an hourly detéthe
coloured areas in Figure C.1, after having remadtedoverlapping periods. Furthermore, in Figure iCi2 also
made the correspondence between the Portuguese (@&iF-1) and the Spanish ones (CET). This isal step
in the algorithm because both the day-ahead mankdtthe ID markets are run by OMEL using CET time.
Consequently, there needs to be an adjustment éptthe schedules of the wind farm and the deadbhéise
several market sessions. This fact will have tesdously taken into account by the Portuguese \pimder

producers when they enter the power market.

The matching between the generation forecasts landlx sessions was accomplished according to the od
correcting just once the forecast that was setih@éoday-ahead market, on the last opportunity teala.e. as
close to real time as possible. Theoretically, tisild mean that the power adjustments are effesduaith the

best available forecast.
To meet this idea, the matching was realized badksyavith the following steps:

e The last four hourly periods (21-24) were assigtedhe first intraday session of the following day
(ID1 of D4), which actually covers the last fouruns of the covered d&% Both schedules are
compatible because the GCT of this particular IBs&m is at 17:45h (CE9) of D3 and the forecast
used, D3-06, is completed at 13h;

e Hourly periods 12 to 20, inclusively, were assigtedD5. Again, there is no incompatibility between
the GCT of ID5, 08:45h of D3, and the arrival tiofethe forecast D3-00, 07h of D3;

e Hours 5 to 11, inclusively, were assigned to IDBeTGCT of this ID session is 01:45h of D3 and the

forecast used is D2-18, which is finished at 01B8f Once more, both deadlines are well-matched;

e The first four hours were assigned to ID2. The GETD2 is at 21:45h of D2 and the forecast utilised
is D2-12, which is completed at 19h of D2. Overiaghoth schedules are well-suited.

Figure C.3 illustrates the above stated matchingguture from the market’'s perspective.

“8 The first intraday session (ID1) of day D covgshourly periods: the last four of day D-1 plusat4lay D.
4® From this point forward, if nothing is said in ¢rary, the reference time is always CET.

96



ID Forecast

session D3

0-1 1-2 2-3 3-4 4-5 5-6 6--7 7-8 8-9 9--10 10--11 NP-12--13 13--14 14--15 15--16 16--17 17--18 18--19 19-2B-21 21--22 22--23 23--24

ID1(D3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

D2 1 2 3 4
o212 [

ID3 1:45 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
D218 |

ID4 4:45 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

ID5 8:45 12 13 14 15 16 17 18 19 20 21 22 23 24
D3-00

ID6 12:45 16 17 18 19 20 21 22 23 24

ID1(D4) 17:45 21 22 23 24
D3-06

ID programming hours
-Matching between forecasts and ID sessions

Irrelevant data due to incompatibility with ID sess

Not a forecast

Hourly periods of D3

Figure C.3 — Market’s perspective of the corresponence between the forecasts and the different ID
sessions.

Due to lack of space it was impossible to repreBéhin Figure C.3 and, subsequently, the gate obo8mes of
both ID1 and ID2. Nevertheless, they are referneBligure 2.18 of chapter 2.

Moreover, as one may notice in Figure C.3, ID4 &D8 were not necessary, both for the same reason.
Regarding 1D4, by the time of its GCT, 04:45h of, I8 most recent forecast had already been assign®3.
Consequently, there was no reason to reprogransdire hours with the same predictions. Identicabsiin

happens with ID6 as by the time of its GCT, 12:45D3, there was not any newly forecast besideotigethat

had been previously assigned to ID5.

Cc.2 Matching ARMA forecasts with ID sessions

Before building the ARMA model, it was necessaryctmose how many hours backwards were going to be
considered in order to train the model (trainingqd). Ideally, the training period for the foreta$ the power

of the wind farm in 2008 would be its AG of 2007oWkever, in the absence of that information it wesuaed
that the AG of December 2007 was identical to thl& éf December of 2008. Therefore, the training qukri
considered were 744 hours.

Nonetheless, this training period is dynamic, meguthat it is successively actualised with the alctyieneration

of 2008. Figure C.4 illustrates that actualisatienwell as the matching between the ARMA forecadtthe 1D

sessions.
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ID  Forecast
session D
0-1 1-2 2-3 3-4 4-5 5-6 6--7 7-8 8-9 9--10 10--11 1R-12--13 13--14 14--15 15--16 16--17 17--18 18--19 19--AB-21 21--22 22--23 23--24

ID1(D) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

ID2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
arva [

ID3 1:45 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

ID4 4:45 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

ID5 8:45 12 13 14 15 16 17 18 19 20 21 22 23 24
ARMA

ID6 12:45 16 17 18 19 20 21 22 23 24

ID1(D+1) 17:45 21 22 23 24

ARMA

ID programming hours

Matching between forecasts and ID sessions
Actualization of dynamic training period
Hourly periods of day D

Figure C.4 — Matching between ARMA forecast and IDsessions for a general day D.

The explanation of the matching procedure and ttteatization of the dynamic period is the followjng
assuming that day D of Figure C.4 is the first ahuary 2008: for the first dynamic period 744 hoars
utilized, corresponding to the hours of Decembed72Q@o train the model. The approach uses the quevi44
hours to fit the model parameters, after first tifgimg the order of the ARMA process. Firstly, 4d-hour
forecast is generated and assigned to ID2. Thentrining period shifts forward by 8 hours and-ho@r
forecast is generated and assigned to ID5. Notethigaforward shifting incorporates the AG of twénd farm
in the first 8 hours of January, as information dgnamic period. One may question why the dynareitog is
not actualized with the AG in the first 11 hourslahuary. However, that would only be an optiahé GCT of
ID5 was after 11:00h. After generating the fore@astigned to ID5, the training period shifts otBdrours and
the last four hours of the first day of January farecasted. Subsequently, when we move to thergtoe
forecast of day 2 of January 2008, the trainingguecomprises, already, the AG verified in thetfiday of
January. This is only possible, though, becausead assumed, in order to ease the implementatictheof

algorithm, that the GCT of ID2 was 00:00 of dayTbe process continues for the entire year of 2008.

The ARMA model that better represented the timéeseiand consequently the one that was employékein
above mentioned process, was ARMA (2,1). This eheias based on the application of the Akaike In&diom
Criterion (AIC) and the Bayesian Information Critar (BIC) to a set of model§ which can be observed in
Table C.1. ARMA (2,1) was the model that had thaltemst value of the AIC and BIC.

0 Using MATLAB's aicbic function.
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Table C.1 — AIC and BIC applied to the wind power ime series.

ARMA(p,q) AIC Ranking BIC Ranking
1,0 5.6219E+03 18 5.6357E+(03 13
2,0 5.5875E+03 13 5.6060E+(03 6
6,0 5.5785E+03 8 5.6154E+03 9
8,0 5.5799E+03 10 5.6260E+(03 12
12,0 5.5868E+03 12 5.6514E+(3 14
1,1 5.5772E+03 6 5.5957E+03 1
1,2 5.5738E+03 2 5.5969E+03 3
1,4 5.5765E+03 4 5.6088E+03 7
2,2 5.5749E+03 3 5.6025E+03 4
2,1 5.5729E+03 1 5.5959E+03 2
0,4 5.7640E+03 21 5.7917E+(03 20
0,6 5.6603E+03 19 5.6972E+(03 17
4,1 5.5768E+03 5 5.6091E+03 8
4,0 5.5780E+03 7 5.6057E+03 5
1,6 5.5802E+03 11 5.6217E+(03 10
2,12 5.5901E+03 16 5.6639E+(03 16
1,12 5.5881E+03 14 5.6573E+(03 15
1,24 5.5944E+03 17 5.7189E+(Q3 19
2,24 5.5889E+03 15 5.7180E+(3 18
3,24 5.7588E+03 20 5.8926E+(Q3 21
4,24 5.8741E+03 22 6.0125E+(3 22
2,6 5.5794E+03 9 5.6255E+03 11
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